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The seventh conference in the NFO conference series, held here in Rochester, provided 
to be the principal forum for advances in sub-wavelength optics, near-field optical 
microscopy, local field enhancement, instrumental developments and the ever-increasing 
range of applications. This conference brought together the diverse scientific 
communities working on the theory and application of near-field optics (NFO) and 
related techniques. 

Many of the technologies earmarked for significant growth in the coming decades 
are critically dependent on credible nanometer-scale measurements and analysis. 
Therefore, physicists, chemists, biologists, and engineers are joining forces to observe, 
and understand, and control nanometer scale structures and events through the use of 
NFO. Efforts in the NFO over the past ten years have demonstrated that spatial resolution 
down to approximately 20nm can be achieved, offering significant improvement over 
conventional optical methods such as tunneling and force microscopy. The broad range 
of capabilities, including high spatial resolution spectroscopy, orientational sensitivity, 
ultra-fast detection, and the ability of operating in UHV, ambient and even liquid 
conditions while maintaining molecular sensitivity and resolution, leads to the 
assumption that the NFO communities are joining forces for a breakthrough technology. 

At the conference, we were able to create m, environment for open exchange or 
topical research information and to stimulate discussion on novel concepts and fields of 
application. Nearly 250 international scientists participated, as well as the leading 
manufacturers of scanning probe techniques and optical microscopy. New application 
areas were presented and various novel ideas emerged. I would also like to emphasize 
three factors which added to the overall success of the Conference and proved that the 
mission of the NFO-7 has been fulfilled. Those factors were: 1) the quality of the 
presented work, 2) the quality of the presentations, and 3) the comradeship within the 
NFO community. I am positive that these factors will carry over to the next NFO 
conference in Seoul 2004, which hopefully will bring together the same quality of 
scientific work. 

I would like to express my gratitude to the DOE, Chemical Sciences, Geosciences 
and Biosciences Division, Office of Basic Energy Sciences, Office of Science for 
supporting this very successful conference with the award DE-FG-02-ER15371 and hope 
that the DOE will be continuously involved and interested in the field of near-field optics. 
I apologize for any delays in the submission of this conference paper. 
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Hotel Accomodations 
Special room rates, for single or double occupancy, are being extended to NFO-7 
conference attendees at the Holiday Inn Rochester Airport ($79/night + tax) and 
the Radisson Hotel Rochester Airport ($85/night + tax). To make your reservations 
and receive the special conference rate please follow instructions on the NFO-7 

. 
website. 

Transportation 
Bus service will be provided during the conference from the contracted hotels to 
the University ca'mpus, as well as to the George Eastman House, conference 
excursion, and conference banquet. 
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NFO-7 Contact Information 
Registration and Logistics: 
University of Rochester 
Conference & Events Office 
Re: NFO-7 Conference 
33A Wallis Hall 
Rochester, NY 14627, USA. ,- 

i Phtme: (716) 275-41 11 . 
Fax: (716) 275-8531 
E-Mail: nfo70sewices.rochester.edu 

Submissions: 
Betsy Benedict 
University of Rochester 
NFO-7, The Institute of Optics 
Box 2701 86 
Rochester, NY 14627, USA. 
Phone: (716) 275-7720 
Fax: (71 6) 2444936 
E-Mail: nfo7@optics.rochester.edu 
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Objective 
The current trend towards nanoscience and nanotechnology makes it ecessary 
to address the key Issues of optics on the nanometer scale. The interaction of 
light with matter renders unique information about the structural and dynamic 
properties of matter and is of great importance for the study of biological and solid- 
state nano-structures. Near-field optics and nanodptics in general address the key 
issues ofoptics on the nanometer scale cavering technology and basic sciences. 
The NFO conference series is the principal -forum for advances in subwavelength 
optics and the growing field of nanoaptics in general. Scientists from different 
fields are joining forces to observe, understand, and control nanometer scale 
structures and phenomena through the use of NFO. The goal of this conference 
is to create an environment for open exchange of topical research information and 
to stimulate discussion on novel concepts and fields of application. All contributions 
relevant to NFO that are directed towards these goals wilt be welcomed for 
presentation. 

Conference Topics 
o Light in confined structures 
o Novel concepts in near-field optics 
o Advances in instrumentation 
o Local field enhancement 
o Cavity nanooptics 
o Nonlinear and ultrafast phenomena 
o Nanofabrication and manipulation 
o Theory and modeling 
o Nanosptics of single molecules and quantum dots 
o Applications in material science 
o Applications in biology 
o Applications in chemistry 
o Industrial applications 

Conference Program 
The complete conference program and schedule of social events can be accessed 
through the NFO-7 website at M t p ~ ~ . o p t i c s . r e ~ r . ~ ~ ~ ~ n f o 7 .  

Location 
NFO-7 welcomes participants to Rochester, located in Upstate Westem New York 
on Lake Ontario - just 1.5 hours from Niagara Falls and 3 hours from Toronto by 
car. The WnfereM will be held at the University of Rochester, which is only 10 
minutes from the Rochester International Airport. Serviced by all major airlines, 
Rochester is roughly one hour from airpotkt In New York City, Boston, Philadelphia, 
Baltimore, and Washington DC. 

I Registration Information 
The NFO-7 conference kicks off with an evening re eption at the famed George 
Eastrnan House on Sunday, August 11 at 600pm. The conference ends at noon 
on Thursday, August 15 and is immediately followed by an optional excursion to 
Niagara Falls. Registration fee includes the welcome reception, Genesee Country 
Museum excursion, conference banquet, abstract book, shuffle service, and 
meals (excl. breakfast). Please see the NFO-7 website for complete conference 
agenda and to obtain a registration form. 

Registration Fees: 
Early Bird (by June 1,2002) $400 (USD) 
Regular (after June 1,2002) $600 (USD) 
Student* Early Bird (by June 1 , 2002) $250 (USD) 
Student* Regular (after June 1,2002) $450 (USD) 
Guest** $180 (USD) 
Niagara Falls excursion $ 80(USD) 

*Advisom of students (undetgraduate or graduate) must sign and submit a ftudent status 
confirmatron form’ (available on NFi3-7 website). 

**Guest fee covers’ welcome reception, conference banquet, Genesee Country 
Museum excursion, and shultle sewice. 

I I 
Register directly online or download a registration form at: 

http://www.optics.rochester.edu/events/nfo7 

Cancellations 
Written cancellations received before 15 July, 2002 will be subject to an adminis- 
trative charge of $50 (USD). No refunds will be given after this date. 

Submission of Abstracts 
Conference participants are invited to submit abstracts for consideration for oral or 
poster presentation. Abstracts should be written electronically using the templates 
(Word or LaTeX) which are accessible through the NFO-7 webpage. 
Abstracts should be submitted electronically as e-mail attachments to 
nfo70optlcs.rochester.edu. Further instructions can be found on the NFO-7 
website.Your abstract should be received before 1 Aprll, 2002. 

Manuscripts for NFO-7 Proceedings 
The Journal of Microscopy will publish a limited number of papers presented at 
NFO-7. Authors of accepted abs- are invited to submit a manuscript (6 page 
limit) which will be revided during the NFO-7 conference. Please refer to the 
instructions on the NFO-7 website for further information. Manuscript submission 
deadline is 11 August, 2002 (at the conference). 

http://www.optics.rochester.edu/events/nfo7
http://nfo70optlcs.rochester.edu




SUNDAY, AUGUST I 1  th 

DAY, AUGUS 

Schlegel Hall Rotunda - Hubble Audiorium 

Lander Auditorium 

Wilson Commons 

For other locations, 
see map on the back cover 

6:30pm 

8:30pm 

TUESDAY, AUGUST 13th 
8:OO 

9:oo 

1o:oo 

10:30 

12:lO 

1 :30 

3:30 

4:OO 

6:OO 

7:OO 



WEDNESDAY, AUGUST 14th THURSDAY, AUGUST 15th 

Hubble Audiorium 
Lander Auditorium 
George Eastman House 



Organizers of NF07 gratefully acknowledge the following organizations and 
companies for their generous support: 

The National Institute of Standards (NIST) 

TM Microscopes, Veeco Metrology Group 
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112 Robin Hill Road Santa Barbara, CA 93117 Tel: 805-967-1400 Fax: 805-967-7717 Website: yvww.d isom, www.veeco.com 

Rigital Instruments, Veeco Metrology Group 
Digital Instruments, Veeco Metrology Group 
112 Robin Hill Road * 

Santa Barbara, CA 931 17 

www.di.com and www.veeco.com 

805-967-1 400 
Fax: 805-967-771 7 

Digital Instruments, Veeco Metrology Group will exhibit its Aurora-3” Near-Field Scanning Optical 
Microscope (NSOM), which significantly extends the capabilities of the standard-setting Aurora f amity of 
near-field microscopy systems. Digital Instruments Aurora-3, the most advanced NSOM platform available, 
combines industry-leading, patented tuning-fork technology with several new features to bring greater ease- 
of use to the researcher. 

The Aurora-3 combines optical characterization with scanning probe microscopy (SPM) technoldy to 
overcome the diffraction limit of conventional optical equipment. A real-time linearized scanner provides 
accurate, one-step tip positioning, which is particularly important in such applications as single-molecule 
fluorescence. With its compatibility with the award winning Explorer SPM head, optional atomic force 
microscopy capabilities are also possible. Despite all of this, the Aurora9 has a conveniently small footprint 
These and the other ease-of-use features of the Aurora-3 wilt certainly bring the advantages of NSOM 
,techniques to a greater number of general research studies. 

Aurora4 
Next-Generation NSOM 

Metrology Group 

http://www.veeco.com
http://www.di.com
http://www.veeco.com


I 

Confocal laser Scanning Microscope (CLSM) ’ 

depth- resol ut ion 



rfbLZI 
INSTRUMENTS ffanotechnology for Life Science 

The LightWizard'" Scanning Nearfield Optical Microscope - SNOM 
for Life Science Research 



Exhibitors 

Nanonics Imaging, LTD. Dr. Eric Ammann 
Manhat Technology Park, Malacha, 
Jerusalem 914877, ISRAEL 
972-2-6789-573 
972-2-648-0827 
info @nanonics.co.il 

Omicron Nanotechnology USA. 
Dr. Fred Henn, Margit Walter 
1226 Stoltz Road, Bethel Park, PA 15102, USA 
4 12-83 1 -2262 
4 12-83 1-9828 
in for @omicronus.com 

NIST - Advanced Technology Program. 
Robert Bloksberg-Fkeovid 
100 Bureau Drive MS 4730, Gaithersburg, MD 
20899-357 1, USA 49-30-533 1-12073 
301 -975-4787 
301 -548- 1087 

JPK Instruments. 
Torste Jaehnke, Joern Kamps, Mandy Rueckert 
Bouchestrasse 12, 12435 Berlin, GERMANY 

49-30-533 1 - 1202 
Jaehnke@jpk.com, Kamps @jpk.com, 
Rueckert @jpk.com 

WITec Wissens Instruments and Technology 
GmbH, Dr. KlausWeishaupt, Olaf Hollricher 
Hoervelsinge Weg 6 D-89081, Ulm, GERMANY 

Dr. Jeff Doran, Stefan Kaemmer 
1 12 Robin Hill Road, Santa Barbara, CA 93 1 17, 
USA 49-73 1 - 140-700 
805-967- 1400 49-73 1 - 140-7020 
805-967-77 17 info @witec.de 
Jeff.Doran@veeco.com, 

. Stefan.Kaemmer@veeco. 

RHK Technology, INC. Mark Flowers 

248-577-5426 * 

A.M. to 10:oO A.M. 

P. M. 
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Parallel sessions schedule 
Monday August I2 

Pick up at the hotels starting at 7:OOam - 9:OOam every 1/2 hour and drop off at Hutchison Hall 

1 1  
800 
27 

Invited speaker. Hubble Auditorium 
Effects of Coherence on the Spectra of Optical Fields 

Emil Wolf 

Single-molecule near-field optical energy transfer 

B. Hecht, W. Trabesinger, A. Kramer, U.P. Wild, 
and M. Kreiter 
Optical switching due to whispering gallery modes 
in dielectric microspheres coated by a Kerr material 
M. Haraguchi, M. Fukui, Y. Tamaki, and T. 
Okamoto 

Spontaneous emission in nanoscopic dielectrics 
H. Schniepp and V. Sandoghdar 

9:40 

In-situ imaging of magnetic domains in ultra thin 
films by near-field and far-field magneto-optical 
microscopy . 
G. Meyer, T. Crecelius, G. Kaindl, and A. Bauer 

Optical and mid-infrared scattering-type near-field 
optical microscopy at 10 nm resolution 
T. Taubner, R. Hillenbrand, and F. Keilmann 

Development of photothermal near-field scanning 
optical microscope 
Masanori Fujinami, Kiminai Toya, Hiromi 
Murakawa, and Tsuguo Sawada 

Coffee break outside on the plaza (see map). Visit our technical exhibition room, Computer Science Building 
room 209 (see map) for a chance to win a prize. The prize will be awarded at the conference banquet on 

Wednesday. 1000 

S. I. Bozhevolnyi, V. S. Volkov. and IC Leosson C.L. Jahncke and H.D Hallen 

Polymer NFO probe made by a nanomolding method. 
G. M. Kim, E. ten Have, E Segerink, B.J. Kim, N. F. 
van Hulst, and J. Brugger P. Kramper and V. Sandoghdar 

* Abstracts of the talks given in Hubble auditorium are located on even pages, abstracts of the talks in Lander auditorium 
are on odd pages. 
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11:30 
44 

- 
11:50 
46' 

12:lO 

1:30 
48 

1 5 0  
50 

2:lO 
52 

2:30 
54 

2:50 
56 

3:30 
'\ 

Ultrafast spectroscopy in the spatial domain: sub-10 1 1  
Fast optical dual-beam technique to characterize 
t h e m 1  axial elongation of near-field probes 
A. La Rosa, B. Biehler, and A. Sinharay 

fs radiative decay times of suface plasmons in 
plasmonic band gap structures . 
D. S.Kim,S.C.Hohng, Y.H.Ahn, V. Malyarchuk, 
R.Muller, Ch.Lienau, J.W.Park;J.H.Kim, and Q. H. 
Park 
Waveguiding through a two dimeiuional metallic 
photonic crystal resonator 
Fadi Baida, Daniel Van Labeke, and Y. Pagani 

Scanning probe microscopy using quartz crystal 

Yongho Seo and Wonho h e  

Lunch. Lunch boxes can be picked up at the outside plaza. Visit our technical exhibition room, Computer 
Science Buildinn rooni 209 (see map). ~ 

Near-field measurement of short range corre 
in optical waves transmitted through random 
V.Emiliani, Fhtonti, D.Wiersma, M.Colocci, 
M.Cazayous, Ahgendijk, and F.Aliev 
Optical characterization of holey fibers using NSOM 

Belardi. and D.J Richardson 

R. Quidant, J. C. Weeber, and A. Dereu 

3-dimensional field distribution from nanometer 
single slit studied by NSOM 
C. H. Wei, W. S. Fann, J. Tegenfeldt, a n d R  Austin 

Study of the influence of the optical impedance 
matching onto near-field optical microscopy 
imaging in polarization mode 
A. Gademann, I .  V. Shvets, and C. Durkan, 

evanescent light by Cs atoms of an 
optical1.y forbidden transition 
S. Tojo. M. Hasuo, and T. Fujimoto 

Near-fieM probe characterization by 
nanoscopic holes 
M. Wellhofer, 0. Hollricher, and 0. Marti 

Characterization and fabrication offully metal 
coated scanning near-field optical microscopy Si02 
tips 
L. Aeschimann, T. Akiyama, R Eckert, H. 
Heinzelmann, U. Staufer, and N. E De Rooij 
A compact sensor-head for near-field optical 
microscopy and spectroscopy 
H. U. Danzebrink, C. Dal Savio, 'Ih. Dzimba, D. 
Kazantsev, B. Giittler, and H.-A. Fu6 

Subwavelength-sized aperture fabrication in 
aluminum by a self terminated corrosion process in 
the manescentfield 
D. Haefliger and A. S te rne r  

Shu-Guo Tang and Tom D. Milster 

CofSee Break Exhibitions are open. 

* Abstracts of the talks given in Hubble auditorium are located on even pages, abstracts of the talks in Lander auditorium 
are on odd pages. 



4:oo 
60 

4:20 
62 

4:40 
64 

5:oo 
66 

5:20 
68 
- 
540 
70 

6:OO 
- 

Quantitative fluorescence microscopy on single 
molecules at the cell membrane perjormed with a 
near-field scanning optical microscope. 
Barbel I .  de Bakker, M.F. Garcia-Paraj6, N.F. van 
Hulst, F. de Lange, A. Cambi, B.Joosten, and C.G. 

Experimental studies of surface plasmon polariton 
band gap effect 
V. S. Volkov and S. I. Bozhevolnyi 11 Figdor 

fluorescent protein DsRed using NSOM 
M. Koopman, E.M.H.P. van Dijk, M.F. Garcia- Fu-Han Ho, Hsun-Hao Chang, Yu-Hsaun Lin, and 

Din-Ping Tsai 

Nanometer-sized metal clad optical waveguides 
T. Onuki, T. Tani, T. Tokizaki, Y. Watan 
Nishio, and T. Tsuchiya 

Plasmonic band gap structures as spatial sine wave 
generators 
S. C. Hohng, Y. C. Yoon, D. S. Kim, V. 

Surface-enhanced Raman spectroscopy of single 

near-field microscopy 
Y. Kawata, M. Murakami, C. Egami, T. Tsuboi, and 

nano metal-gap 
J. Takahara, A. Eda, K. Nakamura, M. Yokoyama, 
and Tetsuro Kobavashi 

Group photo. Please proceed to the photo location (see map on the back) 

Buses to hotels. Pick up at Hutchison Hall starting at 6:OOpm - 9:3Opm and drop of at hotels evely I f 2  hours. 
Last bus leaves at 9:30pm. 
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t Hotels starting at 7:00arn - 9:OOam and drop off at Hutchison Hall 

Invited speaker. Hubble Auditorium 

Jay Gupta 
e and manipulation of spin states in semiconductor nanostructures. 8:OO 

Near-jield optics and quantum optics: an assignation 
arranged by four kinds of photons Spontaneous coherent em.ssiort of light 

R. Carminati, K. Joulain, J.P. Mulet. and J.J. Greffet 

A novel scanning near-field microwave microscope 
Steven M. Anlage, Atif Imtiaz, Sheng-Chiang Lee, 

Principle of apertureless near-jield optical 
mkroscovv: Tiv vibration and nlobal illumination I .  

'4 

1 Dissivative shear force on nanoscale probes induced 
I R. Fikri, D. Baichiesi, and P. R&er and Alexandre Tselev 

Mesoscopic structures and dynamics of MEH-PPV 
by el;?ctromagneti~fieldjluctuations 
Jorge R. Zurita-Sanchez, Jean-Jacques Greffet, and 
Lukas Novotny 

thin jilms by picosecond scanning near-jield optical 
microscopy 
N. Tamai, Y. Nabetani, Y. Ma, and J. Shen 

e break / Technical exhibition. 
increase your winning chances, vis technical exhibition room. 1o:oo 

Abstracts of the talks given in Hubble auditorium are located on even pages, abstracts of the talks in Lander auditorium 
are on odd pages. 
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11:30 
84 

1150 
86* 

12:lO 

1:30 
88 

1:50 
90 

2 1 0  
92 

2:30 
94 

250 
96 
- 
3:lO 
98 

3:30 

= 

A new generation of near-field probes fabricated by 
focused ion beams 
Erik J. Shchez, John T. Krug, II, and X. Sunney Xie 

Three-dimensional imaging in near-field optics 
P Scott Carney, John C Schotland, and Vadim A 
Markel 

Crystallization study of organic light emitting devices 
by polarization modulation near-field optical 
microcopy 
Pei-Kuen Wei, Shen-Yu Hsu, I-kieh-Li Chou, and 
Wun Shain Fann 
Clustering of photoluminescence in haGaN films 
grown by MOCVD and MBE 
J.O. White, M.S. Jeong, J.Y. Kim, K. Samiee, Y.W. 
Kim, J.M. Myoung, K. Kim, E.K. Suh, M.G. 
Cheong, C.S. Kim, C.-H. Hong, and H.J. Lee 

Lunch. Please pick up pour lunch box. Visit our technic& exhibition room (see map). 

Near-jield vibrational spectroscopy for nunoscale 
chemical analysis 
C. A. Michaels, S. J. Stranick, and D. B. Chase 

SNOM imaging of photonic nanopattenis, metal 
islands and molecular aggregates 
U. C. Fischer, J. Heimel, H J. Maas, A. Naber, H. 
Fuchs, J. C. Weeber, and A. Dereux 

In situ characterization of optical near-field probes 
in aperture NSOM 
A. Drezet, S. Huant, and J. C. Woehl (CHANGED 

Near-field Raman imaging of defects in molecular 
crystals with subdi_ffraction resolution: 
P. G. Gucciardi, S. Trusso, C. Vasi, S. Patank, and M. 

TO POSTER TuP49) Allegrini 
Enhanced light confinement in a near-field optical Catalytic hydrogenation of benzene on single 
probe with at triangular aperture 
D. Molenda, U. C. Fischer, H.-J. Maas, C. Hoppener. 
H. Fuchs, and A. Naber 

catalytic sites studied by near-field Raman 
spectroscopy 
Christian Fokas, Renato Zenobi, and Volker Deckert 

Scanning near-field optical quantym computer 
S. K. Sekatskii, M. Chergui, and G. Dietler Wei Chih Lin, Hsun Ha0 Chang, Yu Hsuan Lin, 

Coffee break / Technical exhibition 

* Abstracts of the talks given in Hubble auditorium are located on even pages, abstracts of the talks in Lander auditorium 
’ are on odd pages. 
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Near-field radiation eflciency a bow-tie antenna in 
the presence of recording media 
I .  K. Sendur and W. A. Challener 

a1 imaging of photonic structures: image contrast 
from Impedance Mismatch 
G. W. Bryant, A. L. Campillo, and J.W. P. Hsu 

4:00 
loo 

Towards single-photon tunneling 

Gungor Friberg 

Optical near fields and the degree of polarization 
T. Setala, A. Shevchenko, M. Kaivola, and A. T. Smolyaninov, C.C. Davis, A.V. Zayats. and A. 

-[ Giant optical transmission through a sub-wavelength 3o Elecrro-manl,eric ofapertureless 
aiiriiever prooes I .. 4 4 0  11 aperture c -  - * '  11 04 Tineke Thio. G.D. Lewen. K.M. Pellerin, R.A. Linke, ,,,nnnrr. 

SNOM/AFM - 
L. v ou,,aiu, U. P. Herzig, and R. Diindliker 

Comparison of linear and second harmonic images 

1 
I H.J. Lezec, and T.W. Ebbesen 

-1 Polarizing effects of nearfield probes determined by 
of dielectric dots in near-field optical microscopy 
?hierry Laroche and Daniel Van Labeke 
Three dimensional simulation of optical waves in a 
subwavelength- sized aperture in a thick metallic 
screen 

':"' 
106 I multiple hirodyne detection 

P.Tortora, L.Vaccaro, R. Diindliker, and H. P. Herzip 
Near-$eld optics using super-resolution near-jield 
optical structures 
D. P. Tsai. W. C. Lin. H. Y. Lin. F. H. Ho. H. H. - . - . - -. . 11 Chang, Y.'H. 6, andY. H. Lin ' I Kazuo Tanaka, Mengyun Yan, and Masahiro Tanaka 

- - -  

Resonance shift efsects in apertureless scanning 
near-field optical microscopy 
J. A. Porto, P. Johansson, S. P. Apell. and T. Lopez- 

Buses to hotels. Pick up at Hutchison at 6:OOpm - 9:30pm and drop o$at hotels evety In hours. 
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Wednesday August 14 

9:20 
114 I 

8:OO 
30 

Near-field Raman spectroscopy using a sharp metal 
rip 
A. Hartschuh. N. Anderson, and L. Novotny 

Invited speaker. Hubble auditorium 
Quantum information science. 

Ian Walmsley 

Pick up at Hotels starting at 7:OOam - 9:OOam and drop off at Hutchison Hall 

-b 

Design of near-field optical probes with high field 
erihuricement by finite difference time domain 9:OO 

I 12' 11 electromagnetic simulation 
11 John T. gug, 11, Erik J. Shnchez, and X. Sunney Xie 

-I 

1o:oo 11 

CASSE formation and operating characteristics of 
high resolution aperture SNOM probes 
J. Toquant. A. Bouheli 

E?ihunced photoisomerization and light induced 
muss-transport in the near-field of irradiated metallic 
nano-objects 
P. Karageorgiev, B. Stiller, and L. Brehmer 

Fabrication of 25-nm Zn Dot with selective 
photodissociation of adsorption-phase dietylzinc by 
optical near field 
T. Yatsui, M. Ueda, Y. Yamamoto, T. Kawazoe, M. 
Kourogi, and M. Ohtsu 

Coffee break 
Do not forget to visit our technical exhibition room 

. s r  - -  

1030 metal probes 
E.M.H.P. van Dijk, A.C. Krijgsman, W.H.J. Rensen, 
M.F. Garcia-Paraj6, L. Kuipers, and N.F. van Hulst 

118 I C: R. L. P. N. Jeukens, K. Takazawa, P. C. M. 
Christianen, J. C. Maan, M. C. Lensen, J. A. A. W. 
Elemans, A. E. Rowan, and R. J. M. Nolte 

cryogenic temperatures B. Hecht, A. Kramer, W. Trabesinger, and U.P. Wild 

Nearfield enhuncement of conductive tips in Raman 

A. Bek, R. Vogelgesang, and K. Kern 

structures fabricated by scanning probe lithography 
Jeongyong Kim, Ki-Bong Song, Jun-Ho Kim, Seong 

* Abstracts of the talks given in Hubble auditorium are located on even pages, abstracts of the talks in Lander auditorium 
are on odd pages. 
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11:30 
124 

1150 
126 
- 
12:lO 
128 

12:30 
130 - 

12:45 

Second-harmonic generation at metal tips in 

A. Leitner, and E R. Aussenegg 

Characterizing the electricfield enhancement and 
fluorescence quenching induced by a sharp gold tip. 
M. R. Beversluis, A. Bouhelier, A. Hartschuh, and L. 

Phonon-enhanced near-field interaction observed 
with iifrared s-SNOM 
R. Hillenbrand, T. Taubner, and E Keilmann 

Conference excursion to Genksse Country Village and Museum. Pick up your lunch boxes at the plaza before 
entering the bus. You may eat your lunch on the bus. Buses are leaving from Hutchison Hall at 12:45pm. 

Buses are coming back to the hotels at 5:OSpm. 
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Thursday August 15 
Pick up at Hotels starting at 7:OOam - 9:OOam and drop of at Hutchison Hall 

-I 

8:OO 
31 

Invited speaker. Hubble auditorium. 
Dynamics of biophysical processes studied with multiphoton microscopy. 

Ahmed Heikal 

9:oo 
132' 

- - 
9:20 
134 - 
7 

9:40 
136 

Time resolved motion of a femtosecond pulse 
inside a microresonator 
H. Gersen, D.J.W. Klunder, J. P. Korterik, A. 
Driessen, N.F. van H u h ,  and L. (Kobus) 
Kuipers 
CARS microscopy: 3 0  vibrational imaging of 
living cells 
X. Sunney Xie and Ji-Xin Chenp 
Near-field second-hamnic generation excited 
by local field enhancement 
A. Bouhelier, M. Beversluis, A. Hartschuh, and 
L. Novotny 

Understanding local measurement of dichroism and 
birefringence in thin polymer films 
G. W. Bryant and L. S. Goldner 

Numerical analysis of plasma resonances in noble metal 
nanostructures 
Hiroharu Tamaru, Hitoshi Kuwata, and Kenjiro Miyano 
Manifestation of an electric dipole order induced by 
optical near fields 
A. Shojiguchi, K. Kobayashi, K. Kitahara, S. Sangu, and 

1o:oo 11 Cofee break. 

1O:M 
138 

- - 
1050 
140 

- - 
11:lO 
142 

= 

Femtosecond coherent near-field spectroscopy 
of single quantum dots 
Tobias Giinther, Kerstin Muller, Christoph 
Lienau, Thomas Elsaesser, Soheyla Eshlaghi, 
and Andreas Wieck 
Near-field second harmonic microscopy with 
half-metal-coated tip: application to imaging of 
ferroelectric domains 
H.Y. Liang, 1.1. Smolyaninov, C.C. Davis, R. 

Ramesh, and C.H. Lee 

Gradient-field Raman: selection rules in the 
near field 
H. D. Hallen, E. J. Ayars, andC. L. Jahncke 

The electrodynamics offluorescing molecules interacting 
with metallic nano-cavities 
J. Enderlein 

Near-field autocorrelation spectroscopy: Quantum 
mechanical level repulsion in interface quantum dots 
Francesca Intonti, Valentina Emiliani, Christoph Lienau, 
Thomas Elsaesser, Vincenzo Savona, Erich Runge, and 
Roland Zimmermann 
Vibrational modes of an individual single wall carbon 
nanotube observed by near-field enhanced Raman 
spectroscopy 
Norihiko Hayazawa, Takaaki Yano, Yasushi Inouye, and 
Satoshi Kawata 

* Abstracts of the talks given in Hubble auditarium are located on even pages, abstracts of the talks in Lander auditorium 
are on odd pages. 

18 



Investigation of local field enhancement at the 
end of SNOM tips using photosensitive 
azobentene-containing materials 
F. HDhili, R Bachelot, G. Erondel, D. 
Barchiesi, R. Fikri, A. Rumyantseva, P. Royer, 
and N. Landraud 
Near-jeld Raman imaging of organic molecules 
by an apertureless metallic probe scanning 

Norihiko Hayazawa, Yasushi Inouye, Zouheir 

gJ 

:&? optical microscope 

11 Sekkat, and Satoshi Kawata 

12:lO 
I48 

12:30 
150 

Plasmon conderiser with a microscatter for 
optical farhear field conversion 
T. Yatsui, T. Abe, M. Kourogi, and M. Ohtsu 

1 

Scanning near-field optical microscopy using 
semiconductor nanocrystals as a local fluorescence and 
fluorescence resonance energy transfer source 
G. T. Shubeita, S. K. Sekatskii, G. Dietler, I. Potapova, 

A. Mews, and Th. BaschC 

Real-space mapping of exciton and bi-exciton wave 
finctions in GaAs quantum dot by near-field optical 
imaging spectroscopy 
T. Saiki, K. Matsuda, S. Nomura, M. Mihara, and K. 
Aoyagi 

Spontaneous emissiori of an atom placed near nanobodies 
V.V. Klimov 

Raman spectroscopy of fullerene- or perylene- filled 
nanotubes 
Dkbarre A., Jaffiol R., Julien C., Nutarelli D., Richard A, 
and TchCnio P 

Buses to hotels for those iwt going to Niagara Falls. Pick up every half hour from Hutchison Hall 12:30-2:OOpm and + 

drop o$at the hotels 

Excursion to Niagara Falls for those who signed up. 
* Lunch box is provided. Buses are leaving from Hutchison hall at l:OOpm, Do not cross the border into 

Canada You may not be allowed to enter the US again. Depart Niagara Falls no later than 6:3Opm. $you're 
not on the bus we won't wait for you -people have scheduledjlights. Arrive to the hotels at approximately 

8:OOpm 
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POSTER SESSIONS SCHEDULE 

Monday 

MoPOO Imaging with a scatter-probe nearfield optical microscope 152 

153 
V. Ruiz-Cortes, S. Zavala. P. Negrete-Regagnon, E. R. Mndez, and H. M. Escamilla , 

MoPOl Dependence of the resolutiori of a Scamiing Near-Field Optical Microscopy Tip on optical fiber 
parameters. 
L. Alvarez, A. Sauceda, and M. Xiao 
Photon interaction between hvo atoms in near-field contact 
Jacob Broe and Ole Keller 
Comment on a controlling method of spins of atoms with optical nearfields 
A. Shojiguchi and K. Kitahara 

MoPO2 

Mop03 

154 

155 

Morn4 156 

Mom5 Deconvolution method for improving aperture-scanning near-$eld magneto-optical images 157 

Mom6 158 

Near-field optical imaging mechanism as a windowed Fourier trans$onn 
Qing Zhou, Hong Dai, and Xing 2hu 

F. Kiendl and G. Guntherodt 

H. F. Schouten, T. D. Visser, D. Lenstra, and H. Blok 
Extraordinary light transmission through sub-wavelength slits: waveguiding and optical vortices 

Mop07 Near-field optical virtual probe based on confinement field distribution 
Jia Wang, Tao Hong, Liqun Sun, and Dacheng Li 1 

MoP08 Existence of phase modulation phenomena in the light scattered by a vibrating tip in aperturless 
SNOM 
P.-M. Adam, S. Aubert, R. Bachelot, D. Barchiesi, J.-L. Bijeon, 
A. Bruyant, S. Hudlet, G. Lerondel, P. Royer. and A. A. Stashkevich 

159 

160 

Mom9 

MoPlO 

MoPll 

Mop12 

Mop13 

Mop14 

Mop15 

Nanoscale environments in Sol-Gel-derived silicates by single molecule spectroscopy 
D. A. Higgins and M. M. Collinson 
Single-molecule detection of Rhodamine-6G using cantilever-SNOM-sensors 
F. Vargas, G. Tarrach, 0. Hollricher, and 0. Marti 
Towards near-field detection of single molecules between nanoelectrodes 
A. Drezet, J. -F. Motte, S. Huant, J. C. Woehl, H. B. Weber, and H. v. Jhhneysen 
Time-resolved quantum beats in single I d s  quantum dots 
Young-Jun Yu, Sang-Kee Eah, Han-Eo1 Noh, Wonho Jhe, and Y. Arakawa 
Optical response of semiconductor quantum dots beyond the electric dipole approximation 
Jorge R. Zurita-Sanchez and Lukas Novotny 
Numerical study of the lifetime of an atom close to a lossy nanostructure. 
M. Thomas, R. Carminati, J.J. Greffet, R. Arias, and M. NieteVesperinas 
Single Molecular Spectroscopy Using Hybrid SNOMISTM Equipped with ITO/Au-coated Optical 
Fiber Probe 
K. Nakajima, J. G. Noh, T. Isoshima, M. Hara, B. H. Lee, and D. Fujita 

161 

162 

163 

164 

165 

166 

167 
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Mop57 Orientation dependence offlorescence lifetimes of a dipolar emitter near an interface 
M. Kreiter, M. Prummer, B.Hecht, and U.P. Wild 

168 

MoPl6 

Mop17 

MOP18 

MOP19 

MoP20 

MoP21 

MoP22 

MoP25 

Mom6 

A parabolic mirror objective with high numerical aperture for local fiel;;] enhancement in rtear-field 
optical microscopy 
M. A. Lieb, A. Drechsler, C. Debus and A. J. Meixner , and L. Novotny 
Optics 011 metal-dielectric films 
S. Gresillon, S. Ducourtieux, J.-C. Rivoal, P. Gadenne, S. Buil. X. Qulin, and V. M. Shalaev 
Study of optical properties of periodic array with carbon with NSOM 
Hojin Cho, Wonho h e ,  Shillim Dong, and Kwanak Gu 
Study of the focused laser spots generated by difSerertt laser beam conditions at various intelfaces 
Yuan Hsing Fu, Fu Han Ho, and Din Ping Tsai 
Near field simulations and measurements of surface plasmoris on perforated metallic thin films 
Hsia Yu Lin, Din Ping Tsai, and Wei-Chih Liu 
Local field enhancement at particles on surfaces in naiwstructuring and laser cleaning 
C. Bartels, 0. Dubbers, H.-J. Munzer, M. Mosbacher, P. Lei 
Optimal parameters for Raman spectroscopy by aperturele 
R. Vogelgesang, A. Bek, and K. Kern 
Localjield enhancement on a near4eid apertured tip by the use of LOCOS 
Ki-Bong Song, Sung-Q Lee, Junho Kim, Jeongyong Kim, and Kang-Ho Park 
Plasmon coupled tip-enhanced near-field optical microscopy 
A. Bouhelier, M. Beversluis and L. Novotny, and J. Reng 
Phase and intensity contrast in aperture 
A.Bruyant, S. Aubert, G. Urondel, RBach 
Near-field distributions and localized sulfa etallic nanostructures in a thin film 
Wei-Chih Liu and Din Ping Tsai 
Transverse opticalfield localization in nonlinear periodic optical nanostructures for enhanced 
second-hunnonic generation 
W. Nakagawa, G. Klemens, A. Nesci, and Y. Fainman 

A. Pack, and R. Wannemacher 
eld enhancement 

Id optical microscopy 
P.Royer 

Near-field observation of the field difiacted by metallic nanoparticles excited near resonance 
smina Hranisavljevic, Jin-Seo Im, and Gary P. Wiederrecht 

-aperture for near field 
optical applications 
Xiaolei Shi, Lambertus Hesselink, and Robert Tharnton 

169 

170 

171 

172 

173 

174 

175 

176 

177 

178 

179 

180 

181 

182 

MoP30 

MoP31 

Cold atoms manipulation with optical near-field modulated by high index nanostructures 184 

185 
G. Leveque, C. Meier, R. Mathevet, C. Robilliard, J. Weiner, C. Girard, and J. C. Weber 
SNOM and k e d  study of the 3C-Sic growth on Si(100) with improved interfie quality 
C. Cepek, E. Magnano, P. Schiavuta, M. Sancrotti, S. Prato, B. Troian, and M. Bressanutti 
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Mop32 

Mop33 

Mop34 

Mom5 

Mom6 

Mop37 

Mom8 

Mop39 

Mop40 

Mop41 

Mop52 

Applications of SNOM in the material science: the cme of Sn02 thin films deposited by Sol-Gel 
B. Troian, S. Prato, E. Bontempi, L. E. Depero, D. Barreca, L. Armelao, E. Tondello, C. Canevali, R. 
Scotti, and F. Morazzoni 
Near-field observation of carrier in GaAs quantum structures under high magnetic fields 
T. Tokizaki, H. Yokoyama, T. Onuki, and T. Tsuchiya 
Scanning near-field dielectric microscopy at microwave frequencies for materials characterization 
S. J. Stranick, S. A. Buntin, and C. A. Michaels 
Near-field photoconductivity and fluorescence imaging on blends of conjugated polymers 
R. Riehn, R. Stevenson, J.J.M. Halls, D. Richards, D.-J. JSang, M. Blamire, and F. Cacialli 
Observation of Dye-containing Nano-domains by near-field optical microscope 
Noritaka Yamamoto, Toshiko Mizokuro, Hiroyuki Mochizuki, and Takashi Hiraga, and Shin Horiuchi 
Magnetic characterization of microscopic particles by MO-SNOM 
J. Schoenmaker, M. S. Lancarotte, L. N. Nobrega, A. D. Santos, and Y. Souche 

Super-RENS: field inhomogeneities in the readout layer and plasmons 
R. Fikri, D. Barchiesi, and P. Royer 
Near-jield pump-probe luminescence spectroscopy of CuCl quantum cubes in ultraviolet region 
T. Kawazoe, K. Kobayashi, S. Sangu, andM. Ohtsu 
Fluorescent polyelectrolyte-su~actant complexes studied by near-field optical and atomic force 
microscopy 
X. Liao and D. A. Higgins 
Near-field VV lithography of a conjugated polymer 
Robert Riehn, Ana Charas, Jorge Morgado, and Franc0 Cacialli 
Near-fieid scanning optical microscopy and near-field photocurrent analysis of nickel-silicon carbide 
contacts 
M.P. Ackland, P.R. Dunstan, W.Y. Lee, and S.P. Wilks 

186 

187 

188 

189 

190 

191 

192 

193 

194 

195 

1% 

Mop42 

Mop43 

Mop44 

Mop45 

Mop46 

Mop53 

Mop54 

Development of “nano-FISH” method for DNA and chromosome analyses using SNOM/AFM 
T. Ohtani, J. M. Kim, T. Yoshino, S. Sugiyama, S. Hagiwara, T. Hirose, and H. Muramatsu 
Scanning nearjield optical microscopy of cells in liquid 
R. Januskevicius, D. J. Arndt-Jovin, and T. M. Jovin 
An apertureless near-field microscope and its advantages in unraveling the structure of the 
photosynthetic membrane 
C. C. Gradinaru, G. A. Blab, P. Martinsson, Th. Schmidt, T. J. Aartsma, and T. Oosterkamp 

C. HBppener, D. Molenda, H. Fuchs, and A. Naber 

optical microscopy 
Jeeseong Hwang, Fuyuki Tokumasu, Takayuki Arie, Albert J. Jin, Paul D. Smith, Gerald W. 

Feigenson, Lori S. Goldner, and James A. Dvorak 
Size and distribution of lipid rafts: atomic force and nearfield microscopy study of GMI domains in 
model membranes 
P. Burgos, R. S. Taylor, 2. Lu, M. L. Viriot, and L J. Johns& 

Single molecule spectroscopy of autofluorescent proteins 
J. Hofkens, M. Cotlet, S. Habuchi, and F.C. De Schryver 

197 

198 

199 

High-resolution near-jleld optical imaging of a cell membrane in aqueous solution 

Spectroscopic imaging of nanoscale rafts in biomimetic lipid bilayers using near-field scanning 

200 

201 

202 

203 

22 



Mop55 Tracing of secretory vesicles of PC12 cells using total internal reflection fluorescence microscopy 
De-Ming Yang, Chien-Chang Huang, Lung-Sen Kao, Hsia Yu Lin, Din Ping Tsai, and Chung-Chih 
Lin 

204 

Mop47 

Mop48 

Simulation and experiments on trapping biological molecule by near-$eld optical probe 
Jia Wang, Zhaohui Hu, and Jinwen Liang 

Nearfield photo-fabricution of thin film using locally enhancedfield at a metallic tip 
Y. Inouye, A. Tarun, N. Hayazawa, and S. Kawata 

205 

206 

Mop49 

MoPSO 

Optical detectiori of nano-yai.ric1es. 207 
FJgnatovich, A.Hartschuh, and L.Novotny 

208 
microscopy 
S. H. Huerth and H. D. Hallen 

G. L'eveque, C. Meier, R. Mathevet, C. Robilliard, J. Weiner, C. Girard, and J. C. Weber 

Carole Ecoffet, Renaud Bachelot, Fehkra HDilli, Pascal Royer, and Gregory A. Wurtz 

Tunnel-electron-Induced oxygen movement in YBa2Cu307-6 measured with near-field optical 

Atom optics with nanostructured near-field ligh 

Photopolymers for nanofabrication in the near optical field 

rials: theory and applications 209 

210 
. 

23 



Tuesday 

Tup01 

TUP02 

Tup03 

Tup04 

TUP05 

Tup06 

TUP07 

TUPOS 

Tup09 

Local fluorescent probes for the fluorescence resonance energy transfer scanning near-field optical 
microscopy 
G. T. Shubeita, S. K . Sekatskii, G.Dietler, and V. S. Ltokhov 
Super-resolution near-field cover glass slip or mount, a novel application of the localized surface 
plasmon for near-field imaging 
Yu Hsuan Lin, Yuan Hsin Fu, Hsia Yu. Lin, Wei Chi Lin, Hsun Hao Chang, and Din Ping Tsai 
Near-field optical properties of a thin f l m  photonic transistor 
Wei Chih Lin, Chien Wen Huang, Yu Hsuan Lin, Din Ping Tsai, and Wei-Chih Liu 
Radiative heat transfer in the near-field. 
J.P.Mulet, KJoulain, R. Carminati, and J.J. Greffet 
Intensity vs. amplitude detection in scattering-type near-jield optical microscopy 
M. Labardi, M. Allegrini, S. PatanB, E. Cefali, and P.G. Gucciardi 
MMP Calculation of the electromagnetic jield enhancement at sharp noble metal tips for tip-enhanced 
Raman scattering 
V. Deckert, J. Renger, and L.M. Eng 
Transient optical elements: application to near-field microscopy 
D. Simanovskii, D. Palanker, K. Cohn, and T. Smith 
Localized photon picture vs. effective interaction picture: towards a nanometric photonic device 
K. Kobayashi, S. Sangu, T. Kawazoe, A. Shojiguchi, K. Kitahara, and M. Ohtsu 
NSOM probes with strongly enhanced optical transmission 
G.D. Lewen, KM. Pellerin and Tineke 'Ihio 

211 

212 

213 

214 

215 

216 

217 

218 

219 

WlO 

TUP11 

TUP12 

Zscan analysis for the optical nonlinearity of the AgOx-type super-resolution near-field structure 220 

221 

222 

Hsun Ha0 Chang, Fu Han Ho. Pei Wanga, and Din Ping Tsai 
Numerical studies of optical switching and optical bistability phenomena of mesoscopic scale-spheres 
T. Okamoto, M. Haraguchi, and M. Fukui 

M. Hasuo, A. Shimamoto. and T. Fujimoto 

M. R. Beversluis, A. Hartschuh, and L. Novotny 

M.Libenson and G.Martsinovsky 
surface plasmon enhanced second-order nonlinear optical study on monomolecular layers 
K. Kajikawa, Ryo Naraoka, and T. Iiyama 

Two-photon excitation of excitons in CuCI in total reflection geometry 

TUP13 White light continuum generated by gold tips, 223 

TUP14 

TUP46 

Action of ultra-short laser pulses on su$ace in the nearjeld 224 

225 

24 



TUP15 Chemical analysis of the phase boundary between two liquids through near-field optical microscopy 
M. De Serio, A. Bader, R. Zenobi, and V. Deckert 

J. E. Melanson, M. Gerunda,V. Deckert, and R. Zenobi 
Single polymer chain in two-dimensions observed by scanning near-field optical microscopy 
Hiroyuki Aoki, Makoto Anryu, and Shinzaburo It0 
Phase separation in polyfuorene - polymethylmethaclylate blends studied using UV near-field 

226 

TUP16 Tip-enhanced Raman spectroscopy for nanoscale analytical applications 227 

TuP17 

TUP18 

228 

229 

TuP19 The irlfuence of local environment on the optics of nanosources and nanocavities 230 
A. Rahmani, G. W. Bryant, and P. C. Chaumet 

TUP20 Probing the emission pattern of a near-field aperture in three dimensions 
M. Wellhofer, 0. Hollricher, and 0. Marti 

Tup21 Direct m a s  t of the absolute value the interaction force between a fiber probe and a sample 
in a scanning near-field optical microscope 
S. K. Sekatskii, G. 

Y. De Wilde, F. Formanek, and L. Aigouy 
Phase-sensitive imaging of metal nanoparti 
J .  Prikulis, H. Xu, L. Gunnarsson, M. Kall, and H. Olin 
A versatile multipurpose scanning probe microscope 
E. Cefalf, S. Patank, P.G. Gucciardi, M. Labardi, and M. Allegrini 

T. Sigehuzi 

A. Fragola and L. Aigouy 

B. Ressel, G. Biasiol, L. Sorba, and M. Lazzarino, M. Bressanutti, D. Orani, B. Trojan, and S. Prato 
Near-jield optical microscopy with a STM metallic tfp 
A. Barbara and T. Lopez-Ria 

geometr). 
J. J .  Wang, D. N. Batchelder, D. A. Smith, J. Kirkh&n, C. Robinson, Y. Saito, K. Baldwin, and B. 

Bennett 

M. N. Libenson, G. A. Martsinovsky, and D. S. Smirnov 

Shubeita, D. A. Lapshin, and V. S. Letokhov 
Ihp22 Tuning-fork-based ertureless SNOM for visible and infrared studies 

Tup23 

Tup24 

using an aperture-type near-field microscope 

Up25 Development of dual-pro 

6 Apertureless near-$eld 

Tup27 The MagSNOM project 

Tup28 

Tupt9 The apertureless scanning near-field optical mcrosc ission and reflection 

TUP30 The exikztwn and the p suflace polaritons . 

TuP31 Scanning near-field optical microscope with a small protrusion probe 
Noritaka Yamamoto ,Kazuo Ohtani, and Takashi Hiraga 

231 

232 

233 

234 

235 

236 

237 

238 

239 

240 

241 

242 
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Tup32 

Tup33 

TUP34 

TUP35 

TUP36 

TUP37 

Tup38 

TUP47 

Simultaneous topographical and optical characterization of near-field optical aperture probes 

Current sensing scanning near-jield optical microscopy for nanometer-scale observation of 

243 

244 
C. HGppener, D. Molenda, H. Fuchs, and A. Naber 

electrochromic films 
F. Iwata, K. Mikage, H. Sakaguchi, M. JSitao. and A. Sasaki 
Design, fabrication and characterization of a diffractive solid immersion lens 
Sung Chul Hohng, Jeffrey 0. White, Margret Ferstl, Alexander Pesch, Matthias Burkhardt, and Robert 
Brunner 
Enhanced resolution of NSOM by using a fiber coupler 
Seongjin Chang , Yongho Seo, and Wonho Jhe 

microscopy 
Chien Wen Huang, Tsung Sheng Kao, Din Ping Tsai, and Pei Wang 
Nanoparticles for use in Forster transfer microscopy 
S.C. Hohng, J.O. White, J.M. Iherrien, M. Nayfeh, I. Rasnik, B. Stevens, and T. Ha 
Fabrication of Si3N4film covered Si planar near-field optical probe: A tiano-slide Integrated nano- 
probe 
Sang-Youp Yim, Moongoo Choi, and Seung-Han Park 

Novel design of a low temperature scanning near-field optical microscope using parabolic mirror. 
P.Anger, A. Feltz, T.Berghaus, and A.J.Meixner 

245 

246 

247 A tapping-mode tuning fork with a short fiber probe sensing for near-field scanning optical 

248 

249 

250 

TUP39 Active and passive photonic devices studied by nearfield scanning optical microscopy 251 
Chien Wen Huang, Tsung Sheng Kao, Din Ping Tsai, and Pei Wang 

TUP40 

TUP41 

TUP42 

TUP43 

TUP44 

TUP45 

TuP48 

26 

Mapping of the longitudinal component responsible for the field enhancement 252 

253 

254 

255 

256 

A. Bouhelier, M. Beversluis, and L. Novotny 
Optical transmission through sub-wavelength metallic gratings 
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C. Debus, M. A. Lieb, A. Drechsler, S. Vierbucher, and A. J. Meixner 
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Effects of Coherence on the Spectra of Optical Fields 

Emil WOK Department of Physics and Astronomy and the Institute of Optics, University of Rochester, 
Rochester, NY 1462 7, USA 

I 

It is generally taken for granted that the spectrum of light remains unchanged on 

propagation in free space. Researches carried out in the last few years, both theoretical 

and experimental, have revealed that this is not always so. Specifically it was 

demonstrated that the spectrum of a radiated field depends not only on the source 

spectrum but also on the spatial coherence properties of the source. We will discuss these 

~ developments and we will note their implications for near field optics. We will also 

describe a very recent discovery which revealed that in hlly coherent fields drastic 

spectral changes take place in the neighborhood of phase singularities. 
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Coherence and manipulation of spin states in semiconductor nanostructures 

Jay A. Gupta and D. D. Awschalom' 
Department of Physics, University of Calflornia, Santa Barbara, CA 93106 

The potential of semiconductor quantum dots as media for spin-based storage of 

quantum information is based on hopes that camer confinement may reduce decoherence 

mechanisms through spatial localization and attendant discretization of the electronic 

energy spectrum. Time-reso optical experime have been performed to study 

carrier spin dynamics in a variety of quantum dot systems, including chemically- 

synthesized CdSe nanocrystals ranging fiom 2.2-8 nm in diameter? and CdS,Sel, 

nanocrystal-doped glas ? Nanosecond-scale spin precession lifetimes that persist to 

room temperature in these quantum dots are limited by inhomogeneous dephasing under 

an applied transverse magnetic field. Comparisons of transverse and longitudinal spin 

fferent dynamical timescales, evidenced through 

studies of temperature and field dependencies. 

The manipulation of spin states in nan 

measurements of the AC Stark shift produced 

the semiconductor bandgap. Optically-in 

. 

these systems reve 

1-doped glasses is demonstrated with 

an intense pump pulse is tuned below 

ed spin splittings are then realized through 

the pronounced poIarization dependence of directly-observed meV-scale shifts. Recent 

experiments in semicondu in splittings can be 

can coherently rotate .electron spins up to - n-/2 ra 

optical tipping pulses in electron spin resonance experiments. 

' J.A. Gupta, X. Peng, A.P. Alivisatos and D. D. Awschalom, Phys. Rev. B 59, R10421 (1999). 
J.A. Gupta and D.D. Awschalom, Phys. Rev. B 63,085303, (2001). 
J.A. Gupta, R. Knobel, N. Samarth and D.D. Awschalom, Science 292,2458 (2001). 

29 



Quantum Information Science 

IanA. Walmsley 
University of &ford Clarendon Laboratory, Parks Rd. &ford OX1 3PU. UK 

Landauer’s deceptively simple statement that information processing is physics has recently led to some 
remarkable changes in the way we view communications, computing and cryptography. By employing 
quantum physics instead of classical physics several things that were thought impossible have now proven 
possible. Quantum communications links, for example, are impossible to eavesdrop. And quantum 
computers can turn algorithms that are euphemistically labeled ‘‘difficult” for a Pentium into calculations 
that are “simple”. The details of what constitutes “difficult” and h a t  “easy” are the subject of complexity 
theory, but it suffices to know that a problem like finding the factors of a 1024-digit number would take 
longer than the age of the universe on a computer designed according to the laws of classical physics, and 
can be done in the blink of an eye on a quantum computer. If we can ever build one. 

Quantum information processing offers a qualitatively different way in which to think about 
manipulating information. But it is also a necessary way to think about information. Moore’s law famously 
indicates that the number of transistors per die increases exponentially with time. The implication is that 
there will be about one electron per transistor by the year 201 6, and that this lone electron will be confined 
to a region small enough that it Will act as a quantum mechanical particle, and not as a classical charged 
billiard ball. Fortunately, as quantum physics becomes more important in designing computers, we can do 
well by doing right. 

This talk will provide an overview of the sorts of enhancements that quantum physics can provide for 
technology, and a ihort survey of applications and potential applications. These include quantum 
interferometry and metrology, microscopy, communications, cryptography, fiequency standards and clock 
synchronization, as well as computation and information processing. [I]  

The rudimentary features of quantum mechanics needed to implement the technologies are interference 
and entanglement, and one of the major thrusts of the field has been to develop methods for the generation 
and measurement of these properties in systems that are both easy to control and have appropriate scaling 
properties. One of the critical issues in this area is how to design systems and control. schemes that are 
robust with respect to unavoidable environmental noise. The critical practical issues that confront real- 
world implementation of these concepts are many, and important performance parameters that might limit 
the utility of quantum-enhanced technologies will also be examined. 

References 
[I] A number of books at various levels provide a good starting point for exploring the subject. A 

comprehensive M. Nielsen and I. L Chuang, Quantum Information and Quantum Computation, 
(Cambridge University Press, 2001), and that edited by D. Bouwmeester, A. K. Ekert and A. Zeilinger, The 
Physics of Quantum Informution, (Springer, Berlin, 2000) There are also numerous review articles in 
journals, such as Fortschrizte der Physik, 48 (9) (2000); Special Focus Issue on Experimental Proposals for 
Quantum Computation, eds. S. L. Braunstein and H.-K. Lo. A journal is now devoted to this subject area: 
Quantum Information & Computation, Rinton Press, Princeton, NJ. 
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Dynamics of Biophysical Processes Studied with Multiphoton 
Microscopy 

Ahmed A. Heikal and Watt W. Webb 
d Engineering Physics, Cornell University, Clark Hall, Ithaca. NY 14853. 

Multiphoton (MP) fluorescence microscopy (MPFM) [ 11 provides several advantages over one photon 
(1 P) fluorescence microscopy for biological studies. The inherent high three-dimensional spatial resolution 
in MPFM originates from the nonlinear dependence of MP-fluorescence on the illumination intensity. As a 
result, the excitation volume is limited to the focus of the excitation laser, which minimizes out-of-focus 
photoblekhing and photodamage. Such localized excitation also eliminates the detection pinhole that is 
required for 1 P-confocal microscopy for depth discrimination, and thereby provides simpler fluorescence 
detection. Since infiared lasers are usually used in MPFM, large penetration depth can be achieved for deep 
tissue imaging. Finally, light scattering is also minimized because the MP-fluorescence detection 
wavelength is always to the blue of the excitation wavelength. These unique features make MPFM the 
method of choice for visualizing individual cells deep within living tissues or organs such as intact brain. 
Understanding of numerous biological processes on the molecular level can be elucidated using MP- 
fluorescence spectroscopy, dynamics, and microscopy. 

\ 

This tutorial will f q s  on the molecular background of multiphoton excitation, methodology, and its 
biological applications. Multiphoton excitation will be discussed in terms of molecular symmetry, resonant 
and non-resonant pathways, intensity-dependence, and the polarization selectivity of the excitation laser. 
Because the nonlinear properties of fluorescent markers are critical for MP-fluorescence, special attention 
will be focused on selected fluorophores. Of particular interest are intrinsically fluorescent proteins (IFP), 
from Aequorea victoria jellyfish (green) or Discosoma coral (red), which are noninvasive and site-specific 
fluorescent markers as well as pH indicators for biological research [2J]. We will also outline a new design 
strategy, based on donor-acceptor-donor conjugated configuration, for molecular systems with large MP- 
excitation cross-section [4,5]. Finally, we will evaluate the potential of quantum dots and nanoparticles as 
fluorescent markers for biological 

The application aspect of this s on the exploitation of endogenous autofluorescence in 
live cells and tissues for studying energy metabolism by functional imaging of the native reduced 
nicotinamide adenine dinuclestide (NADH) and flavin adenine dinucleotide (FAD). Two-photon (2P) 
redox fluorescence microscopy of these biomolecules allows for noninvasive monitoring of the 
mitochondrial respiratory chain using 2PFM [6,7]. As an example, we will focus on our recent studies of in 
vivo activity of mitochondrial respiratory chain various native nervous tissues [7] and single cardiac cells 
[6]. Finally, we will review recent advances in multiphoton-excitation techniques and applications. 

for excitation volume confinement will be discussed along with related applications. 

[l] W, Denk, J. H. Stri 
[2] A. A. Heikal, S. T. Hess, G. S. Baird, R Y. Tsienmd W. W. Webb, 
11996 (2000). 
[3] A. A. Heikal, S. T. Hess and W. W, Webb, Chem 
[4] M. Albota, D. Beljonne, J.-L. Bredas, J. E. Ehrlich, J-Y. Fu, A. A. Heikal, S. F, Hess, T. Kogej, M. 
tevin, S. R. Marder, D. McCord-Maughon, J. W. Perry, H. Rockel, M. Rumi, G. Subramaniam, W. W. 
Webb, X.-L. Wu and C. Xu, Science (Wbshington, D. C.) 281,1653 (1 998). 
[5] A. A. Heikal, S. Huang, M. Halik, S. R Marder, W. Wenseleers, J. W. Perry and W. W. 
J. 82,493a (2002). 
[6] S. Huang, A. A. Heikal and W. W. Webb, Biophys. J. 82,281 1 (2002). 
[7] K A. Kasischke, H. D. Vishwasrao, A. A. Heikal and W.W. Webb, Neuron, submitted. 

and W. W. Webb, Science 248,73 (1990). 
tl. Acad. Ski. U. S. A. 97, 
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Single-molecule near-field optical energy transfer microscopy 

B. Hecht 
Nano-Optics group, Institut of Physics, University of Basel, CH-4056 Basel, Switzerland. 

W. %besinger, A .  Kramer, and U.P. Wild 
Physical Chemistry Labomtoy, Swiss Federal Institute of Technology, CH-8093 Zurich, ~un'tzerland. 

M. Kreiter 
Max Planck Institut fiir Polymerforschung, 0-55128 Mainz, Germany. 

The nano-optical interaction between an atomic force microscopy (AFM) tip and a single dipolar emitter 
is investigated [l]. Changes of the excited state lifetime and the fluorescence rate of a single fluorescent 
molecule are recorded simultaneously as a function of the tip position relative to the molecule. A sketch 
of the setup is shown in Fig. 1 (a). It consists of a sample-scanning confocal optical microscope based on 
an inverted microscope (Zeiss Axiovert 135) in combination with a tipscanning AFM (Digital Instruments, 
Bioscope). An actively mode-locked Nd:YAG laser (Coherent Antares), frequency-doubled to 532 nm with 
150 ps pulse width and 76 MHz repetition rate serves as a light source. For online acquisition of fluorescence 
lifetime data during scans, time-correlated single photon counting in combination with an averaging scheme 
is employed. Specifically, the output of a time-to-amplitude converter is converted into a continuous step 
function and averaged by a low-pass filter. Details are described elsewhere [2]. AFM measurements are 
performed in contact mode with commercial cantilevers (Digital Instruments, DNP) with Si3N4 tips in the 
shape of a quadratic pyramid (base length 4 pm, height 3.3 pm). 

A subdiac t ion- l i i t ed  area of decreased fluorescence (b,d) and shortened lifetime (c, e) is observed 
for both, gold-coated (b, c) and bare (d, e) SisN4 tips. The results are discussed in terms of molecular 
fluorescence in a system of stratified media. The outlined methodology holds promise for applications in 
ultra high-resolution near-field optical imaging at the level of single fluorophores. 

Figure 1: (a) Sketch of the experimental setup. A ps pulsed laser is used to excite the fluorescence of single 
molecules in a 20nm thin polymer film. Fluorescence rate and lifetime are recorded simultaneously and 
continuously as an AFM tip scans over a molecule of interest. (b),(d) Fluorescence rate as a function of the 
tip position for a gold-coated and a bare Si3N4 AFM tip, respectively. (c),(e) Excited-state lifetime as a 
function of the tip position for a gold-coated and a bare SisN4 AFM tip, respectively. Scale bar =200nm. 

References 
[l] W. 'Ikabesinger, A. Kramer, M. Kreiter, B. Hecht, and U.P. Wild, submitted. 

[2] W. 'Ikabesinger, C.G. Hiibner, B. Hecht, and U.P. Wild, submitted. 



In-siiu Imaging of Magnetic Domains in Ultrathin Films 
by Near-Field and Far-Field Magneto-Optical Microscopy 

G. Meyer, T. Crecelius, G. Kaindl, and A. Bauer 
Freie Universitat Berlin, Insitutfitr Experimentalphysik, Arnimallee 14, 141 95 Berlin 

Germany 

We have studied in-situ the etic-domain structures and magnetization-reversal processes of 
ultrathin FdCu(100) films in ultrahigh vacuum (UHV) by magneto-optical Ken effect (MOKE), Kerr 
microscopy, and scanning near-field magneto optical microscopy (SNOM). The films were a few 
monolayers thick and were grown at 80 K on a Cu(100) single crystal. With SNOM, we were able to image 
details of domain structures which could not be resolved by fk-field Kerr microscopy (Fig. 1). Since 
magneto optics is not affected-by external magnetic fields SNOM could be used to study locally the 
magnetization-reversal process. The experiments were performed in a W chamber designed for 
combined MOKE, Ken microscopy and SNOM measurements at variable temperature (20 K to 450 IC) and 
in external magnetic fields up to 1500 Oe [ 11. The chamber is part of a three-chamber UHV system, with 
the other two chambers being equ aration facilities as well as a scanning tunneling 
microscope (STM). ’ 

The SNOM is operated in shared aperture mode. Tip-Sample distance is controlled by either detecting 
shear-forces or by stabilizing the intensity of the reflected optical signal. We found the latter method to be 
particularly appropriate for scanning crystal surfaces in UHV. Magneto-optical contrast in SNOM images 
is obtained by means of a Sagnac-Interfaometer [2]. In comparison to a conventional crossed-polarizas 
setup, B Sagnac interfaometer has the advantage that it is inherently insensitive to reciprocal effects, e.g. 

* birefiingence, which often lead to artifacts in magneto-optical SNOM. 

We expect that the combination of near-field and far-field magneto-optical microscopy will enable us to 
further clarify the domain structures in ultrathin magnetic films, especially at spin-reorientation transitions 
where micredomain states play an important role. Recently, we succeeded in imaging such micro-domain 
states in FdCu(100) films at various external magnetic fields. This will probably lkad to .a better 

[ 11 G. Meyer, T.Crecelius, G. b i n d ,  and A. Bauer, J. Magn. Mugn. Mater. 240,7678 (2002). 
[2] B.L. Petersen, A. Bauer, G. Meyer, T,Crecelius, and G. Kamdl, Appl. Phys. Lett. 73,538 (1998). 
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Optical switching due to whispering gallery modes in dielectric micro- 
spheres coated by a Kerr material 

M. Haraguchi, M. Fukui, Y. Tamaki, T. Okamoto, University of Tokushima, 2-1 Minami-Josanjima, 
Tokushima 770-8506, Japan. 

Micro-size optical resonators, e.g., dielectric micro-spheres, may lead to the realization of new micro- 
size optical devices with a Kerr nonlinear material. We have found that the whispering gallery modes 
(WGM) in a dielectric microsphere can be efficiently excited through a near-field coupling and the optical 
seif-switching phenomena can be induced in the nonlinear microsphere, using the Finite-Difference Time- 
Domain (FDTD) method [ I]. For device applications like signal processings, it is important to confim that 
the switching phenomena of nonlinear spheres can be controlled by a control light. In this study, we have 
evaluated optical characteristics of spheres, coated by a film having a Kerr-nonlinearity, on a substrate. 
Note that the optical response of the spheres is controlled by the signal and the control lights. It may be 
possible to dominantly control such a response by the control light. We propose a new micro-size nonlinear 
optical modulator consisting of such a nonlinear sphere. 

. 

We employ the configuration in which a 1p.m-size sphere is set on a dielectric prism in vacuum, as 
shown in Fig.1. The refractive indices of the sphere and the prism are 2.52 and 1.51, respectively. The 
linear refractive index of the Kerr material is also 2.52. The 3rd order nonlinear susceptibility of the Kern- 
material f ’  is 7xlO-I‘ [m2N2]. All the refractive indices and %”’ are assumed to be wavelength- 
independent. The incident angle of the signal light is fixed at 55‘. We evaluate reflectance for the signal 
light. The control light is input from the direction parallel to the surface of the prism, as shown in 
Fig.+ef{figl}. The signal and control lights are assumed to be a Gaussian beam with beam waists of 
1.5p.m on the prism surface for the signal light and of 1 pn at the side of the sphere for the control light, 
respectively. The center of the beam spot of the signal light is positioned at the contact point between de  
prism and the sphere. We employ the TM-polarized and TE-polarized lights. 

Reflectance for the signal light is sensitive to the excitation condition of the WGM. When the control 
light is incident, reflectance for the signal light, which is coupling with the WGM, can be varied because 
the control light can modify the refractive the Kerr materials, leading to the extinction of the 
WGM. When the wavelength of the incident usted to the characteristic wavelength of the WGM 
of the sphere, reflectance for the signal light can be switched by using the control light whose intensity is 
about two-order smaller than that of the signal light. The odof f  ratio is about 10. Our results indicate that a 
new micro-size nonlinear optical switch or modulator may be realized by using a nonlinear sphere. 

Signal light 
TEorTM 

prism 1 @=1.51 m ,  Control light 

vacuum n=2.52 . Figure 1: The configuration employed here. The sphere is 
coated by a Kerr material film with a thickness of 60nm. . . .  . .  

d=lpm 
Kerr material 

References 
[l] M. Haraguchi, T. Okamoto and M. Fukui, 3& Asia-Pacific Wrokshop on Near Field Nan0 Optics, 
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Optical and mid-infrared scattering-type near-field optical microscopy 
at 10 nm resolution . 

T. Taubner, R. Hillenbrand, and F. Keilmann, 
Max-Planck-Institut fir Biochemie, 0-821 52 Martinsried, Germany, taubner@biochem.mpg.de 

We compare two apertureless, scattering-type SNOMs h we operate at different wavelengths, 0.6 pm 
and 10 pm. By imaging of a common test sample we proove that 

+ a spatial resolution of 10 nm is reached at both widely different wavelengths, 
+ the image contrast depends on the same mechanism at both wavelengths. 

Scattering-type scannin r-field optical microscopy (s-SNOM) uses the optical near-field interaction 
between an illuminated metal or dielectric probe tip and the sample surface[l3]. Its spatial resolution is not 
limited by difhction but rather by the actual size of the scattering probe tip (< 20 nm). The experiments ltave 
readily achieved a wavelength-related resolution of h/l 00, a e not possible with aperture-based SNOMs. 

Our microscopes use tapping-mode AFM with commercially available, metallized cantilever tips. These act 
as scattering probes which are illuminated by mid-infiared[3] or visible[4,5] light. We detect the scattered light 
interferometrically, in the visible by using a heterodyne setup already reported[4,5], while our infrared &NOM 
has recently been extended by a homodyne receiver. The interferometric detection serves to detect phase and 

in both microscops. The - 
achieved resolution is =lo nm. Common to both the mid-infrared and the visi eiengths, the 25 nm high 
Au islands are the brightest objects, while the PS particles appear darker than the Si substrate. The observed 
brightness agrees with an electrostatic model which predicts a simple analytical relation to the local refractive 
index of the sample material[4]. This categorizes s-SNOM contrast into the material classe 
semiconductors, and polymers enabling a simple material recognition on a 10 nm scale[5]. 

References 
[ 13 F. Zenhausem, Y. Martin and H. K. Wickramasinghe, Science, 269,1083 (1995). 
[2] A. Lahrech et al., Optics Letters, 21,1315 (1996). 
[3]  B. Knoll and F. Keilmann, Nature, 399,134 (1998). 
[4] R. Hillenbrand and F. Keilmann, PhysicalReview Letters, 85(14), 3029 (2000). 
[5] R. Hillenbrand and F. Keilmann, Applied Physics Letters, 80,25 (2002). 
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Spontaneous Emission in Nanoscopic Dielectrics 

H. Schniepp and t? Sandoghdar 
Swiss Federal Institute of Technology (ETH), 8093 Zurich, Switzerland 

It is well-known that the fluorescence lifetime of an emitter can be strongly modified when its 
electromagnetic surrounding is changed by introducing interfaces, mirrors, resonators, etc. There have been 
also theoretical and experimental reports on the modification of the spontaneous emission of emitters in the 
near field of a sharp scanning probe tip, or a sample with lateral nanostructures. Here we present a 
systematic study of the spontaneous emission rate for atoms placed inside subwavelength dielectric 
particles. By fluorescence lifetime measurements on single nanoparticles we have demonstrated for the first 
time the change of paradigm from the super-wavelength regime of Mie resonances to the nanoscopic realm 
of Rayleigh scattering. 

As a model system we use polystyrene nanospheres ( ~ 1 . 5 9 )  doped with europium ions emitting at a 
wavelength of 0=615nm. Spheres of various diameters ranging from lOOnm to 20OOnm were spin coated to 
produce a very sparse distribution on the surface of a cover glass. In order to perform well-defined control 
experiments, we have combined atomic force microscopy and fluorescence confocal microscopy to make 
measurements to select isolated nanospheres. As predicted by the theory [l], the radiative spontaneous 
decay rate drops as the sphere diameter is decreased (Fig. 1, circles). To provide further evidence for the 
radiative nature of the effect we reduced the index contrast at the surface of the spheresby covering the 
sample with a droplet of water (n=1.33, triangles) or immersion oil (n=1.52, squares) and repeating the 
measurements on the same particles studied in the dry state. Again, we find a very good agreement between 
the measurements and the theoretical calculations. The comparison between theory and experiment for the 
different media also allows us to separate radiative and non-radiative parts of the decay process. 

g! Fig. I :  Symbols display 
f!? fluorescence decay rates 

f?om single Efl-doped 
dielectric spheres 
normalized to the decay 
rates in a bulk dielectric. & 0.8 
Measurements were done 5 

f!? for particles on a glass 0.6 substrate exposed to air 
.- 8 (lower curve), water 

(middle curve) and 
immersion oil (upper 

$ 0.4 

s curve). The lines are 
100 1000 results of calculations 

i? 1.0 
Q, 
W 
Q, 

(0 

Sphere diameter [nm] r13. 

In addition, we found that isolated doublets of lOOnm spheres show significantly higher decay rates than 
the isolated single spheres of the same diameter. This underlines the sensitivity of the spontaneous emission 
process to the electromagnetic boundary conditions at the nanometer scale as well as the necessity of well- 
controlled experiments with sufficient spatial resolution. In conclusion, our results demonstrate that the 
fluorescence lifetimes of emitters placed inside a dielectric change substantially and m a systematic way 
when the medium size is decreased to sub-wavelength dimensions where no longer resonances are 
supported by the object [2]. 

References 
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Development of Photothermal Near-field Scanning 0 cal Microscope 

Masanori Fujinami, Kiminori Toya, Hiromi Murakawa, Tsuguo Sawada, 
The University of Tokyo. Department of Advanced Materials Science, Hongo, Tokyo 113-0033, Japan. 

E-mail: fujinamiak. u+tokyo.ac.jp 

Much attention to a near-field scanning optical microscope (NSOM) has been paid in this decade by 
overcoming the diaaction limit to reach nanometeric size and, fluorescence, photo-luminescence, Raman 
scattering, and their time-resolved measurements have been combined. with NSOM. Photothermal 
spectroscopy is a highly sensitive and versatile technique. In this study, we have developed a 
photothermal(PT)-NSOM and investigated the performance. Photothermal spectroscopy relies on 
absorption of optical radiation by molecule and subsequent non-radiative relaxation. The optical and 
mechanical effects induced by heat are measured as thermal lens spectroscopy (TLS), photoacoustic 
spectroscopy, etc. Therefore, the methods based on photothermal effect become applicable to fluorescent 
and non-fluorescent molecules. The detection limit in TLS is estimated to be in the order of 10' 
absorbance and, in addition, a thermal lens microscope enables us to detect single molecule detection, 
which is comparable to a laser-induced fluorescence microscope. Generation ,of heat by non-radiative 
relaxation induces the change in refractive index of matrix. Laser beam with Gaussian intensity profile is 
usually used as an excitation light, so that refractive index gradient, called as a thermal lens, plays a role as 
a concave lens for the probe beam with another wavelength. As a result, the intensity of center of the probe 
beam linearly depends on the size of the concave tens and the quantitative analysis can be done to measure 
it. 

The schematic diagram of PT-NSOM 
based on an inverted optical microscope is 
shown in Fig. 1. The molecules were 
excited by the evanescent wave emitted 
from the small aperture of the optical fiber 
probe. In order to measure the thermal lens, 
two types of methods for incident of the 
probe beam were investigated. One is 
coaxial mode to introduce the excitation . 
and the probe beams into the fiber probe. 
It is known in the near-field light theory 
that the propagated light cannot be 
removed completely even if the light is mbtiv 
emitted from the aperture with a diameter 
of less than wavelength. It is, therefore, 
expected that the transmitted component of 
the probe beam is deflected by the Figure 1: diagram of photothemLNSOM 
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refractive index gradient induced. Another 
method is that the probe beam is introduced by the objective lens with high 
NA (=1.45). The central intensity of the reflected probe beam should be 
changed by the rehctive index gradient and was measured. 

In both of the methods, the photothermal signal for the thin film of s 
yellow FCF on a glass can be obtained, as shown in Fig. 
succeeded in measurement of the photothermal image 
sample. These results are the first evidence of detec 
signal in NSOM. Fast modulation frequency for excitation laser beam and -- 

. .  
!: 
I 

.. 'b .. 
I I short time constant in lock-in-amplifier are re4uired in order to obtain the 

improvement of S/N ratio is now in progress. 

- 
.- 0 - ; -  photothermal signal image with high space resolution, so that the Time gj 

Fig. 2 Photothennal 
signal of PTSNOM 
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Eigenfield patterns of optically resonant nanoparticles mapped by 
phase-contrast near-field microscopy 

R. Hillenbrand. F. Keilmann 
Max-Planck-Institut f i r  Biochemie, D-82152 Martinsried, Germany, hillenbr@biochem.mpg.de 

In small metal particles light can resonantly excite collective oscillation modes of conduction electrons. 
This plasmon resonance results in strong scattering and enhanced near-fields that have been subject of 
several near-field studies [ 1-41. By using a scattering-type near-field optical micoscope, mapping both 
amplitude and phase, we succeeded to resolve the optical field patterns on the surface of single gold 
particles excited into plasmon resonance [5]. 

Our microscope uses a commercial cantilevered tip as scattering near-field probe, illuminated by 
focused light a633 nm. The backscattered light is detected by a heterodyne Mach-Zehnder interferometer 
in order to simultaneously map both amplitude s and phase cp of the backscattered light. Higher harmonic 
demodulation of the signal suppresses unavoidable background (Le. scattering from the sample, cantilever 
beam and the tip's shaft)[6]. This allows to asses the pure near-field information at 10 nm spatial resolution 
without height induced artifacts. 

We present amplitude and phase images of particles excited dominantly in dipolar or, as in Fig. 1 (a), 
quadrupolar mode. Note the occurrence of field singularities (marked by circles), observed for the first time 
in a non-propagating near field [SI. Particularly strong, highly confined near-fields were found in narrow 
gaps between resonant particles (Fig. l(b)), a promising site for a future observation of single molecules by 
spatially-resolved. surface-enhanced Raman scattering or nonlinear spectroscopy. 

References 

Figure 1: 

(a) Near-field images of a gold particle in 
optical resonance, amplitude (top) and phase 
(bottom, 360' full scale). The images exhibit a 
quadrupolar plasmon mode, recognizable by a 
dark line in the amplitude image accompanied 
by a phase jump of 180O. 

(b) Highly confined optical field in a gap 
between closely packed gold particles (top: 
topography, bottom: optical amplitude). 
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[6] R. Hillenbrand and F. Keilmann, Physical Review Letters 85,3029 (2000). 
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Subsurface Solid Immersion Microscopy for Photonic Nanostructures 
Bennett Goldberg, Steven Ippolito. Zhiheng Liu, and M. Slim &lu, 

Boston University, Boston,,MA 02215 

- lod for 
a400nm) and by the serial scan process with relatively slow image acquisition rates. These factors restrict the 
utility of NSOM to experiments where proximity of the probe provides new information or where the source is 
bright, largely time independent and long lived. As a result, time resolved, pump probe, Raman and non-linear 
spectroscopies are not widespread with resolution below 1 OOnm. 

Over the past decade solid immersion microscopy 
has emerged to provide tremendous imaging Fig 1. Schematic diagram of numerical 
capability to complement the restrictions of optical aperture increasing lens (NAIL), 
scamed probe techniques. The technique is based combining the sample and semi-sphere 
upon using a transparent (at the wavelength of as super SIL for subsurface solid 
interest) semi-spherical lens where the object space is immersion microscow. 
either at the interface of the lens and the material 
under study, or embedded within a similar material. 
The solids used are high index materials (2.0 

Near-field microscopy. is limited by the small transmission of subwavelength apertures 

el 
n c 3.5) and with the combination of the reduction of the 

Wavelength by Vn, and &I increase in the numerical aperture,difiaction limited resolution increases of greater than 
IO (-a2) in the lateral direction and greater than 30 (q3) in the longitudinal direction have been demonstrated, 
ogether with factors of 10 increase in light gathering ability. [ 1-41 

We have recently applied solid immersion 
techniques to subsurface microscopy, where the 
wavelength in the medium is defined by the 
sample under study, and thus the only method to 
improve the spatial resolution is to increase the 
collected solid angle, Le., the NA must be 
increased. This is because the large index n in the 
object space in standard subsurface microscopy 
of planar samples does not increase the NA due 
of refraction at the planar boundary. Recently, 
we have implemented a solid immersion 
microscopy technique for subsurface imaging 

unproves [4]. A Numerical Aperture Increasing Lens 
is pIaced on the d c e  of a sample as 

at the object space coincides with the aplanatic 
points of the NAIL’S spherical surface. The 
convex lens surface effectively transforms the 

olid immersion lens. Figure 2 shows the direct 
comparison using imaging through the backside substrate of a silicon SRAM IC. The NAIL subsurfsce immersion 
microscopy increases the lateral resolution by a factor of 12 laterally and over 100 longitudinally. 

We will present new results on using subsurface solid immersion microscopy to demonstrate the n’ 
improvement in longitudinal resolution, as well as new work on and photonic bandgap systems. In 
quantum dot systems, we have implemented backside i de high-throughput time-resolved 
spectroscopy of single quantum dots, especially in the density 
References 
[I] B. D. Terris, H. J. Maniin, gar, W. R Studmund, optical data storage using a 
solid immersion lens,” Applied Physics Letters 65 (1994): 388. B. D. Terris, H. J. Mamin, D. Rugar, “Near-field 
optical data storage,” Applied Physics Letters 68 (1996): 141. 
[2] Qiang Wu, G. D. Feke, Robert D. bober, and L. P. Ohislain, “Realization of numerical a p e  2.0 using a 
gallium phosphide solid immersion lens,” Appl. Phys. Lett., 75,4064 (1 999). 
[3] Khaled Karrai, Xaver Lorenz, Lukas Novotny, “Enhanced reflectivity contrast in confocal solid immersion lens 
microscopy,” Applied Physics Letters 77 (2000): 3459. 
[4] S. B. Ippolito, B. B. Goldberg, M. S. Dnlii, “High spatial resolution subsuxface microscopy,” App. Phys..Let 78 
(2001): 4071. 

resolution well beyond the state-of-the-art in through-the- 
substrate imaging of Si circuits. (a) Image obtained using the 

dot coupling is important. 
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Surface Plasmon Polariton Waveguiding in Random Surface 
Nanost ruct ures 

S. I.  Bozhevolnyi, V. S. Volkov, 
Institute of Physics, Aalborg University, DK-9220 Aalborg, Denmark 

K. Leosson, 
Micro Managed Photons A / S ,  COM, DTU, Bldg. 345v, DK-2800 Kgs. Lyngby, Denmark 

, 

Strong (Anderson) localization of light in random media, i.e., capturing light in a random cavity, is 
one of the most fascinating optical phenomena. Strong localization of light happens due to interference in 
recurrent multiple scattering in random (non-absorbing) media and is expected when the scattering mean 
free path 1 decreases below the light wavelength. The value of 1 diverges in the limit of both short and long 
wavelengths [l] implying that the localization effect can be realized only in a limited wavelength interval, 
similar to the photonic band gap effect (PBG) in periodic media [2]. In fact, there are many similarities 
between these phenomena: both are related to interference in multiple light scattering, lead to the inhibi- 
tion of light propagation and exhibit a threshold character with respect to the dielectric contrast. Given 
the similarities between the phenomenon of strong localization and the PBG effect, we realized that  one 
should be able to employ channels and cavities in (non-absorbing) strongly scattering random media for 
essentially the same purposes as those in the PBG structures, i.e., for light guiding along line defects. One 
might suggest that the localization can be realized in a broader wavelength range than the PBG effect, since 
the former is not as directly governed by the geometrical characteristics of structured media as the latter. 
Furthermore, the absence of symmetry in random structures facilitates matching the modes propagating in 
differently oriented channels and thereby may reduce the associated bend loss. 

We propose to use channels in strongly scattering non-absorbing random media for guiding electromag- 
netic waves and demonstrate this concept using near-field microscopy of surface plasmon polaritons (SPP’s) 
propagating along the gold film surface covered with randomly located scatterers [3]. In the wavelength 
range of 720 - 790 nm, we observe complete inhibition of the SPP propagation inside the random structures 
composed of individual (- 50 - nm-wide) gold bumps (and their clusters) placed on a 40 - nm-thick gold 
film with the bump density of 75 pm-2. We demonstrate well-defined SPP guiding along corrugation free 
2 - pm-wide channels in random structures and virtually loss-free bending by 20° (Fig. 1). 

. 

Figure 1: Gray-scale (a) topographical and (b) near-field optical images (32 x 22 pm2) taken a t  A = 750 nm . 
showing SPP guiding along straight (left), loo- (middle) and 20°-bent (right) line defects. 
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[3] S. I. Bozhevolnyi, V. S. Volkov, and K. Leosson, submitted to Phys. Rev. Lett. 
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dth enhancement for shea by exploiting the 
nonlinear probe-sample interaction 

C.L. Jahncke 
St. Lawrence University, Canton, NY 13617. 

H.D Hallen, 
North Carolina State University, Ralei 

a high Q oscillators (200-700) with a 
relatively low resonant frequency (30-40kHz) as is the case 
with high Q tuning forks[l] used in near-field optical 
microscopy limits the feedback bandwidth. As feedback 
gains are increased, the system oscillates at a frequency that 
is approximately the width of the resonance peak -- typically 
10’s of Hertz. The oscillation is asymmetric (figure 1) as a 
result of the nonlinear interaction between the probe and the 
sample. When the probe is too far from the surface, it takes 
longer to find the surface due to the slow recovery time of 

the surface, the vibration is rapidly quenched. We exploit 
the nonlinear interaction between the probe and the sample 
to-increase the bandwi 

The nonlinear tips 
resentation of resonance curves at different probe sample separations[2]. We use +is model to study the 

,o 

E 
Q: 

1 
0 

~i~~~ : 
the nonlinear tip-sample interaction 

the high Q oscillator. Alternately, when the probe is close to 0 0.0s 0.1 5 tlme (secor$4 
oscillations indicating 

modeled as a tapping force producing an accurate 

system dynamics by alternately adding in and removing the tapping force from the simple driven damped 
harmonic oscillator equation. We look at the lle fall and rise time of the signal respectively. We find that 
at resonance, the time response of the probe with the tapping off is much slower than the time response of 

, as we move off resonance to either the low frequency 
1.2 or the high frequency side, we see an 

improvement in the time response. Additionally 
the time response for the two directions becomes 
the same on the high frequency side. We perfom 
several experiments to investigate the time 
response of the feedback system. Figure 2b shows 
the time for the probe to find the feedback setpoint 
as m 8msec ramp pulse pulls the probe away from 
the surface. The gains are carefully optimized in 

vent overshoot. This experiment 
e tapping off case for our model 

show that the time response is faster and the time 
for the in and out motion of probe becomes the 
same on the high frequency side of the resonance 
curve resulting in increased bandwidt 

imilar behavior. Our experiments 
ith tapping on and tapping off. b) Time 

probe to find a surface given an 8msec 

. Lett. 68,307 (1 996). 
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Mapping the Intensity Distribution in a Photonic Crystal Microcavity 
P. Kramper 

Universitdt Konstanz, Fachbereich Physik & Optik-Zentrum Konstanz, 78457 Konstanz, Germany, 

V. Sandoghdar 
Swiss Federal Institute of Technology (ETH), 8093 Zurich, Switzerland. 

Photonic crystals have been the subject of intensive studies in the past few years. A point defect in a 
photonic crystal results in a resonance in the band gap and confinement of light to a region smaller than one 
wavelength. A linear array of such point defects creates a photonic band gap waveguide and the 
combination of such waveguides will in turn produce a wealth of optical elements such as beam splitters 
and interferometers. 

In this paper we present a combination of direct laser spectroscopy and scanning probe optical 
microscopy to perform measurements of sharp resonances in a deep two-dimensional photonic crystal 
microresonator. Photonic crystals were fabricated by electrochemical preparation of macroporous silicon. 
The structure in our experiment consists of a triangular crystal of air cylinders with a depth of 100 pm and 
a lattice constant of 1.5 pm providing a band gap around 4 pm [I]. Two line defects and an isolated point 
defect were incorporated in the crystal as shown in Fig. Ib). 

In a first experiment we excited the spectrally sharp and locally’highly confined modes of the point 
defect microcavity by focusing the beam of a widely tunable continuous-wave optical parametric oscillator 
(OPO) on the photonic crystal as shown in Fig. la). An uncoated tapered fluoride glass monomode fiber 
(nearfield probe 1) is used as a local detector. By raster scanning the fiber tip against the exit plane, we map 
the spatial distribution of the light transmitted by the photonic crystal with a resolution of one optical 
wavelength. Then by repeating these measurements for different laser wavelengths, we recorded two sharp 
resonances with quality factors of 190 and 640 [2]. Two-dimensional Finite Difference Time Domain 
calculations were performed for the experimentally investigated microresonator structure. The spectrum 
reproduces the two resonances and agrees very well with the measured ones. 

In order to visualize the modes in the cavity, we have added a second near-field probe at the top side of 
the photonic crystal. The fiber extracts locally the energy out of the cavity mode. By scanning the fiber 
across the surface we have mapped the intensity distribution directly to be well beyond one optical 
wavelength (see fig. IC). By tuning the OPO to an off-resonant wavelength the signal vanishes as expected. 
We compare our results with those of the calculations and discuss possible imaging mechanisms. 

Figure 1 : a) Setup for near-field intensity mapping. b) The investigated microresonator structure. c) intesity 
distribution as seen by the near-field probe #2 on resonance. 

€11 A. Birner, U. GrUning, S. Ottow, A. Schneider, F. Miiller, V. Lehmann, H. F611, and U. Gasele, Phys. 
Stat. Sol (a), 165, 11 1 (1998). 
[2] P. Kramper, A. Birner, M. Agio, C.M. Soukoufis, F. Miiller, U. Gbsele, J. Mlynek and V. Sandoghdar, 
Phys. Rev. B. 64,233102 (2001). 
[3] P. Kramper, M. Agio, C. M. Soukoulis, A. Birner, U. Gbseie, R. Wehrspohn, and V. Sandoghdar, in 
preparation. 
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Polymer NFO probe made by a nanomolding method 

G. M. Kim’, E. ten Have’, F. Segerink’. B.J. Kid.’. A? F. van Huls8. and J. Brugger‘” 

ique Federale de Lausa IO15 Lausanne, Switzerland 
MESA + Research institute, University of Twente. 7500 A E  Enschede, The Netherlands 

Many polymers have the ability to conform themselves to surface contours down to few nanometers. We studied 
the filling of transparent epoxy-type EPON SU-8 into nanoscale apertures made in a thin metal film as a new method 
for polymerhetal NFO structures. As shown PI, topographically flat structures with a high optical contrast can be 
obtained. Mold replica processes combining ,silicon micromachining with the photo-curable SU-8 offer great 
potential for low-cost nanostmcture fabrication. This has led to the successful implementation of plastic probes for 
atomic force microscopes [2] and to some initial attempts for NFO applications 01. Besides offering a route for mass- 
production the transparent pyramidal plobes are expected to improve light-transmission thanks to a wider geometry 
near the aperture. 

,, 

After a series of initial experiments combining silicon MEMS, mold geometry tuning by oxidation, antistiction 
coating by self-assembled monolayer (SAM), and mechanical release steps, we propose here following new m e t h d  
The mold is fabricated on silicon wafer by self-terminating etchingand defines the pyramidal geometry of the actual 
probe. Thenonuniform Si02 growth at regions with high curvature was used to create pits with a well defined radius 
ranging between 50-250 nm 61. A SAM of dodecyltrichrorosilane was then formed on the mold surface as anti- 
stiction coating, and a ISO-nm thin layer of opaque AI layerwas deposited. A focused ion beam drilled welldefined 
50-100 nm apertures in *e A1 film directly inside the mold. SU-8 was spin -coated on the wafer, which filled the mold 
and the nano+qmtures in the AI layer, A second layer SU-8 was structured by lithography to form the probe shape. 
The subsequent stage of bonding with optical fiber and releasing of the fabricated probe from the tip mold follows 
essentially the procedure described earlier PI. Since the SAM reduces the adhesion force between the surfaces of 
mold and metal layer, the probe is released together with the apertured metal layer. 

The major improvement is the possibility to fabricate NFO apertures directly on wafer scale during the micro - 
fabrication process and not on freestanding tips. The structures are currently being tested. First results indicate a 
lateral optical resolution in the 100 nm range. 

* Genolet, et.al., Rev. Sci. Instrum. 70,2398 (1999) 

‘ G.M. Kim, et.al., J. Nanoscience and Nanotechnology 2.55 (2002) 
B.J. Kim, et.al., J. Microsc. 202, 16 (2001) ; Genolet, et.al., Rev. Sci.Instrum. 72,3877 (2001) 

present address : Institute of Industrial Science, Tokyo Universiw, Tobo 153-8505. Japan 
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Ultrafast Spectroscopy in the Spatial Domain: Sub-lO fs 
Radiative Decay Times of Surface Plasmons in Plasmonic Band 

Gap Structures 

D. S. Kim, S. C. Hohng, and Y. H. Ahn 
School of Physics, Seoul National University, Seoul 151- 742, Korea 

V. Malyarchuk , R. Miiller and Ch. Lienau 
Max-Born-Institute fiir Nichtlineare Optik und Kurzzeitspektroskopie, 0-12489 Berlin, Germany. 

J. W. Park and J .  H. Kim 
Korea Research Institute of Standards and Science, Yunsung, P. 0. Box 102, Taejon 305-600, Korea. 

Q. H. Park 
Department of Physics, Korea University, Seoul 136-701, Korea. 

Plasmonic bandgap structures have been proposed to find applications in novel nano-optic devices, e.g. 
as spectral filter or near-field light sources (11. TO this end, a microscopic understanding of their unusual 
optical properties, specifically plasmonic excitations, is needed. In this paper, we propose and demonstrate 
a novel experimental approach to directly measure the coherence properties of surface plasmons (SP) in 
plasmonic band gap structures, determining the line-shapes of near and far-field transmission spectra. 

We locally photo-excite SP at the air-metal interface of grating, and measure the coherent SP propagation 
across the metal nanostructure by probing the light intensiy in another grating (Fig la). The experiments 
are performed near the air-metal [I, 01 SP resonance. Shown in Fig. l b  are the near-field scan images of 
the non-illuminated grating at two Werent excitation wavelengths. In both cases, light intensity rapidly 
decreases as we probe deeper into the grating. This is due to the radiative loss of SP in the presence of 
the periodic array of holes. The measured SP coherence lengths can be shorter than 2 p and are strongly 
wavelengthdependent as evident in Fig. l(b) and l(c). Since SP velocity is very close to the speed of light, 
this short coherence length is indicative of ultrashort radiative lifetime of SP in these structures. The short 
radiative lifetime is consistent with the time delay experienced by femtosecond pulses propagating through 
the grating, as shown in Fig. l(d). Our experiments show that the decay of the coherent SP polarization 
in peridioc nanohole arrays are TI-dominated, given by the radiative SP decay. We will also show that the 
origin of this ultrafast radiation is a resonant Rayleigh-type of scattering. 

Figure 1: (a) Schematics of our experiment (b) Near field scan images at excitation wavelengths of 765 
nm (top) and 860 nm (bottom). (c) Logarithmic plot of cross-sectional scam at various excitation wave- 
lengths, from top to bottom, 860, 840, 800, 780, 760 and 740 nm. (d) ltansmission through a sapphire 
substrate (solid lines) a nanohole array evaporated onto the sapphire substrate (dashed lines), showing a 7 
femtoseconds time delay. 
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Fast Optical Dual-Beam Technique to characterize 
Thermal Axial Elongation of Near-field Probes 

A. La Rosa, B. Biehler, A.  Sinharay 
Department of Physics, Portland State University, Portland, OR 97207 

We use purely optical means to monitor in real time the thermal elongation that 
near-field optical probes undergo upon the applic of pulsed light. This new 
approach overcomes the limited frequency ban encountered in methods 
based on electronic feedback responses. With the use of two laser beams, one 
serving as a heat source and the other to monitor the corresponding probe 
elongation in an interferometric optical set up, we are able to: measure for the first 
time thermal time constants in the microsecond regime. This work is relevant to 
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Waveguiding through a two dimensional metallic photonic crystal 
Fadi Baida, Daniel Van Labeke, Y. Pagani 
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Most of the experiments on photonic crystals are performed with dielectric structures. Recently 
Bozhevolnyi et al. have presented very interesting results demonstrating photonic band gap effects in 
metallic planar photonic crystals [I+]. The surface plasmon is produced by attenuated total reflection in 
the Kretschmann configuration on a glass-&Id-air structure. The planar photonic crystal is made with gold . . .  .- . dots (2oOnm diameter, height 43 nm). 
Propagation of the Plasmon through the 
structure is studied with a near-field 
microscope in the detection mode (STOM- 
PSTM). 
We present 2D-FDTD [SI simulations of 

those experiments. The structure is a 2D 
triangular lattice of infinite metallic rods 
where various channels are created by 
suppressing series of rods. The crystal 
parameters are the same than in the 
experiments (period 4OOnm, rod d i m  
2OOnm). The permittivity of gold is d e m i  
by a Drude model. We study the injection 
and the propagation of light through linear 
waveguides of various widths and for 
different incident wavelengths. We also 
study the propagation in a 90" bent line 
defect. We show that the optical properties 
depend on the direction of injection. The two 
cases of Tu and TX directions are 
mmpared. An example is presented in 
figures (a-f). 

Our simulations succeed to reproduce 
most of the experimental results: a guiding 
effect is obtained through linear and bent 
structures. The quantitative comparison will 
be discussed. 

Figure: Propagation through a 9 0 O  bent line defect with injection alongrU direction. (a) k727m,  @) 
h=75Onm, (c) h=785nm, (d) k8 1 5 m  and (e) h450tn-n. 
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probe microscopies using quart rystal resonator 
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Center m-photon Technology and School of Physics, 

After the invention of the tuning fork based-NSOM, the quartz crystal tuning fork has been investigated 
for a force sensor in field of scanning probe microscopy including NSOM. Recently, Seo et al.[l] realized a 
high-frequency dithering probe using a quartz crystal resonator (QCR), which is operated at several-MHz 
resonance frequency and is known to be one of the highest-frequency dithering piezo-electric devices. How- 

use of its high stiffness (- lo4 N/m for tuning fork and - 10' N/m for QCR), there has been a 
as a sensitive force sensor. On the other hand, its small dithering amplitude (5 0.1 nm) and high 

Q-value (lo4 - lo8) are important advantages for high force sensitivity. We demonstrate various scanning 
probe microscopies using tuning fork and QCR. 

z as an NSOM shear force sensor. In 
order to allow the optical fiber to guide the light down to the fiber tip near the sample surface and also to be 
mechanically connected to the QCR, we perforated the QCR near its center and then inserted the tapered 
fiber tip into the hole. Figure l(a) shows NSOM images of a grating with 0.8 pm pitch. The scanned area 
and scanning time are 10 x 10 pm2 and 0.5 s, respectively. Notice it is the fastest NSOM image (scanning 
speed = 1.3 mm/s). 

tic force microscopy (MFM) were 
developed. Electrochemically etched Ni tip was attached at a prong of the tuning fork (fo = 32 kHz). By 
applying dc field at the tip (10 V), the ferro-electric polarization of PZT thin film can be manipulated 
within 100 am line width. Its image was obtain by scanning the same area keeping the gap (10 nm) between 
the tip and PZT, constantly. Figure l(b) shows an EFM image of P hin film after some characters was 
written. Its scanned area is 8 x 8 pm2. 

the tuning fork and an MFM image was obtained in 
lift-mode. MFM image of commercial hard disk is shown in Fig.l(c). Its scanned area is 30 x 30 pm2. 

We employed a QCR with a resonance frequency of fo = 2 

The tuning fork based electrostatic force microscopy (EFM) and m 

With the same method, a Co tip was attached 

Figure 1: NSOM image of an optical grating (left), electrost 
(center) and magnetic force microscopy image of hard disk (right). 

roscopy image of PZT thin film 
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Near-Field measurement of short range correlation in optical 
waves transmitted through Random Media 

V. Emiliani, F. Intonti, D. Wiersma and M.  Colocci, LENS and INFM, Florence, Italy 50125. 
M. Cazayous, University Paul Sabatier, 31062 Toulouse, France 
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A wave propagating in a random media undergoes multiple scattering from the inhomogeneities which 
give rise to a complicated, irregular intensity bulk speckle pattern. The statistical properties of such pattern 
are described by the correlation function C = (SIbI’), where SI is the fluctuation of the intensity with 
respect to its average value. The leading contribution to C is the short-range correlation term and is 
given, in the weak scattering regime, by the square of the field correlation function: (21 = /(EE’’)12. The 
spatial dependence of C1, for a monochromatic source is given by (sinkAr/kAr)aexp(-Ar/l,) [l], where 
k is the wave vector and 1, the transport mean path. This expression predicts the formation of isotropic 
speckles with the size of the transport mean path with further intensity modulation on the scale length of 
the wavelength. While the first property has been experimentally verified for optical waves, the second has 
been so fax observed only for microwave radiations [l]. 
In this paper, near field images of the speckle pattern formed after diffusion through a disordered medium are 
presented. The subwavelength spatial oscillations predicted by the theory are resolved and their dependence 
on the excitation wavelength is verified. 
The sample studied is a disordered structure of porous silica glass with connected pores (100nrnsise). Light 
from a He-Ne (632 nm) and a diode Laser (780 nm) is transmitted through a pulled coated near field 
probe. The diffusely transmitted light from the sample is collected in far field and detected with a GaAs 
photomultiplier. Near field optical maps are recorded by scanning the sample in respect to the near field 
probe. The wavelength dependence is obtained by changing the excitation beam in consecutive scans so that 
the same sample region is scanned in the two measurements. Fig. l(a) shows the 2D near filed map of the 
speckle patterns for excitation wavelength of 780 nm. Fig. l(b) shows the spatial dependence of C obtained 
for excitation at 780 nm and 632 nm. In the same figure the experimental curves are compared with the 
theoretical ones (solid lines). The agreement between experimental results and theoretical prediction, is the 
first evidence of the short range correlation term for optical waves. 

Figure 1: (a)2D map of the transmitted light for 780 nm incident wavelength. @) Plot of the experimental 
C(Ar)) for the wavelengths reported in the figure, compared with the theory. 
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. Absorption of evanescent light by Cs atoms 
of an optically forbidden transition 

S. Tojo, M. Hasuo, and T. Fujimoto, Kyoto University, Graduate School of Engineering, 
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Near the critical angle we have observed the reflection spectra of the electric quadrupole transition, that 
is an optically forbidden transition, of cesium 6’S1/2 -, 52D5/2 with the hyperfine structure of the ground 
state resolved. To observe those spectra a highly-sensitive measurement was needed since the oscillator 
strength of the optically forbidden transition is smaller than that of an electric dipole transition by - low7. 

The frequency of the external-cavity diode laser light is scanned over the Cs quadrupole line (685nm) 
with frequency modulation. The ppolarized laser beam is incident on the prism of Pyrex glass. The 
incident angle of the laser light is varied over a small interval around the critical angle. This prism serves 
as one side of the cell which contains a cesium vapor. The reflected laser light and the reference laser light 
are simultaneously detected by a balance receiver consisting of two photodiodes; this gives the difference 
between the signal beam intensity and the reference beam intensity. Another part of the laser light goes 
through the reference cell, the absorption spectrum of which is to  be compared with the reflection spectrum. 

Figure 1 (the solid line) shows a reflected spectrum of 62S1/2(F = 4) --i 52D5/2(F’) transition. The 
recorded spectrum is the first derivative of the absorption line owing to the frequency modulation. The 
incident angle detuning frbm the critical angle is +2.1 mrad. The temperature is 558K and the atom density 
is 2 . 1 9 ~ 1 0 ~ ~ m - ~ .  

We calculate the reflection spectrum on the bases of Fresnel’s low [l] and compare it with the experi- 
mental absorption spectrum in Fig. 1 (the dashed line). Here, the oscillator strength is estimated from the 
absorption spectrum by the reference cell, i.e., f = 4.92 x - As shown in Fig. 2, we compare between 
the experiment and the calculation against the incident angle from under the critical angle (the ’-’ sign) to 
over that (the ’+’ sign). The absorption of the evanescent light is enhanced about a factor 2 from that of 

Re ferenc 
[l] G. Nienhuis, F. Schuller, and M. Ducloy, Phys.Rev.A 38, 5197 (1988). 
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Optical Characterization Of Holey Fibers Using NSOM techniques 
C. W.J Hillman, W.S. Brocklesby, T. M.Monro, W.  Belardi and D.J Richardson 

Optoelectronics Research Centre, University of Southampton. Southampton. VK. SO1 7 IBJ. 

A holey fiber (HF) is an optical fiber whose optical properties and confinement mechanism are defined 
by air holes that run the entire length of fiber, rather than a traditional high index core and low index 
cladding. These fibers can offer many variations on the traditional mode profiles of coreklad fibers. One 
area of particular interest is the ability to produce tight confinement of the optical mode, and thus high 
effective nonlinearity when compared to standard fibers. 

In order to understand the properties of holey fibers, it is necessary to know the structural profiles and 
optical mode profiles in some detail. Each different pattern of holes will have individual optical mode 
properties, which can be calculated using knowledge of the exact physical structure of the fiber. The 
current work describes how we can use NSOM-based techniques to measure the optical mode structure. 
This is compared with the calculated mode structure, which relies on very accurate atomic force 
microscope (AFM) images of the physical structure. 

Most characterization of holey fibers relies upon mode measurement by imaging the end of the fiber, 
and structure measurement using scanning electron microscopy. Both these techniques have drawbacks. 
Holey fiber modes can be extremely small, making imaging difficult. One of the interesting things about 
holey fiber modes is that they can have evanescent components in radial directions, where the light extends 
into the air holes in the fiber. These cannot propagate through a traditional imaging system. These 
components can be available to a near field measurement. The physical profile needs to be accurate to 
better than lOnm in order for the mode calculations to be effective - this resolution is much more easily 

obtained through AFM than SEM 

To obtain a direct experimental 
measurement of the near field mode 
profile[l], we have applied technologies 
developed for scanning near field optical 
microscopy (NSOM). The greyscale 
image in Fig.1 shows the data collected 
in a NSOM scan with an aluminized tip 
held lOnm above the fiber surface. The 
inset plots a cross-section fiom both the 
NSOM data and theoretical predictions 

0.2 made using the hybrid orthogonal 
function method described in Ref. [2]. 
Good agreement can be seen. The small 
discrepancy between the modes can be 
attributed to tip width and low intensity 
fiber cladding modes. For these 
measurements the experimental ]/e2 
width was 0.710W, as opposed to O u r  

theoretical estimate of 0.632pm. NSOM 
techniques can be used to explore the 
field at small distances inside the holes, 

and also to explore the transition from guided mode to free space propagation. These NSOM-based 
techniques will ultimately prove invaluable tools with which to better characterize the unique and exciting 
properties of this new class of optical fiber. 

[ 11 D.J. Butler, K.A. Nugent, and A. Roberts, Journal of AppZied Physics, 75(6), 2753-2756 (1994) 
[2] T.M.Monro, D.J.Richardson, N.G.R.Broderick, and P.J.Bennett, IEEE Journal of Lightwave 
Technology, 17,1093-1 102 (1999) 
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Figure 1 - Contour plot of topography and grey 
scale/contour plot of measured mode profile. inset shows 
comparison of theory and measured data. 
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d Probe Characterization by 
Nanoscopic Holes 

M. Wellhofer, 0. Hollricher, 
WITec GmbH, Horvelsinger Weg 6, 0-89081 Ulm, Germany. 

0. Marti, 
University of Ulm, Dept. Exp. Physics, Albert-Einstein-Allee 11,  0-89069 Ulm, Germany. 

Resolution in near-field optical microscopy is a point of intensive discussion. The maximum resolution 
in a near-field image is determined by aperture size, probesample distance and the sample itself. But there 
are also effects due to nonlinear interaction between the electromagnetic (optical) waves and the surface 
that often make image interpretation very complicate. 

There have been several attempts to determine the aperture size of a near-field tip by far-field methods, 
but none of these methods can deliver the real shape and size of the effective optical aperture. Our approach 
is to develop a sample with defined nanoscopic holes in an opaque metal layer. 

such a hole one obtains a transmission pattern, from which the size and form 
of the optical aperture can be determined. Important is, that the diameter of the nanoscopic hole is smaller 
than (or at least equal to) the probe under test. Many problems have their origin in the fact that the size 
and shape of the used near-field aperture can only be roughly estimated. 

0- 

By scanning the tip ac 

We show first results of a calibration test sample. The SNOM measurements are performed in transmis- 
sion geometry, illumination mode. Deconvolution of the obtained optical near-field images with the sample 

tive optical aperture. 

\ 
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Light wave propagation through 
submicrometer high-dielectric contrast systems 

R. Quidant, J,  C. Weeber and A .  Dereux 
Equipe Optique Submicronique, Labomtoire de Physique de 1 'UniversitC de Bourgogne, Dijon, F-21078. 

The miniaturization of optical circuitry has become of crucial interest as the limited speed of electrons 
within electric connections will soon be restrictive in high-rate information technologies. One alternative 
to allow the control of light wave propagation at  the submicrometer scale is the use of optical confinement 
provided by high-dielectric .contrast materials. 

In this study, guiding properties of Ti02 on glass systems featuring submicrometer transverse sections 
are investigated using a Photon Scanning Tunneling Microscope (PSTM). For this purpose, an original 
coupling technique based on a local evenescent light source has been developed. First results show strong 
confinement of guided light in 200 nrn wide wires and their ability for defining twisted optical paths within 
compact volumes [1,2]. Different geometries are considered: linear wires, splitters with high-opening angles 
(figure 1.a) and micro-rings. Furthermore, a resonant non-radiative photonic transfer through a periodic 
alignment of mesbscopic TiQz particles is demonstrated (figure 1.b-c). Experiments in agreement with 
calculations based on the Green dyadic method reveal a strong influence of the particles shape and sizes on 
the propagation efficiency [3]. 

Figure 1: (a) PSTM image of a mode sustained by a 200 nrn wide and 150 nm high waveguide (propagating 
from the right to the left), splitted by a 45O full opening angle junction; (b) SEM images of a 15 pm long 
periodic alignment of mesoscopic particles positioned at the end of a micr*guide. (c) 3D PSTM image of 
the light transfer through the discrete structure when the mode of the input micreguide is excited. 
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Characterization and fabrication of ful coated Scanning Near- 
‘ %  

Field Optical Microsc 2 tips 
L. Aeschimann a. b) ,  T. Akiyama ”, R. Eckert ’). H. Heinzelmann b), U. Staufer a), N. F. De Rooij 

a) Vniversiv of Neuchdtel, Institute of Microtechnology. Jaquet-Droz I ,  2000 Neuchdtel, Switzerland. 
b) Swiss Center for Electronics and Microtechnology CSEM, Jaquet-Droz 1.2000 Neuchdtel, Switzerland. 

In spite of the considerable progress achieved in fabricating scanning near-field optical microscopy 
(SNOM) probes, the process to prepare smooth tip surfaces with aperture sizes under IOOnm is still 
expensive and time consuming. Recently, silicon cantilever-based SNOM probes with aluminum-coated 
quartz tips have been batch fabricated using micro machining technology [l, 21. The fabrication process of 
such probes was reconsidered and optimized in view of reproducibility, efficiency and cost. The new probe 
tips are again made of Si02, 12um in height, fabricated at the end of silicon cantilevers. A hole is located 
underneath the tip base in the cantilever for light insertion from the backside. Different designs of 
cantilevers have been realized for dynamic and contact mode imaging (Fig. 1). 

The tip apex is hlly covered with a metal layer in the range of 60nm thickness. Still, far-field 
measurements showed the typical polarization behavior of conventional SNOM aperture probes. In order to 
elucidate these observations, several experiments were performed The light transmittance was measured 
on several tip arrays where we varied different parameters like metal coating and tip cone opening angle. 
For each metal we have tested (AI, Ir, Au, Cr), high light transmission was observed (10z-104). The 
measured transmittance values for the different coatings follow the same tendency as the skin depth. We 
also found that a smaller cone opening angle of the tip leads to a higher light transmittance through the tip. 
This fact was verified again for different metal coatings and confirmed by the6retical modeling [3]. 
Consequently, the fabrication process has been optimized to get sharper tips. 
It may be expected that the tip heats up upon light irradiation. This could even lead to melting or enhanced 
oxidation which could change the optical properties of the tip. We, therefore, analyzed the tip coating with 
transmission electron microscopy before and after light transmission (Fig. 1). It could be shown that the 
polycrystalline structure of the metal coating stays intact during illumination. 

111) 

Figure 1: ‘Two different designs of silicon cantilevers with SNOM tips (left). Transmissi 
microscope images before I) and after 111) illumination of the tip. The typical diffraction patterns iI) for 
parallel and crossed polarization in the far-field of the tip end were observed. 
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3-dimensional field distribution from nanometer single slit studied by 
NSOM 

C. H. Wei, W. S. Fann, 
Institute of Atomic and Molecular Sciences, Academia Sinica, and Department of Physics, 

National Taiwan University, P. 0. Box 23-166, Taipei, Taiwan, Republic of China. 
J. Tegenfeldt, R. Austin, 

Department of Physics, Princeton University, Princeton 

The EM wave field distribution under different conditions has been studied since the 19th century. 
Fiaunhofer studied the field distribution far away from the slit plane. Resne1 studied the field distribution 
within a tenth of the wavelength. After Bethe’s work[l], many theoretical methods were used to attack 
this problem such as multipole-multipole expansion and finite difference time domain (FDTD) computer 
simulations. Despite a large number of theoretical investigations, few experiments have been performed 
to examine the EM wave field distribution from nano-size aperture at optical wavelength region. Recent 
developments in nano-lithography and near-field scanning optical microscopy (NSOM) allow us to explore 
optics on this length scales. We use a NSOM to map out the 3D EM wave field distribution from narrow 
rectangular slits defined in an aluminum film. Our experiment results may provide information to improve 
the theoretical understanding of iight in this condition and may help to study light-matter interaction at 
the nanometer scale. There are also potential applications in other fields such as spectroscopy of biological 
molecules [2]. 

We use a modified NSOM system operating in light collection mode. In this system, we have two 
operation modes. One is feedback-on mode and the other is feedback-off mode. In feedback-on mode, 
we use optical shear-force feedback mechanism to maintain constant tipsample distance and obtain both 
topographical and optical NSOM images. In feedbadc-off mode, we modify the bias-voltage of piezo tube, 
by which we can control the tipsample distance to an accuracy of 1 nm, and obtain a 3D EM-wave field 
distribution. 

Nanoslits have been prepared by e-beam micro lithography and subsequent reactive ion etching. Slits 
have been made with widths in the range 50nm to 1OOOnm. Laser light with 532nm wavelength is incident 
on the slit with polarization (E field) parallel to the slit (ppolarized wave) or the Efield perpendicular to 
slit (s-polarized wave). An aluminum coated, pulled glass fiber tip is used to detect the field distribution of 
the transmitted light. 

Field distribution NSOM images of different light polarization, slit width, and tipsample distances are 
presented. We find that with the same slit and tipsample distance, the FWHM of the field distribution 
of a transmitted ppolarized wave is narrower than that of a transmitted s-polarized wave. However, the 
maximum intensity of the transmitted s-polarized wave is two or three times the maximum intensity of the 
transmitted ppolarized wave. The intensity as a function of tip-sample distance is also discussed. 
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A compact Sensor-Head for Near-Field Optical Microscopy and 
Spectroscopy 

H. (1. Danzebrink, C. Dal Savio, Th. Dziomba, D. Kazantsev, B. Guttler, Physikalisch-Technische 
Bundesanstalt (PTB). Bundesallee 100, 381 I6 Braunschweig, Germany. 

H.-A. FuS, Surjhce Imaging Systems (S.I.S.) GmbH, KaiserstraJe 100, 52134 Herzogenrath, Germany. 

A compact sensor head based on a scanning force microscope (SFM) using cantilever probes has been 
developed [l]. The idea is to replace the microscope objective of a conventional optical microscope by this 
compact module and turn the optical microscope into a scanning force and near-field optical microscope 
with subwavelength resolution (see Fig. I). 

The heart of our instrument is the sensor head which replaces one of the microscope objectives in the 
turret. Within the sensor head miniaturised mechanical alignment components allow adjustment of both the 
optical parts relative to each other and the cantilever holder which incorporates the dither piezo for 
dynamic SFM mode. The optical components consist of a number of specially designed mirror optics. In 
the whole sensor head no refractive elements like lenses are used. Therefore it is possible to use the head - 
depending on the material of the near-field probe - in a wide spectral range from ultraviolet to the far 
infrared. For illumination of the near-field probe aperture - presently a microfabricated silicon cantilever 
probe - the measurement beam from a compact Nd:YAG laser (k = 1064 nm) is coupled into the back of 
the cantilever using our mirror optics. Light transmitted through the small probe aperture interacts with the 
sample surface and is collected in transmission and reflection. 

1 information the microscope is combined with a Fourier transform 
spectrometer. To demonstrate the lateral resolution and mechanical stability of the scanning system, we 
will present images of two kinds of PL-active semiconductor samples at room as well as low temperatures. 
First, images of structures in a metal layer on an InGaAsP wafer surface, fabricated by e-beam lithography, 
will be shown. Furthermore, images of self-assembled InAs quantum dots on a GaAs substrate have been 
obtained. The resulting near-field and far-field optical PL spectra achieved with the same sensor head will 
be discussed. 

In order to analyze the op 

' Figure 1 : Photographs showing views of the sensor head which is plugged into the microscope's turret. 
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Mapping evanescent field of integrated waveguide 
with an apertureless scanning near-field optical microscope 
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Advances in integrated optics require new characterization techniques. Recent works with photon 
scanning tunneling microscope (PSTM) demonstrated the performance of near-field optical microscopy for 
waveguide study [l]. In this paper we show feasibility of such experiment with an apertureless scanning 
near-field optical microscope [2,3,4] (ASNOM). 

The evanescent field at the top surface of an integrated waveguide is mapped. The guide has been 
realized by ion exchange technology (Ag+/Na> [5]. The core, 5 )un wide, is located 2pn beneatb the 
surface. No topography related to waveguide is seen as shown in fig 1A. Preliminary results show 
unambiguously a mode beating as shown in fig 1B. 

'The advantages of the ASNOM are discussed notably in terms of resolution and probe batures. 
Additionally process of image formation is analyzed. Especially firinges pattern appearing in the image (fig 
1C) reveals the intrinsic interferometric nature of the signal, due to interference between field scattered by 
the tip and the background field related to guide losses. 

\ 

Figure 1 : ASNOM image recorded above an Ag'/Na+ ion exchange waveguide (20 p x 85 p). 
(A) Simultaneously recorded AFM image. (B) Near-field optical image of the evanescent field. 

(C) Zoomed view (10 pn x 10 pm) ofthe near-field image showing 45' tilted fiinges 
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Subwavelength-sized aperture fabrication in aluminum by a self- 
terminated corrosion process in the evanescent field 

D. Haefiger and A.  Stemmer, 

Tannenstrasse 3, 8092 Zurich, Switzerland 
notechnology Group, Swiss Federal Institute of Technology Zurich, 

Broad application of ap d optical microscopy (SNOM) experiences some 
difficulties in producing inexpensive probes of high reproducible quality. Here a simple method to fabricate 
apertures of high quality for scanning near-field optical microscope probes based on aluminum-coated 
silicon nitride cantilevers is presented [l]. The process takes advantage of a reliable, one-step, low-power, 
'laser-thermal oxidation process of aluminum in water [2]. The fabrication process circumvents the need of 
expensive vacuum equipment such as focussed ion beam and reactive ion etching devices, and avoids 

s including the use of resist layers and etchants. 

erture fabrication method consists of direct exposure of an aluminum- 
probe tip to an optical evanescent field that is created at a glass-water interface by total internal reflection 
of a laser beam. The aluminum forms a thin passivating oxide layer (A1,0,-2H20) when immersed into 
neutral water at room temperature. By heating the aluminum close to 373 K due to absorption of the laser 
radiation (2. = 488nm), this passivation then is inhibited and corrosion of the metal occurs [2]. Due to the 
irradiance decaying exponentially with increasing distance from the interface, the evanescent field acts as 
heat source of limited spatial extent. The aluminum is removed from the probe tip at the front-most part up 
to a point where the radiation intensity falls below a certain threshold required for corrosion. The extent of 
the evanescent field thus defines the height of the tip, which i s  uncovered from the aluminum coating. The 
self-terminating process yields apertures with protruding silicon nitride tips of highly reproducible height 
(Fig. 1). Control of the tip height is achieved by varying the power and angle of incidence of the Iaser 
beam, as both define the intensity profile of the evanescent field. The diameter of the aperture depends on 
the geometry of the silicon nitride substrate, which is defined by the cantilever fabrication process. A 
remarkably flat aperture rim is observed. We expect this metho be applicable to probes made of 
polymers, as the process 

The suitability of the is verified on a high-contrast topography-free 
field optical resolution in transmission mode of 85 nm is achieved. 

Figure 1 : Lateral view of SNOM probe tips. a) Unprocessed probe. Probes in b) and c) are fabricated at a 
laser incidence of 63O exposed 10 sec. and 15 sec. to the evanescent field (peak intensity: 2.5 mW/p'). 

The protruding silicon nitride tips both measure 20 nm, providing evidence for the self-terminating 
property of the process. d) A lower angle of incidence of 62" produces an evanescent field of higher 

penetration depth resulting in a longer protrusion of 30 rn height (aperture diameter is 38 nm). 
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I Study of the influence of the optical impedance matching onto Near- ~ 

Field Optical Microscopy Imaging in Polarisation mode 
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C. Durkan. University of Cambridge, Department of Engineering, Trumpington Street, 

Cambridge CB2 IPZ, United Kingdom. 

Here we report results of dependency of near field optical images on polarisation of light and optical 
impedance matching between the probe and the sample. 

Our instrument is a reflection mode Scanning Near-Field Optical Microscope (SNOM) operated with a 
635nm diode laser. The feedback system is based on shear-force measurement method proposed by Kantor 
et a1 [l] and uses a piezoelectric tuning fork with one arm fixed to the base as a sensing element. The 
detection part is based on an elliptical mirror, the sample and tip are located in one of the focal points and 
the photo multiplier tube is in the second one, as proposed by C. Durkan [2]. The controller records two 
images simultaneously, one topographic image and one optical image. This makes it easier to separate real 
optical information from topography contrast. 

The sample used was an array of metal lines (a, Au) on glass with a width of 1000 nm and separation 
in the submiaometer range. The sample effectively forms an optical electromagnetic transmission line and 
we can therefore monitor the optical coupling fiom the SNOM probe into individual transmission lines. 
Transmission lines can support three types of electromagnetic modes: Transverse Electric and Magnetic 
(TEM) at any fiequency, and also Transverse Electric (TE) and Transverse hkgnetic (TM) modes above 
the cut-off frequency. The cut off frequency is determined by the separation between the lines. Due to the 
cut-off frequency the sample could only support TEM modes, at the wavelength used in the experiment: 
635 nm. In this study we investigated what effect light with a polarisation perpendicular and parallel to the 
line has on the recorded image. The effect was explained by optical coupling fiom a waveguide into a 
transmission line dependent on the impedance mismatch [3,4]. 

The work presented here shows influence of the line spacing on the coupling of light from SNOM probe 
to the transmission line. This is done by using samples with different size line spacing and therefore having 
a range of values of optical impedance. 

Results on both types of samples will be shown and analysed. This study shows that the theory used for 
describing microwave structures can be adapted to optical fresuencies. This should improve understanding 
of the near-field regime and can be of importance for development of unconventional probes for Scanning 
Near-Field Optical Microscopy. 
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Highly efficient near-field probes 

Shu-Guo Tang, Tom D. Milster, Optical Data Storage Center/ Optical Sciences Center, Universiry of 
Arizona, Tucson, Arizona, 85721, USA 

Both solid immersion lenses (SIL) and aperture probes are currently being developed as near-field 
techniques to be used in optical data storage systems [I], [2]. SIL systems, while offering substantially 
improved spot size, do not have the resolution observed from aperture probes. However, aperture probes 
suffer from low throughput, limiting the optical efficiency. This paper presents a new technique that 
combines a SIL and a dielectric aperture probe. The combination aperture can achieve higher performance 
(in terms of spot size and efficiency) for optical data storage and microscopy than those observed when the 

The basic geometry’ of ion aperture is a conical dielectric probe attached to the bottom of a 
SIL with refractive index 1.843. As shown in Fig. l(a), light from an objective lens of 0.5 NA is focused 
through the small aperture probe and propagates to “the recording layers. The entrance diameter and the exit 
diameter of the probe are 320 nm and 200 nm, respectively. The probe height is 400 nm. Details of the 
probe design can be found in Reference [3]. We use a 488 nm wavelength Argon laser as the light source, 
and thus the effective NA ( NA, ) of the APSIL is 2.4. 

Our prior experiment demonstrates that the APSIL exhibits a resolution of 200 nm full-width 1 / e* spot 
size, 50% optical efficiency in reflection and high-density recording capability [4]. Figure l(b) shows three 
series of marks written with spacing of approximately 1 um along the vertical groove wall of the recording 
medium by the systems of combination aperture, far field and SIL, respectively, when using a 1 mw at 1 ms 
pulse. - 300 nm diameter marks can be recorded from the combination aperture system, which are smaller 
than those fiom the systems of far-field and SIL. In fact, our recent experiment result shows as small as 100 
nm diameter marks can be recorded in an optimal writing condition of the polarization and the focus 
position. In addition, the modulation transfer function (MTF) of the combination aperture system is 

systems of combination aperture. far-field and Sil. 

References 
[l] S. M. Mansfield and G. S. Kino. Solid Immersion Microscope. Appl. Phys. Lett., 57 (1990) 2615. 
[2] R. Wolfe E. M. Gyorgy P. L. Finn M. H. Kryder E. Betzig, J. K. Trautman and C-H. Chang. Near-Field 

[3] K. Hirota, Y. Zhang, T. D. Milster, and J. K. Erwin. Jpn. J. AppI. Phys. Design of a near-field probe 

[4] S-G. Tang, T.D. Milster, J. K. Erwin, and W. L. Bletscher. Opt. Lett., 26 (2001) 1987. 

magneto-optics and high-density data storage. Appl. Phys. Lett., 61 (1992) 142. 

using a 3dimensional finite difference time domain method. Jpn. J.  Appl. Phys., 39 (2000) 973. 

59 



Experimental Studies of Surface Plasmon Polariton 
Band Gap Effect 
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Surface plasmon polaritons (SPPs) represent quasi-two-dimensional waves, which can exist at a metal- 
dielectric interface. The SPP fields decay exponentially into both media and exhibit an extremely high 
sensitivity to interface properties. Given the variety of photonic band gap (PBG) structures (composed of 
regions with periodic modulation of refractive index) developed for light control, one may suggest to 
employ periodically located surface scatterers for the SPP control and manipulation. The SPP band gap 
(SPPBG) effect [ 1 J and the SPP guiding [2] along line defects in a periodically corrugated gold film surface 
have been recently demonstrated by use of near-field optical microscopy. Here we report the results of our 
further investigations of the SPPBG effect. 

Using near-field optical microscopy, we investigate the reflection of SPPs propagating at corrugated 
gold-film surfaces with areas of surface scatterers arranged in triangular lattices of different periods (520 
nm, 480 nm. 440 nm, and 410 nm) and their guiding along straight 20-p-long line defects. The obtained 
results reveal the dependence of the manifestation of the SPPBG effect (SPP reflection and guiding) on the 
#parameters of the surface structures (period, fill Edctor and the lattice orientation). We found that the 
SPPBG effect is stronger along GK direction for all investigated periodic structures. Our results 
demonstrate that the SPPBG effect becomes less pronounced with the decreasing of the fill factor and 
disappears for the fill Edctor less than 0.2. We show also that the center of the SPPBG shifts towards shorter 
wavelengths with the decrease in the lattice period. Typical results demonstrating the SPPBG effect for a 
520-nm-period triangular lattice of gold scatterers are shown in Fig.1. Pronounced SPP reflection by the 
periodic surfgce structure together with the efficient SPP guiding along line defects along GK direction is 
seen on the near-field optical image taken at k 7 4 0  nm (Fig. 1 b). It is also seen that the SPP guiding along 
defects and attenuation inside the SPPBG structure gradually deteriorates with the decrease (not shown) 
and increase of the light wavelength (Fig. IC). 

Figure 1: Gray-scale (a) topographical and near-field optical images (24 x 24 pn2) taken with the incident 
(from below) SPP being resonantly excited at (b) 740 nm and (c) 842 nm. 
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Quantitative fluorescence microscopy on single molecules at the cell 
membrane performed with a near-field scanning optical microscope. 
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The statement ‘scientific life is complex’ holds in general but applies especially to biological processes. 
The recent trend in Biology to turn from macro- to nano-science e.d. from bulk to single molecule studies 
will help in unraveling these complex and highly diverse mechanisms. We use near-field scanning optical 
microscopy (NSOM) to reveal the assembly and functioning of individual bio-molecules. 

The molecules of our interest are trans-membrane proteins, LFA-1 and DCSIGN, which are present on 
the surface of T- and Dendritic-cells. These cells defend our body against bacteria and viruses. Activation 
of the trans-membrane proteins at the cell membrane ensures well-directed traveling of the cells from the 
blood stream to the place of infection and signaling to other cells to eliminate the invaders. It is thought that 
LFA-1 and DCSIGN mediate the process of cell- traveling and -signaling by changing their distribution and 
assembly on the membrane. The questions to address are: how are LFA-1 / DC-SIGN -proteins distributed 
on the cell membrane? And, what is their packing density both in activated and non-activated state? For 
visualization, the proteins are fluorescently labeled in two ways: fusion to the green fluorescent protein or 
by external Cy5-antibody labeling. 

Our setup is a combined near-field- and confocal- scanning optical microscope with a large scan range 
(40 x 40 x 26 pm in x,y,z). The confocal part of the setup is used to get a general view of the cell under 
study. Then the near-field probe is positioned to the place of interest. The high spatial resolution provided 
by NSOM allows studying the stoichiometry of single proteins present at the membrane. The advantages of 
NSOM over confocal microscopy are the higher spatial resolution and the small excitation volume, which 
reduces the cell background *‘I. Besides single molecule sensitivity the setup allows multi-color excitation 
and -detection, useful to simultaneously co-localize different molecules. In addition, polarization sensitive 
detection provides information about the three-dimensional orientation of individual molecules. 

Here we will present our most recent results of quantitative fluorescence microscopy obtained with 
NSOM. We will discuss the distribution of individual proteins at the cell membrane and a quantitative 
analysis of the individual components within clusters of proteins. 

Figure: The right image is a bright field image of a dendritic cell. The confocal image in the middle shows 
Cy5-labeled proteins at the cell membrane. A zoom in with NSOM provides both a topographical and an 
optical image as shown in the two images on the left side. The optical NSOM image shows fluorescent 
spots with a FWHM of 75nm. 
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Novel Near-field Aperture on the Ago, Thin Film 
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For near-field scanning optical microscopy (NSOM), “aperture” is needed as a collector or an emitter 
to probe into the near-field zone with spatial resolution beyond the diffraction limit. A new and better way 
to have some kind of the aperture is then always requested by the hrther applications of the NSOM. In this 
paper, Ago, thin-film with 15nm thickness was studied for its capability of generating an effective aperture. 
We investigate the optical properties and structure changes of the Ago, film. An optical static tester that is 
an optical microscope with a reflection-mode pump-probe system and CCD [l] was used for our 
experiments. For the Ago, films with one interface in air, we found two kinds of structures produced by 
different input energies. The local changes of the film by focused laser beam were imaged directly by CCD 
and SEM. Figure 1 (a) showed a crystalline dot can be found at the film when the laser energy in the range 
of tens milliwatts (mW), and the pulse duration around hundreds nanoseconds (ns). After the increasing of 
the pulse duration above thousands of nanoseconds (ns), a ring (or hole) can be produced as shown in Fig.1 
(b). The sizes of both structures were not clear on the images of the CCD due to strong scattering, however, 
the SEM micrograph showed the sizes of both structures could be less than 100 nm individually. Results 
demonstrated the sizes of them could be controlled by the input laser powers and pulse duration. The 
reflectance of both structures can be extremely high at proper laser power, but they behaved differently. 
Similar results were found on the Ago, films sandwiched by protection layers. 

Productions of the dots or rings (or holes) shown in the Fig. 1 may be considered as a nanoscatters or 
nanoapertures at the nanometer thin film. Applications of these ‘‘apertures” on the near-field optical 
recording has attracted manifold attention recently [2,3]. Our experiments have successfilly demonstrated 
that Ago, thin-films can work as a masking or active layer in a near-field optical disk [4]. The carrier-to- 
noise ratio (CNR) of the 100 nm mark size can be more than 20dB. We have also found the properties of 
photonic switch and amplifier on making an artificial structure of Ag dots on Ago, nanometer thin film. 
Results showed the switching time of these structures were in the range of the microseconds. The unique 
local optical interactions and thermal properties of the Ago, thin films may have great potential for various 
applications on submicron photonic devices. 

Figure 1: SEM micrographs of (a) crystalline dots formed on the Ago thin-film, @) rings (or holes) 
structures. 
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Unraveling the fluorescence emission of the red fluorescent protein 
DsRed using NSOM 
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The green fluorescent protein the Aquereu victoria (avGFP) and its mutants have become invaluable 
markers for monitoring protein localisation and gene expression in vivo. The main advantage of all these 
naturally fluorescent proteins is that they provide visible strong fluorescence that can be genetically 
encoded into many other proteins. Recently, a new red fluorescent protein (DsRed) from the coral 
Discosoma was cloned [I]. DsRed has an emission maximum at 583 nm, exhibits bright red fluorescence 
and is highly resistant against photobleaching. In combination with other GFP mutants, DsRed appears to 
be excellent candidate for multicolour labelling and fluorescence resonance energy transfer (FRET) 
applications. However it has become clear that the protein forms closely packed tetramers and there is 
indication for incomplete protein maturation with unknown proportio immature green species [2,3]. 

g optical microscopy (NSOM) to 
elucidate the nature of the fluorescence emission in the DsRed. The NSOM is well suited for this study, 
because the evanescent excitation enables us to minimize the background from the thick aqueous gel in 
which the proteins are rigidly embedded. Therefore we are able to collect the fluorescence emission of 
individual DsRed molecules in time using excitation powers lower than 500 W/cm2, which minimises the 
risk of premature bleaching. The time trajectories clearly show different discrete levels, an indication of the 

. tetrameric nature of DsRed. In addition, we have excellent control of the excitation/ detection polarization 
so we can determine the relative emission dipole and thus orientation of all subunits. We use this 
information to reveal the type of interaction between different components of,the tetrameric unit. Our 
results indicate that energy transfer between identical monomers occurs efficiently with red emission 
arising equally likely fiom any of the chromophoric units. Photo-dissociation of one of the chromophores 
weakly quenches the emission of adjacent ones. Dual colour excitation (at 488 nm and 568 nm) single 
molecule microscopy has been performed to reveal the number and distribution of red vs. green species 
within each tetramer. We find that 86% of the DsRed contain at least one green species with a red-to-green 
ratio of 1.2-1.5 [4]. 3ased on our findings, oligomer suppression would not only be advantageous for 
protein fusion applications but wou 

We have applied a single molecule sensitive near-field sc 

lso enhance the fluorescence properties of individual monomers. 
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Nanometer-sized Metal Clad Optical Waveguides 
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The cross sectional size of a conventional waveguide is restricted by the diffraction limit. To overcome 
the limit, the utilization of metals as the core or the clad has been proposed [l]. In the waveguide with 
metal, light field couples with the surface plasmon on the interface between the metal and a dielectric 
material. The coupled mode (surface plasmon polariton: SPP) can propagate in the waveguide, even 
though the core size is much smaller than the wavelength. We have realized a structure of nano- 
waveguides using anodic oxidation with a scanning near-field optical microscope (SNOM) [2], and also 
confirmed the SPP propagation in the waveguide using the same SNOM. 

A nanometer-scale core is fabricated by anodic oxidation using a SNOM probe tip on a composite metal 
film, which consists of a 30-nm-thick titanium (Ti) film on a 30-nm-thick silver (Ag) film. When the 
positive bias voltage (V,) is applied to the sample against the tip under the tip approaching, the metal film 
is locally oxidized under the tip.' The thickness of the oxide can be controlled by changing V,. Fig. I(a) is 
the AFM image of the oxide (Ti03 structure as a waveguide core, which was fabricated by moving the tip 
with the speed of 10 ndsec  and V,, of 30 V. The length, the thickness and the width are 6 pm, 70 nm and 
350 nm, respectively. Since the bottom of the core contacts the Ag layer, the SPP is excited on the 
interface between the TiO, core and the Ag clad layer. In order to observe the SPP propagation, we 
fabricate a dot-like structure at the left end of the waveguide with a higher bias voltage. At the dot 
structure the Ag layer may be oxidized, and the signal light converted from the SPP is scattered from the 
hole in the Ag layer. 

The waveguide is observed by transmission mode SNOM. Figure 2(b) shows the SNOM image using 
light with the wavelength of 532 nm and the polarization parallel to the waveguide, and Fig.3 shows the 
intensity profile along the waveguide. The transmission change (AT/T,,) increases along the waveguide 
toward the dot structure. This behavior is understood by the SPP propagation: The SPP is excited by the 
near-field on the aperture of the SNOM tip, and is propagated in the waveguide. At the dot structure, the 
SPP is scattered and converted to the signal light. When the probe tip is closer to the dot strpcture, we 
expect stronger signal because of lower propagation loss. Subtracting the background signal that is directly 
incident from the tip aperture to the detector, we can fit the behavior by an exponential curve (dashed line) 
and estimate the propagation length of the SPP of 2 pm. We have already measured the propagation length 
of 6 pm at the wavelength of 830 nm 121. The wavelength dependence is understood by a numerical 
simulation taking account of the dispersion of the SPP. 
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Fig. I (a) AFM image and (b) SNOM 
image of the nano-waveguide. 

Fig.2 Intensity profile of SNOM image along the waveguide. 
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The ability to observe the synthesis of a single molecule of double-stranded DNA from a single- 
stranded template constitutes a rapid and robust technique for DNA sequencing as well as providing a 
platform for basic research hto the kinetics of the underlying enzymology. An effective system requires 
the development of fluorescent nucleotide analogs that are compatible with DNA polymerase and an 
optical system capable of observing individual nucleotide incorporation events in the presence of 
micromolar ligand concentrations. Such high concentrations of nucleotides are required to maintain the 
proper functioning and processivity of the polymerase, allowing for read lengths of up to a megabase. 
Typical far-field observation volumes are 1000 times larger than required for adequate background 
rejection, and conventional near-field approaches may suffer from low optical efficiency and non-trivial 
extensions to a highly parallel system. We have developed a simple system to achieve sub-wavelength 
observation volumes using zercFmode waveguides comprised of small holes in a metal film. In this case, 
the core of the waveguide contains the solution under study, and the surrounding metal film forms the 
cladding. Metalclad waveguides with lateral dimensions far below the threshold for optical propagation of 
a single mode permit only evanescent light penetration a few tens of nanometers into the guide. Far 5 0 m  
diameter circular waveguides, the entire volume of illumination near the entrance pupil of the guide is on 
the order of tens of zeptoliters (IO-’’ l), 10,000 times smaller than that of a typical high numerical aperture 
objective. Such small volumes enable single molecule observation even of micromolar solutions of 
fluorescent species present in the core of the waveguide. The typical setup for using zero-mode 
waveguides is shown in figure 1. Using these waveguides and suitable fluorescent nucleotide analogs, we 
observed DNA polymerase activity appropriate for single molecule sequencing. This work was supported 
by DOE grant DE-FGO2-99ER62809, NSF grant DBI-0080792 and NCRR-NIH pant P41-RR04224. 

ollected fluorescence 

Figure 1: Optical system for single molecule DNA sequencing. 
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Plasmonic Band Gap Structures as Spatial Sine Wave Generators 
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Recently, Ebbesen et al [l] showed that metal films punctured with periodic hole arrays permit a dra- 
matically enhanced transmission of light near surface plasmon (SP) resonances. In this contribution, we 
demonstrate that the Ebbesen structure, under certain conditions, can be used as a spatial sine-wave genera- 
tor in the far-field regime. The complicated near-field pattern becomes drastically simplified in the far-field, 
because only the zero-th and the first diffraction order of the grating contribute. 

We employ a near-field scanning optical microscope in the transmission geometry to study a gold film 
grown on a sapphire substrate, punctured with a periodic array of holes with 200 nm diameter and 770 
nm period. Fig. l(a) shows a topography of our sample taken with a metal-coated tip with a sub100 nm 
resolution. We excite the sample near the air-metal [l, 01 SP r&nance. A complicated near-field image 
is shown in Fig. l(b), arising from a coherent superposition of plasmons assiocated with many different 
diffraction orders of the grating. As we increase the tip-to-sample distance z, the complicated pattern 
quickly becomes sinusoidal within a distance of 1-2 wavelengths as shown in Fig. l(c). The orientation 
of the stripes is perpendicular to the polarization direction, and the cross-sectional scan shown in Fig. 1 
(d) displays a nearly perfect sinusoidal behavior. This spatially sinusoidal pattern can persist up to z=15 
p when the spot size is 30 p. The far-field pattern, at normal incidence, becomes homogeneous when we 
increase the excitation wavelength ( Fig. l(e)). 

As we deviate from normal incidence, the sinusoidal pattern can persist to longer wavelengths, which 
suggests possible contributions from half-wavelength diffraction modes. Our results show that the plasmonic 
band gap structure can be an efficient, polarization-controlled, spatial sine-function generator that can be 
very useful in the lithography of periodic patterns. 

k760 nm h=760 nm M O O  nm 
Figure 1: (a) AFM image of our sample (b) A near field scan image at X = 76Onm. (c) A far field scan 
at z=4 p. arrow=polarization direction. (d) cross sectional scan of (c).  (e) A far-field scan at z=4 p and 
X = 800nrn 
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Surface-enhanced Raman spectroscopy (SERS) using single metal nanoparticles adsorbed onto a solid 
support provides a unique tool for investigating biological systems. Biological molecules such as amino 
, acids, nucleic acids, DNA and proteins are attached to the metal nanoparticles using thiol chemistry to 

confine the molecules to the surface in a well-defined orientation. By carefully selecting the molecular 
orientation with respect to the nanoparticle surface, specific interactions, such as protein conformational 
changes and protein-protein association, can be monitored through their Raman spectra. Additionally, 
dynamics on the millisecond timescale are characterized using a single channel photodetector to monitor 
distinct Raman frequencies that correspond to specific molecular orientations or binding events. Results 
from these studies at the single molecule level will be reported and progress of their application to single 
cells will be discussed. 

\ 
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Surface Plasmon Propagation in Structured Metal Films 
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Propagation of optical-frequency surface plasmons at metal I dielectric interfaces as well as their interaction 
with defined surface structures are of interest for applications in integrated optics. Investigations concerning the 
propagation of such surface excitations and their physical characteristics when interacting with well-defined 
surface structures are presented. Near-field optical methods are needed to directly reveal the properties of these 
travelling surface waves, such as the optical transmission across barriers of defined width (see figure) OT the 
coupling to free-space electromagnetic waves. These characteristics can be immediately determined using an 
attenuated-total-reflection (ATR) excitation set up together with fiber probes for near-field optical detection. 
We show results for various structures witten into a silver film with a h s e d  ion beam (FIB). Additionally the 
influence of different types of near-field probes (metallic versus non-metallic) on both surface plasmon imaging 
and scattering is discussed. 

>* 
' 

Figure: A groove measuring 500 nm in width in a thin silver film (60 nm thicknem) showing reflection (inter- 
ference pattern) and transmission (about 75% of the incident intensity) of the surface plasmon, 
which w a s  excited at 633 nm. i'he propagation direction is given by the surface p h o n  wlylve vector 
kii. 
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We have developed the nonoptically probing near-field microscope by using organic films 
as a detection system of light distribution. In the system, the optical fields near specimens are 
converted to the topographical change of a photosensitive film, and then the topography of the 
film is detected with an atomic force microscope (AFM). Urethane-urea copolymer films are 
used for the conversion materia1 from the optical fields to the topographical change. Since the 
developed technique does not require the scanning of a p tip, it is possible to observe of 
living or moving biological specimens or very fast pheno We have succeeded in imaging 
of biological specimens with the resolution of subwavelength resolution [ 1,2]. 

We observed rat pheochromocytoma cells (PC12) as specimens. PC12 cells were cultured on 
an urethane-urea neurites, after nerve growth factor 
(NGF) was given, We also tried to observe exocytotic 
response, depolarizing stimulation was given by applying a solution with high concentration of 
KCl. Figure 1 shows a typical image of differentiated (NGF-treated) PC12 cells. We also 
observed many granules (< 35 iameter) which were emitted terminal. 

rentiated PC 12 cell H2: Observation of a neurite 
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2 

. We have proposed “low-dimensional optical waveguides” theoretically in order to guide nano-sized optical 
beam (<<b)[l]. Low-dimensional optical wave is the key concept for realizing nano-optical devices. The 
drawback of low-dimensional optical waveguide is a difficulty to excite suitable mode for the formation of 
nano-sized optical beam. This is because wavenumber k and mode profile of low-dimensional optical wave 
are different from f-dimensional(3D) optical wave, i.e. propagating light wave in free space. 

The purpose of this study is to propose the excitation method for low-dimensional optical wave. In this 
paper, we propose a new kind of light source for nano-optical devices, i.e. a source of low-dimensional optical 
wave, and report the experimental results. We have reported that 2-dimensional (2D) optical wave can be 
guided along microstructures embedded in nano metal-gap [2]. Metal-gap structures are thought to be 2D 
optical waveguides or the waveguides of a coupled mode of surface plasmon polariton (SPP). Here, we 
propose a metal-gap structure including luminescent materials as a soukce of 2D optical wave. Besides, we 
report the experimental results of novel light emission from the 2D optical wave source. 

The metal-gap structure including luminescent materials is shown in Fig 1, where 1OOnm-thick organic 
heterostructure is sandwiched by Au and Mg/Ag layers. The luminescent materials of a-NPD and Alq are 
known as organic LED materials. Broad-spectrum light emission (-50-700nm) with the peak position of 
~ = 5 0 9 n m  was observed by applying voltage to metal (-2OV). The polarization of the light emission was 
measured at m90 and 55Onm as shown in Fig. 2. TM polarization, i.e. electric field was perpendicular to 
the interface, was observed at &=550nm although the emission at m 9 0  nm was not polarized. 

is the dominant propagation mode at b=550nm 
although propagation modes of 3D optical wave are prohibited due to cut-off. Therefore, such polarization is 
attributed to the direct excitation of 2D optical wave by electric current. These structures are applicable to a 
low-dimensional optical wave source m nanwptical devices in the future. 

Propagation mode analysis shows that Fano mode 

A ~ O  &g=e) 
Figure 1 : Cross sectional view of metal-gap structure Figure 2 : Polarization of the emission 
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An apertureless near-field optical micr e has been developed with resolution better than 30 nm. 
The apparatus combines an epifluorescence microscope and an atomic force microscope (AFM) to obtain 
optical contrast with resolution limited by the sharpness of the AFM probe. The microscope is being 
developed to probe single fluorescent molecules which are convenient and ubiquitous labels in biological 
systems such as DNA and proteins. Single molecule targets will also serve as optical point-sources for the 
unequivocal measurement of the microscope resolution. In order to optimize the sensitivity of the 
microscope toward the single molecule level, 20 nm diameter fluorescent particles of organic dye have 
been used as targets in a Variety of studies. Optical images of these particles are broadened to 40 - 50 nm 
FWHM, yielding a resolution no worse than 30 nm. Significantly, AFM images of these particles are 
broadened by the same amount due to tip-shape artifacts which result from probing an object that is 
macroscopic on the scale of the AFM probe. 

In previous work [ 11, we showed that optical contrast is provided by a modulation of the fluorescence 
rate when a metal-coated AFM probe is brought into the near-field of an illuminated fluorescent sample. A 
two-dimensional optical image is generated by rastering the AFM probe, in tapping mode, over a surface 
on which the sample resides, while simultaneously collecting fluorescence and probe-tip location data. The 
physics of the optical contrast mechanism is being investigated by comparison of the optical modulation 
amplitude under different illumination conditions. In particular, both evanescent and non-evanescent fields 
of varying polarization will be used. The resuits of these studies should help to distinguish two possible 
sources of the optical contrast: non-radiative coupling of the fluorescent sample to the AFM probe, and 
perturbation of the illumination-laser field by the AFM probe. Such insight should aid in optimizing the 
sensitivity of the microscope, so that it may be used at the single-molecule level and applied to a wide 
range of problems in biology and other fields, such as proteomics and molecular-scale electronics. 
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In quantum optics information on the electrodynamics of atoms, molecules, mesoscopic particles, . . -, 
usually is obtained through correlation measurements performed far from these objects. In the far field the 
statistical response of the detector in principle gives an unambiguous fingerprint of the quantum statistics of 
the source partide, possibly blurred by the vacuum fluctuations in the field. The "only" role of the photon 
is to transfer the information between source and detector (with the vacuum speed of light) 111. 

Photons emitted from an atom statistically are born not only inside the atom but also in the entire 
near-field zone of the atom. In near-field optics we normally study optical interactions on semiclassical 
ground, i.e. without quantizing the electromagnetic field. 

In the present communication I shall describe recent theoretical efforts to understand quantum optical 
correlations in the near-field zone of a source particle. In this zone the space-time birth domain statistics 
of the photon is mixed with the quantum mechanical statistics of the source particle. The four kind of 
photons (scalar, longitudinal, two transverse) appearing in a manifestly invariant relativistic description [2] 
all participate in the correlation, 

It appears that information on the spatial localizabdity of photons [3]-[7], and on single-photon tunnel- 
ing might be obtained from near-field correlation studies. Also a novel view on polychromatic photon wave 
mechanics 13, 5, 71, and on the position operator problem for photons seems to emerge in the horizon. 
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It is usually taken for granted that light spontaneously emitted by a thermal source such as a light bulb 
is spatially incoherent. In other words, it is generally assumed that fields produced by different points of a 
thermal source cahnot interfere. By contrast, different points of a radio antenna emit waves that interfere 
constructively in particular directions producing well-defined angular lobes. The .intensity emitted by a 
thermal source is the sum of the intensities emitted by different points so that it cannot be directional. 
Thus, the difference in directionality of light emitted by a laser and a thermal source is a direct consequence 
of the difference of spatial coherence of the fields in the plane of the source. Since the currents generat- 
ing the thermally emitted fields are due to uncorrelated random thermal motion, it seems that a thermal 

* source cannot be spatially coherent or directional. However, it has been shown recently by Carminati et 
al. (1999)[1] and Shchegrov et al. (2000) [2] that the field generated, by a plane interface at temperature 
T may have a large coherence length and can be quasi monochromatic in the near-field. In other words, a 
thermal source is partially coherent in the near-field. 

This paves the way €or the construction of a thermal source that could radiate light within narrow an- 
gular lobes as an antenna instead of having the usual quasi lambertian angular behaviour. In this paper, we 
will report experimental measurements demonstrating that it is indeed possible to build an infrared antenna 
by ruling a grating on a polar material such as a semiconductor[3]. Such an antenna radiates infrared light 
in a narrow solid angle when it is heated as shown in Figure 1. This is a signature of the spatial coherence 
of the source. We will discuss the physical origin of the spatial coherence of the thermal source. We will 
in particular show that this effect is due to the excitation of a surface phonon-polariton, a mixed vibration 
which is half a photon and 

Another remarkable d by a factor of 20 compared 
to the emissivity of a flat surface. No enhancement is observed for s-polarized light. Finally, we will show 
that the emission spectrum depends on the observation direction. This behaviour was first predicted by E. 
Wolf.[4] as a consequence of spatial correlations of random sources. This behaviour is trivial €or coherent 
sources like an antenna but observed so far only for second y coherent sources. 

All the above properties ndamentally related to the surface-ph lariton and can be summa- 
rized by its dispersion relation. We will report measurements of the reflectivity spectra that allowed us to 
measke the dispersion relation[3]. Using this dispersion relation, we will discuss possible applications to 
the design of efficient photovoltaic cells, infrared sources in the far field and in the near field and enhanced 
radiative heat transfer at short distances. 

urce is that the emi 
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Apertureless scanning near-field optical microscopy (ASNOM) involves an interaction of a thin metallic 
tip near the sample with the incident 1ight.Therefore the perturbation of the probe on the detected near-field 
is no more negligible [I]. Modulation of the probe position relative to the sample is used to separate the 
tiny near-field signal from the background. The modulated signal is measured using lock-in detection and 
multiple of the modulation frequency are available. A theoretical study of the tip modulation has been 
recently performed [2] (and Refs. therein) but the experimental field used in that paper is nonphysical and 
is not modified by the presence of the probe. 

Here, we study numerically two-dimensional ASNOM by taking into account the real vibration and 
scanning of the tip. Finite element calculations of the detected signal was performed to investigate f, 2f 
and 3f detection, and Total Internal Reflection illumination (TIR) condition as well as External Reflection 
illumination (ER). 

We demonstrate that the perturbation of the probe on the far field detected signal differs strongly in 
both cases. Moreover, the modulation of the probe position cannot be considered separately from the near- 
field diffracted by the sample, especially if it is made of resonant particles. The finite element approach 
with excitation or forcing function term enables a physical description of the detected intensity level [3]. 
Moreover, adaptative mesh enables error and computer memory control. 

.YO .IO 

Figure 1: Intensity in ASNOM with TIR and ER illumination. 
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The new frontiers of physics in condensed matter and materials science is on nano-meter length 
scales. Classical techniques of probing the electrical properties of materials are limited in resolution to the 
wavelength of the incident electromagnetic wave. We report here a novel near-field microscope that is 
capable of operation at radio and microwave frequencies [ 1-41. The spatial resolution is comparable to 
NSOM in the scanning capacitance mode of the microscope [5 ] .  Our objective is to image materials 
contrast at microwave frequencies on nm length scales. To demonstrate the capabilities of this microscope, 
we have imaged &a~.&a0.&1103 colossal magneto-resistive (CMR) thin films. These materials are 
known to phase segregate into antiferromagnetic insulating and ferromagnetic metallic regions on the scale 

will present evidence of sheet resistance material contrast on short length scales in 
CMR films using the near-field microwave microscope with STM-feedback distance control. We will 

discuss the data on these films in the light of a transmission line model of the microscope that we have 
developed. The microscope is an attractive platform for measuring local losses and local nonlinear 
properties of a rich variety of correlated-electron materials. 

References 
[I]  D. E. Steinhauer, C. P. Vlahacos, S. K. Dutta, l3. J. Feenstra, F. C. Wellstood, and Steven M. Anlage, 

"Quantitative Imaging of Sheet Resistance with a Scanning Near-Field Microwave Microscope," 
 ADD^. Phvs. Lett. 72. 861-863 (1998) . 

[Z] D. E. Steinhauer, C. P. Vlahacos, C. Candy, A. Stanishevsky, J. Melngailis, R Ramesh, F. C. 
Wellstood, and Steven M. Anlage, "Imaging of Microwave Permittivity, Tunability, and Damage 
Recovery in (Ba,Sr)TiQ Thin Films," Awl. Phvs. Lett. 75.3 180-3 182 (1999). 

[3] Sheng-Chiang Lee, C. P. Vlahacos, B. J. Feenstra, Andrew Schwartz, D. E. Steinhauer, F. C. 
Wellstood, and Steven M. Anlage, "Magnetk Permeability Imaging of Metals with a Scanning 
Near-Field Microwave Microscope," A d .  Phvs. Lett. 77.4404-4406 (2000). 

[4] David E. Steinhauer and Steven M. Anlage: "Microwave Frequency Ferroelectric Domain Imaging of 
Deuterated Triglycine Sulfhte Crystals," J. ADDI. Phvs. 89.23 14-2321 (2001) 

[5] Atif Imtiaz and Steven M. Anlage, cond-mat/0203540. 

75 



Dissipative shear force on nanoscale probes induced by 
electromagnetic field fluctuations 

Jorge R. Zurita-Sdnchezl, Jean- Jacques Greffet 2*3 and Lukas Novotny' 

University of Rochester, The Institute of Optics, Rochester, NY 14627. 
Labomtoire d'Energitique Moliculaire et Macroswpique, Combustion, Ecole Centrale Paris, France. 
3Currently on sabbatical at University of Rochester, The Institute of Optics, Rochester, NY 14627. 

Most near-field microscopes use shear force scheme to control the tip sample distance. Causes for this 
effect are not clearly understood. Recent experiments using oscillating nanoscale probes in ultra-high vac- 
uum environments show that the probes experience a dissipative force that substantially increases &s the 
probe approaches to a planar surface [l, 2, 31. This shows that there is a mechanism that is not related to 
chemical binding nor friction due to adsorbed molecules. Possible mechanisms have been suggested in Refs. 
[I, 2, 3, 41. (e.g. electromagnetic field fluctuations, electron tunneling). Here, we explore the possibility of 
the electromagnetic coupling between two interfaces. To model the tipsurface interaction we consider two 
dielectric half-spaces with complex dielectric constants separated by a constant vacuum gap. We calculate 
the dissipative force per unit area acting on one of the half-spaces which is harmonicaIly oscillating parallel 
to the surface of the fixed half-space. We focus on the dissipation originated from the electromagnetic field 
fluctuations which depends on the vacuum gap and the temperature. We derive a theoretical expression for 
the shear force and evaluate it numerically using experimental data for the dielectric constant. We compare 
with experimental data measured by other groups. 

' 
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Recently, much attention‘has been paid for the application of conjugated polymers such 
, as poly-p-phenylen ylene (PPV) and its derivatives for organic LEDs. In most of these 

studies, a spin co chnique has been widely used to prepare thin films. However, 
luminescence properties of PPV derivatives are strongly dependent on the spin coating 
conditions [l]. For the application of PPV derivatives to LEDs, analyses of mesoscopic 
structures, defects, and luminescence properties in small domains of spin coating thin films 
are indispensable. In the present study, we have examined the mesoscopiw structure and 

s of the conductive polymer, poly[2-methoxy, 5-(2’-ethyl-hexyloxy-p-phenylene 
glass and IT0 substrates by picosecond time-resolved 

form and xylene solutions are used for spin coating on various 
substrates. Humidity in the sample preparation condition is adjusted by using saturated 
inorganic solution of CaCI, and NH,Cl. From the topographic and fluorescence images, it 
was found that the ring-shaped assemblies (wheels) with a diameter of sub pm to a few pm 
are formed only fiom chloroform solution on s. This wheel is characteristic for high 
humidity conditions, o wheel structure ed from xylene solution. This result 
suggests that the sma droplets induced by solvent evaporation play an important role 
for the formation of wheel structure [3]. 

Fluorescence dynamics and fluorescence spectra in sub-wavelength small domains of the 
wheel structure prepared from chlorofom and the rock-like structure from xylene have been 
examined and compared. In the wheel structure, luminescence decay of the single-chain 
exciton was found to be faster in the circumference of the wheel than in the surroundings or 
the inside of the wheel. The luminescence spectrum in the circumference is red-shifted as 
compared with the surroundings. These results are interpreted in terms of exciton migration 
among the polymers and trapping by the aggregate of MEH-PPV. On the other hand, 
luminescence decays of the thin film prepared fiom xylene solution were almost independent 
of the observed posit on and excited-state 
dynamics in sub-wavel 
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The optical properties of metallic nanoparticles have gained increasing interest in the past years. In this 
paper we present the first demonstration of optical tomography on a single gold nanoparticle, allowing us to 
identify its optical axes. We then show how the plasmon resonances of the gold particle can be modified 
when it is placed in front of a flat' substrate. Finally, we discuss our results on optical near-field imaging of 
a sample by recording the changes in the plasmon resonance width and center frequency. 

The starting point of our work is the procedure that we had reported previously for mounting an 
individual gold nanoparticle at the end of a tapered fiber tip [l]. We then use shear force control to position 
the particle against a desired surface. By illuminating the system with white light, we record the plasmon 
resonance in the scattered signal (fig. lb). In addition, however, we also rotate the polarization of the 
incident light as well as the tip itself to separate the contributions from different axes of the gold particle, 
which in general is not perfectly spherical (see fig. la). This tomography measurement allows us to 
detremine the orientation of the long and short axes of an ellipsoid nanoparticle. After this thorough 
characterization of the system, the dipolar plasmon mode of one of the particle's principal axes is excited 
by tuning the polarization to the appropriate angle. By approaching the particle to a surface and recording a 
spectrum of the scattered light at each distance, we have observed modification of the linewidth as well as 
the line center of the plasmon resonance. Fig. 1 c) shows the change in position and width of the plasmon 
while an 80 nm-particle is approached to a glass substrate. 

Furthermore, we have performed a novel f m  of SNOM by monitoring the modifications of the 
plasmon resonances as the particle is scanned across a sample. By plotting the changes in the position and 
width of the line at each scan pixel, we have obtained optical images of the sample. 

. 

Figure 1 : a) Schematics of the experiment. b) Plasmon resonance of a single gold nanoparticle at the end of 
a tapered fiber tip. c) Changes in the lineshift (circles) and linewidth (triangles) of the plasmon resonance 

while approaching the particle to a glass sdace .  

Having demonstrated that one can characterize and manipulate the plasmon resonances of a single metallic 
nanopartkle in front of a substrate, in future we plan to apply our know-how to perform well-controlled 
investigations of Surface Enhanced Raman Scattering (SERS) [2] at the single molecule level. 
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Recent advances in near-field techniques permit measurements of local birefringence and 
dichroism only in specific limits - for example, when the dichroism of the tip is sufficiently small and the 
fast and dichroic axis of the sample are aligned [Refs 1-21. We overcome these difficulties and extend 
NSOM polarimetry to a more general case,’demonstrating how to take into account substantial tip 
dichroism and birefringence without loss of accuracy, and how to approach the more general case of films 
with separate dichroic and fast axes. We demonstrate the adaptation of Fourier polarimetry to NSOM and 
perform, for the first time, complete measurements of the local dichroism, alignment of the dichroic axis, 
birefringence, alignment of the fast axis, and topography. We show that the limit of accuracy of these 
measurements depends on (1) changes in the tip dichroism during a scan and (2) the noise floor of the 
experiment. In a separate paper in this volume we discuss near-field modeling of our results. 

To demonstrate these techniques, we use two self-assembled thin-film polymer systems. Polymer 
self-assembly presents an attractive means of creating the micro- and nano-patterned spatial arrays required 
for many opto-electronic and coatings technologies. The ordering processes studied here are microphase 
separation, exhibited by block copolymers 

Below are the first optical images of BC microphase domain morphology. Optical, topographic, 
and dichroism measurements within a single grain of a 100 nm thick polystyrene-b-polyisoprene (PS-b-PI) 
photonic BC [Ref. 31 are shown (a-d). Os04 stains the PI domains. Domains, grains, and defects in these 
materials are characterized using both birefringence and dichroism measurements. Images e-h are optical, 
topographic, and birefringence measurements of a 1OOnm-thick isotactic PS spherulite. The radial 
arrangement of crystallite lamella, defect structures located near the crystal nucleus, and possible chain 
alignment in the “depletion zone” at the spherulite periphery are evident. We will discuss this data as well 
as dichroism data, and show how in all cases the acquisition of dichroism data, with a separate optical axis, 
is imperative to correct interpretation of birefringence data. 

, 

stallization, common in many polymer species. 

, 
Figure 1: a-d, images of BC film including dichroism and dichroic axis maps; e-h images of PS spherulites 
showing birefringence and fast axis maps. Transmission in units of PMT current. All images 4pm square. 
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beams: the role of the Ez component of the electric 
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In the previous NFO meeting, we have proposed to use confined evanescent light beams 
as “virtual” or “immaterial” tips. Unfortunately, this technique was handicapped by the 
need of using perfectly radially-polarized light beams. In this communication, we propose 
first a simple, stable and cheap method allowing the generation of beams of any polarization 
and more especially of purely radially-polarized light beams. Second, we demonstrate both 
theoretically and experimentally that for very opened systems (far and near-field imaging 
systems such as confocal and near-field microscopes) the polarization is a limiting factor of 
resolution and light confinement. Finally, we will present the very first experimental results 
dealing with virtual tips. 
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The two-dimensional electron system (2DES) formed in MBE grown modulation-doped quantum well 
(QW) is a major platform for studying the physics of interacting electrons. Irregularities in the crystal 
structure are always present in this system and introduce a disorder potential even in the highest quality 
samples. It was therefore natural that with the evolution of scanning-probe experimental techniques a 
considerable effort was directed to resolving spatial inhomogeneities in the system properties. Near-field 
spectroscopy has proven to be particularly useful in that context. The high spatial resolution that can be 
obtained, typically 100-200 nm, and the wealth of information contained in the optical spectrum made it a 
favorable technique for studying the local properties of semiconductor QWs. 
In this work we use near-field photoluminescence (PL) spectroscopy to study sputiul correhtions in the 
electron distribution and in the fluctuations of the QW width. The PL spectrum of 2DES at low electron 
densities consists of two sharp peeks, the neutral (X) and the negatively charged (X) exciton. Our ability to 
extract the electron distribution derives from the fact that the local X PL intensity is directly proportional to 
the local electron density [l]. In addition, using the fact that the X PL energy depends quadratically on the 
local QW width we can extract the well width fluctuations. Hence, by scanning the sample with our near- 
field scanning optical microscope (NSOM) at low temperatures and measuring the spectrum at each point, 
we obtain simultaneously a two-dimensional image of the electron density distribution and of the well 
width fluctuations. 
To unveil possible order in these seemingly random images we have studied their two-dimensional 
autocorrelation function. Examining the behavior of electron density autocorrelation function (Fig. lb) we 
can observe the existence of periodic narrow stripes of higher electron density along the 1 1 0 crystal 
direction. By deconvolving the tip response function we find that their width is smaller than 150 nm and 
their period is 1.3 pm. We conclude that the electron distribution in the plane of the QW is anisotropic and 
periodic. This surprising finding should affect our understanding of various electron behaviors and in 
particular, the recent finding of anisotropy in transport at high Landau levels [2].'We also find a 
pronounced symmetry in the well width image (Fig. 2b). It is seen that the narrow regions of the QW (high 

energy) are arranged in a periodic cubic lattice structure, which is rotated approximately by 45 
egrees relative to 1iO. This symmetry was observed in several QW samples. It is important to 

at the fluctuations in electron density ore not correlated with those of the QW 

ered behavior we conducted atomic force microscopy measurements of the 
sample surface and compared it to the near-field measurement. We conclude that elongated structural 
mounds, which are intrinsic to MBE growth, are responsible for the creation.of those electron density and 
well width textures. 

c 
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It is well-known that the measurements made in STM yield the local density of electronic states. It has 
been shown by Carminati and Saenz[l] that a unified scattering formalism allows to express within the same 
framework the signal obtained in STM and in SNOM. This result suggests that the SNOM can measure the 
local density of ezectromagnetic states. Recent results have reported measurements of the electromagnetic 
LDOS using PSTM measurements[?] which has then been compared to numerical simulations of the LDOS. 
In this paper, we show that an apertureless microscope used to detect the spontaneous emission by the 
sample yields the electromagnetic LDOS. The signal is generally dependent on the tip as it is in STM. 
Within the assumption that the tip can be approximated by a point-like scatterer, it appears that the signal 
is within a good approximation proportional to the electromagnetic LDOS. 

The starting point of our discussion is the general form of the flux established in ref.[l] and ref.141. We 
apply this general expression of the signal to the particular case of an apertureless set-up. In order to 
obtain the emission signal of the sample, we use the fluctuation-dissipation theorem. This allows to express 
the field spontaneously emitted by the sample using the Green’s function of the system. The relationship 
between the signal and the LDOS follows directly from this analysis. 

In order to discuss possible applications, we consider the case of an ionic crystal. In the near-field, the 
emission is completely dominated by the contribution of surface waves called surface-phonon polaritons as 
it has been shown in ref.[3]. A unique feature of the spectrum of the emitted near-field is that it has very 
large and narrow peaks at some particular frequencies. In other words, the electromagnetic LDOS has a 
few pronounced peaks. From the measurements of this density of states, we will show that it is possible to 
recover the complete dielectric constant of the material using a Kramers-Kronig analysis. This paves the 
way to a local spectroscopic technique to characterize materials with ionic structure. 
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Near-field scanning optical microscopy (NS ) is used to study local electric-field-induced molecular 
ymer-dispersed liquid crystal (PDLC) thin films.[l,2] . reorientation dynamics in native and dye-dope 

PDLC films were prepared by spin casting an aqueous emulsion containing nematic liquid crystal and 
poly(viny1 alcohol) (PVA) onto indium-tin-oxide coated glass substrates. Dye-doped versions were 
prepared by dissolving fluorescent BODIPY dyes into the liquid crystalline phase. Initial characterization 
by topographic, birefringence, and fluorescence NSOM imaging shows the films are comprised of 
micrometer-sized liquid crystal droplets encapsulated in a thin PVA film. Although dominated by far-field 
contrast. static optical images of the droplets can be used to obtain information on the local liquid crystal 
and dye organization in droplets of different sizes and shapes. Fig. 1 shows representative images. In order 
to study local liquid crystal and dye reorientation dynamics, an electric field was applied to the sample 
using the aluminumcoated NSOM probe. Field-induced reorientation of the liquid crystal and dye 
molecules within the droplets were then detected optically. Dramatic spatial variations in the dynamics are 
observed in frequency-dependent imaging experiments, and in frequency- and time-domain single-point 
measurements. These spatial variations are interpreted to reflect spatial variations in the local viscoelastic 
properties of the liquid crystalline phase, based on previously published models. Unlike the static imaging 
results, the dynamics data show high-resolution features. It is therefore concluded the reorientation 
processes dominating the optical contrast occur in the near-field regime. The results are shown to arise 
from the confinement of field-induced reorientation dynamics to the upper regions of individual liquid 
crystal droplets, nearest the NSOM probe. Studies of the dye-doped PDLCs show dramatic field-dependent 
changes in the dye order parameter. In addition, the field-dependence of the order parameter is observed to 
vary spatially within individual droplets for dyes that are weakly aligned by the liquid crystal. These 
results are interpreted to reflect spatial variations in the extent of dye interactions with the applied electric 
field and with the surrounding liquid crystal host. 

Figure 1 : Simultaneously-recorded (A) topography, (€3) birefringence, and (C) fluorescence 
doped PDLC droplets. 
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A new generation of near-field probes fabricated by focused ion beams 

Erik J. Sanchez, John T. Krug, 11, X. Sunney Xie 
Harvard University, Department of Chemistry and Chemical Biology 

Cambridge, MA 02138. 

We present the design and fabrication of NSOM probes with high field enhancement to reproducibly 
achieve sub 20 nm opticaVtopographic imaging resolution. This work is an extension of our initial work on 
tip enhanced nonlinear optical microscopy (TENOM). (See Ref. 1 .) These probes are fabricated using a 
high-resolution focused ion bean (FIB) system. The fabrication is guided by 3-D finite difference time 
domain (FDTD) simulations to optimize the geometry of the NSOM probe for intensity enhancement factors 
as high as -8000. (See Ref. 2.) We have imaged thylakoid membrane layers containing PSI1 and PSI protein 
assemblies with FIB milled probes, and were able to observe distinctly different local emission spectra. This 
portends a spectroscopic mapping of photosynthetic membranes. In addition to utilizing the FIB for milling 
the probe, we have used ion and electron beam assisted deposition (IBADEBAD) of SiOx on the nanometer 
scale. Such deposition is typically carried out in the semiconductor industry for nanometric repair. We 
have analyzed the chemical composition of the deposited materials, and deposited SiOx layers at the ends of 
our probes. These “spacer layers’’ serve to minimize fluorescence quenching of the sample by the probe. 
This new generation of apertureless NSOM probes, combined with the dielectric spacers, will allow the 
imaging of isolated or aggregated chromaphoric proteins with high spatial resolution and high sensitivity. 
The probe and spacer layer fabrication methodology will be of general interest for nano-optics. 
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Crys~allization Study of Organic Light Emitting Devices by Polarization 
Modulation Near-Field Optical Microcopy 

Pei-Kuen Wei', Shen- Yu Hsu', Hsieh-Li Chou', WunShain Fann2 

I Institute of Applied Science and Engineering Research, Academia Sinica. 
Institute of Atomic and Molecular Sciences, Academia Sinica 

128, Section 2, Academia Road, Taipei, Taiwan 11529, R. 0. C. 

We present a new setup of collection-mode polarization modulated near-field optical 
microcopy for actually measuring the mesoscale crystallization of thin films. Previous 
polarization modulation NSOMs (PM-NSOM) were operated in transmission mode.[ 11 Two 

ajor problems should be solved for the polarization signals. First, the birefringence in the 
fiber is a severe problem for PM-NSOM, it will destroy polarization state of the incident light. 
Second, there is a large depolarization effect when light passing through the probe tip. In 
comparison to transmission mode near-field optical microcopy, our new collection mode 
microscopy provides no axial polarization, free of fiber birefiingence and flexibility for 
tuning wavelength. The Jones matrix calculation verifies that sample' s crystallization can be 
obtained by simply subtracting the polarization vector fiom tip's anisotropy. We've used this 
setup to measure the crystallization of organic light emitting devices (OLEDs). The OLEDs, 
especially the hole-transport-layer (naphthaphenylene benzidine (NPB)), are easily subject to 

crystallization.[2] The crystallization is related to the dichroic ratio when a rotated linearly 
polarized light passing through it. Figure 1 shows the mesoscale crystalline domains and 
dichroic ratios of NPB films before and after annealing. The performances of OLEDs ( L V  
and 1-V curves) vs. the crystallization for different annealed samples are also measured. Detail 
comparisons will be presented in the conference. I 
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Three-dimensional imaging in near-field optics 
P Scott Carney 

University of Illinois at Urbana- Champaign, Department of Electrical and Computer Engineering, Urbana, 
IL  61801 

John C Schotland, Vadim A Markel 
Optical Radiology Laboratory, Department of Radiology, Washington University in Saint Louis. 

We report on recent advances in three-dimensional structure calculation for near- field optics. We have 
reported semi-analytic solutions for the linearized inverse problem in the literature [1, 2, 31. The algorithms 
that result from our’ analysis are computationally efficient regularized and stable. 

In this talk we will address inclusion of polarization effects, boundary conditions and sampling which 
have not been addressed in our publications. We will also discuss experimental progress in the power 
extinction[2] and frustrated total internal reflection modalities 111. 
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Clustering of Photoluminescence in InGaN Films 
Grown by MOCVD and MBE 

J.O. White, M.S. Jeong, J.Y. Kim, K. Samiee, Y: K Kim, J.M. Myoung, K. Kim, 
University oflllinois, Frederick Seitz Laboratory and Elect. and Computer Engineering Department., 

Urbana, IL 61801. 
E.K. Suh, M.G. Cheong, C.S. Kim, C.-H. Hong. HJ. Lee, 

Semiconductor Physics Research ter, Chonbuk National University, Chonju 561-756, Korea. 

We have grown 0.3 pm thick InGaN films by MBE, and 1-2 nm thick InGaN quantum wells by 
MOCVD. In both types of sample, high photoluminescence efficiency is often accompanied by a high 
spatial intensityvariation. The intensity is not random on all length scales, but is concentrated in micron- 
sized regions. 

spectroscopy, and cross-sectional transmission electron microscopy. We find that the variation is not due 
to fluctuations of indium content because there is no corresponding shift in wavelength. The combination 
of high-resolution optical and electron microscopy provides evidence that the spatial variation results from 
an underlying variation in dislocation density. 

The origin of the spatial variation is investigated by near-field scanning optical microscopy, 

Fig. 1 lox 10 pmA2 topographic 0) and photoluminescence (r) images of a multiple quantum well 
sample of InGaN/GaN. Note that the photoluminescence is strongest in the vicinity of the pits, and 
decreases with distance away fiom the pits. Transmission electron microscopy reveals that the pits 
act as a getter, removing dislocations from the mounding region, thus enhancing the luminescence. 

The clustering is quantified by calculating the image entropy and space bandwidth product of the near- 
field images. We find that the image entropy decreases as the indium Content increases, reflecting the 
organization of photoluminescence into micron-sized clusters. 



SNOM Imaging of Photonic Nanopatterns, 
Metal Islands and Molecular Aggregates 

U. C. Fischer, J .  Heimel, H J. Maas, A. Naber, H. Fuchs, University of 
Muenster, 48149 Muenster, Germany. 

J. C. Weeber, A. Derew, University of Burgundy, 21004 Dijon, F’rance. 

In Scanning Near-Field Optical Microscopy (SNOM), a nanoscopic source of 
light is scanned at  a small distance accross the surface of the object. The emis- 
sion of the source, modulated by the object, serves as a signal for SNOM. The 
SNOM image as obtained with a point dipole as a source is defined as a photonic 
nanopattern. This photonic nanopattern can be calculated numerically on the 
basis of the Greens Dyadic method. The photonic nanopattern depends on the 
orientation of the dipole, its distance to the object, on the local properties of 
the object and on the detection scheme of the SNOM. With the tetrahedral tip 
(T-tip) as a source, images of metal test objects can be interpreted as photonic 
nanopatterns with a dipole inclined at an angle of 45O and a distance of 10 - 20 
nm to the surface of the object Ref. 111. The nanopatterns of small metal ob- 
jects have a completely different appearance exhibiting finer details than those 
of dielectric objects with a real and positive dielectric function, indicating, that 
the excitation of surface plasmons of a wavelength in the order of 40 - 60 nm 
determine the shape of the observed photonic nanopatterns. Details smaller 
than half this wavelength are also resolved in SNOM images of metal grains 
Ref. [2, 31 or aggregates of dye molecules on a gold substrate. Numerical calcu- 
lations indeed give a hint, that a metallic substrate may lead to higher resolved 
details in the photonic nanopatterns of objects adsorbed on the metal substrate. 
We expect that the contrast in the SNOM signal of dye molecules adsorbed on a 
metal film depends mainly on the real part of the polarisability of the molecules 
Ref. [4, 51 which, for the selei3ed dye aggregates, show characteristic features 
in a bandwidth of only 10 nm. This property and the high resolution in the 
SNOM images is the basis of our attempt to SNOM imaging of dye molecules 
at molecular resolution. 
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Near-field Vibrational Spectroscopy for Nanoscale Chemical Analysis 
C. A. Michaels. S. J.  Stranick, 

National Institute of Standards and Technology, Gaithersburg, ND 20899. 
D. B. Chase, 

DuPont Central Research and Development, Wilmington, DE 19880 

The ability to measure chemical bond changes on the nanometer scale is of critical importance for the 
characterization of surfaces relevant to catalysis, materials and biological problems. Our goal has been to 
develop a technique for the in-situ, non-destructive, nanoscale chemical imaging of surfaces. The strategy 
for realizing this goal involves coupling the high spatial resolution of near-field scanning optical 
microscopy (NSOM) [ 121 with the chemical specificity of vibrational spectroscopy [3]. The combination 
of the sub-diffraction spatial resolution attainable in the near-field with the high chemical specificity of 
infrared absorption andor Raman spectroscopy promises a powerful new analytical capability that 
overcomes critical measurement limitations of both far-field Raman and infrared microscopes (low spatial 
resolution) and scanned probe microscopes (lack of chemical specificity). 

Initial applications of this technique have been focused on measuring lateral variations in chemical 
composition for thin organic films such as polystyrene (PS)/polyethylacrylate (PEA) polymer blends, a 
model system for the study of degradation and corrosion of organic coatings. Figure l(a) shows the far- 
field IR absorbance spectra of PS (solid line) and PEA (dashed line) in the CH stretching region along with 
the spectrum of the broadband IR laser (gray) tuned to the center wavelength (k = 3.36 pm) used to acquire 
this data. Figure l(b) shows an 8 x 8 pm near-field spectral image h e  of the PS/PEA film acquired at 
2980 cm-' with a - 300 nm diameter aperture probe. The broadband nature of the light source allows for 
the analysis of the relative importance of scatteringnear-field coupling effects and absorption as sources of 
near-field image contrast based on their respective variation with wavelength. Scatteringhear-field 
coupling effects dominate the image contrast for this sample although analysis of the spatial and spectral 
variations in near-field transmission contrast over many image frsLnes suggest the that minority phase 
(bright features) composition is PS ric 
of a similar sample. 

spectrum (gray) used to acquire near-field IR transmission images of a thin PSREA blend film. (b) 8 x 8 
eld transmission image of PSREA blend film acquired at 2980 cm-'. 
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In Situ Characterization of Optical Near-field Probes 
in Aperture NSOM 

A.  h e t ,  S. Huant, and J .  C. Woehl, 
Labomtoire de Spectromdtrie Physique, Universitd Joseph Fourier Grenoble et CNRS, 

38402 Saint Martin d’H2mI France. 

The optical resolution of an aperture near-field scanning optical microscope (NSOM) is linked to two 
critical parameters: the aperture diameter and the feedback distance. Accessing these parameters exper- 
imentally is difficult, however, and often depends on the quality and applicabiity of external calibration 
curves. Information about the aperture diameter of the fiber tip is normally deduced from its optical trans- 
mission or from the angle dependence of its far field emission [l]. Less frequently, it is obtained through 
direct observation under an electron microscope. The tipsample distance for a certain feedback setpoint can 
be evaluated by defining a reference point for zero distance (like a tunneling current between the tip’s metal 
coating and a specially prepared sample surface) and by using the known behavior of the piezo scanner [2]. 
However, it is unclear how a calibration curve obtained under such specific conditions changes for near-field 
imaging of other surfaces. There is also no guarantee that the optical aperture remains unchanged during 
the measurements, e.g. by inadvertent contact with the sample surface. 

We present a method that allows the characterization of the near-field tip and of the feedback dis- 
tance in situ, i.e. under the actual experimental conditions and on a tip by tip basis. It uses the unique 
spectrwopic properties of nanometric test objects: fluorescent nanospheres. Due to the isotropic distri- 
bution of randomly oriented molecular transition dipole moments inside the sphere, such an object acts 
as a volume detector of the average square of the electric field intensity emanating from the fiber tip. 

Fluorescence images of rather 
large nanospheres do not 
present enough features for 
such an analysis. Nanospheres 
that are small compared to 
the optical aperture, how- 
ever, allow a detailed analy- 
sis in terms of aperture di- 
ameter and feedback dis- 
tance. We will illustrate this 
behavior with experimental 
results for Vsrious feedback 
conditions. A simple but 
eic model of opti- Topography (left) and fluorescence image (right) of fluorescent nanospheres. 
cal probe will be p-ited 

which allows a determination of fiber tip and feedback parameters during a NSOM experiment. Our method 
is universal, easy to implement and pruvides, together with the usual far-field measurements [l] a complete, 
i.e., far-field and near-field characterization of an aperture tip. 
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Near-Field Raman n molecular crystals with sub- 
diffraction resolution. 

P. G. Gucciardi, S. Trusso, C. Vas - Istituto per i Processi Chimico-Fisici, sez. di Messina, 
Via La Farina 237,I-98123 Messina, Italy. 

S. Patang, I.N. F.M., Dipartimento di Fisica della Materia e Tecnologie Fisiche Avanzate, Universitd! di 
Messina, Salita Sperone 31, E98166 Messina. Italy. 

M. Allegrini. I.N.F.M., Dipartimento di Fisica, Universitd! di Pisa, Via Buonarroti 2.1-56127 Pisa, Italy. 

In this paper we report on the development of an aperture Near-Field Optical Microscope (SNOM) for 
fast Raman imaging of organic materials. The apparatus, using pulled, metallized optical fiber probes, 
works in reflection mode and is optimized for what concerns both the light collection and detection 

, schemes. A single-grating, short focal lenght monochromator is preferred since it provides a high 
luminosity, in spite of the low spectral resolution (kns of cm"). A photomultiplier, working in photon 
counting mode, permits to achieve higher detection efficiencies with respect to conventional (non- 
intensified) CCD cameras. Thus, spectral analysis as well as fast and detailed Raman imaging (128x128 
points) can be performed with integration times of 100 ms per point, without the need of any field 
enhancement effect. Simultaneous acquisition of the topography, elastic scattering and Raman scattering 
maps, allows for unambiguous identification of different species chemical. The comparative analysis of the 
three images permits to identify and eleminate the eventual Occurrence of fictitious contributions in the 
Raman map (artifacts). 

The results we report on concern two high Raman-efficiency molecular samples: a 7,7',8,8'- 
tetracyanoquinodimethane (TCNQ) crys.ta1 showing surface defects, and a TCNQ thin film characterized by 
the presence of sub-micrometer sized organometallic copper-salt complexes [l]. In the first case (fig. la) 
the effects of the surface deformation are studied, while in the second sample (fig. lb) we are able to 
chemically image the formation of salt complexes, based on the different Raman activity of the two 
species. Sub-diffraction resolution is achieved in both studies. A comparative analysis with independent 
MicroRaman maps, supports the SNOM results assessing the superior spatial resolution of the Near-Field 

. technique. 

, 
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Figure 1: (a) SNOM analysis of a surface defect in a activity at 1445 cm" in the 
surroundings (- 230 nm) of the defect is depleted probably because of stress relaxation effects. @) 

WQ Integration times as short as 100 ms can be used to dis 
thin film with sub200 nm resolution. 

inate Cu-TCNQ complex 
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Enhanced Light Confinement in a Near-Field Optical Probe 
with a Triangular Aperture 

D. Molenda, LI. C. Fischer, H.J. Maas, C. Hoppener, H. Fuchs, andA. Naber 
Physics Institute, Wilhelm-Klemm-Str. IO, 048149 Munster, Germany 

For most applications, the resolution capability of conventional near-field optical aperture probes on the 
basis of metal-coated tapered glass fibers is limited to -80-100 nm [l]. One reason for this is the low 
transmission efficiency of aperture fiber probes which is a result of a relatively small full taper angle of 
20°-400 [l]. A second reason for the limited resolution capability is the unfavourable distribution of the 
light electric field in close vicinity to the aperture. In a circular aperture, the incoming field is strongly 
enhanced at opposing metallic edges, thus producing at least two well-separated near-field optical light 
sources of equal brightness. Apparently, a substantial improvement of optical resolution would result if it 
were possible to enhance the field at one edge clearly more than at the others. This can, however, only be 
accomplished by reducing the symmetry of the aperture. 

We introduce here a new concept for an aperture probe which exhibits considerably improved 
' properties regarding transmission as well as light confinement [2]. A fundamental feature of this probe is an 
aperture with a shape of an equilatedl triangle. By means of a new optical characterization method [3], we 
are able to show, that a triangular aperture ("A) has a clearly predominant field enhancement at only one of 
its three edges when it is illuminated with light of suitable polarization. Thus, compared to a circular 
aperture of equivalent sue, the optical resolution capability is approximately doubled without a 
corresponding loss of brightness. 

We have developed a simple method which allows us to fabricate TA Probes with a small aperture size 
and a full taper angle of - 9 O O .  The glass body has a shape of a tetrahedron and an ultra-sharp tip with a 
radius of curvature of only a few nanometers. After rotational evaporation of the glass body with -100 nm 
aluminum, an aperture at the very end of the coated tip is created by controlled squeezing against a smooth 
substrate. The ultra-sharp comer enables us to form routinely even small apertures with high accuracy. 
From the geometry of the glass tip, the apertures are expected to have a shape of an equilated triangle. It is 
demonstrated, that a TA probe is particularly suited to fluorescence measurements in a resolution range 
clearly < 40 nm. 

Figure 1 : SEM images of a Triangular-Aperture Probe. Size of images: 1.4 p. 
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Catalytic Hydrogenation of Benzene on Single Catalytic Sites 
studied by Near-Field Raman Spectroscopy 

Christian Fokas and Renato Zenobi, Department of Chemisty, Swiss Federal Institute oy Technology, 
ETH-Honggerberg, HCI, CH-8093 Zurich, Switzerland. 

Volker Deckert. Institutfir Angewandte Photophysik, TU Dresden, D-01062 Dresden, Germany. 

Heterogeneous catalysis is of great industrial importance, but for many widely used catalytic processes, 
fundamental understanding is incomplete. One difficulty is that catalytic processes often take place at 
elevated pressure and temperature that prevent their study with the tools of ultrahigh vacuum surface 
science. A second problem is that reactions take place at nanometer sized catalytic metal grains finely 
dispersed on an inert support material. Methods with excellent spatial resolution and yielding a high degree 
of molecular information are thus required. in this presentation, we show how scanning near-field optical 
microscopy (SNOM) coupled with surface-enhanced Raman spectroscopy (SERS), a vibrational 
spectroscopy method, can be used to analyze chemical transformations at single catalytic sites [l]. 

The reaction we have chosen for study is the hydrogenation of benzene to cyclohexane taking place on a 
6H12. A comprehensive set of Raman spectra was recorded for normal 

and deuterated benzene, cyclohexane, but also possible intermediates such as cyclohexene, 1,3- 
cyclohexadiene, and 1 ,kyclohexadiene, both for bulk liquids as well as for surface adsorbed compounds. 
This is important for unambiguous assignemnt of the reactands, intermediates, and products on the catalyst. 
The catalyst surface itself was produced by photolithographic etching, followed by metal deposition into 
the etched pitches [2]. This results in isolated, individually addressable metal grains on its surface. The 
grains consisted of silver (for enhancement of the Raman scattering) covered with a very thin layer of 
palladium (for catalytic activity). Near-field Raman spectroSCopy was done with a spatial resolution in the 
50’- 100 nm range, using a modified near-field instrument (Aurora, VeeCdThmomicroscopes) and high 
optical throughput, etched aperture probes. It was possible to operate the entire set-up under reactive 
conditions. 

The Raman spectra revealed the presence of surface bound molecular species that were chemically 
distinct fiom either the reactants or the products. A surprise was the discovery that even pure silver grains 
show some catalytic activity fot benzene hydrogenatim. A possible chemisorbed surface species formed 
by a Diels-Alder reaction was observed when 1,3-cycl&exadiene was adsorbed on the catalyst. 
Furthermore, this compound produced a fluorescent species on the nonreactive part of the support surface, 
whose spatial distribution was also imaged by SNOM. Finally, SNOM / Raman line scans over a single 
catalytic site reveal the spatial distribution of the SERS enhancement as well as the association of reactive 
intermediates with the catalytic sites. 
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Imaging ferroelectric domains by 
electro-optically modulated near-field microscopy 

T. Otto, S. Grajitriim, F. Schlaphof; H. Chaib, and L.M. Eng, 
University of Technology Dresden, Institute of Applied Photophysics, 01 062 Dresden, Germany 

otto@iapp.de , www. iapp. de 

We report on a novel method for imaging domains in a ferroelectric crystal by means of electro-optical 
near-field microscopy, which makes use of the symmetry breaking induced by the electreoptic effect (see 
Fig. la). The sample is illuminated locally through a glass fiber tip while the transmitted power is collected 
with a microscope objective. The spatial contrast is due to the birefiingence associated with the ferroelec- 
tric polarization. We exploit the electro-optic effect for modulating this birefringence by applying an alter- 
nating electric field between the tip (made conductive by a thin chromium layer) and the sample back elec- 
trode. This makes phase-sensitive detection applicable, providing a very high sensitivity. At the same time, 
the electro-optic modulation breaks the symmetry between antiparallel domains, thereby making such do- 
mains optically distinguishable. We show that the three-dimensional optical indicatrix orientation of a fer- 
roelectric system may be obtained from one single image scan (see Fig. lb). The resolution achieved at 
domain boundaries in BaTiO:, was estimated to be about 250 nm. Note that this result applies for a tip hav- 
ing no additional aperture beside the fiber core. Therefore, the high resolution is det-ed by the small 
volume underneath the tip which is affected by the modulated electric field rather than the optical spot size. 
A simple theoretical model based on Fresnel's law together with the optical and electmoptical constants 
taken fiom the literature [2] is in good agreement with the experiment. 

' 

Figure 1: 

(a) Principle of EO-SNOM. 
The optical properties are modulated 
by an alternating external electric field 
which leads to a modulation of the 
transmitted light intensity that is d e  
tected with its amplitude and phase. 

(b) EO-SNOM image on a BaTiq single 
crystal taken with a chromium-coated 
fiber tip (aperture equals approx. fiber 
core of d = Spm). In addition to a- and c- 
domains, one can also clearly distinguish 
antiparallel a- and c-domains. 
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Photo-initiated Energy Transfer in Nanostructured Complexes 
Observed by Near-Field Optical Mic 

Gregory A .  Wurtz, Jasmina Hranisavljevic, Jin-Seo Im and Gary P. Wiederrecht, 
Chemistry DiLision, Argonne National Laboratory, Argonne, Illinois 60439-4831. 

Metallic particles of nanometric size manifest a variety of remarkable behaviors. Depending on 
whether these particles form semicontinuous films or well defined arrays they can show strong localization 
of electromagnetic modes or support controlled propagation of the light below the diffraction limit [ l ,  21. 
Complex systems made from metallic nanoparticles are extensively used in spectroscopic techniques where 
they trigger non-linear effects as in surface enhanced Raman spectroscopy (SERS) leading to signal 
enhancement from adsorbed spe'cies of many orders on magnitude ( lo4 is typical). Although little has been 
done to characterize the near-fields originally responsible for effects like SERS, it is clear that the ability to 
characterize optical fields produced by nanostructured objects is of primarily importance to comprehend, 
control, manipulate and eventually design devices or efficiently implement experiments based upon near- 
field interactions. 

We report the characterization of the field distribution around metallic nanometer-sized particles using 
scanning near-field optical microscopy (SNOM). Special attention has been paid to the optical interaction 
between the particle and the J-aggregate from cyanine dyes adsorbed on the particle's surface. Comparing 
results obtained on bare particles and J-aggregate coated particles we show that the near-field contrast is 
sensitive to optically induced energy transfer occurring between the particle and the J-aggregates. For bare 
silver particles a large field enhancement is observed at a wavelength of 404 nm in TM polarization. Both 
distribution and intensity of the scattering pattern are interpreted to be the result of the contribution of the 
particle plasmon resonance to the diffracted field [3]. Near-field images reveal that this enhanced field is 
efficiently absorbed by the J-aggregates upon optical excitation of the particle's plasmon band. We will 
discuss our near-field observations on the bases of far-field time resolved measurements that suggest that a 
charge transfer follows optical absorption from the particle [4]. 

This work was supported by the Division of Chemical Sciences, Office of Basic Energy Sciences, U. S. 
Department of Energy under contract W-3 1-109-Eng-3 
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Investigation of aperture SNOM levers 
fabricated by FIB patterning and wet chemical etching 

J.  Renger. S. Grafstrom and L.M. Eng 
Institutfir Angewandte Photophysik, TLI Dresden, P O I  062 Dresden, Germany 
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B. Schmidt and L. Bischox Forschungszentrum Rossendo6 PO1314 Dresden, Germany 
B. Kohler, Fraunho$r Institutfir Zerstorungsfieie Mfiedahren - EADQ, 0-01326 Dresden, Germany 

Aperture probes for near-field optical microscopy are currently limited in tip geometry due to the etching 
process involved in the production of fiber tips [I] or the principal crystallographic planes when dealing with 
Silicon-based SNOM tips integrated into a microfabricated cantilever [2]. Also, the reproducibility in tip 
production is still small. Therefore, a novel concept for the micofabrication of aperture SNOM probes with user- 
defined shapes and aperture sizes has been proposed by Schmidt, Bischoff and Eng 131. These tips are directly 
incorporated into a cantilever the properties of which may be varied in a broad range. We believe that these 
SNOM-levers will offer novel applications in biology and material science. 

To produce such cantilevers with an integrated optical tip, focused ion beam (FIB) 3D-patterning was used to 
define both the tip and cantilever as a monolithic structure in the silicon substrate. By varying the ion dose of 
implanted Gallium (Ga) ions we are able to construct levers with various force constants at small cantilew 
lengths of < 20 prn (see Fig. la). A point-like FIB irradiation of Silicon leading to hole eraion by sputtering 
allows us to produce tips having a truncated Gaussian shape of high aspect ratio (see Fig. 1 b). Various forms are 
possible, including open and closed tips. This method allows to achieve hollow tips of less than 100 nm in 
diameter. The cantilever and tip structure predefined by Ga'-FIB implantation and sputtering is subsequently 
etched in KORH20 solution to remove the surrounding, non-irradiated Silim. Gadoped areas are more 
resistant against the etchant during the wet anisotropic etching process [4] so that the SNOM lever finally is 
formed as a &-standing structure. 

We present investigations of the mechanical and optical properties of the levers and the tips, respectively. 
The micromechanical cantilever structures with lateral dimensions of a few microns and a thickness of only 
some tens of nanometers were tested interferometrically to deduce their lowest mechanical resonance frequency 
which was found to be in the range of 0.5 to 5 MHz, depending on their lateral dimensions and the cross 
sectional shape. The corresponding spring constants range from 0.01 to -1 N/m therefore offering the 
incorporation in many applications. For studying the optical properties the light transmission thruugh as- 
constructed apertures within a flat extended support was investigated for different apertures and cone sizes. 

Fig. I :  (a) FIB microfabricated cantilevers of dfferent sizes, and (b) hollow aperture tips of different shapes. 
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Light Delivery for Heat Assisted Magnetic Recording 

W. A.  Challener, C. D. Mihalcea, K. R. Mountfeld and K. Sendur 
Seagate Technoiogy, Pittsburgh, PA 15203 

Storage densities of magnetic hard disc drives have exceeded 100 Gbpsi in the laboratory, 
corresponding to bit cell dimensions of 170 nm by 37 nm. The dimensions of the magnetic grains in each 
bit cell have also been reduced to maintain a sufficient signal-to-noise ratio. As grain size is reduced, the 
magnetic anisotropy of the grains must be correspondingly increased to maintain thermal stability of the 
magnetic state of the grain. The large anisotropies of these grains at the highest storage densities require 
recording fields near the limits available with conventional recording technology. To reach much higher 
densities one proposal[l] is to preheat the bit cell to reduce the anisotropy of the grains during recording. 

Optical power densities for recording conventional magneto-optic media are on the order of 10 
mW/pm2. Heat assisted magnetic recording with a focused optical spot in the far field has been 
demonstrated at these optical power densities.[ 1,2 J We are investigating, techniques to deliver optical 
power with high efficiency to bit cells in the media with dimensions less than 50 nm. 

Surface plasmon enhanced optical transmission through sub-wavelength holes[3] may be one 
method to obtain the required power densities. In one experiment a collimated laser beam at 660 nm was 
incident upon a 50 nm gold film through a glass substrate (Kretschmann configuration) in which there was 
a 10 x 10 m y  of holes in the gold film. The diameter of each hole was 50 ntn and the angle of incidence 
was varied to excite the surface plasmon in the gold film. At resonance the intensity of the transmitted 
light was about twenty-five times larger than would be expected by the total cross sectional area of the hole 
array. 

This work was performed under the s mmerce, National Institute of 
Standards and Technology, Advanced Technology Program, Cooperative Agreement Number 
70NANB 1H3056. 
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Scanning Near-field Optical Quantum Computer 

S. K. Sekatskii, M. Chergui, G. Dietler, Institut de Physique de la Matisre Condenste Universitk de 
Lausanne, BSP, CH IO15 Lausanne - Dorigny, Switzerland 

An idea to use the Fluorescence Resonance Energy Transfer (FRET) between a single fluorescence 
center of the SNOM tip and the sample for the drastic improvement of the spatial resolution and other 
characteristics of Near-field Optical Microscopy has been introduced a few years ago [ 11, and recently the 
first FRET SNOM images were demonstrated [2]. Here we show that similar approach, when applied at 
liquid helium temperatures with the rare-earth dopant ions in crystals as the fluorescence centers, can be 
used for quantum computing, preparation of non local multiparticle entangled states and other experiments 
in the field of the quantum rnecanics foundation [3]. 

It was earlier demonstrated that the transverse relaxation time 2'' (decoherence time) is close to the 
radiation decay time and lies in a micro- or even millisecond region for a number of rare-earth ions in 
crystalline matrices at liquid helium temperature. For example, the value Tz = 2.6 ms was reported for the 
'Fo - 'Do transition of Eu3+ ion in Y2SiOs crystal [4]. Under these circumstances FRET, which is usually 
completely incoherent and irreversible process, becomes a coherent and reversible one. (Indeed, coherent 
interactions have been already observed for doublet and quartet Nd" ions in CaF2 crystal [5]). Electronic 
excitation flows between donor and acceptor back and forth with a period of TmT = d I addA. 
Here dDeA are donor's and acceptor's dipole moments, r - distance between them and factors 4 Ktake into 
account relative orientation of the interacting dipoles and overlapping of their spectra. We show that for a 
typical case the characteristic Fijrster distance (at such a distance the FRET rate is the same as the donor's 
radiation decay rate) is equal to -20 nm. Thus the parameters involved (time scale of a few microseconds 
and distance scale of a few nanometers) fall well withii the reach of modern AFM/SNOM technology. Let 
us illustrate how the proposed approach can be used for the preparation of non local multiparticle entangled 
states [3]. First, one prepares excited donor center located in the probe microscope's tip apex; acceptor 
centers located in the sample are unexcited. Then we can apply the HV pulse onto the tip carrying piezo in 
such a manner that after its end we will have two - particle donor - acceptor system in any desired quantum 
state, including e. g. the Bell state I B >= (1 /a)(I D*A > + I DA* >) . Here asterisk denotes the 
electronic excitation location. To create this Bell's state, the pulse should be such that the donor - acceptor 
distance r(t) has the following d$amics : ](2a&p, Id (t))dt = Z/2 ; we name it Z12 -pulse. For 
example, for the aforementioned Eu3' ions in Y2Si05 crystal, initially located at the distance of 2 pm from 
each other, one needs the HV pulse of an amplitude of 199 V and duration of 20 ps to implement such a 
n12 - pulse. Rcpeating this process with already entangled donor and other acceptors we will be able to 
prepare three - particle entangled states, four - particle entangled states, and so on. These states can be 
extremely nonlocal because there is sufficient time to increase the interparticle distance up to a few 
millimeters and more. Thus, these states have obvious connections with the experiments aiming the 
verification of the quantum mechanics foundations. Modifications of the proposed scheme can be used for 
quantum computing and related problems, which also will be discussed at the Conference. 
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Near-field super-resolution effects of a Zn o thin film 

Wei Chih t in,  Hsun Ha0 Chang, Yu Hsuan Lin. Yuan Hsin Fu, Din Ping Tsai 
Department of Physics: National Taiwan University 

Taipei, Taiwan 1061 7 

Super-resolution near-field structure (super-RENS) was first reported by Tominaga et al. in 1998. They 
have successfully shown that a multi-layered structure of polycarbonate/SiN (170 nm)/Sb (15 nm)/SiN (20 
nm)/Ge~Sb2Tes (I5 nm)/SiN (20 nm) on a digital versatile disk (DVD) gives the estimated recorded mrks 
of 90 nm at a constant linear velocity of 2.0 m/s. The carrier-to-noise ratio (CNR) can be more than 10 dB. 
Super-RENS is considered a more feasible way of the near-field optical recording with simpt recording 
head design, less mechanic damage, and high recording speed. 

We investigate the possibility of a new type near-field super-resolution optical structure, polycarbonate/ 
ZnS-Si02 /ZnOJZnS-SiOz /GezSbzTe5/ZnSSi% . Figure ](a) shows the structure of the new type super- 
RENS that we investigated. The active layer is a 15 nm Zna'thin film The active layer of ZnO, and 
recording layer of GezSbzTe~ are both the asdeposited thin films sputtered by a RF-reactive ion-sputter. 
The carrier-to-noise ratio (CNR) is obtained by using DVD optical disk tester from Pulstec Inc. (DDU- 
1000, wave length = 637 nm, NA = 0.6). Figure l(b) shows the preliminary result of CNR values of various 
recorded mark size for the phasechange DVD disk consists of polycarbonate/ZnS-SiQ/ZnS- 
Si@/Ge2Sb2Tes/ZnS-Si@ and ZnO, type super-RENS. The write power, erase power, bottom power, and 
the readout power are 5.8 mW, 0 mW, 0 mW, and 3 mW, respectively. The NA of objective is 0.6, and the 
wavelength of laser is 637 nm, the results of CNR clearly show the multi-layered thin film structure is 
feasible for the super-resolution beyond the diffraction limit. 

Polycarbonate 

Ge2Sb2Te,(20nm) 
ZnS-SiO,( 20nm) 

!3, polycarbonate / ZnS-Si@/ ZnOJ ZnS- 
Si@/GezSb2Tq/ZnSSi%. Fig l(b) is the CNR values of various recorded mark size for the p 
DVD disk and ZnOx super-RENS. 
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Near-field radiation efficiency of a bow-tie antenna in the 
presence of recording media 

I. K.  Sendur, W. A .  Challener, Seagate Research, Pittsburgh, PA 15203-2116. 

ConventioRal magnetic recording techniques will likely reach physical limits t o  storage density which 
are due to the super-paramagnetic effect. Some recent studies have investigated heat assisted magnetic 
recording (HAMR) to overcome this limit. The HAMR technique uses a focused optical beam from a laser 
to reduce the coercivity of the medium. For future storage dengities, intense optical spots well below the 
diffraction limit are required in a HAMR system. 

Recent advances in near-field optics suggest spatial resolution significantly better than the diffraction 
limit. We have investigated the bow-tie antenna as a near-field optical transducer which combines spatial 
resolution well-below the diffraction limit with transmission efficiencies approaching unity. Efficiency of this 
antenna was illustrated in the microwave region via laboratory experiments, and the possible application 
of this antenna at optical frequencies was d&cussed. Although the concept of using this antenna seems 
very promising, the underlying physics at optical frequencies is different and more complicated than the 
microwave region due to surface plasmon effects in metallic films. A verification of this performance at 
optical frequencies and a better understanding of the underlying physics is very desirable. 

In a recent study, Oesterschulze et  al. [I] proposed a high transmission probe based on a bow-tie antenna. 
They presented numerical simulations of various geometries involving hollow pyramidal silicon dioxide tips 
that are partly covered with aluminum resulting in a tilted bow-tie antenna. These simulations a t  optical 
frequencies illustrated improved transmission efficiencies for the new probe design compared to the conven- 
tional aperture tips. 

Jn this study we investigate the possible utilization of the bow-tie antenna to obtain intense optical 
spots below the diffraction limit. We use commercially available finite-difference time-domain (FDTD) elec- 
tromagnetic modeling (EM) software in our numerical simulations. First, the modeling capabiities of the 
FDTD sofiware at optical frequencies are investigated by comparing the results with the analytical solutions 
of Mie scattering of various metals. Such a Verification at optical frequencies is crucial, since some EM soft- 
ware makes assumptions which are not d i d  at optical frequencies. Next, we present numerical simulations 
for various geometries involving the bow-tie antenna. Our numerical simulations suggest that the near-field 
radiation pattern of a bow-tie antenna is significantly affected by the presence of recording media. Further- 
more, we investigate the effects of composing material, frequency, antenna geometry, and configuration on 
the near-field radiation pattern using numerical simulations. Optical spot sizes and transmission efficiencies 
for various configurations are reported. 
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Local Imaging of Photonic Structures: Image Contrast from 
Impedance Mismatch 

G. W. Bryant, 
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Image contrast remains an ubiquitous issue for near-field optical microscopy. Local imaging of even the 
simplest photonic structures can produce surprising results that must be analyzed carefully to correctly 
identify the contrast mechanisms. 

Photonic stiuctures made from square arrays of air holes in SiN membranes are locally imaged by near- 
field scanning optical microscopy (NSOM) in illumination mode[l]. Holes with diameters smaller than and 
larger than the wavelength of light are investigated. Counterintuitively, holes appear dark and the film is 
bright in transmission images for both hole sizes. The contrast& opposite to the expectation based on film 
reflectivity. As shown in Fig. 1, finite-element calculations[l] of the NSOM transmission images of a single 
hole in a SiN film agree well with the experimental images. Surprisingly, the image contrast is determined 
almost entirely by how light is emitted by the tip. The film appears brighter than a hole in the NSOM 
image because more light is emitted from the tip when the film is imaged. Simulations of a tip above a thin 
uniform film show that the core flux, transmitted flux and reflected flux all have the same dependence on 
film index. The drastic increase in core flux when the tip is over a film results from the reduction in tip/air 
impedance mismatch when light in the tip core is forward focused out of the core by the high index film in 
front of the tip aperture. 

This is an example in which contrast is a direct cons uence of strong tip/sample coupling that modifies 
tip emission and is not a consequence of subsequent scattering of the tip field by the sample. These results 
lead to the remarkable conclusion that substantial increases in tip throughput can be achieved simply by 

__- - 

Figure 1: (a) The calculated NSOM transmission scan of a thin SiN film with a 100 nm radius hole and 
the calculated flux emitted from t ore. Scans are parallel and perpendicular to the tip polarization. (b) 
Calculated dependence of the flux emitted by.the tip core, transmitted to  the far-fieId, and diffracted back 

m uniform film placed 20 nm in front of the tip aperture. 
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Towards single-photon tunnelling 

I.I. Smolyaninov, C. C. Davis, 
University of Maryland, ECE Department, College Park, M D  20742. 
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Current progress in nanotechnology is based on such novel quantum electronic devices as single-electron 
transistors, quantum dots, quantum wires, etc. At the same time, there is a strong tendency to replace 
”slow” electronic devices with “fast” photonic ones. This drive is especially evident in the areas of com- 
puting and communication. Here we report strong evidence of a single-photon tunneling effect, a direct 
analogue of single-electron tunneling. 

Classical realization of light tunneling is based on a glass surface illuminated in the total internal reflec- 
tion geometry, e.g., using a prism. In this case, all incident light is reflected and only an evanescent field 
(exponentially decaying from the surface) exists over a smooth surface. If for example a tapered glass fiber is 
placed sufficiently close to the glass-air interface, the evanescent field is transformed into propagating waves 
in the fiber. Thus, optical tunneling through an air gap (which can be considered as a tunnel barrier) occurs. 

If a nanometer-scale object exhibiting well defined localized electromagnetic modes is placed in the tun- 
nel gap, tunneling from the sample into the fiber tip is facilitated at the frequency of tunneling photons 
which is in resonance with some localized optical mode of such object. Similar to single-electron tunneling, 
which is observed in systems in which tunneling electrons significantly modify the energy spectrum of lo- 
cal density of states (LDOS); tunneling photons can significantly modify the LDOS spectrum of a system 
exhibiting third-order nonlinear effects through local changes of the dielectric constant. As a consequence 
of the refractive index change, the polarizability and, therefore, the LDOS of the system are modified. 
Excitation of localized electromagnetic modes (in simple case, localized surface plasmons) may lead to very 
large local electromagnetic field intensity enhancement because of the very small volume of these modes, 
thus requiring a very low illuminating light intensity for observing nonlinear effects. 

In this scenario, the photon which is close to the resonance of the LDOS spectrum tunnels through a 
barrier via a localized surface plasmon (LSP). The electric field of this LSP acting on the nonlinear material 
results in a shift of the LDOS spectrum according to the refractive index change, thus blocking tunneling 
of subsequent photons. Only when the LSP is radiated and after the nonlinear material is relaxed into its 
initial state, the LDOS resonance at this wavelength is recovered, and another photon can tunnel. There- 
fore, the temporal behavior of the tunneling is governed by the time of nonlinear material thermalization 
and the localized surface plasmon lifetime. 

The measurements of light tunneling through individual subwavelength pinholes in a thick gold film 
covered with a layer of polydiacetylene provide strong evidence of singlephoton tunneling. While the de- 
pendencies obtained for larger pinholes were linear, transmission of some small pinholes exhibited saturation 
and even staircase-like behavior. The experimental data has been fitted assuming the intensity dependent 
LDOS resonances analogous to the model described above. The fitting curves obtained with one and two 
intensity dependent local plasmon resonances show good agreement with the experiment. Single-photon 
tunneling effect may find many applications in the emerging fields of quantum communication and infor- 
mation processing and can be used for light manipulation in active elements of photonic circuits. 

i 02 



Optical Near Fields and the Degree of Polarization 
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The degree of pol ion is an important quantity for characterizing electromagnetic fields, as it de- 
scribes the correlations that prevail between the orthogonal components of the electric field. Conventionally, 
the state of polarization of a fluctuating electromagnetic field is considered in terms of the 2 x 2 coherence 
matrix or the related four Stokes parameters. The two-dimensional formalism applies to fields having planar 
wavefronts, such as well-collimated and uniform optical beams or radiated wide-angle far fields, which can 
locally be considered as planar. However, the two-dimensional techniques are inadequate to describe the 
partial polarization-of arbitrary fields and optical near fields, in particular. 

For arbitrary electromagnetic fields, the 3 x 3 coherence matrix contains all information required to 
describe the partial polarization of the field [l]. Analogously to the 2D case, we expand the coherence 
matrix in terms of proper basis matrices, which we choose to be the Gell-Mann matrices or the eight 
generators of the SU(3) symmetry group. By doing so, the nine expansion coefficients are seen to have 
physical interpretations similar to  those of the four Stokes parameters in the 2D formalism, and therefore, 
we may interpret the coefficients as the generalized Stokes parameters. Using this analogy with the 2D case, 
we are led to a formula for the degree of polarization, 9, of three-dimensional fields [2, 3, 41, 

Here 9 3  is the 3 x 3 coherence matrix, tr stands for the trace operation, and Aj (j = 0...8) are the 
nine generalized Stokes parameters. From the first form of Q. (1) we immediately see that the degree of 
polarization is invariant under unit ansformations, and thus, it is independent of the orientation of the 
orthogonal coordinate system. It can also be shown that the value Eq.  (1) gives for the degree of polarization 
is bounded to the interval 0 5 P3 5 1. More importantly, physical insight into the 30 degree of polarization 
can be gained by express 
the orthogonal electric fi 

where & ( i  = z, 9, z) s 
quation (2) states that the square of the degree of polarization is always greater than 

e of the squared correlations weighted by the corresponding intensities. The equality 
holds for such an orientation for which the e same. In that case, the square of 
the degree of polarization reduces to the pure average of the squared correlations. We emphasize that the 
dimensionality (2D vs. 3D) is a crucial issue as regards the quantitative value and the interpretation of the 
degree of polarization. 
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Giant Optical Transmission through a Sub-Wavelength Aperture 

Tineke Thio, G.D. Lewen, K.M. Pellerin, R.A. Linke, NEC Research Institute, Princeton NJ 0854. 

H.J. Lezec and T. W. Ebbesen, ISIS, Universitd Louis Pasteur, 67000 Strasbourg, France. 

The transmission of light through an aperture in a metal film is very small when the aperture diameter d 
is smaller than the optical wavelength h; deep in the sub-wavelength regime (d<<h) the transmission T, 
normalised to the aperture area, is expected to scale as Tlf-(dA)4. The low throughput makes it difficult to 
use apertured probes for high-resolution applications which also require high intensities. 

However, when the aperture is placed in a metal film which has periodic surface corrugations, the 
optical transmission can be enhanced by up to several orders of magnitude, and can be as large as T/fi3, 
that is, three times more light is transmitted than is directly impinging on the aperture, despite the fact that 
the aperture diameter is well in the subwavelength regime. [I]  

The astonishingly high transmission efficiency is a consequence of a resonant interaction between the 
incident light and surface plasmon polaritons at the corrugated surface. The interaction is allowed by the 
periodic surface corrugation, and the resonant wavelengths are determined by the lattice constant of the 
corrugation, as well as the dielectric constant of the adjacent medium. The resonant wavelength is thus 
tunable. 

Conversely, the single hole acts as a probe of the surface plasmon modes at the metal surface. The 
infbrmation we have gleaned about the surface plasmon modes have enabled us to optimise the surface 
corrugation geometry for maximum transmission enhancement through the central aperture. The structure 
with the highest transmission enhancement is a set of ring grooves around the central aperture, where the 
groove width is half the radial periodicity, and the groove depth is a few times the skin depth of the metal. 
Furthermore, we find that the light coupling into the hole is optimised when the shape of the aperture 
entrance matches that of the surrounding corrugation. The resolution of the device is determined by the 
exit diameter. 
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This phenomenon holds an immense potential for applications which require both high resolution and 
high throughput. This includes high-speed applications suh as high-density optical data storage, and 
NSOM of low-efficiency processes such as Raman scattering or non-linear optical effects. 
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3D Electro-magnetic modeling of apertureless SNOWAFM cantilever 
1 probes 

L. Vaccaro, H. P. Henig, R. Dandlikzr, 
Institute of Microtechnologv, University of Neuchdtel, Neuchdtel. Switzerland. 

In spite of the significant progress observed in the fabrication of near-field probes, the procedure to obtain a 
smooth tip surface with a clear sub-100 nm aperture is expensive and time consuming. Recently, 
apertureless silicon cantilever-based probes for near-field scanning optical microscopy have been batch 
fabricated using micromachining technology [I]. The probes comprise a 25 pm quartz conical near-field tip 
on a silicon cantilever. Transmission electron microscopy reveals a 60 nm thick polycrystalline aluminum 
layer, that completely covers the quartz tip. Far-field measurements show the typical polarization properties 
of conventional SNOM aperture probes. An optical transmission of 10 -’ has been measured in the far field 
and an excellent resolution is obtained in the neardield [2]. 
Numerical simulations have been performed to demonstrate that when the light is focused on the rear part 
of the cantilever a region of high intensity is localized at the tip apex. The study has been carried out using 
of a program that solves the Maxwell equations in integral form (MAFIA4, CST GmbH, Germany). 
Three-dimensional modeling confirms the non-zero optical transmission. More specifically two non- 
degenerate hybrid modes, EH and HE, are propagating into the structure’. As displayed in the figure, the 
energy distribution plotted at different distances in the x-y plane above the apex shows a strong 

‘ 

lorn, 400m confinement of the field for EH modes. Its width 
will be discussed as a function of different 
geometrical parameters, such as cone angle, tip 
diameter etc. For the HE modes two very sharp 

Y’ peaks appear on the side of the tip apex. And, 
already at very short distance, they merge into 
the two giant lobes that are emerging from the 
side of the cone. These results correspond to the 
different behavior of s- and pipolarization in 

,r2- scattering of evanescent waves from 

subwavelength structures €31. 
The far field energy pattern calculated at 400 nm 
above the apex is in very good agreement with 
the experimental data for both modes 

Figure 1 : Field intensity plotted at different 
distances from the tip apex 
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Polarizing effects of near field probes determined by multiple 
heterodyne detection 

P. Tortora, L. Vaccaro, R. Dandliker, H. P. Henig, 
Institute of Microtechnology, University of Neuchlitel, Neuchdtel, Switzerland. 

Photon scanning tunneling microscopy [PSTM] has been recently used in many fields of optics to 
determine the evolution of electromagnetic waves in the near-field zone, revealing to be a reliable and sub- 
wavelength resolving technique. Many of the experiments involving PSTM have showed unexpected as 
well as unusual optical effects. In particular, PSTM has been recently used to study the propagation of the 
different modes within optical waveguides [ 11. After exciting in the same waveguide TE and TM modes, an 
unexpected beat pattern was detected in the evanescent field at the waveguide-air interface. The same result 
has been reached employing a PSTM set-up integrated with a heterodyne technique [2], that allows 
simultaneous amplitude and phase measurement of the local optical field with subwavelength resolution. 
Here, phase mapping shows the appearance of phase singularities across the waveguide in correspondence 
with the beating locations. As reported by [3] we believe that the observed results are induced by the near 
field detection, with the fiber probe generally used in PSTM In fact, the polarization effects in the near field 
conversion by SNOM probes are not well understood [4]. In this framework it appears important to 

introduce the notion of vectorial optical transfer functions. 
A new set-up will be presented, aiming the measurement of the vectorial near-field probe optical transfer 
function. It consists, basically, of a four beat signal heterodyne technique. In this new set-up both signal 
and reference beams contain TE and TM components of equivalent intensity. Every component of the two 
beams is modulated at a different frequency (a,,.. a,) by means of four acousto-optic modulators. The tip 
of the fiber probe interacts in free space with the signal beam. The coupled light interferes with the 
reference signal producing four beat signals modulated at a,- aj (for i=1,2 and j=3,4). This provides a 
labeling that allows to distinguish amplitude and phase properties of the coupling, depending on the 
orientation between the E vector and the tip axis. By appropriate orientation of E-vector with respect to the 
tip axis we can determine the Jones matrix (and hence the transfer function) of the total system "tip-fiber". 
We aim to exploit this method to determine the polarization state in optical near fields, information not yet 
experimentally accessible [SI.. 
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Comparison of linear and second harmonic images of dielectric dots in 
near-field optical microscopy 
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Several groups have succeeded to performe near-field optical microscopy with non-linear processes. 
Their results are so encouraging that norrlinear near-field microscopy could be a new tool to probe 
surfaces with a high lateral resolution. 

In this paper we use a perturbative approximation of the Rayleigh method to compare the linear and 
non-linear (second harmonic) Scanning Near Field Optical Microscopy images. The sample is a two- 
dimensional grating of KDP dots. They are illuminated by external reflection and a SNOM image is 
obtained by a tip used in the collection mode. For the calculation, a plane wave expansion at the two 
frequencies, 0 and h a r e  used in vacuum and in the sample. Then the boundary conditions are matched for 
the fields at 61 which leads to the transmitted field. The second harmonics polarisation is thus deduced and 
we can calculate the near-field at 2w. 

Figures below show the images of the same square dot (IOnm height, 20Onm width) obtained with a 

eld images of a KDP dot (1Onm height, 20Onm width) obtainedin near-field microscopy at 

with other theoretical studies and ex 
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Near-field optics using super-resolution near-field optical structures 

D. P. Tsai, W. C. Lin, H. l! Lin, E H. Ho, H H. Chang, Y. H.  Fu, Y. H. Lin 
Department of Physics, National Taiwan University, Taipei 106, Taiwan 

Super-resolution near-field optical structure was first applied in the near-field recording by Tominaga 
et al.[ 1-21. An active layer of Sb or Ago, thin film was prepared along with a dielectric spacing layer to 
perform similar function of a fiber probe. However, the detailed mechanism of the active layer is still the 
key issue of the study and application of the super-resolution near-field optical structures[3-8]. In this 
paper, the near-field optics of the surface plasmons enhanced super-resolution near-field optical structures, 
substratel ZnS-Si9 (1 70 nm)/ Ago, (15 nm)l ZnS-SiQ (40 nm) or substratel Z n S S i q  (170 nm)/ ZnO (1 5 
nm)/ ZnS-Si@ (40 nm) have been studied theoretically and experimentally. Nonlinear near-field optical 
effects and enhencement of the near-field intensity were found. Fig. I(a) is the near-field optical 
measurements of the intensity profile of the focused spot on a glass slip and a cover glass slip coated the 
super-resolution strucutre. A strong peak enhancement of the transmission intensity is clear shown. Fig. 
l(b) displays the near-field transmission values of peak intensity at various incident power for a focused 
laser spot on both super-resolution structure and reference glass slip. The excited localized surface 
plasmons were proposed as the fundamental working mechanism of the super-resolution near-field optical 
structutres. Applications of the ultrahigh density near-field optical recording, nanoIithography, and 
nanoscopy using various super-resolution near-field optical structutres demonstrate the novelty of this 
technique. 
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(a) (b) 
Figure 1. (a) The near-field optical measurements of the intensity profile of the focused spot on reference 
glass slip and super-resolution strucutre. @) The near-field transmission values of peak intensity at 
various incident power for super-resolution structure and reference glass slip. 
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Three Dimensional Simulation of Optical Waves in a 
Subwavelength- sized Aperture in a Thick Metallic Screen 
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Department of Electronics and Computer Engineering of Gifu rsity, Yanagido 1-1, Gifu City Japan 
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The interaction between an object and optical near-field in a subwavelength-sized aperture in the metallic 
screen is one of the fundamental physical processes in the near-field optics (NFO) [I]. So, the investigation 
of electromagnetic near-fields in a small aperture in a metallic screen is very important subject of NFO. 
Furthermore, three-dimensional (3D) analysis of electromagnetic fields in an aperture in a metallic screen 
is one of the fundamental problems in electromagnetic theory and has been treated in many papers such 
as famous Bethe's paper [2,3] so far. However, most of the papers treated the case where the screen is the 
perfect conductor that is infinitely thin or that has finite thickness. In this paper, diffraction of optical waves 
by a subwavelength-sized aperture in a thick metallic (dielectric of complex permittivity) screen is simulated 
by the 3D volume integral equation. We consider the scattering problem as follows: A small square-shaped 
aperture whose area is given by a, x ay is made in the thick metallic screen (slab) with thickness w. The size 
of metallic screen is infinite and its relative complex-valued permittivity is given by €1. The optical plane 
wave is assumed to be incident from the region below the metallic screen shown. We solve the problem by 
using the volume integral (Lippman-Shwinger) equation. Since the size of the metallic screen has infinite 
size, the original form of the volume integral equation cannot be used. We derive the new form of the 
integral equation by which we can treat the problem as that the screen has a finite size. Descretizing the 
integral equation by the conventional method, we employed the Generalized Minimum Residual Method 
(GMRES) with fast Fourier transformation (FFT) in order to solve the system of the simultaneous linear 
equations. We can treat the problem that has about a million unknowns by this technique with conventional 
PC. Numerical results were confirmed by using the reciprocity relation. The parameter of the problem is 
given by as follows: the wavelength is X = 488nm incident angle is 6, = cpi = 0.0 (vertical incidence), 
incident electric vector Ei(x) is parallel to the x-axis, aperture size is about a, x a y  = 0.190.19 wavelength 
(about 9393 nm). and complex permittivity of the metallic screen is given by ~1=-7.38- j7.18 (silver). We 
show examples of distributions of total electric near-fields on the aperture are given in Fig. 1 for various 
shapes of the aperture. 

(4 (b) (4 
Figure 1: Total electric near-field distributions on the (a) square-shaped, (b) circular-shaped and (c) 
triangular-shaped aperture in a metallic screen of silver (€1 = -7.38 - j7.18). Three areas of apertures 

I are nearly same. The thickness of the metallic screen is w w 0.3 wavelength (about 147 nm). Electric vector 
of the incident wave is horizontal direction (X=488nm). I 
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Near-field nano-ellipsometer for ultrathin film characterization 
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Department of Electrical and Computer Engineering, University of Minnesota 
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Abstract 

We describe a near-field ellipsometer for accurate characterization of ultrathin dielectric films. Optical tunneling 
through dielectric films mimics the absorption in metallic films, enabling accurate measurement of the index of 
refraction of dielectric film in the ultrathin regime. The possibility of achieving a refractive index resolution of 0.001 
for films as thin as 1 nm is shown by regression modeling. A solid-immersion nano-ellipsometer that incorporates 
this near-field ellipsometric technique with a solid-immersion lens is constructed. Experimental results are included 
to demonstrate the viability of this technique. Such a nano-ellipsometer can accurately characterize thin films 
ranging in thickness from sub-nanometer to microns with transversal resolution on the order of 100 nm. 

I 

110 



Resonance shift effects in apertureless scanning near-field optical 
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roscopy (SNOM) 111 has attracted con erable attention as a technique 
to obtain optical images of objects with subwavelength resolution. One of the most promising techniques 
is apertureless SNOM, where light is focused at  the tip of a scanning probe microscope (SPM) and the 
field enhancement near the tip is used to obtain subwavelength resolution. In this work we consider a 
metallic apertureless tip and a metallic surface and study the effects associated with the shift in energy of 
the resonances of the tipsurface system as the tip approaches the surface. 
The tip is modeled with a finitesize sphere, whose radius corresponds approximately to the radius of 
curvature of the real tip. The main features of the theory employed are: (i) retardation effects are included, 
(ii) higher multipoles of the sphere are taken into account, and (iii) the multiple scattering between the 
sphere and the surface is considered [2]. 
A main result is that the maximum of the si al (far-field scattered intensity) 8s a function of the t i p  
surface distance may appear at m er distances than the maximum of the local-field enhancement, 
contrary to what is sometimes ass some cases, the maximum of the signal appears at  tipsurface 
distances of 10 nm while the maximum local-field enhancement is at a tipsurface distance of approximately 
1 nm (see Fig. 1). Different multipoles are responsible for each maximum: the maximum of the signal is 
associated with lower multipoles while the maximum of local-field enhancement is associated with much 
higher multipoles. This behavior is associated wi shift in energy of the resonances of the coupled 
system tipsurface as the tip approaches the surfa 

Scanning near-field optic 

, 

Figure 1: Scattered far-field amplitude (a) 
distance for a gold tip 

function of the tipsurface 
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Design of near-field optical probes with high field enhancement by finite 
difference time domain electromagnetic simulation 

John i7 Krug, I.., Erik J. Sdnchez, and X. Sunney Xie 
Harvard University Department of Chemistry and Chemical Biology, 

Cambridge, MA 02138 

Aperture near-field scanning optical microscopy (NSOM) provides a means for generating sub- 
diffraction limited optical images. (See Refs. l-3 .) This technique typically utilizes aluminum coated, 
tapered optical fibers as imaging probes. The finite skin depth of metals at optical frequencies, however, 
places a fundamental limit on the spatial resolution obtainable with these probes (-30 nm). This 
fundamental limitation is aggravated by several practical problems with the aperture approach, including 
probe heating, low power throughput, and difficulty in probe preparation. 

Shortly after the development of the mature aperture NSOM technique, a number of groups began work 
on means of generating near-field images with apertureless probes. (See Refs. 4-6.) Early apertureless 
NSOM experiments utilized the probe as an elastic scattering center, and the signal was detected at the 
excitation frequency in the far field. The complex dependence of the far-field signal on the topographic 
features of the samp le renders interpretation of image contrast extremely difficult. Unlike these 
approaches, our new approach uses the apertureless probe to provide a highly localized excitation source 
for a particular molecular transition. (See Ref. 7.) The spectroscopic response of the sample, such as 
fluorescence, Raman or nonlinear response, provides an optical signal at a frequency different from that of 
the excitation, and is detected in the far field. This approach generates images that are relatively simple to 
interpret at resolutions better than -20 nm, though it requires very large field enhancements that can only 
be achieved with well-tailored probe geometries. 

We report the three dimensional electromagnetic simulation of gold nanoparticles with specific 
geometries as a means to the rational design of apertureless NSOM probes. (See Ref. 8.) Analytical 
solutions for field enhancement by spheroidal particles are used to provide physical insight for probe 
design. These solutions indicate that probes need to be not only sharp, but also finite in length in order to 
generate the highest field enhancement. Finite difference time domain (FDTD) simulations of gold 
particles illuminated by near infrared radiation are performed. The FDTD method is applicable to any 
arbitrary geometry of object, and recent improvements in the affordability of computational power have 
made previously cost-prohibitive computations easily affordable. (See Ref. 9) We verify the validity of the 
3-D FDTD method for the simulation of apertureless NSOM probes by comparing the analytical solutions 
of scattering by a gold sphere to the results produced with FDTD simulation. 

Intensity enhancements for right trigonal pyramids are found to be -8000, much higher than for similar 
length conical particles, which in turn perform better than quasi-infinite conical probes previously used. 
The particles we design with FDTD can be made using current nanofabrication techniques, and therefore 
hold great promise as aperturelees NSOM probes. These right trigonal pyramids are particularly well 
suited to use in tip enhanced nonlinear optical microscopy (TENOM) or near-field Raman microscopy. 
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CASSE Formation and Operating Characteristics of 
high resolution Aperture SNOM Probes 

J. Toquant. A. Bouhelier: and D. W. Pohl) 
Institute of Physics, University of Basel, 

Klingelbergstrasse 82, CH-4056 Basel, Switzerland 

Controlled all solid state electrolysis ICASSE) allows to open and close apertures at the apex of silver- 
coated SNOM probes with high precision and reproducibility'**. We integrated this technique into a 
standard SNOM, the probe being mounted in imaging position. A small part of the sample stage is 
reserved for the sdid electrolyte. Control of light transmission during formation provides a measure 
for the aperture size. The opening process is stopped at a predetermined level of transmissivity (Fig. 1 
IhS.). 
Immediately after formation, the probe is ready for imaging: The sample stage just has to be 
transferred from the electrolyte position to the sample position. This minimizes corrosion effects of the 
metal coating and avoids risky manipulations after aperture formation. The SNOM images obtained so 
far provide resolqion in the 40 nm range with good contrast and reproducibility. 
Deteriorations of the aperture after extended usage usually can be repaired by returning to the 
electrolytic formation position. Inversion of the electrolytic process results in deposition of silver at 
the tip apex and subsequent closure of the aperture (Fig.1 rhs.). It turned out that the deposition 
process is less well controllable than that of removal. However, there is no need to stop it at a well 
defined aperture size. Instead, after complete closure, the aperture can be re-opened by the readily 
controllable removal process. The repair capability greatly fcilitates SNOM imaging studies since 
aperture deterioration no longer implies complete interruption and time-consuming re-mounting 
procedures. 

I '  1 
2 

0 

Fig. 1: '2-piezo' extension, current through electrolyte (I) and light flux 
through aperture probe (0) during aperture formation (left: opening, right: 
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Near-field Raman spectroscopy using a sharp metal tip 

A. Hartschuh, N. Anderson, L. Novotny, 
University of Rochester, The Institute of Optics, Rochester, NY 14627. 

Combined with near-field techniques, Raman spectroscopy is a promising tool for identifying and an- 
alyzing the molecular composition of complex materials, providing spatially resolved chemical maps with 
nanoscale resolution. Basic drawback of Raman methods is the comparatively low scattering cross-section 
precluding the detection of single scatterers. However, this drawback can be overcome using surface en- 
hanced raman scattering (SERS). SERS has been shown to provide enormous enhancement factors of up to 

Despite all the activity in SERS, questions concerning the basic mechanisms still remain. It is accepted 
that the largest contribution stems from enhanced electric fields at metal surfaces amounting up to 1011 - 
10l2 131. But, in order to explain the reported factors of lo”, additional mechanisms, e.g. chemisorption 
and charge transfer induced resonance Raman, have to be involved. The electric field enhancement factor 
critically depends on the details of the surface structure, e.g. metal particle size and shape, as well as on 
the respective polarization direction of the incident light field. Whereas single spherical particles produce 
rather weak signals, dimer configurations with light fields polarized along the long dimer axis appear to be 
important (2,3, 41. 

By placing a laser illuminated tip over a particle film, we mimic these configurations and limit SERS to 
the area close to the tip position. A focused Hermite-Gaussian (1,O) beam is used to produce a longitudinal 
electric field along the tip axis, which is required for field-enhancement 15, 6). While raster scanning the 
sample, the topography and Raman signals are recorded simultaneously. 

In order to evaluate the resulting enhancement factors for a particular tip-particle configuration, the 
exact number,’position and orientation of the contributing Raman scatterers have to be known. In the case 
of dye molecules, this can usually not be determined [7,8]. Single-wall carbon nanotubes (SWNTs) render a 
characteristic Raman signal which can be enhanced by at least 1OI2 if in contact with fractal silver colloidal 
clusters [9]. hrthermore, the well defined size and shape of SWNTs offer the possibility to simultaneously 
localize single scatterers topographically, detect the corresponding Raman signal and to characterize the 
topographic features of the surrounding surface. 
The results of our studies on SWNTs might help in optimizing metal tip controlled SERS, thus allowing for 
the chemical analysis of more complex molecular structures. 

allowing for Raman spectroscopy even on the single molecule level [l, 21. 
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Enhanced phot somerization and light induced mass-transport in the 
of irradiated metallic nano-objects 
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of chemical reaction resolution below the diffraction limit can be achieved in the 
far-field using a two-photon reaction Activated by dieaction-limited laser-spot, or in the near-field using a 

erture. We present an alternative method based on interaction of light with a conductive 

icle causes a strongly localized electromagnetic field close to the 
particle (i.e. near-field). Depending on the light wavelength and on the material and shape of the particle, 
the intensity of the near-field can be 10’ higher than the irradiating intensity. The photoexcitation of 
organic molecules by such an extremely enhanced near-field have been experimentally observed through 
surface-enhanced Raman scattering, luminescence and second harmonic generation. As the photoexcitation 
is the first step of any photochemical reaction, one might expect that thesubsequent interstate crossing of 
suitable molecules in the vicinity of illuminated metallic nano-object would be also enhanced. In other 

ed azobenzene-containing ers which can undergo reversible 
isomerization under illumination of specific spectral band During photoisomerization an electron density 
redistribution takes place causing a change in both the magnitude and direction of the molecular dipole 
moment Since in the sample the azogroups were noncentrosymmetrically oriented along the normal to the 
substrate, the changing normal component of the dipole moment caused ange of a surface potential 
which was detected by Scanning Kelvin Microscope (SKM). 

It was found, that a strongly localized change of the surface potential occurred when a conductive SKM 
tip was scanned a fixed distance fiom the d a c e  (noncontact mode) while simultaneously irradiating the 
sample with light of low intensity at definite wavelength. The magnitude of the photoinduced change of the 
surface potential had a significant maximum at ca. 1 1 nm tipsurface distance. No alterations in topography 
were observed. 

The illumination of metallic n 

ized photochemical reaction. 

We rank the experiment described above to the first example of artificially enhanced photo- 
isomerization in the vicinity of illuminated metallic nano-object. 

The M e r  development of this meth citation of photoprocess taking place solely in the near- 
field of the illuminated object. Light-induced mass-transport effect (molecuIar migration) which occurs in 
some azobenzene-containing systems under the influence of light intensity gradient was used for this 
purpose. Since at uniform illumination of a surface with deposited nano-particles the light intensity gradient 

solely in the vicinity of the particles, one might expect that 

It was found, that after illumination, a knolls arise around gold nano-particles deposited on the surhce 
of azobenzene-containing film. The angular distribution of the matter in the circular knolls depends on the 
polarization of the light, as well as on the distance between the particles. Presumably the coupling of the 

asmons in nearby particles influences the knolls shape. 
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When a laser beam is focused at a metallic probe tip located in the near field of sample molecule, plasmon 
polariton is excited at the probe tip to generate confined strong photon field, resulting in the giant amplification 
of photon scattering [1.2]. If the molecule is Raman active, the spectral shift is detected due to the molecular 
vibration [3-51. In this presentation, we show our experimental result of Raman spectrum of a DNA-base 
Adenine molecule, detected by the metallic probe tip. The probe is a Silicon Nitride AFM cantilever, coated with 
30nm-thick silver film. The excitation light source is a frequency-doubled N d W 0 4  laser. The light beam is 
focused by a high NA objective lens (NA-1.4) through an annular apemre (NA>l) to form an evanescent spot 
in the sample film [6]. The probe scans in this evanescent spot to form an image of the molecular distribution as 
a spectral map. A cooled CCD images a spectrum dispersed by the grating spectrometer with a notch filter at 
every position of the sample. 

Figure 1 (a) shows the detected Raman spectrum of Adenine nanocrystal. Height of the nanocrystal is 7 nm 
and width is 30 nm. A quite few number of spectral lines are observed, as marked by arrows, when the probe tip 
is near enough to the sample (AFM operation is made in contact mode). These lines except the one at 924 cni' 
are assigned as the vibrational modes, inherent to Adenine molecule, according to the molecular orbital 
calcuIation. For 'examples, two majors lines, one at 739 cm-' and the other 1328 cm" are the ring breathing mode 
and combination of C-N stretching mode and C-C stretching mode. Figure 2 shows the structural formula. 

The line 924 cm" is assigned as a line of glass substrate. This was proved from the experimental result shown 
in Fig. 1 (b), which is the same as Fig. 1 (a) except that measurement was made when the tip is far fiom the 
sample. This result indicates not only that the lines except 924 cm" are all due to the Raman scattering by 
Adenine molecule located near the probe tip, but also that the Raman spectrum is detected only when the probe 
is in the near field of the molecule of interest, otherwise the photon field is not enhanced to scatters Raman- 
shifted photons. < .O=z-,cI 

1 J - j - 4 4  t 

(b) o--$g-* 
600 800 1000 1200 1400 1600 1800 

Raman shii 1an-11 
Figure 1 : Raman spectra of adenine molecules 
obtained (a) with a tip and (b) without tip. 

Figure 2: Vibrational modes of adenine 
at (a) 739 cm-' and (b) 1328 cm-' 
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Fabrication of 25-nm Zn Dot with Selective Photodissociation of 
Adsorption-phase Dietylzinc by Optical Near Field 

T. Yatsui," M. Ueda,* Y. Yamamoto," T. Kawazoe," M. Kourogi, @' ') and M. Ohtsu'" '' 
a) ERA TO, Japan Science and Technology Corporation, Machida, Tokyo, Z94-0004, Japan. 

b) Interdisciplinary Graduate School of Science and Engineering, Tokyo Institute of Technology, 
Yokohama, Kanagawa, 226-8502, Japan. 

For realizing nanometer-scale photonic devices and their integration, it is required that 
nanometer-scale structures are fabricated with nanometric precision. To meet this requirement, 
we have realized fabrication of 60-nm scale Zn dots with photodissociated gas-phase diethylzinc 
(DEZn) by optical near field [l]. However, the migration of dissociated Zn limits the lateral size. 
To overcome this difficulty, we report here successful fabrication of nanometer-scale Zn dot by 
two-step process; nanometer-scale nucleation and selective deposition 
photodissociation of adsorption-phase DEZn by optical near field. 

The fiber probe used for photodissociation by optical near field was a sharpened UV fiber 
probe with an apex diameter of 30 nm. For selective photodissociation of adsorption-phase 
DEZn, we used He-Cd laser (325 nm) as a light source, because gas-phase DEZn is absorbed 
hardly at h > 300 nm and the absorption spectrum of adsorption-phase DEZn is red-shifted 
with respect to that of gas-phase 12). Furthermore, since the exte f molecular adsorption an 
Zn is larger than that on a substrate 131, the selective growth of adsorption-phase DEZn on 
prenucleated Zn is expected. As a comparison, the second harmonic of Ar' laser (h = 244 nm) 
was used as a light source that resonates the absorption band of gas-phase DEZn. The 
separation between fiber probe and sapphire substrate was kept within several nanometers by 
shear-force feedback technique. During deposition, the partial pressure of DEZn was 10 mTorr. 

Figures l(a) and 1@) show the topographical images of deposited Zn using 1 = 325 and 244 
nm, respectively. In Fig. l(c), the solid and dashed curves are the respective cross sectional 
profiles through the Zn dots deposited at I. = 325 and 244 nm. The dashed curve has tails both 
sides of the peak. These tails correspond to the Zn deposited by photodissociation of gas-phase 
DEZn. However, the solid curve has no tails and its full width and half maximum and height are 
25 and 16 nm, respectively; thus it is clear that the 325 nm propagating light leaked from the 
probe did not dissociate the gas-phase DEZn. These results indicate that the nanometer-scale 
nucleation was occurred by optical near field for a 325 nm light. Furthermore, the deposition is 
grown by molecules adsorbed on prenucleated Zn. Since high-quality ZnO is fabricated by 
oxidizing Zn, such a nanometric precision of the deposition mechanism could be used to 
fabricate size- and position-controlled nanometer-scale opto-electronic devices. 

renucleated Zn with ' 

Figure 1: Bird's eye views of shear-forre topographical image of Zn deposited byuskg (a) 1 = 325 
nm and (3) 1 = 244 nm. (e) Cross sectional profiles through the deposited Zn dots in (a) and (b). 
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Mapping single molecular fluorescence lifetime near metal probes 

E.M.H.P. van Dijk, A.C. Krijgsman, W.H.J. Rensen, MF. Garcia-Parajb, L. Kuipers & N.F. van Hulst 
Applied Optics group, MESA' Research Institute, Faculty of Applied Physics, University of Twente, 

P.0.Box 217, 7500AE Enschede, the Netherlands 

Sharp metal probes are being used by a number of groups in an effort to break the diffraction limit 
[ 1-31. The experiments involve bringing a sharp metal probe close to the sample of interest. Excitation light 
impinging at the end of the probe can induce a very localized enhancement of the field. Different 
mechanisms for enhancement have been reported. In one case, light with a polarization parallel to the probe 
axis induces charge oscillations that accumulate at the probe apex (lighting rod effect)[l]. This effect is 
highly dependent on the geometry of the probe and the polarization of the excitation light. An alternative 
route to enhancement is probably based on localized collective e1:ctron oscillations, e.g. plasmons [2]. 
Where 'the enhancement is highly depended on the material of the probe and the excitation wavelength 
used. 

The enhanced localized field can in principle be mapped with single fluorescent molecules. They 
are used as local nabreporters of the field strength near the probe. Since the molecules are randomly 
orientated in the sample they allow the mapping of the field components in all directions [4]. In a 
conventional single molecule experiment the number of emitted fluorescent photons is assumed to be 
proportional to the intensity of the field. However, this assumption does not hold when a metal object is 
brought in the vicinity of the fluorescent molecule. Due to the electromagnetic interaction of the emitting 
dipole with the.meta1, the spontaneous emission rate can be enhanced or inhibited, depending on the exact 
geometry of the metal and the distance to the molecule. This interaction will lead to an enhancement or 
quenching of the fluorescence, an effect that is not exclusively related to the local field around the probe. 
The only way to separate field enhancement effects from fluorescence emission modification is to measure 
the lifetime of the excited state [SI. 

In this contribution we will present simultaneous measurements of the fluorescence intensity and 
excited state lifetime as a function of the x, y and z position (fig.1) of the probe with respect to single 
molecules. Dielectric and metal probes were illuminated at various excitation wavelengths. Direct 
correlation of the fluorescence intensity and decay rate for individual ,molecules in real time allow us to 
distinguish between the different physical phenomena that occur when a metal is brought near a single 
molecule. 

Figure 1: schematic representation of the experiment. 
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Optical Spectroscopy on Individual Porphyrin Wheels 

r .  

C. R. L. kazawa, P. C. M. Christianen, J. C. Maan 
High Field Magnet Laboratory, Research Institute for Materials, University of Nijmegen, Toernooiveld 1, 

6525 ED Nijmegen. The Netherlands 

M. C. Lensen, J. A .  A .  W. Elemans. A .  E. Rowan, R. J. M. Nolte, 
organic Chemistry, University of Nijmegen. Toernooiveld I ,  6525 ED Nijmegen. The Netherlands 

We report local spectroscopic studies of micron sized, ring-shaped molecular assemblies of which the 
constituent molecules (hexakis porphyrinato benzene, see Fig. la) are strongly ordered. The absorption and 
emission spectra of these ordered porphyrin wheels show a polarization, which is directed along the tangent 
of the ring, enabling the determination of the internal molecular arrangement. Control of the size and 
internal moleculd order of such porphyrin wheels is of considerable interest to understand and mimic 
energy transport of natural light harvesting antenna systems and to develop fiiture nanoscale applications. 

The ring-shaped assemblies are studied using two techniques: 1) SNOM, providing high spatially 
resolved I- 100 nm), polarized emission images; and 2) confocal microscopy, providing polarization 
dependent emission and absorption spectra of an individual ring. 

By dropcasting a chloroform solution of the porphyrin molecules on a substrate, the molecules self- 
assemble into ring-shaped architectures that have apiameter in the range 0.1-10 pm. From polarization 
measurements we find that the substrate has a large influence on the internal degree of order. Using a 
hydrophilic substrate leads to a high degree of order (see Fig. lb) within the wheel without the need of 
additional treatments such as annealing. Moreover, the lack of any emission intensity in the central part of 
the wheel clearly shows that no porphyrin molecules are present within the ring, indicating a ring formation 
mechanism due to the deposition of the molecules around gas-bubbles arising from the evaporation of the 
solvent. Analysis of the polarization dependent absorption and emission spectra of individual rings shows 
that the optical dipoles of the molecules are aligned tangentially to the ring (see Fig. IC). From this fact we 
deduce the ordering of the molecules in the ring. Finally, we observe that the absorption as well as the 
emission spectra are ring-size dependent. The large rings (- 10 p) show no polarization in emission, 
while the absorption spectrum shows a small red-shift with respect to the molecular solution, i.e. there is no 
macroscopic ordering, although there is soriie interaction between the porphyrine molecules. In contrast, 
the smaller rings (e 4 pm) show a strongly polarized emission, and a broad, strongly red-shifted absorption 
spectrum, i.e. a high degree of m raction between the molecules. 

Figure 1 : a) Molecular structure of hexakis porphyrinato benzene, b) Fluorescence images of the porphyrin 
wheels after vertically (left) and horizontally (right) polarized excitation and detection and 

c) Alignment of the optical dipoles of thie molecules in the ring. 
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Probing the optical near-field enhancement at a metal tip 
using a single fluorescent molecule 
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Near-Field and Confocal Surface Enhanced Resonance Raman 
Spectroscopy from Room Temperature to Cryogenic Temperatures 

A. J. Meixner, T. Vosgrone and P. Anger, 
Physikalische Chemie, Universitat Siegen, 

57068 Siegen. Germany 

Since the pioneering work of Kneipp [l], Nie [2], BNS [3], and Kall [4] surface enhanced Raman 
spectroscopy (SERS) at the single molecule level has attracted considerable attention. In SERS the Raman 
scattering cross section of molecules adsorbed on silver or gold nano-particles is enhanced by so many 
orders of magnitude that fingerprint vibrational spectra can be recorded at the single-molecule level under ' 
ambient conditions. In order to record Raman spectra with high spatial resolution the enhancement of the 
electromagnetic field by a silver coated AFM cantilever opposite to a silver film coated with dye has been 
used. Recently Zenobi et al.[5] have reported Raman signals with a spatial resolution on the order of 50 nm 
and a1 Kawata et a1.[6] have observed local fluctuations in the SERRS spectra of a R6G-coated silver film 
on a 30 nm scale at the junction between a silver tip and a silver film. 

We investigate surface enhanced Raman spectra of rhodamine dyes dispersed on isolated silver nano- 
particles or nano-clusters. For excitation we have used an aperture probe or a diffraction limited confocal 
laser spot. Spectra in the rang from 200 cm" to 4000 cm-' at room temperature down to 9 Kelvin have been 
recorded. Many of the lines can be associated with the structure of the adsorbed molecule. Frequency shifts 
of distinct modes are due to changes of the force constants of the respective chemical bonds in the structure 
f the adsorbed molecule. The appearance or disappearance of lines is the result of a distorted molecular 

structure such that the selection rules valid for the free molecule no longer apply. These effects may also 
occur suddenly from one spectrum to the next an are caused by changing chemical interactions between the 
dye molecule and.the local irregular micro environment on the Ag-particle. They may also provide 
evidence for the effects leading to chemical enhancement [7] of the Raman scattering cross section. 

> 
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Near Field Enhancement of Conductive Tips 
in Raman Spectroscopy of Carbon Nanotubes 

A. Bek, R. Vogelgesang, and K. Kern 
Ma-Planck Institute for Solid State Research, 70569 Stuttgart, Germany. 

Optical spectroscopy at the single molecule level has attracted considerable attention in recent years. 
Whereas fluorescence and luminescence spectroscopy of single molecules has generated a wealth of new 
results, Raman spectroscopy has not yet attracted as much attention due mainly to the many orders of 
magnitude lower cross-sections for the scattering process. 

In view of the nanoscopic target sample size, especially when compared to the typicaI wavelengths of o p  
tical radiation, taking advantage of near-field optical effects holds great promise. Indeed, a few experimental 
investigations of single molecule Raman spectroscopy have been reported, which utilized highly localized 
near field enhancement effects of laser light in the nm-sized volume near the tip apex of an aperture-less 
scanning near-field optical microscope (such as conductive scanning tunneling microscope (STM) tips or 
atomic force microscope (AFM) tips with a conductive coating) to help overcome the limitations of minute 
cross-sections& 2, 3, 41 

A prerequisite for the optimal application of this scheme is the detailed understanding of the interactions 
between the incident exciting radiation and the sample, as well as other material in the neighborhood, 
namely, sample holder/substrate and the field enhancing tip. 

We investigate the b a n  spectra of carbon nano tubes - a relatively robust and strong scatterer 
- located in the vicinity of field enhancing conductive tips. To minimize the influence of the sample 
holder/substrate matter we use free standing nano tubes attached to commercial AFM tips, which also 
allow to handle the specimens with domparative ease. In addition, they may be used as a regular AFM 
probe to map simultaneously the surface topology of the field enhancing tip. We report on the Raman 
scattering intensity in variation of the relative location of the carbon nano tube and the field enhancing tip 
as well as'direction and polarization of the incident radiation. The experimental results are compared with 
theoretical predictions. 
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Near-field imaging of surface plasmon on Au nano-structures 
fabricated by scanning probe lithography 

Jeongvong Kim,' Ki-Bong Song, fun-Ho Kim. Song Q Lee and Kang-Ho Park 
Basic Research Laboratory, Electronics and Telecommunications Research Institute, 

Kajeong-dong I6I. Yusong, Taejon 305-600, Korea 

Recently it is reported that metal films with periodic hole arrays has unusually high transmission due to 
urface plasmon (SP) modes excited by photon impinging with specific energy,[l] while details of spatial 

distributions of SP modes on the films are to be known. Near field scanning optical microscopy (NSOM) 
can provide a direct view of the field distribution of SP modes due to its high spatial resolution.[2] 

We use a NSOM to image spatial modes of SP on metallic nano-structures, fabricated by scanning probe 
lithography technique, which has advantages of low cost and simplicity. A few nanometer high oxide 
layers are fabricated on Si or Ti films using nano-oxidation technique with an atomic force microscope 
(AFM) and consequently the film is covered with thin layer of Au by thermal evaporation. In result, 
periodic nano-metal-grating structures are formed. The line width can be made smaller than 50 nm and 
arbitrary metallic grating patterns with varying period or shape can be fabricated. Figure ](a) shows an 
AFM image of a line grating produced by nanwxidation and Au deposition. The period of the line 
corrugation is chosen to be 3 18 nm, the half of the laser wavelength (635 nm), to optimize the coupling 
With SP modes. Various patterns of metal nano-structures and gratings are fabricated and the result of 
NSOM imaging will be presented. 
As a preliminary experiment, we fabricated the isolated metal mounds on an Au thin (- 30 nm) film and 

imaged the field distribution with NSOM.[3] The series of mounds are produced by applying 20 p, 20 V 
electric pulses to W&-coated probes in AFM non-contact mode. The size of the mounds is about 20 nm in 
height and 50 - 100 nm in width. Figure I(b) displays a NSOM transmission images. Strong enhancement 
of light transmission UI the metal mounds is observed as bright spots. The width of spots is measured to be 
as small as 80 nm confirming the high spatial resolution of NSOM. The peak intensity on the momds is 
about 10 times higher than the background intensity, strongly suggesting that the excitation of SP modes 
plays a role in observed enhancement of light transmission. 

0.0 0.2 0.4 0.6 0.8 1.0 1.2 1.4 1.6 
Transverse position (pm) 

Figure 1 : (a) AFM 
metallic mounds fabricated by SPL. Image size is 5 x 5 0. (c) Cross section along the white lin 

of a line grating. Image size is 6 x 6 0. (b) NSOM transmission image of 
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Second-harmonic Generation at Metal Tips in Apertureless 
Scanning Near-field Optical Microscopy . 

S. Takahashi, A. V. Zayats, 
School of Mathematics and Physics, The Queen's University of Belfast, BT7 lNN, United Kingdom. 

Apertureless scanning near-field optical microscopy (SNOM) has recently attracted much attention due 
to its potentiality of high spatial resolution. Among variety of apertureless approaches, an application of 
second harmonic generation (SHG) at a metal tip apex is a promising technique for light confinement on 
the nanoscale [I, 2, 31. 

Second-harmonic generation is known to be a surface sensitive spectroscopic technique, and its intensity 
is proportional to the fourth power of the local electric field of the excitation light. SHG at metal surfaces 
exhibiting nanoscale defect structure can be strongly enhanced due to localiied surface plasmons and/or 
lightning-rod effects at surface defects. In analogy to this, sharp metal tips of the apertureless SNOM 
can be regarded as good candidates for achieving nanoscopic sources of second-harmonic light. If the field 
enhancement effects are induced at or by a probe tip, the strongly confined source of the SH light can be 
realised in the tipsurface junction [l, 31. 

Here we present the investigations of the second-harmonic generation at sharp metal tips in the near-field 
proximity to a surface. Polarisation and distance dependencies of second-harmonic generation have been 
investigated and compared to respective dependencies for scattered fundamental light. The experimental 
data for different tip materials are compared in order to elucidate the mechanisms of the electromagnetic 
field enhancement and light confinement in terms of the contribution of localised surface plasmons at the 
tip apex and the influence of the tip interaction with a surface. 

Second-harmonic generation and excitation light scattering at the tip apex under two illumination con- 
ditions has been studied such as direct illumination in the far-field and evanescent wave illumination in the 
near-field proximity to a surface. The experimental data reveal the polarisation characteristics of linear and 
SHG scattering depending on the topographic features of the tip. Under the direct far-field illumination, 
the scattering centre of fundamental and SH light can be different from one another, while in the near-field 
they are predominantly the same. The electromagnetic interaction between a tip and a surface results in 
much less influence of the tip surface quality on the near-field SHG in contrast to the far-field SHG. The 
polarisation contrast achieved with SHG exceeds the contrast of linear scattering. Such polarisation char- 
acteristics are important for apertureless near-field optical imaging of ferroelectric and magnetic materials 
as well as for nonlinear magxi'etosptical studies and applications on the nanoscale. 
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Near-field Optical Structuring of Ultrathin Terpolymer Films 
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F. Braun. T. Pompe. and B. Voit, lnstitute of Polymer Research Dresden e. K, 0-01069 Dresden 

the near-field structuring of novel terpolymers [I]. Two different types of terpolymers were used, 
each containing siloxane groups for covalent bonding to the substrate, spacer groups, and photoreactive groups. The 
photoreactive part was either a diazosulfonate group, which decomposes under W irradiation, or an amine group 
protected by a photolabile part. The two polymers behave like a negative or positive resist, permitting fiuther 
functionalization of nonirradiated and irradiated areas, respectively. Therefore, these polymers are promising 
materials for nanotechnological applications, such as surface metallization or initiation of supramolecular 
chemistry on the nanometer scale. 

Films were spin-coated onto glass slides or silicon substrates with a nominal thickness between 5 and 100 nm. 
Similar film thicknesses were measured with ellipsometry and a scanning-force-microscopy scratching method. The 
chemical composition on any stage of the polymer modification process was monitored by x-ray photoelectron 
spectroscopy ( X P S )  providing quantitative analysis for larger sample areas. The local chemical composition, 
however, could be inspected with p-Raman spectroscopy as well as scanning probe techniques, such as Kelvin force 
microscopy revealing the sample surface potential, near-field optical extinction spectroscopy [2] measuring the 
local optical absorption, or even tip-enhanced Raman spectroscopy [3]. 

The presented results show a reduction of the local optical absorption as a function of the W power absorbed 
within the diazo-terpolymer film. Furthermore, we show that only nonirradiated film parts provide functional sites 
for metal salt complexation and development of metallic e that such processes like as-deposited 
polymer films have not yet been reported in the literature. 

s l l  for the amino-terpolymer. The 
latter was achieved with tapered optical multimode fibers (a. 100 nm aperture) providing enough optical 
transmission in order to remove the protection group of the amine-hctionalized polymer. Uncovered amine groups 
were then marked with Fluorescein bothiocyanate (FITC) and suhequently imaged in a confocal fluorescence 

W structuring by confocal and near-field optical microscopy 

nd of optical structuring is applicable down to 50 nm. 
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Surface Plasmon Nan-Optics 
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Within the last decade near-field optical microscopy has contributed significantly to the insight in o p  
tical effects based on surface plasmons (SPs). These mixed photon-plasmon excitations at metal surfaces 
are especially appealing due to their nanoscale sized optical fields [l], strong field enhancement and their 
temporal response on a sub-10 fs time scale [2]. Therefore SPs seem suitable for realizing ultrafast minia- 
turized optical elements with spatial dimensions well belsw the diffraction l i t .  

Of central importance for such elements is guiding and routing of light signals. We demonstrate exper- 
imentally by direct imaging with near-field optical microscopy that a gold nanowire with a width of only 
200nrn can serve as a SP waveguide over a distance of a few p a ,  at a wavelength of 800nrn. 

Furthermore we report the experimental realization of SP 'mirrors' and 'beamsplitters', which we use 
to build a SP interferometer. As an example, Fig.la shows a 'mirror' constituted by a two-dimensional 
photonic crystal built up from gold nanostructures. This 'mirror' reflects a (locally excited) SP practically 
without loss in intensity and directionality. To image the SP field distribution we recorded the fluorescence 
signal of a thin molecule layer close to the k p l e  surface with conventional microscopy (Fig.lb). This 
technique [3] allows the fast (real-time) and reliable imaging of SPs in metal nano- and microstructures. It 
thus constitutes, albeit not allowing superresolution, a tool complementary to near-field optical microscopy 
for the investigation of SP effects. 

Figure 1: (a) Scanning electron microscope image of a SP 'mirror': two SPs are locally launched by focussing 
a laser beam on a vertically d i e d  gold nanowire (focus position marked by circle); the SP directions are 
indicated by the arrows. (b) Corresponding fluorescence image, the SP propagating to the right is rdected 
by the 'mirror'; light wavelength 800nm. 
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Fabrication of a temperature-controllable B-doped Si probe for optical 
near-field photochemical vapor deposition 
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/ Recently, optical near-field photochemical vapor deposition (NFO-PCVD) attracts much attention 
as a useful technique to realize nanopotonic near field optical devices. NFO-PCVD method has been 
successfully used in the fabrication of such nanometric matter as AI, Zn, and ZnO [l]. Because the 
aperture size directly affects the throughput of optical near field and the resultant size of nanometric 
matter deposited, it is required to maintain the same aperture size of the fiber probe throughout the 
integration of near field optical devices. Material deposition occurred at the aperture of fiber probe, 
caused by the dissociation of adsorbed metal-organic molecules,. is thought as one of the reasons to 
change the aperture size andor the throughput of optical near field during the process of NFO4"D.  
From this viewpoint, control of the adsorption of metal-organic molecules onto the probe aperture 
becomes important. 

Si probe m o prevent the 
deposition of the adsorbed source molecules onto the a fiber probe. The idea is based on the 
face that increasing substrate temperature above 80 OC reducts adsorption of Diethylzinc 

trate surface [2] and heavily Bdoped Si layer as a good current-induced 
are fabricated using anisotropic etching of n-type silicon on insulator (SOi) and 

thermal diffusion of boron Figure 1 illustrates the schematic diagram of cross-sectional view and the 
scanning electronic microscopy (SEM) image of the fabricated Bdoped Si probe. The fabkcated 
Sdoped Si probe has the aperture size of about 80 nm 
power of 1 Watt, temperature of Bdoped Si pro 

,describe the fabrication method of a rature-controllable d Si probe and discuss the 
applicability of the probe for NFO-PCVD. 

We have developed a temperaturecontrollab 

(Cross-sectional view) 

(Top view) Figure1 : schematic ram of cross-sectional view and 
f the fabricated Bdoped Si probe (top vi 
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Characterizing the electric field enhancement and fluorescence 
quenching induced by a sharp gold tip. 

M. R. Beversluis, A .  Bouhelier, A .  Hartschuh, and L. Novotny 
University of Rochester, The Institute of Optics, Rochester, NY 14627. 

Enhanced electric fields produced at the apex of a sharp gold tip can be used to locally induce two-photon 
excitation fluorescence of molecules, such as PIC J-Aggregates [I]. Although the underlying mechanism of 
thc enhancement is mostly understood, details regarding the dependence of fluorescence quenching and the 
magnitude of the field enhancement on the tip size and shape are still being characterized [2, 31. 

It has been suggested that the strong longitudinal field produced in highly focused higher order laser 
mode can drive the field enhancement at a sharp gold tip [41. Using this technique, we have recorded fluo- 
rescence images with sub20 nm resolution, as shown in Fig. l(a). In Fig. l(b), the fluorescence appears at 
the edges of the aggregates (see arrow) suggesting that the fluorescence is quenched due to the proximity of 
the metallic tip. The competition between the field enhancement and the fluorescence quenching at a sharp 
gold tip can be understood by measuring the fluorescence rate dependence on the distance between the tip 
and sample. 

Furthermore, the near-field contrast also depends on the background signal arising due to nonlinear 
interactions between the gold and the ultrafast excitation pulses, giving rise to  second-harmonic and white- 
light continuum generation. We have found that this component can be altered by changing tip shapes. 

Figure 1: (a) Near-field image (2 by 3 micron area) of PIC J-Aggregates with 20 nm spzititial resolution, show- 
ing both near-field and far-field Buorescence. (b) Taken with a different tip, another image of J-Aggregates 
(1 by 1.5 micron area) shows fluorescence which appears to either side of the aggregates, suggesting a 
quenching mechanism. 
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N&ar-Field Spectroscopy of single II-VI Quantum Dots 

, 

M. Brun, N.  Chevalier, J. C. Woehl, H. Mariette and S. Huant 
Laboratoire de Spectrumgtrie Physique, UniversitC Joseph Fourier Grenoble et CNRS 

P.O. Boz 87, 38402 Saint Martin d’Heres cedex, fiance. 

We have carried out a near-field optical spectroscopy of a single CdTe/ZnTe quantum dot using our 
(4.2 K) Near-Field Scanning Optical Microscope - NSOM - described at NFO-6 111. 

Te system has two interesting properties with respect to the extensively studied InAslGaAs 
system, which make it a good candidate for NSOM studies. First, there is so far no trace of a so-called 
“wetting layei’ (a very thin supporting quantum well that connects the dots) in photoluminescence (PL) 
spectra. The absence of such a layer minimizes inter-dot carrier diffusion and, therefore, helps in maintain- 
ing the high spatial resolution of NSOM. Second, the valence band-offset is extremely small in such a way 
that the hole ground state is not the quantum-confined state in the dot, but rather the acceptor state in the 
barriers. As a consequence, we expect part of the photo-excited holes to be trapped by these acceptors to 
give rise to a steady-state population of excess electrons in the dots. This favors the formation of negative 
acitons. Therefore, a rich phenomenology is revealed in NSOM studies of such dots. 

After having demonstrated the ability of our microscope to actually resolve a single dot in the CdTe/ZnTe 
system using a “standard” tapered tip, we will describe in detail the spectroscopic properties of the dot as 
a function of the excitation power. 

While the PL spectrum at low excitation power reveals only one single sharp peak due to the radiative 
recombination of excitons (X) in the single dot, several additional sharp peaks are observed with increasing 
excitation density. The dominant features are ascribed to exciton complexes and charged exciton complexes 
such as negatively-charged excitons (X-), neutral (2X and 3X) and negative (2X- and 3X-) biexcitons 
and triexcitons [Z]. Exciton charging arises due to efficient hole trapping by residual acceptors in the barrier 
material. A novel spectral feature appearing close to the X- peak is assigned to Xa- negative excitons, i.e., 
excitons having trapped two additional electrons. This feature is found to shift to the ned with inmasing 
power: this is thought to be d 
complex. 

II-VI quantum dot system, namely 
CdSe nanocristals (nanox) 131. These nanoX can be produced in different sizes (from 1 nm to 10 nm in 
diameter), which determine their emission properties. They have a very large PL efficiency at  room tem- 
perature. Using their typical “blinking effect” [4], we will show that our NSOM is able to discriminate single 
nanoX dispersed on a thin PMMA film, or inside the film, from clusters of nanoX. Having isolated a single 
nanocristal under the optical tip, we are curre room temperature and we 

of the multi-charged zero-di 

Finally, we will describe prelimiiary studies of another very promi 

at the conference. 
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Phonon-enhanced near-field interaction 
- observed with infrared s-SNOM 

R. Hillenbrand, T. Taubner, and F. Keilmann 
Max-Planck-instirut fir Biochemie, 0-821 52 Martinsried, Germany, keilmann@biochem.mpg.de 

We demonstrate in theory and experiment that the optical near-field interaction can be strongly 
enhanced by lattice vibrations or phonons. This effect is  analoguous to the well-known plasmon enhancement 
due to metallic conductivity. In contrast however, phonon enhancement is stronger and yields a higher Q 
resonance compared to plasmon enhancement, because phonons have much longer collisional lifetime compared 
to metal electrons. 

Our experiment consists of imaging a partly gold-covered SIC surface in our scanning near-field optical 
microscope[ 1,2], at various illumination wavelengths in'the mid-infrared. This instrument has recently been 
equipped to measure scattering amplitude and phase separately and simultaneously. We observe strong scattering 
signals in a MITOW spectral region near 1 1 pm. The graph plots the scattering amplitude enhancement q, relative 
to a gold surface, taken from a large series of images[3]. 

î  

Theoretically, we calculate the near-field microscopic amplitude contrast q of SIC relative to gold, by 
employing our model of dipoldmhr dipole interaction outlined earlier [1,2]. This modelling uses the complex 
dielecmc hctions of both materials. Taking account of the 2"" harmonic signal demodulation (needed in the 
experiment to suppress background scattering [2]), we obtain a resonant response (which we plot scaled down to 
60%) expressing the phonon-enhanced near-field interaction. @ 

This near-field study of SIC demonstrates a resonant light-matter interaction of unprecedented dynamic 
range and spectral sharpness. It adds a new, phonon-related mechanism of field enhancement with forseeable use 
in near-field microscopy as well as in sensor and photonic applications. 
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Demands on speed and capacity for telecommunication and computer 
applications are increasing exponentially, while simultaneously the 
dimensions of the components have to decrease to the micro- or even the 
nanometer scale. In the optical domain, development of truly integrated 
optical devices, and especially microcavities, are key in order to meet 
these challenges. 

As the development of photonic devices advances, so too will the need 
to monitor the transient behavior of optical pulses as they propagate 
through such devices. However, peeking inside a photonic structure is far 
from trivial as conventional optical microscopy is limited by the 
dimaction limit. What occurs inside the device therefore remains mostly 
hidden. Recently we demonstrated [ 11 a non-invasive technique based on 
an optical photon scanning tunneling microscope (PSTM) that can be used 
to "visualize" pulses as they propagate through an optical device with both 
temporal and spatial resolution. 

Time resolved motion of a femtosecond pulse inside a microresonator 
H. Gersen', D.J. B? Klunde?, J. P. Korterik', A .  Driessen', NF. van Hulst'. L. (Kobus) Kuipers' 

I)  Applied Optics group, MESA' Research Institute 
') Lightwave Devices Group, MESA' Research Institute, 

University of Twente, P.O. Box 21 7, 7500 AE Enschede, The Netherlands 

Interference 

I 

Figure 1 : Schematic 
representation of the pulse 

tracking experiment. 

Figure 1 schematically depicts how we extended a heterodyne detection phase-sensitive PSTM, which 
allows the measurement of both the amplitude and phase of propagating light [2], to perform local time- 
resolved measurements. At a reference time given by the position of an optical delay the position of a pulse 
is pinpointed. With this technique we have recently been able to observed time-resolved "ballistic" motion 
of ultrashort optical wave packets within a cylindrical microresonator. Figure 2 shows a measurement at a 
fixed reference time in which a 120 femtosecond pulse has just passed a ring-resonator. It is clearly visible 
that part of the pulse is coupled to two different modes in the resonator. By repeating this measurement for 
different reference times the motion of the pulse in the cavity is followed in time. Our most recent results 
will be presented at the meeting. 

Figure 2 : Visualization of the time resolved motion of a femtosecond pulse (i20 fs, A = 1300 nm) 
through a cylindrical ring-resonator (radius 25 pm) measured by PSTM. From left to right the 

simultaneously measured topography of the structure (-250 x 70 pm) and the optical amplitude and 
phase of the pulses. The optical amplitude clearly shows that part of the pulse which passes the 

resonator is coupled into the resonator. Two different modes can be distinguished. 
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Understanding Local Measurement of Dichroism and 
Birefringence in Thin Polymer Films 

G. W. Bryant, L. S. Goldner, 
National Institute of Standards and Technology, Gaithersburg, MD 20899-8423. 

Fourier polarimetry has been adapted to near-field scanning optical microscopy (NSOM) and complete 
measurements of local dichroism, alignment of the dichroic axis, birefringence, independent alignment of 
the fast axis, and topography have been performed for the first time. The experimental methods and appli- 
cations to block copolymer thin films are discussed in another presentation. In this presentation, we show 
how the measured local dichroism and local birefringence is related to local sample properties. 

Simulations are performed to determine the contrast mechanisms that contribute to the measured local 
dichroism and local birefringence in block copolymer thin films. The block copolymer thin films are modeled 
as thin films with alternating parallel stripes of different polymers. A metal-coated optical-fiber NSOM tip 
in illumination mode is modeled. A finite-element time-domain approach is used to obtain transmitted 
fields. Simulations are performed for linear polarization of the probe field parallel and perpendicular to the 
stripes. Differences in transmission for the two polarizations give the local dichroism. Differences in the 
field phase for th 

Three contrast mechanisms are simulated: index contrast between- polymer stripes, absorption contrast 
between polymer stripes, and topographic contrast'between stripes. Recently it was shown[l] that a large- 
index film near an NSOM tip can significantly reduce the tip/air impedance mismatch, leading to a higher 
flux from the tip when the probe is over the film. In this case, the image contrast follows the emitted flux 
from the tip. However, for block copolymer thin films, scattering in the Elm, rather than modification of the 
tip output, is the dominant contrast mechanism. For example, when index variation is the contrast mech- 
anism, the calculated dichroism and polarization dependence of the tip output show the opposite variation 
for scans across the alternating stripes. For typical copolymer s, the index contrast is a few percent. 
The calculated dichroism is also a few percent. This is signific smaller than the observed dichroism, 
indicating that larger scattering effects, due to absorption and topography, are important. We find that 
absorption can provide Iarger dichroism. Near an interface between regions of low and high absorption, 
the polarization dependence of the transmitted flux depengs on how the tip field overlaps the two regions. 
For tip polarization parallel to the interface, there is a rapid variation in transmitted flux as the tip scans 
the interface. The transmitted flux changes more slowly for tip polarization perpendicular to the interface. 
This determines the dichroism, which is nearly zero'at an interface, of opposite sign on the two sides of 
the interface and nearly zero far from the interface. Topographic contrast can also produce large dichroism 
in films with parallel stripes. Again, the dichroism changes sign near an interface and is zero far from an 
interface. The dominant effect is the polarization dependence of diffraction by the topographic grating. 
The effects of topographic and absorption contrast are distinguishable because transmission and reflectivity . 

polarizations give the local birefringence. 

These results ar 
the local dichroism 

g we obtain is used to  analyze the contrast in 
polymer thin films. 
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CARS Microscopy: 3D Vibrational Imaging of Living Cells 

X Sunney Xie. Ji-Xin Cheng 
Department ojChemistry and Chemical Biology, Harvard University, Cambridge, MA 02138, USA 

Coherent anti-Stokes Raman scattering (CARS) microscopy allows 3D imaging with inherent chemical 
selectivity based on vibrational spectra of molecules. (See Ref. 1.) To overcome the major drawback of this 
technique, the presence of a large non-resonant background arising from the electronic contributions, we 
demonstrated polarization CARS (P-CARS) microscopy. P-CARS effectively suppresses the non-resonant 
background by taking advantage of the polarization difference between the resonant signal and the non-resonant 
background. (See Ref. 2.) With P-CARS microscopy, we are able to image the protein distribution in living cells 
with high contrast. (Figure la&b.) 

100 
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Figure I .  (a) Sponfaneous Raman and polarization CARS spectra 
of N-methylacetamide (insert). The P-CARSamideI bandat 1652 
cm" shows a high signal to background ratio. (b) P-CARS itlage 
of an epithelial cell based on the contrast of the amide 1 band. The 
non-resonant background from water is effectively suppressed with 
the intensity profile across the line shown below. 

Our theoretical study of CARS microscopy based 
on a Green's function formulation shows that the 
CARS far-field radiation pattern depends on sample 
size and shape. (See Ref. 3.) Epi-detection allows 
high-sensitivity imaging of small cellular organelles 
such as mitochondria by avoiding the latge forward 
signal from water, while forwarddetection can be 

used for visualizing large features such as nuclear membrane. (See Ref.' s 45.) 

(a) interphase, forward (b) Interphase. epi (c) In mitosis (d) In apoptosis 

Figure 2. Laser-scanning CARS images of NIH3T3 fibroblasts cells (a) Forward-detectedimageofacell m 
interphase, tuned to 2870 cm-' (lipid C-H stretching). (b) Simultaneously epi-detectedimageofthesamecell 
as in (a); (c) Forwarddetected image of a cell in metaphase, tuned to 1090 cm-'@NAbacl.bonewion). 
(d) Forwarddetected image of cells in apoptosis, tuned to 2870 cm-'. 

To achieve high speed imaging of living cells and tissues, we developed a laser-scanning CARS 
microscope that raster scans the collinearly overlapped pump and Stokes beams (See Ref 6.). With this new 
microscope, both forward- and epidetected images can be simultaneously recorded with high vibrational 
contrast and high spatial resolution. We camed out vibrational characterization of apoptosis in NXH3T3 
fibroblast cells at a rate of several seconds per frame. (See Ref. 6.) Figure 2 shows C.ARS images of NIH3T3 
fibroblastcells in interphase, mitosis and apoptosis. These advances show that CARS microscopy is becoming a 
powefil tool for biological imaging. 

References: 
1. Zumbusch, Holtom, Xie, Phys. Rev. Lett. 82,4142-4145 (1999). 
2. Cheng, Book, Xie, Opt. Lett. 26 (17), 1341-1343 (2001). 
3. Cheng; Volkmer, Xie, J. Opt. SOC. Am. B, in press. 
4. Cheng, Volkmer, Book, Xie, J. Phys. Chem. B 105 (7), 1277-80 (2001). 
5. Vollaner, Cheng, Xie, Phys. Rev. Lett. 87,023901 (2001). 
6. Cheng, Jia, Zheng, Xie, Biophysical J. in press. 

1 

134 



Numerical Analysis of Plasma Resonances 
n Noble Metal Nanostructures 

Hiroharu Tamaru, Hitoshi Kuwata, Kenjiro Miyano, 
Research Center for  Advanced Science and Technology, The University of Tokyo, Tokyo 153-8904, Japan. 

Finite Difference Time Domain (FDTD) method [l] has become a powerful tool for investigation of the 
optical interactions with materials in the near-field region due to its wide application allowing arbitrary 
morphology to be taken into account. 

Despite its vast usefulness, the method is known to have some difficulties with calculations in some situ- 
ations; One is the handling of good but not perfect conductors in which the imaginary part of the dielectric 
function is large, and another is the case of plasma resonance where the real part of the dielectric functions 
becomes small. Both of these are very much relevant to one of the most interesting aspects of the near- 
field optical interactions that involves noble metal nanostructures such as the case where Ag nanoparticles 
interact with each other and with light to exhibit the strong field enhancements and scattering cross sections. 

+ In this work, FDTD calculations of the resonances of some 100 nm sized Ag and Au particles will be 
discussed. The dispersion relation of these metals are approximated by the Drude dispersion. Full visible 
range spectra for the near-zone or far-zone fields are calculated by means of Fourier transformation of the 
impulse response from the system. The resonance frequencies obtained are used as the criteria for the 
correctness of the calculation, since they are revealed to be one of the most sensitive quantities that are 
calculated by this method. ory of light scatterin the exact analytical references 
for the calculation of spheres. 

D method results in different f correctness in the calculation 
of this resonance. In either case, the time step At is shown to be the most sensitive parameter in the 
calculations. Specificly, the error in resonance frequency 6w tends to scale almost linearly with respect to 
At in some formulations. As an example with a Ag sphere of 100 nm in diameter, even when the Yee cell 
size is chosen to be as small as 1/80 of the resonance wavelength, the time step had to be decreased to 1/10 
of that of the Courrant's condit the resonance frequency within a few percent of that of the 
analytical result. 

studied in detail. The coupled 
system interact strongly when the sphere spacings are within a few nanometers; the odd and even coupled 
modes become active according to the excitation polarization. These results have been shown to well account 
for the actual experiments perform entified by scanning electron microscope [2]. 

of the depolarization factor arising from its 
morphology to its resonance frequency and its local field enhancement should be an ideal system to study 
the relation between the sphere case and the metal tip case as in the probes of the scattering type SNOM. 

' 

Different formulations of 

With these cares taken into account, bi-sphere confi 

Other morphologies of interests are 
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Near-field second-harmonic generation excited by local field 
enhancement 

A .  Bouhelier, M. Beversluis, A .  Hartschuh, and L. Novotny, 
University of Rochester, The Institute of Optics, Rochester, NY 14627. 

The field near a sharp metal tip can be strongly enhanced if irradiated with an optical field polarized 
along the tip axis (1, 21. Illumination from side of the tip is widely used but give rise to a strong background 
and large illumination area [3, 4)- Tightly focused higher-order beams provide an alternative to side illu- 
mination. A strong longitudinal field is created at  the focus which can give rise to field enhancement (51. 
We demonstrate that the enhanced field produces local secondiharmonic (SH) generation at the tip surface 
thereby creating a highly confined photon source. A theoretical model for the excitation and emission of 
SH radiation at the tip is developed and it is found that this source can be represented by a single on-axis 
oscillating dipole. The model is experimentally verified by imaging the spatial field distribution of strongly 
focused laser modes as seen in Fig. 1. Whereas the SH generated at a tip is mostly sensitive to the field 
oriented along its long axis, The SH excited by a small gold particle is sensitive to the total field strength, 
i. e. the transverse contribution plus the longitudinal one. 

Figure 1: Tipinduced SH image of the focal fields of a strongly converging Gaussian HGm beam (a), and 
a HermiteGaussian HGlo beam (b). The lobes are oriented in direction of the incident polarization. (c) 
and (d) show the calculated longitudinal field distributions (E:,*) just abyve the glass surface suggesting 
that SH generation at the metal tip is induced by the longitudinal field. Scale bars: 250nm. 
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Manifestation of an electric dipole order induced by optical near fields 

A .  Shojiguchi, K. Kobayashi A, K. Kitahara, S. Sangu ', M. Ohtsu A. ', 
lntemational Christian Universiy, 10-2-3, Mitaka. Tokyo 181-8585, Japan, 

A) ERA TO/JST, 687-1 Tsuruma, Machida, Tokyo 194-0004, Japan, 
3) Tokyo Institute of Technologv, 4259 Nagatuta, Midori-ku, Yokohama, Kanagawa 226-8502, Japan. 

Owing to the recent progress in fine processing technology it becomes possible to investigate the 
interaction via optical near fields among materials in nano meter scale [I]. Since one of the remarkable 
characters of optical near fields is non-propagating property, it is more suitable to use localized functions as 
a basis set than to use plane waves to describe optical near fields. We present a phenomenological model of 
a near field photon-matter system using such a localized function to describe optical near fields. We 
suppose quantum dots chain as a matter system and model it as one-dimensional N two-level system (in 
other words, excitons) with a periodic boundary condition. A localized photon is described as a harmonic 
oscillator localized in each site, and only allowed to hop to the nearest neighbor sites. As a result of the 
interaction, quantum dots emit and absorb localized photons. A Hamiltonian of the system consists of three 
parts as follows: 

Here H,, describes localized photons, Hb describes excitons, and Hh, represents the localized photon-exciton 
interaction. Each Hamiltonian can be expressed as 

H. = Eca.'a. + VC(a..,,*an + a.'am+, ). 

H =(He + H,)+ H, 

N N 

i 

L I  

where n indicates the site number, and a,, (a,,? and b, (b,,? represent annihilation (creation) operators of a 
localized photon and an exciton, respectively. 

We investigate dynamical properties of the system driven by the Hamiltonian. As shm in Fig. 1, we 
predict a coherent oscillation of dipoles of the whde system started from an initial condition, and show that 
we can classify each dipole nto four groups depending on the parameters of the 
Hamiltonian. 

dipole moment and the site number of quantum dots. 
mdIutiiin 

ation amplitude. The super- 
radiatiant state has the value of 20 as the radiation amplitude. 

Moreover radiation probability of each state is examined in Fig. 2. It indicates that the state with the 
coherent oscillation is close to the Dicke's superradiant state. We will discuss the ordering mechanism in 
detail. 
Reference I 
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Femtosecond coherent near-field spectroscopy of single quantum dots 

Tobias Gunther, Kerstin Muller, Christoph Lienau, Thomas Elsaesser 
Max-Born-Institutflr Nichtlineare Optik und Kumeitspektroskopie 0-12489 Berlin, Germany 

Sohqla Eshlaghi, Andreas Wieck 
Lehrstuhlfir Angewandte Festkiirperphysik, Universitat Bochum, 0-44870 Bochum 

1 

Quantum dots currently attract much interest as model systems for artificial solid state atoms and as 
probes of wavebction localization in disordered media. The potential of using their optical excitations as 
bits for semiconductor-based implementations of quantum information processing is under intense 
investigation. Such implementations rely on the ability to probe and control optical nonlinearities in single 
and coupled quantum dots on ultrakt time scales, a research field that remains to be explored. 

In this paper, we describe and demonstrate a novel technique, combining near-field optics and 
femtosecond pump-probe spectroscopy to analyze the nonlinear optical response of single quantum dots on 
ultrafsst time scales [l]. We investigate single natural quantum dots (QD) formed at interfice fluctuations 
of a 5 nm (1OO)GaAs quantum well. DifErential reflectivity (AR) spectra are resolved with < 200 nm and 
100 fi in a near-field pump-probe setup at 12 Kat time delays At between pump and probe laser. 

For At>O, the AR spectra show ultrasharp (50 peV) Lorentzian resonancs from single QDs (Fig. (d)). 
The slow decay of AR with time constants of 30 - 100 ps reflects the QD population lifetime (a). The early 
time AR dynamics are unexpected, when modeling the QD as an artifical atom. We find a long persistence 
of AR at negative At (b) and pronounced spectral oscillations around the excitionic QD resonance (c). 
These are clear signatures of the perturbed free induction decay of the coherent QD polarization: Coulomb 
scattering with photoexcited Carriers leads to additional damping of the QD p o l a r i o n  (e). The now 
established ability to dynamically probe the QD polarization opens new ways for measuring and controlling 
polarization interactions on femtosecond time scales. Possible applications for quantum information 
processing will be discussed. 
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Figure 1: (a) Time cvolution of AR for three diffmt dot rrsonanccs. The slow decay reflects the QD lifetime of 30 to 100 p @) At 
negative delay times, A t 4 ,  a pronounced AR signal persists for up to -10 ps, reflecting the paturbed fice induction decay of the 
coherent QD polarization. (c) Near-field ARR-spactra at different A t 4  show p r a n c e d  spccml oscillations around the excitonic 
resonance: Coulomb scattering with photoexcited carriers lads to additional damping of the QD polarization. (d) Schematic energy 
diagram. (e) QD polarization dynamics. 
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The electrodynamics of fluorescing molecules 

interacting with metallic nano-cavities 
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It is well known that the fluorescence emission properties of molecules can be dramatically changed by 
the presence of metals within wavelength distance [ 1,2]. Due to the electromagnetic interaction of the emit- 
ting dye with the metal, the spontaneous emission rate can be enhanced or inhibited, depending on the exact 
dye-metal geometry [3]. When considering fluorescence near metals, three effects have to be taken into ac- 
count: (i) the changed intensity of the exciting electric field, due to the interaction of the incident light with 
the metal; (ii) the altered lifetime of the excited state of the molecule due to its electromagnetic interaction 
with the metal; (iii) the partial absorption of emitted energy by the metal. 

The photophysical properties of fluorescing molecules near metallic layers have been extensively studied 
both experimentally [2] and theoretically [4], showing the well known effects of fluorescence lifetime modi- 
fication, fluorescence quenching, and enhanced photostability. Although it was shown that under favorite 
conditions (proper fluorophorehnetal distance) fluorescence quenching by the metal is compensated by lo- 
cally enhanced field intensity and enhanced photostability, no dramatic change in total fluorescence yield is 
observed. 

The situation changes dramatically when considering the fluorescence of molecules near nanoscopic me- 
tallic particles or within metallic nanocavities. The paper presents a quantitative treatment of fluorescence 
emission of single molecules in a nanometrically structured metallic environment within the framework of 
classical electrodynamics, which has proven to be extremely successful in treating similar problems in the 
past, see e.g. [4]. In particular, the fluorescence excitation and emission of fluorescing molecules within 
closed metallic nanocavities are studied [SI. It is found that under favorite geometrical conditions, the fluo- 
rescence properties of the molecules are significantly enhaaced, increasing their detectable fluorescence 
brightness and photostability by one to two orders of magnitude. These effects become even more pro- 
nounced when considering multi-photon excitation of fluorescence. Furthermore, significant changes in ab- 
sorption and emission spectra are predicted. Besides the pure fundamental interest in the interaction between 
molecular dipole emitters and metallic nanocavities, the found results have far reaching consequences for 
many practical applications, such as devising new lasing materials, or fluorescent labels with unusual proper- 
ties. 
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Near-field second harmonic microscopy with half-metal-coated tip: 
application to imaging of ferroelectric domains 

H. Y. Liang, I.I. Smolyaninov, C. C. Davis, R. Ramesh. C.H. Lee 
University of Maryland, ECE Dept.. Coilege Park, MD 20742 

Optical second harmonic generation (SHG) is a sensitive technique for characterization and investigation 
of the symmetry properties of different samples [l] It is known to be affected by crystal structure, magnetic 
and ferroelectric order, mechanical strain, etc. Recently we have introduced a near-field optical SHG 
microscopy technique for imaging of ferroelectric thin films with a bare tapered fiber tip, externally 
illuminated with femtosecond laser pulses. Our results indicated resolution of the order of 80nm and 
sensitivity to local crystal symmetry, [2] 

In our new experiment, we used weakly focused light from a Tisapphire laser regenerative amplifier 
(working at 810 nm, repetition rate lOOkHz, 100 fs puse duration and -5p.J pulse energy) to illuminate the 
ferroelectric sample, with an incident angle around 50'. A half-metal-coated tip was used to replace the 
uncoated tip we used in our previous work [2]. The tip was drawn by a standard heating and pulling 
procedure fiom a single mode fiber, then coated with a layer of gold, about lOOnm thick, on one side The 
other side was transparent. The light collection efficiency of this tip is comparable to that of the uncoated 
tip when properly mounted, and it has the potential of working as one electrode of ferroelectric memory 
cell. The tip was scanned over the sample surface with a constant tipsurface distance of a few nanometers 
using shear force feedback control. Therefore, surfice topography images were obtained while 
simultaneously recording the SH near-field distribution. 

One concern with this kind of a tip is whether it itself generates SH light. To check this, we studied the 
distance dependence of SH signal. At a tipsample distance of several wavelengths, the SH signal dropped 
down to almost zero, which indicated that the SH was from the sample instead of the tip. At the same time, 
we noticed a strong enhancement of SH intensity in the near field region. Within - l p  tipsample distance 
range, the SH dropped sharply fiom -400 countdsecond in the near-field of the sample to -80 
countdsecond far from the sample. This obvious near-field behavior gives this kind of a tip a potential to 
obtain higher quality near-field SH images. 

. In order to apply this tip to the study of ferroelectric domain switching dynamics, we need to relate the 
SH signal with different remnant polarization of the ferroelectric domains. Similar to our previous work 
with uncoated tips [3], we performed the study of polarization behavior of near-field SHG using a poled 
BaTi03 single crystal. Phase-matched SHG is prohibited in BaTi03 because of its strong dispersion. As a 
result, the measured signal originates fiom the surf8ce, resembling the case of a thin film. For each poling 
direction of the crystal, we have got different symmetry of the SH signal, and different intensity of SHG. In 
contrast to our previous work with uncoated tips, near-field SHG detected with halfsoated tip is much 
stronger in the case of S- polarized excitation light. Large differences between SH signal for diffient 
crystal poling directions enable us to recover the local poling direction in thin ferroelectric films. 

This work was supported in part by the University of Maryland NSF-MRSEC. 
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Near-field autocorrelation spectroscopy: 
Quantum mechanical level repulsion in interface quantum dots 
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Localized states play a key role for the optical and transport properties of disordered quantum systems, 
e.g., thin quantum wells (QW). Here, exciton localization within a spatially fluctuating, interface-roughness 
induced disorder potential gives rise to inhomogeneous broadening of fiu-field spectra. In experiments with 
high spatial and spectral resolution the spectra break up into narrow emission spikes (Fig (b)) from excitons 
localized in single quantum dots (QD). So far? it has been difficult to infer from such spectra precise 
information about the underlying disorder potential or the nature ofthe excitonic QD wavehnctions. 

In this paper we demonstrate that near-field autocorrelation spectroscopy is a particular sensitive probe 
of both the underlying disorder potential and the localization length of the excitonic wavefunction. The 
technique is based on a statistical analysis of the two-energy autocorrelation hnction of a large ensemble of 
near-field PL spectra. We discuss near-field autocorrelation spectra %(AE) of thin (31 l)A and (100) GaAs 
QW and compare these data to a two-dimensional quantum theory of the exciton motion. On a (3 1 l)A QW 
(Fig. (c)), we find clear experimental evidence that the non-negligible spatial overlap of excitonic 
wavehnctions gives rise to a level-repulsion of the excitonic eigenenergies[ 13. This quantum-mechanical 
hallmark of Anderson localization manibsts itself in a prounced dip in %@E) at energies between 1 and 3 
meV (Fig (c), inset). Here, a single disorder correlation length of 17 am reproduces the experimental data 
welt. The system displays weak localization and the wavehnctions extend over several minima of the 
disorder potential, clearly evidenced by an analysis of the energydependent exciton localization length and 
by the level repulsion dip. Autocorrelation spectra on (100) QWs are markedly different and show 
characteristic batures of strong localization, where several exciton eigenstates are localized within a single 
potential mimimum and these minima have similar shape and size. Applications of these new technique to 
other types of nanostructures are discussed. 

cited and the QW PL is collected through the near-field 
R,(A€) for experiment (circles) and model calculation 

(AE), highlighting the kvel rrpulsion effect. 

,076801 (2001). . 
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Gradient-Field Raman: Selection Rules in the Near Field 
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The metal aperture at the apex of a near-field scanning optical microscope (NSOM) probe locally 
concentrates the electric field. As these evanescent fields decay on a nanometer length-scale, strong field 
gradients are produced. These gradients have profound effects on the Raman spectra of samples within 
them, leading to a "Gradient-Field Raman" (GFR) effect. It leads to new selection rules for surface 
enhanced Raman spectroscopy (SERS), for example see [ 1.21 and references within, and also to differences 
between far-field and near-field Raman spectroscopy measured with a near-field optical microscope. [3,4] 
We describe how a strong gradient of the electric field can alter the Raman spectra, and investigate its 
implications on selection rules. Heuristically, the field gradient causes the Coulomb force on a polarized 
bond to vary during the vibration, providing a new coupling mechanism between the field and the 
vibration. These selection rules differ markedly from the usual Raman selection rules, and allow Raman- 
like observation of strong IR (not normally Raman) vibrations. 

In NSOM, a sharpened optical fiber is coated with aluminum to form an aperture. The probe is 
positioned near the surface under lateral force feedback. The NSOM is used in illumination mode, with 
514 nm Ar ion laser light coupled into the fiber probe. Reflected light is collimated with a 0.50 NA lens, 
passed through a holographic filter, focused into a Czemy-Turner spectrometer, and finally collected onto a 
cooled (-45 C) CCD camera. New peaks not observed in the far-field spectra observed as the probe 
approaches the surface. Using difference spectra to highlight the changes, we find the distance dependence 
for the B1 peak of KTP. This vibration is the strong IR absorption mode at 712 cm-' [5] but is not Raman- 
allowed in the geometry of our far-field experiment. The probe-sample distance dependence of the peaks is 
shown in Fig. 1, along with the best-fit Raman and GFR models. The GFR describes the data quite well 
except for the derivative-like variation near 90 nm, which we attribute to coupling with plasmons on the AI 
probe coating. [6] 
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Figure 1. The probe-sample distancedependence 
of the NSOM-Raman difference spectra is 
compared to the standard Raman and GFR 
models. 
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Local vibrational modes of an individual Single Wall Carbon Nanotube (SWNT) were observed by near-field 
enhanced Raman spectroscopy. We demonstrated the near-field enhanced Raman spectroscopy with the use of a met- 
allized cantilever tip and a highly p-polarized light illumination onto the tip[ 1,2]. P-polarized light field excites surface 
plasmon polaritons lo at the very tip apex which result in the enhanced elctric field well localized at the tip. This 
localized enhanced e eld is utilized for the near-field Raman excitation, allowing for the observation of the 
local vibrational modes of single wall carbdn nanotubes. 

Due to the strong coupling between electron and phonons in the resonance Raman effect, the unique 1D electric 
density of states (EDOS) of SWNTs play an important role in the unusual resonant Raman spectra of SWNTs associ- 
ated with the bandgap (E> that is equal to the energy difference (83 between the two van Hove singularities [3]. Thus, 
Raman spectroscopy has been realized to be f the powerful tools to investigate the properties of s w s  because 
Raman spectroscopy can allow for the in-situ observation of molecular vibration modes. The very large EDOS at 
the van Hove singularities pith the illumination of the corresponding laser energy result in the high intensities of 
resonant Raman effect of SWNTs. According to the calculati [4] of4j, at the excitation wavelength of 532 nm (2.33 
eV) for the diameter range 4 from 1.22 to 1.5 1 nm, only the small resonance of E,fcan be expected. 

and are lacking in the Breit-Wigner- 
Fano (BWF) line shape [3] that is 
observed in the resonant Raman 400 . 
spectra of metallic nanotubes. These 
G-band features follow the 

in Fig.lb, the far-field Raman spec-& 

peak because ofno enhancement by- 
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Investigation of local field enhancement at the end of SNOM tips using 
photosensitive azobenzene-containing materials 
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Recent theoretical works have shown that strong Field Enhancement (FE) can be obtained at the 
extremity of a metallic apertureless SNOM tip under laser illumination (for example see Refs [l-31). FE 
occurs in the tip near-field, within an area of tens of nanometers of diameter. This effect is very promising 
for the SNOM community because the tip apex could act as a sub-wavelength size optical source. 

We introduce a method to experimentally investigate the FE. The method is based on the use of 
photosensitive samples [4,5]. The experiment is schematically depicted in Fig. la. A metallic apertureless 
SNOM probe is approached at a few nanometers distance fiom a photosensitive sample (azobenzene- 
containing material [6]). The probe-sample junction is then illuminated by a laser beam The 
photosensitivity of the sample permits us to make a “snapshot” of the spatial distribution of optical 
intensity in the vicinity of the probe. This distribution is coded by surface topography, which is 
characterized, after exposure and in situ, by Atomic Force Microscopy using the same probe. 

The obiained results validate the concept of optical nanosource at the extremity of an apertureless 
metallic SNOM tip. We study the influence of various parameters, including the probe geometry, the probe 
material and the polarization state of the incident field. The experimental data are found to be in agreement 
with numerical calculations of the tip near-field. Additionally we discuss the nature of the local interaction 
between the enhanced electromagnetic field and the azobenzene molecules. Finally we present preliminary 
results of apertureless near-field optical lithography based on local field enhancement (see example Fig. 
lb). 
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Figure 1 : (a) Principle of the experiment (b) AFM image showing the letter ‘L’ written by apertureless 
near-field optical lithography. 

References 
[l] L. Novotny, R. X. Bian, and X S.  Xie, Phys. Rev. Lett. 79,645 (1997). 
[2] 0. J. F. Martin, and C. Girard, Appl. Phys. Lett. 70,705 (1997). 
[3] Y. Martin, H. F. Hamam, and H. K Wickamasinghe, J. Appl. Phys. 89,5776 (2001). 
141 G.Wurtz, R. Bachelot, F. H’dhili, P. Royer, C. Triger, C. Ecoffet, and D. J. bugnot, Jpn. J. Appl. Phys. 

[5] F. HDhili, R. Bachelot, G. Lerondel, D. Barchiesi and P. Royer, Appl. Phys. Lett. 79,4019 (2001). 
[6]N. hdraud ,  J. Peretti, F. Chaput, G. Lampel, J.-P. Boilot, K Lahlil, and V.  I. Safarov, Appl. Phys. 
Lett. 79,4562 (2001). 

39,98 (2000). 

I44 



Scanning Near-field Optical Microscopy Using Semiconductor 
Nanocrystals as a Local Fluorescence and Fluorescence Resonance 
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G. 1: Shubeita, S. K. Sehtskii. G. Dietler, Institut de Physique de la Maticre Condenske Universitk de 
Lausanne. BSP, CH 1015 Lausanne - Dorigny. Switzerland 

I. Potapova. A.  Mews, Th. Baschh InstitutjZr Physikalische Chemie Johannes Gutenberg-Universitat 
Maim, 55095 Maim, Germany 

Semiconductor nanocrystals, especially CdSe ones, are considered as very prospective objects for all 
kinds of the fluorescence microscopy due to their excellent photophysical properties and for the possibility 
to tune their fluorescence spectra by changing their sizes through varying their synthesis conditions (see, e. 
g. [l]). In particular, essentially better photostability in comparison to dye molecules is anticipated for 
CdSe nanocrystals, which makes them especially suitable to be used in applications aimiig the use of a 
single fluorescence center as a light source. This is very important for the recently proposed [2] 
Fluorescence Resonance Energy Transfer Scanning Near-field Optical Microscopy (FRET SNOM), where 
donor fluorescent centers located in the tip apex are used to excite the fluorescence of acceptor centers of 
the sample (or vice versa). When a single fluorescence center located in the tip apex is used as an excitation 
source, the spatial resolution can be increased up to 2 s) with the sensitivity exceeding 
that of a usual apertured SNOM [2]. 

Here we report an experiment lization of the local fluorescent probe based on CdSe nanocrystals. 
CdSe nanocrystals possessing a narrow size distribution and a high fluorescence quantum yield were 
synthesized and coated by thin protective ZnS layers in Mainz University (see [3] and references therein for 

I details). Local fluorescent probes were prepared by dipping and extraction of the standard apertured SNOM 
fiber probe having an aperture of 100 - 200 nm into a solution of CdSe nanocrystals and 1 - 2 vol % of 
PMMA or polystyrene in toluene. After such a procedure and subsequent rapid drying of the solvent we 
obtain the SNOM fiber probe coated with a 30 - 100 nm - thick layer of the polymer containing 
nanocrystals with the concentration of 10l6 - 10" mi'. The existence of such a layer was confirmed using 
scanning electron microscopy and experiments with the 
on dye molecules [4]. 

of the fiber probe. They were scanned in the vicinity of the sample in a usual manner using the tuning fork 
-based shear-force distance regulation. When we record the optical image of a sample in the spectral range 
of the fluorescence of the CdSe nanocrystals, we exploit our probes as local fluorescent probes. (See, e. g. 
Ref [5] for a discussion of local fluorescence probes and their prospectives). These same probes can be 
exploited as FRET SNOM probes when one records fluorescence fiom the sample stained with dye 
molecules capable to work as acceptors onms. Dyes suitable to function as 

ilarly prepared local 

Local probes were excited by coup1 8 nxn spectral line of cw Ar ion 1 

the CdSe nanocrystals, and the 
corresponding experimental results will be discussed. In particular, the dependence of the fluorescence 
intensity on the local refraction index of the sample-was recorded. 

References \ 
[ 1 J A. D. Yoffe, Adv. Phys. 50, 1 (2001). 
[2] $. K. Sekatskii and V. S.  Letokhov, Appl. Phys. B.: Laser. Opt. 63,525 (1996). 
[3] G. Schlegel, J. Bohnenberger, I. Potapova and A. Mews, Phys. Rev. Lett. 88,137401 (2002). 
[4] G. T. Shubeita, S. K Sekatskii, G. Dietler and V. S.  Letokhov, Appl. Phys. Lett. 80, (2002). 
[5] V. Sandoghdar and J. Mlynek, J;  Opt A. Pure Appl. Opt. 1,523 (1 999). 

145 



Near-field Raman Imaging of Organic Molecules 
by an Apertureless Metallic Probe Scanning Optical Microscope 

Norihiko Hayazawd~-z), Y~sushi/nouy&)~~)~ e, Zouheir Sekh~f).-3~)* @, ana' 
Satoshi Kawatdla***-', 

1)Deparfrnenf ofAppLiedPhysim, Osaka Universi& Suita, Osaka 565-0874 Japan 
2)CXZS' Japan Corporation of Science and 2chnolom Japan 

. 9Handai FRC Suia, Osaka 565-0874 Japan 
sr)skoo1 of Fmnfier Bioscience, Osaka Universio Suitu, Osaka 565-0871, Japan 

$hYfiA! Wako, Saitama, 351-0194 Japan 
d)Schoo1 of Science and Engineering A1 AMawayn Universip in p a n e  

53OOO&ne, Momcco. 

Near-field Raman Imaging of organic molecules is demonstrated by an apertureless near- 
field scanning optical microscope 113, the tip of which is a silver-layer-coated cantilever 
of an atomic force microscope (AFM). The virtue of the enhanced electric field at the tip 
apex due to the surface plasmon polariton excitations enhances the Raman scattering 
cross-sections [2,3]. This phenomenon allows us to reveal from near-field Raman images 
the molecular vibrational distributions of Rhodamine6G and Crystal Violet molecules 
beyond the diffraction limit of a light. These molecular vibrations cannot be distinguished 
by AFM topographic images. Fig. 1 (a) is obtained at 607 cm-I which corresponds to the 
Stokes-shilled-line of the C-C-C in-plane bending vibration mode of Rhodamine6G, Fig. 
1 (b) is obtained at 908 cm-I which corresponds to the Stokes shifted-line of the C-H out- 
of-plane bending vibration mode of Crystal Violet, and Fig. 1 (c) is a corresponding topo- 
graphic image in AFM operation. 

Figure 1 (a) A Near-field Raman image obtained at 607 cm'; C-C-C in-plane bending mode of 
Rhodamine6G, (b) A Near-field Raman image obtained at 908 cm"; CH out-of-plane bending 
mode of Crystal Violet, and (c) the corresponding topographic image. It took 10 minutes to 
obtain one image where 1 pm by 1 pm scanning area consisted of 64 by 64 pixels. 
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The near-field optical studies of semiconductor single quantum dots (QDs) or quantum wires have 
provided insight into their intrinsic properties by eliminating the ensemble averaging. Beyond such 
single-constituent spectroscopy, the next challenge of NSOM measurement is to directly illustrate and 
control the internal features of the quantum confined systems [I]. Theoretical works predict that if the spatial 
resolution of near-field scanning optical microscopy (NSOM) reaches the length scale of the quantum , 
structures, the NSOM allows a mapping of real-space distribution of eigenstates (wave functions) [2]. In this 
paper, we demonstrate near-field imaging spectroscopy of a single GaAs island-like QD with a spatial 
resolution of 35 nm and map out center-of-mass wave functions of exciton and biexciton. 

.The sample investigated was island-like QDs formed at the interface of a GaAs quantum well 
structure. An aperture-type NSOM probe was prepared by the chemical etching technique for the tapering 
and by the impact method for the aperture formation. Photoluminescence (PL) imaging spectroscopy was 
carried out in illumination-collection mode operation of NSOM at a cryogenic temperature (8K). 

Figure l(a) shows a near-field PL spectrum at one point of the sample. The spectrum exhibits 
three sharp peaks, which were identified as an exciton (X), a biexciton (XX), and a first-excited exciton (X*). 
Optical images in Fig. l(b) and l(c) were obtained by mapping the PL intensity with respect to the peaks X 
and XX, respectively. Since the island structure revea1ed.h Fig. I(b) (-100 nm) is beyond our spatial 
resolution (35 nm), se images successfully map out the center-of-mass wave functions of the exciton and 
biexciton states. ifference in the spatial distribution between, two images is expected to be associated 
with the difference in the “dead layer effect”. As shown in Fig. l(d), we also map the emission from 
first-excited exciton, whose 

’ 

ition to the ground state is inhibited in the far-field regime. 

Photon Energy [eVj 

Figure 1: (a)Ncar-fiild PL spectrum of single GaAs island structure (quantum dot) at 8K. @)-(d) Near- 
field PL images recordedat the energies ofexiciton (X), 
respectively. Image size: 200m 

texcited exciton (X 
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To realize nanometer-scale photonic devices and their integration Ill,  coupling them with 
external conventional diffraction-limited photonic devices is required by using a nanometer-scale 
optical waveguide for farlnear -field conversion. To meet this requirement, we have reported 
plasmon waveguide using a metallized silicon wedge structure that converts far-field light to 
optical near field via one-dimensional (1D) plasmon mode [2]. To couple with ID plasmon mode 
efiiciently, we propose here a plasmon condenser with a microscatter that focus two-dimensional 
(2D) surface plasmon (SP) and converts to 1D plasmon mode efficiently. 

As a plasmon condenser, carbon columns were aligned by focused ion beam. They were 
positioned on a circumference of a radius R in order to compensate for -phase-matching of the 
scattered plasmon waves at  the focal point. The angular position of the nth column is given by the 
expression kR-/cRcos(a)=2nn [see Fig. l(a)]. Furthermore, to enhance the efficiency of light 
scattering a microscatter was deposited at focal point of the plasmon condenser. To excite 2D SP 
mode and increase the near-field optical energy at the microscatter, 50-nm-thickness gold film 
was coated. In order to investigate the plasmon enhancement due to the microscatter, we 
compared the spatial distributions of palsmon condenser without and with the microscatter. The 
spatial distributions of optical near-field energy were observed by the collection mode near-field 
optical microscope taken at A = 785 nm and arrangement for 2D SP excitation in Kretschmann 
configration. 

Figures l(b) and l(c) show respective topographical and the near-field optical images of the 
plasmon condenser without the microscatter. Figures l(d) and l(e) are for the plasmon condenser 
with the microscatter. In Fig. l(f), curves A, B, and C show the cross sectional profiles along 
dashed white lines A-A’, BB’ Iin Fig. l(c)], and C-C’ [in Fig. l(e)], respectively, where the pick- 
up intensity were normalized by the incident power of 2D SP in front of the plasmon condenser. 
Note that the peak intensity of curves B and C are twlce and 7 times that of curve A, respectively, 
and full width at  half maximum of curve C is 350 nm. These results confirm that pIasmon 
condenser focuses 2D SP and the microscatter enhances the light scattering. By using these 
structures in the farhear -field conversion device, higher conversion efficsency from 2D SP to 1D 
plasmon mode is expected. 

Positon Inm] 

Figure 1: (a) Modeling of plasmon condenser with a microscatter. @) Topographical image of 
plasmon condenser. (c) Near-field optical image on (b). (d) Topographical image of plasmon 
condenser with a microscatter. (e) Near-field optical image on (d). (0 Curves A, B, and C show the 
cross sectional profiles along the dashed white lines of A-A’, B-B’, and C-C’, respectively. 
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Spontaneous emission of an atom placed near nanobodies 
V.V. Klimov 

P. N.  Lebedev Physical Institute, U S .  53 Lenin Prospect, Moscow I 1  7924, Russia. 

The influence of nanonobodies of different shapes (sphere, cylinder, cone, spheroid) and 
made of different materials (dielectric, metal, 'left-handed') on decay rate of an atom is considered. 
The results of calculations performed within the framework of quantum and classical electrodynamics . 
are presented both in analytic and graphical forms and can be readily used for planning experiments 
and analysis of experimental data. The results obtained show that one can use nanobodies to control 
effectively the decay rate of spontaneous emission. For example, the decay rate of an excited atom 
with dipole orientation, which is normal-to surface of nanospheroid or nanocylinder, can be enhanced 
by factor IO - 100 in comparison with free space rate. More substahtial enhancement of decay rate 
occurs for special (negative) values of permittivity. It corresponds to excitation of surface plasmons 
inside nanobody. On the other hand, the decay of an excited atom whose transition dipole moment is 
directed tangentially to the nanobody surface substantially slows down. The probability of nonradia- 
tive decay of the excited state is shown to increase substantially in the presence of nanobodies pos- 
sessing losses. 

Let us now consider the observation of an individual molecule with the aid of an apertureless 
scanning microscope with a needle tip modeled by a prolate nanospheroid wherein plasmon reso- 
nances can be excited f I]. We consider that the process of excitation of the object molecule and the 
process of emission of light by it are separated both in time and frequency. It means that the molecule 
excitation process is off resonance with the nanoscope needle, whereas the emission band of the 
molecule falls within the resonance region of the nanospheroid as a needle. With this formulation, the 
problem reduces to the determination of the rate of the radiative loss suffered by the preexcited 
molecule in the presence of the nanotip possessing resonance properties due to the plasmons excited 
therein. In Figl. one can see scan signal of nanoscope near molecule with different orientations. From 
these figures one can see that it is possible to achieve space resolution about 2-3 nm. More over it is 
possible to determine the orientation of dipole through dip in scan image. 
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Figure 1. Scan images (relative decay rate) of a molecule for its different orientations. Arrows indi- 
cate the position and orientation of the dipole. 
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scopy of fullerene- or perylene- filled nanotubes 
Dibarre A. ., Jafiol R... Julien C., Nutarelli D,, Richard A., Tchinio P., 

Laboratoiw Aim6 Cotton, C.N.R.S. II, Bdt. 505, 91405 Orsay Cedex, France 

To improve the spatial resolution in NFO, schemes that take advantage of the field enhancement under 
an opaque tip, often called apertureless approaches, were proposed[ 1,2,3,4]. When imaging, resolutions 
below ten nanometers where obtained. But, for spectroscopic applications in fluorescence, the dynamics of 
the light emission is strongly affected [5] and for most of the chromophores, the fluorescence is quenched 
when a high resolution is required. The case of Raman spectroscopy, where the energy is not stored for a 
long time in an highly excited state seems more favorable and several recent experiments [6, 71 did 
observed enhanced Raman scattering under metallic tips. 

close connections between fluorescence or Raman experiments under opaque tips and those 
that have been performed on rough substrates for more than twenty years. Typical enhanced factors under a 
tip are still much smaller than those obtained on optimized Surface Enhanced Raman scattenng(SERS) 
substrates. Understanding how nanostructures enhance Raman scattering can lead to a better design of NFO 
probes for Raman application. 

colloids in solution or deposited 
on a dielectric substrate. Carbon nanotubes is another kind of nanomaterial that present remarkable 
electrical and mechanical properties. Their ability to enhance Raman signals has not yet been investigated. 
Recently, several groups have succeeded in filling these structures with different chemical species[8,9]. In 
this lecture, we report on Raman scattering of nanotubes filled with Mlerenes or perylene molecules. First, 
we will present the hyperspectral imaging method that allows us to study these very heterogeneous 
systems. This original method is close to the techniques used in single-molecule spectroscopy. It combines 
a high spatial resolution Raman imaging (confocal microscope) with sample dilution. In each point of the 
image, a complete Raman spectrum over a 3000cm" wide domain is acquired M e r  processing this 3D 
image, regions of interest can be selected. Then, we will discuss Raman spectra on nanotubes filled with 
different chemical species. Preliminary results suggest that strong Raman signals can be obtained with 
traces of material 

There 

Classical SERS substrate are noble metal (silver, gold usually) film 

scattering from species inside or near the tube. 
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Irriaging with a scatter-probe mar field optical microscope 

V. Ruiz-Cort isl S. Zavala, P .  Ngrete-Regagnon, E. R. Mndez, H. M. Esmmilla 
Depto. de Optical Davisidn de Fisica Aplicada 

Centro de Investigacidn Caentifica y de Educaci bn Superior de Ensenada (CICESE) 
Km. 107 C a r .  Tijuana-Ensenada, 22860 Ensenada, B.C., Mexico . 

Nano-scale optical technology is currently a highly active area of researc h. Near-field geornet&rs 
opportunities to  study optical interactions involving both a propagating optical field and an evanescent 
field. Near field optical microscopy has been successful in demonstrating the possibility of beating the 
diffraction limit of conven tional optical systems. In near field optics the resolution is primarily determined 
by  the size of the probe and resolutions of about X/lO or lower are routinely achieved with these instruments. 

Most of the near-field optics arrangements employ a tapered optical fiber to illuminate or/and collect 
the light reflected or transmitted by  thesample. The resolution is, in this case, primarily determined by  
the size of the tip, and efforts are been made to  produce sharper ones. Tehnology has no wmatured to 
the point where near-field microscopes are employed in a wide variety of applications in biology, material 
science and surface metrology. 

A minor trend in near field microscopy consists of using scatters, rather than tapered optical wawguides 
employed by  more conven tionalsystems. Using a scanning near-field optical microscope with a metallic 
probe tip, we investigate the formation of near-field optical images. The scatter-probe is used only €or con- 
verting an exmescent field t o  a propagating field and the detection system is in the far-field. This situation 
models the usual experimental set up employed in scatter-probe near-field microscogy . 

We will present a numerical study of a scanning scatter-probe near-field optical microscope. We will 
describe the numerical technique employed in our studies of the problem and some represerkativ e results of 
our findings. 

The method of calculation is based on the "in tegralapproach" formalism describe b y  Maradudin et. 
a2 [l], with some small modifications to  be able t o  deal with multivalued surfaces and multiply connected 
domains. With this formalism, one is able to  calculate the intensity reaching the far field of the sample for 
a particular position of the probe. By displacing the probe horizontally by small increments, and solving 
the scattering equations for each one of the positions it is possible to calculate images under various combi- 
nations of geometries of incidence and scattering. The image is then formed using the calculated signal for 
each position of the probe as it is scanned over the sample at const- height. 
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\ Microscopy Tip on optical fiber parameters. 
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In Scanning Near-Field Optical Microscopy (SNOM) a tapered optical fiber scans a sample surface to 
obtain resolution beyond the Rayleigh limit. In contrast to conventional microscopy, this particular mi- 
croscopy does not appear to be diffraction limited and some work has been done with the aim of finding its 
actual resolution limit. In the case of a metal covered tip, the easier way is to use di&.action theory for a 
subwavelength aperture pierced in a perfectly conducting metal screen, where the metal screen represents 
the metal cover of the optical fiber. 

Since the optical fiber is not considered in the models, such works are limited to discussing resolution as 
a function of the aperture size. In a work of Buckland et al. [l], the problem of the resolution of a collection 
mode SNOM tip, whether metal covered or not, is approached using a modal treatment. In the case of 
a metal-covered tip, the discussion is based on the analysis of the modes of a-conducting wall cylindrical 
waveguide. In the case of a naked tip, the discussion is based on the analysis of the guided modes of the 
optical fiber. In both cases, the assumption & made that the aperture size is so small that it was possible to 
discard all the modes with the exception of the fundamental mode. Therefore, it is an interesting problem , 

to discuss the resolution of a SNOM tip using the complete set of modes. It is desirable that the model 
includes both the metal cover and the optical fiber. 

In a previous article [2], a model for the diffraction through a subwavelength aperture on the top of 
an optical fiber was developed. Such a model, based on the Direct Moment Method (DMM), uses both 
the set of modes of the metal wall cylindrical waveguide and the complete orthonormal set of modes of an 
optical fiber. The model was intended for studying the Iight transmission through the SNOM tip, taking 
into account not only the size of the aperture, but also the characteristics of the optical fiber. In this work, 
the same model will be used to discuss the limit of resolution of a SNOM tip with no restrictions on the 
size of the aperture. The model will allow discussion of t 
the core and the permittivity of both core and cladding. 

en 
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PHOTON INTERACTION BETWlCEN TWO ATOMS IN 
NEAR-FIELD CONTACT 

Jacob Broe and Ole Keller, 
Institute of Physics, Aalborg University, Pontoppidanstrade 1 03, 9220 Aalborg 0 s t ,  Denmark 

In near-field optics a study of the interaction of two atoms (molecules) in near-field contact during the 
exchange of photons, is of fundamental interest. Concrete problems where such a study is crucial for the 
understanding could be, 

1. the detection of of photon in the near-field of its source. In this situation one atom acts as the source 
ibd the other as the detector [l], 

2. in a micoroscopic investigation of the resolution problem, where both atoms act as sources, 

3. in a study of the optical tunneling problem, which is related to the lack og photon localizability. [2] 
. A theoretical study of this interaction necessarily must be based upon a microscopic and quantum elec- 

trodynamical description. One often used approach is to formulate the problem in the multipole gauge 
(Power-Zinau-Woolley gauge) [3,4]. This gauge has the disadvantage that the photon propagation can not 

'be  Seen directly from the fundamental equations, but this problem can be removed by reformulating the 
approach in the so-called propagator gauge [5], related in some respects closely to the multipole gauge. 

In this presentation we will formulate the tweatom problem in the propagator gauge, and present a 
closer study of the electrodynamics of a single atom, because many of the problems here also enter the twe 
atom problem. Because of the close relation between the propagator and multipole gauges, it will further 
be demonstrated how many of the divergences obtained in many calculations in the multipole gauge [3] are 
due to the almost universally used assumption that the atom is point-like. 
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Comment on a controlling method of spins of atoms 
with optical near fields 

A. Shojiguchi, K. Kimhara, International Christian University, Mitaka, Tokyo 181-8585 

If two evanescent waves respectively propagating in the direction of the x-axis and of the y-axis are 
built on top of a dielectric surface, a pattern of circle polarization whose polarization axis is in the z-axis 
will be made on a straight line on the surface [I]. This is a special circle polarization whose polarization 
axis is orthogonal with the propagating direction. If an alkali-atom beam runs along with the straight line of 
this circle polarization pattern, the z-component of angular momentum of the atom increases by 1 due to 
the induced absorption. If the initial state of the atom is Sin. the valence electron is either in the up-spin 
state (J, M) = ( In ,  1/2) or in the down-spin state (J, M) = (V2, -In). Atoms in the upspin state and the 
down-spin state change to a state Pin and to a state PWZ. respectively. However, if we inhibit the transition 
to the state PUZ by selecting frequency of the evanescent wave, we can make atoms of the upspin state (.I, 
M) = (In, 112) stable. Finally, atoms in the state P1n relax to the state Sln of the up or down-spin state. 
Thus, by repeating the pumping and relaxing processes we can make all the atoms in the upspin state (see 
Fig.1). This is a procedure proposed by Kitahara and Hori [2] to arrange the spins of atoms in the same 
direction. 

The probability of the spontaneous emission of atoms near an interface is different from the one in 
vacuum because the probability depends on the direction of the emitted photon. Moreover, since the atoms 
are very close to the dielectric surface, the difference cannot be negligible. In order to take account of the 
surface effect, we expand the electromagnetic waves in terms of the Carniglia-Mandel mode [3], which is a 
normal mode of the electromagnetic waves with the boundary condition of an infinite plane surface to form 
a complete orthonormal set. Then we calculate the transition probability from the P1n state to the upspin 
state (wup) or to the down-spin state (wh,,.,,), perturbatively. The greater the ratio R(n, z) = wu&d- 
becomes, the faster the up-spin atoms are collected. The ratio R(n, z) depends on the distance from surface 
to the atoms (z) as well as the refraction index (n) of the dielectric surface. A result on the transition from 
the state 6P1n to 6S1n of 133Ce atoms is shown in Fig. 2. It follows from the figure that the ratio R(n, z) 
takes its maximum value at n =1.5 and then monotonically decreases with z. We find that the ratio R(n, z) is 
enhanced due to the surface effect by 30% than the value estimated in Ref. 223. 

Fig.2: rate of &on probabilities 
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Near-firld optical imaging mechanism as a windowed Fourier 
Transform 

Qing Zhou, Hong Dai 
Department of Physics, Yunnan University. Kunming 650091. China 

Xing Zhu 
State Key Lab for Mesoscopic Physics,Peking University. Beijing 100871, China 

In near-field optical microscopy, the task of the fiber probe is to capture the radiation from the sample. 
The process contains two aspects. On the one hand, when the probe is introduced on the sample surface, it 
disturbs the existed field. It interacts with that field and establishes a new field distribution. The new field 
distribution contains high fiequency information (i.e. evanescent field) from sample because of near field, 
so high resolution is available. On the other hand, the size of probe tip is finite and constant (infinite 
impossible), so the tip is seen as a windowed function smoothing the received signal. Therefore, the 
detected resolution depends on an assembly of the tip size, distance between tip and sample, relative 
position and material characteristics of both tip and sample. 

Computing simulations presented below can show this using three-dimensional. FDTD method. The 
computing model consists of three cubic dielectric blocks whose height and each side is 125nm and 75nm, 
respectively. The permittivity of the blocks is 12.25 (refractive index=3.5). A plane wave ( A  =50Onm) 
illuminates the probe at normal incidence to the bottom (in zdirection). We assume the direction of the 
incident light polarization is the electric field polarization along the y-axis. 

Figure 1 shows near-field distriiution of sample without probe. The more distant from the sample 
surface, the less the part of high frequency. 

Figure 2 shows near-field distribution of sample with probe. The tip disturbs the field distribution. 
The received signal is different from the original field of sample. However the signal contains high 
frequency information on sample in near-field region. The relation between the undisturbed and disturbed 
fields is not simple. Therefore, the near-field optical microscopic image must be interpreted carefully. 

Fig. 1 Near-field ,distribution of sample 
without probe with probe 

Fig.2 Near-field distribution of sample 
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Deconvoludon Method for Improving Aperture-Scanning 
Near-Field Magneto-Optical Images 

E Kiendl. G. Guntherodt, II. Physikalisches Institut der R WTH Aachen, 52056 Aachen, Germany. 
e-mail: Fabian.Kiendl@physik.rwth-aachen.de 

In the aperture mode of magneto-optical scanning near-field microscopjr (MO-SNOM) the resolution is deter- 
mined by the size and geometry of the aperture[ 11. Reducing the size of apertures makes their fabrication dispropor- 
tionally more difficult and curbs the available intensity[2]. Therefore, there is a need to increase the resolution for a 
given aperture. 

We propose a computational image post-processing method[3] to increase the resolution and thereby the contrast 
of a given magneto-optical near-field image. In many scanning measurement set-ups (e.g., confocal[4] or magnetic 
force microscopes[5,6]), the detector is much larger than the structures to be resolved, and the information is recov- 
ered by a deconvolution technique. Such a technique, however, requires an appropriate model of the measurement 
process. In this work we put forward a model for the image acquisition process in our magneto-optical SNOM set- 
up[7] that allows us to apply a deconvolution technique to our images: We divide the sample into grid squares that 
are much smaller than the aperture and regard each acquired pixel as a superposition of intensity contributions from 
many grid squares. While a typical aperture illuminates an area of 50-100 nm diameter at any given time, it can be 
scanned across the sample with a much higher precision. As most sample grid squares a're therefore illuminated more 
than once during an entire scan, the acquired image can be regarded as a convolution of the true sample information 
with the aperture geometry. To deconvolve the aperture geometry from a given acquired image, we set up a linear 

We demonstrate the potential benefit and computational feasibility of this method on a test structure. Analyzing 
the impact of image acquisition disturbances on the deconvolution result, we find that actual images must be de- 
noised properly before deconvolution. We find that de-noising methods based on wavelet analysis[8] are far superior 
to Fourier analysis for this purpose. They empower us to deconvolve actual magneto-optical images from our experi- 
mental set-up. 

Once the sample has been removed from the SNOM, e&, to change the tip or to acquire reference images using 
a different magnetic microscope, it is difficult to retrieve the previously imaged area in subsequent measurements. To 
overcome this problem, we have prepared samples with a topographically visible coordinate system. 

in the intensity contributions from the individual sample grid squares. 
I _  
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Near-field optical virtual probe is a kind of immaterial tip based on the principle of near-field evanescent wave 
interference. The evanescent wave interference and the aperture play very significant roles in generating near-field 
optical virtual probe. Two evanescent waves in opposite direction will interfere to generate the confinement field. 
The central peak cames most of energy. An aperture can be used to suppress the sidelobe in the optical field 
distribution to form near-field optical virtual probe. In this paper the optical field distribution of near-field optical 
virtual probe has been'numerically simulated by 3-D finite-difference time-domain (FDTD), The characteristics of 
near-field optical visual probe have been revealed. The transmission efficiency of optical virtual probe is higher 
than popular nano-aperture metal-coated fiber probe j n  near-field nning optical microscopy. FWHM of the 
central peak of the confinement field, in other words, the size of optical virtual probe is constant whatever the 
distance increases in a certain range. It is feasible that the critical nano-separation control in NSOM can be 
relaxed, so the scratch between the probe and media can be avoided. Some parameters of the optical virtual probe, 

and size of aperture, polarization and etc. have been analyzed. The results also show that 
ssion will depend on optimization of aperture function of optical virtual probe. This kind of probe 

is likely to be used in near-field high-density optical data storage, nano-lithography, near-field optical imaging and 
scale specimen and etc.. 
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Fig. 1 concept of virtual probe Fig.2 Simulation model 
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(a) (b) (C) 

FIg.3 (a) Intensity distribution (IE,l) on the observation plane (b) section along x direction (Ef) (c) SSEFD of virtual probe 

Fig.4 FWHM of central peak W. distance Fig.5 Intensity of central peak vs. distaxe 
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Existence of phase modulation phenomena in the light 
scattered by a vibrating tip in aperturless SNOM 
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The understanding of the image formation in apertureless SNOM is still a big challenge. The purpose 
of our work is to study the particular influence of the phase modulation of light scattered by the vibrating 
tip, especially when a background signal exists in experimental set-up. 

The scheme of near field experiments that we consider can be described as follows. A monochromatic 
light wave goes throw a transparent sample. The structures of this sample are responsible for formation 
of near field and far field. This optical information is thus partially contained in the light dfiacted by an 
AFM vibrating tip. At large distance a fixed phot-sensitive device collected this field eventually in addition 
to a non-modulated background field. 

First, we analyse the field diffracted by the probe and illuminating the detector. The process of diffrac- 
tion of a plane-wave Fourier component by the vertical vibrating tip leads to a generation of two phase shifts. 
The first one is created as a result of a variation of distance between a fixed sample and the tip and the 
second is due to the variation of distance between the tip and the phobdetector. For an evanescent spectral 
component the phase shift is complex. Thus the optical signal coming from the tip is both -amplitude and 
phase- modulated. The first aspect of problem as been analysed for example in [1][2][3]. The second aspect 
of problem is not often analysed in literature because it can be detected on the electrical signal generated 
by the photo-detector only if a background optical signal (for example created by spurious scattering in the 
sample) adds to the signal diffracted and modulated by the tip. 

Our theoretical and experimental analysis shows that the contribution of the phase modulation is sig- 
nificant. It can noticeably change the form of the curve describing the intensity of signal as a function of 
the tip modulation amplitude. For some particular amplitudes and detector positions, the signd becoming 
strictly equal to zero only because of phase modulation effects. 
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Nanoscale Environments in Sol-Gel-Derived Silicates by Single 
Molecule Spectroscopy 

D. A. Higgins, M. M. Collinson, Depa of Chemistry, Kansas State University, Manhattan, KS, 66.5M. 

Single molecule spectroscopic methods are employed to characterize the nanoscale environments found 
in thin silicate films prepared by the sol-gel process.[ 11 A range of organically-modified silicate thin films 
were prepared by spin casting sols of different chemical composition onto glass substrates. Sols were 
prepared by cohydrolysis of organically-modified silicate precursors with tetraethyl orthosilicate (TEOS). 
Others were prepared by separate hydrolysis of these same materials. The orgari'~cal1y-modified silicates 
employed include isobutyltrimethoxysilane (BTMOS) and cyanopropyltrimethoxysilane (CNS). CNS, 

OS, and TEOS were combined in different ratios during sol preparation to yield films of dramatically 
fferent nanoscale properties. The highly solvatochromic dye nile red was doped into these films at 

omolar levels and its fluorescence was used to probe the nanoscale film environments. Single molecule 
orescence spectra ob 

' 

ing a modified Marcus analysis. 
, nominally reflecting the local 

' 
"polarity", and on the ldcal reorganization e the environmental "rigidity" is 

e molecular-scale properties as a function of preparation 
from a series of BTM0S:TEOS mixtures show strong 

for molecule-scale phase separation. In contrast, those prepared from a range of CNS:TEOS 
ow gradual variations in environmental polarity and rigidity, consistent with molecular-scale 

mixing of the precursors throughout the range 
environmenti become dramatically more fluid 
emission behavior exhibited by individual molecules 
environmental rigidity. An image obtained from phaseseparated TEOS, CNS and BTMOS~inaterials is 
shown in Fig. 1. Mole 
substantial dynamics 
image streaks designate film regions of substantially increased fluidity. 

ples studied. Overall, a1 

material phase separation and 

lms appear as round spots, those exhibiting entrapped at fixed locations in 
translational, rotational, and spectral diffusion appear as "streaks". These , 

Figure 

References 
[l] A.M. Bardo, M. M. Collinson, D. A. Higgins, Chem Mater. 13,2713 (2001). D. A. Higgins, M. M. 

, separately-hydrolyzed TE0S:CNS:BTMOS (502525) 

Collinson, G. Saroja, A. M. Bardo, Chem Mater, to be submittd. 

film. 

161 



Single-molecule detection of Rhodamine-6G using 
cantilever-SNOM-sensors 

F. Vargas, G. Tarrach 
Facultad de Fhica, P. Universidad Catdlica de Chile. Av. Vicuiia Mackenna 4860, 690441 1 Santiago, Chile 

0. Hollrieher, 
WITec GmbH. Horvelsinger Weg, 0-89081, Ulm. Germany 

0. Marti 
Abteilung Ex-erimentelle Physik, Universitgt Ulm, 0-89068, Ulm, Germany 

In the present work we were able to achieve fluorescent single-molecule detection (SMD) by Scanning 
Near-field Optical Microscopy (SNOM) using a new kind of tip, namely the "cantilever-SNOM sensor" 
manufactured by WITec GmbH. These sensors consist of a Si cantilever such as commonly used for Atomic Force 
Microscopy (AFM), but with a hollow aluminium pyramid as a tip. The pyramid has a small aperture at its apex. 
The laser light is focused into the backside of the hollow tip and a fraction of the light emerges from the aperture. 
The cantilever-SNOM sensors were used in an a-SNOM from the same company, which offers the possibility to 
work simoultaniously in AFM and SNOM mode. 

The dye molecules we studied were Rhodamine-6G protected from oxidation by a thin polymer film. The 
samples were prepared using the following polymers with a layer thickness of 7-10 nm: Polymethyl Methadate  
(PMMA), Polystarine (PS), and Polyvinyl Chloride (PVC). It turned out that PVC gives the most effective 
protection, but that the protective effect of PMMA is also quite reasonable and more convenient for comparison with 
the results of other groups. Typically, bleaching still ocurrs at the beginning of exposure, but rapidly reaches a 
stationary state where the remaining active molecules stay active over a very long time period. Without protection, 
the bleaching process goes on until there is not a single emitting molecule left. 

In a first step, we imaged single molecules with far-field confocal microscopy. Several long-term 
transitions were observed with dark intervals of up to half a second. During the dark state, the fluorescence intensity 
dropped to the background level, which means that we can really speak of "on-off" transitions and could not find 
any "on-dim" transition, like observed in other systems. 

Then we used the SNOM mode in order to obtain high-resolution images with the cantilever SNOM sensor. 
It turned out that we could achieve similar intensity levels as in the confwal mode, but with about 50 nm spatial 
resolution on a single fluorescent molecule. Although the images have a superimposed secondary image, a cross 
section through the intensity map demonsmtes, that the secondary spot is of considerably less intensity than the 
primary spot (see figure). Therefore, the sensors have proved to be useful and to perform well for single-molecule 
detection. 
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Towards Near-field Detection of Single Molecules 
between Nanoelectrodes 

A. Drezet, J.-F. Motte, S. Huant, and J. C. Woehl, 
Labomtoire de Spectmrndtrie Physique, Universitd Joseph Fourier Gmoble et CNRS, 

98402 Saint Martin d ' H h ,  h n c e .  
H. B. Weber and H. v. Lohneysen, 

Institut fir Nanotechnologie, Forschungszentmm Karlsruhe, 76021 Karlsruhe, Germany. 

The ultimate goal in molecular electronics is to replace lithographic chip fabrication based on silicon, 
copper, and aluminum by much smaller building blocks obtained from molecular engineering - the so-called 
"bottom-up" approach. One possible molecular component for an information processing device consista of 
a single molecule connected to  metallic electrodes. For the interpretation of electronic transport, properties 
of such a setup we need to understand haw the molecular electronic structure changes under application 
of the huge electric fields. While methods in high resolution optical spectmcopy have proven to provide 
information about electric field effects on the electronic structure with unprecedented detail, it is not evident 
to use them in strong and inhomogeneous fields. For this purpose, the electrode surfaces have to be very 
close to each other (on the order of p a ) ,  and their position relative to the investigated spot must be known 
with high accuracy. 

Near-field scanning optical microscopy provides just this advantage: the sample can be illuminated 
with a spot of a size much smaller than the diffraiction limit [l], and the geometry of the surrounding 

nanoelectrode surfaces (and thus the field at the 
illuminated area) cm be determined from the 
sample topography (force image) which is ob 
tained in pardel. We ate therefore applying 
this technique for the optical detection and, ulti- 
mately, Stark spectroscopy at low temperstures 
of single molecules dispersed between pm spaced 
nanoel&rodes fabricated by e-beam lithogm 
phy. Our contribution will outline the vasious 
steps taken in order to achieve this goal. The 

orescent microspheres which show a nice correla- 
tion between emission and topography. Room 
temperature detection of single molecules de- 
posited onto a PMMA surface has been achieved, 

instrumental setup has been tested by using ffu- 
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Time-Resolved Quantum Beats in Single InAs Quantum Dots 

Young-Jun Yu, Sang-Kee Eah, Han-Ed Noh, and Wonho Jhe 
Center for near-field atom-photon technology and Department of Physics, Seoul National University, Seoul 151-742. Korea 

Y .  Arakawa 
Institute of Industrial Science. University of Tokyo. 7-22-1 Roppongi Minato-ku, Tyoko 106-BSSB. Japan 

We report on the observation of quantum beats in single InAs quantum dots (QDs) with a low 
temperature near-field scanning optical microscope. The sample is self-assembled W G a A s  QDs grown 
by molecular-beam-epitaxy of single layer, lateral size -20 nm, height -2 nm, and density -100- m-’. To do 
single QDs spectroscopy we covered the sample with 70 nm aluminum using 100 nm diameter polysterene 
spheres as a mask. The number of quantum dots is -7 in the 100 nm aperhxes. To locate an aperture, we 
used a fiber axicon lens made of uncoated fiber tip sharpened by chemical etching method. We kept the tip 
-10 nm above the sample using only a tuning fork and a lock-in-amplifier. Both the tip and sample was 
cooled down to 5 K using a continuous flow type cryostat. 

We used pulses at 1.65 eV from a Ti:sapphire laser to excite Caniers at GaAs surrounding InAs QDs. 
The excitation laser was sent through the fiber, and the luminescence was collected using the same fiber. 
The luminescence was dispersed by a 0.3-meter spectrometer with spectral resolution of 0.3 meV, and then 
detected by a charge-coupled device for time-integrated PL spectra. A silicon avalanche photodiode was 
used for time-resolved spectroscopy with temporal resolution of 250 ps 

Figure 1 shows the time integrated PL spectra for excitation power of 100 nW measured at the fiber tip 
at the temperature of 7 K. The full width at half maximum (FWHM) of each single QD PL peak is 0.25 and 
0.3 meV, respectively at 7 K and 05 meV at 70 K. The FWHM of single QD PL peak are almost same size 
at 7 K and 70 K This result was obtained with uncoated fiber tip sharpened by a chemical etching method, 
which exhibits a lens effect in the near-field region. Figure 2 shows the time-resolved PL spectra of the 
single QD, where quantum-beat like oscillations in the time-resolved PL spectra of the single QD are 
clearly observed. 
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Figure 1. Time-integrated PL spectra of single QDs at 7 K, 70 K. Figure 2. Time-resolved PL spectra of single QD 
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bptical response 01 iconductor quantum dots 
beyond the elec dipole approximation 

Jorge R. Zurita-Sdnchez and Lukas Novotny, - 
University of Rochester, Th tatute of Optics, Rochester, NY 14627. 

We present a theoretical investigation of a semiconductor quantum dot interacting with a strongly l e  
calized optical field as encountered in high-resolution near-field optical microscopy. The strong gradients of 
these localized fields suggest that higher order multipolar interactions will affect the standard electric dipole 
transition rates and selection rules. For a semiconductor quantum dot in the strong confinement limit, we 
calculate the interband electric quadrupole absorption rate and the associated selection rules. It is found 
that the electric quadrupole absorption rate is comparable with the rate calculated in the electric 
dipole apprdmation. This implies that near-field optical techniques end the kange of spectroscopic 
measurements beyond the standard dipole approximation. However, we also show that spatial resolution 
cannot be improved by the selective excitation of electric quadrupole transitions. 

ole absorption rate. We find that 
electric dipole and magnetic dipole transitions are exclusive and therefore can be spectrally distinguished. 
The magnitudes of electric and magnetic absorption rates are compared for excitation with a strongly focused 
azimuthally polarized beam. It turns out that spatial optical reso1ution.can be increased by detecting the 
ratio of magnetic and electric absorption rates. Resolution is only limited by the purity of the laser mode 
used for excitation. 

Also, we derive the magnetic dipole selecti 
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Numerical study of the lifetime of an atom close to 
a lossy nanostructure. 

M. Thomas, R.  Canina t i ,  
Laboratoire EM2C, Ecole Centrale Paris, CNRS, 92295 Chatenay-Malabry Cedex, h n c e  

J. J. Greflet, 
University of Rochester, The Institute of Optics, Rochester, N Y  14627. 

R. Arias, M. Nieto- Vesperinas, 
Instituto de Ciencia de Materiales, CSIC, Cantoblanco, Madrid 28049, Spain. 

One of the most promising technique in near-field optics uses a sharp tip to enhance locally the electro- 
magnetic field[l]. A major goal for this technique is to achieve spectroscopy of a single molecule. While the 
tip produces a strong enhancement of the field, it also introduces new channels for the desexcitation of the 
molecule. The modification of the lifetime of the fluorescence has been well understood since the seminal 
work of Chance et al. Using an ellipsoid particle as a model for the tip and an electrostatic approximation, it 
has been skiown qualitatively that there is a competition between the enhancement factor and the induced 
losses in the tip[2]. These phenomena have been studied in detail for the case of an aperture probe by 
Bian et al.[3] and analysed by Novotny[4]. A quantitative model and a qualitative understanding of these 
competing processes for apertureless microscopes is still an open question. The purpose of this work is to 
present a first step towards a quantitative model based on a numerical solution of the problem. 

The relevant quantity to study in this context is the Green tensor of the system. On one hand, it 
yields the lifetime of the molecule. On the other hand, its trace yields the local density of states. From a 
practical point of view, calculating the Green tensor amounts to computing the electric field scattered by 
the environment at the location of a dipolar source. From this approach, an energy budget allows to derive 
a relationship between the power emitted by the dipole source and the power sdattered and absorbed by 
the environment. This amounts to establishing a near-field expression of the optical theorem, from which 
the influence of both scattering and absorption on the lifetime can be separated. 

In order to be able to deal with any possible shape of the scatterer (tip) and to take losses into account, 
we have used surfaceintegral equations. The numerical scheme used to solve these equations is the stan- 
dard moment method. We use this technique to evaluate the influence of both absorption and scatkering, 
i.e. of non-radiative and radiative decay channels. We discuss the effect of the shape and of the dielectric 
properties of the tip on the lifetime of the emitting atom or molecule. In particular, we study the effect of 
the coupling with resonant modes inside the tip. 
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Single Molecular Spectroscopy Using Hybrid SNOWSTM 
Equipped with ITO/Au-coated Optical Fiber Probe 

Nakajima, J. G.  Noh, T. Isoshima, M. Hara, 
Local Spatio-Temporal Functions Laboratory, Frontier Research System, 

RIKEN, Wako, Saitama 351-01 98, JAPAN. 

Materials Fabrication Laboratory. RIKEN, Wako, Saitama 351-01 98, JAPAN. 
D. Fujita, 

Nanophysics Research Group, Nanomaterials Laboratory, 
National Institute for Materials Science, Sengen, Tsukuba 305-0047, JAPAN. 

. B. H. Lee, 

As widely known, the spatial resolution of SNOM is severely limited by its aperture size. However, as 
reported by the authors [I], hybrid SNOWSTM system with “doubly metal-coated optical fiber probe“ 
could overcome this limitation, with which the gap-distance was decreased down to 1 nm due to STM 
feedback control, resulting in the high-resolution feature of SNOM imaging (160). Meanwhile, the 
throughput of such a probe was extremely low because of the metal coating on the aperture. Especially in 
the case of fluorescence detection, the problem was not merely the low transmittance but in adittion a Inon- 
radiative energy transfer” from the molecule to the metallized aperture. In order to avoid this problem, we 
have developed a novel probe, where the metal coating on the aperture was 
replaced with indium-tin-oxide (ITO) coating. 

particles those were dispersed on an IT0 thin film. “Illuminationcollection 
mode” was adopted for the SNOM operation. In the obtained fluorescence 
image, we could observe individual bright spots with FWHM of about 20 
nm (figure l), which might be assigned as the fluorescence from single 

compared with the act& aperture 
uated by SEM pictures), the spot sizes were extremely 

The SNOWSTM observation was performed .firstly 

small. Thus, we can conclude that the high spatial resolution beyo 
aperture size was achieved by our new ITO/Au- 
single-molecular-level hi 

in the light-illumination 
that how photons can reach to tunneling junction if the light illumi 
is carried out from the side. Our ITO/Au-coated probe will give some 
answers against this question because it is possible to excite nm- 
scale local area by our probe. In this ‘study, we adopted a self- 
assembled monolayer of GFP-apocytochrome b562 molecule which 
is reconstituted with SH-terminated heme molecule as an appropriate 
siunple system. Preceding an actual application, we performed a 
conventional light-illumination mS as shown in Figure 2, where the 
photocurrent generation was observed synchronously with 

results obtained by combining these two techniques. 

It is a long-term co 

from a sing1e nmo@c*e- 

a4 

“ E  :I 
mechanical chopped laser-illumination. In the session, we will give 0.0 3 

Figure 2: STS measurement on a 
GFP-cytochrome SAM with light 
illumination. 
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Orientation dependence of fluorescence lifetimes of a dipolar 
emitter near an interface 

M. Kreitef,  M. Prummer, B.Hechtt, U.P. Wild 
Physical Chemistry Laboratory, Swiss Federal Institute,of Technology, CH-8093 Zurich, Switzerland. 

Understanding the behavior of single fluorescent molecules in inhomogeneous media is of importance for 
Nano-optics since single molecules come very close to ideal dipolar point sources. In this paper we study the 
excited state lifetime of single molecules embedded in a 20 nm PMMA film as a function of the angle between 
surface normal and dipole moment. Strong changes in the excited state lifetime of the molecules are expected 
because their optical near field interacts with the nearby interface with a coupling strength modulated by the 
dipole orientation. Our experiments are consistent with the behavior predicted by theory [l, 21 as displayed 
in Fig. 1. The rather large scattering of the data cannot be explained by measurement uncertainties but 
must be due to local, molecular scale inhomogeneities in the polymer matrix. Experiments were performed 
with a fluorescence scanning confocal optical microscope [3] using a pulsed, frequency doubled NdYag laser 
(Antares, Coherent, 532 nm, 150 ps) for excitation. A circular disk with a diameter of 3 mm blocks the 
inner part of the beam and implements annular illumination geometry [3]. A dichroic mirror directs the 
light into a microscope objective where it is focused onto the interface. This illumination mode creates 
strong longitudinal electric field components which are instrumental for probing the out-of plane angle of 
the dipole moments. 

0.0 0 2  0.4 0.6 0.8 1.0 

sin(@? 

Figure 1: (a) Upper panek calculated intensity of the electrical field components for annular illumination 
(1 pm2). The double arrow indicates the Efield of the incident beam (x-axis). Lower panel: Experimental 
data. The two images were recorded with linearly polarized light, the double arrows indicate the electrical 
field vector. The two dipoles A and B are perpendicular and parallel to the sample plane, respectively. (b) 
Fluorescence decay rate of DiI molecules as a function of sin2@ where 8 is the angle between the dipole 
moment and the surface normal. The straight line is a linear fit to the data, the fitting parameters are 
indicated in the graph. 
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A parabolic mirror objective with high numerical aperture for local 
field enhancement in near-field optical microscopy 

Chemie, Universitdt Siegen. 
Adolf-Reichwein-Str. 2,57068 Siegen, Germany. 

L Novotny, University of Rochester, The Institute of Optics, Rochester, NY 14627. 

Parabolic mirrors with high numerical aperture (NA) have been used as efficient light collection devices 
in the early cryogenic single-molecule work [I], but for microscopy and imaging they have been avoided 
due to poor off-axis imaging properties. However, in a stage scanning confocal setup one can ensure that 
the light is always focused on the optical axis. It is possible to fabricate a concave parabolic mirror with an 
aperture close to unity and hence it (1) can produce a tight diffraction limited spot, (2) can efficiently 
collect the radiation of a point light source in the focal spot, (3) had minimal chromatic aberrations, (4) can 
be used to illuminate opaque samples without hindering the access and (5) can be cooled down to cryogenic 
temperatures without loss of performance. 

imulations for a parabolic mirror illuminated by a radially polarized beam (donut mode) 
show a strong, highly confined electrical field component along the optical axis which is about 10 times 
more intensive than the in-plane components, which are also present near the focus [2] (Figure 1. left-hand 
side). This makes it a well suited tool for, local field-enhancement in near-field optics. Simulations 
(generalized multipole technique) of the electromagnetic fields near a sharp tip, which is placed in the focal 

w a field enhancement by a fact the order of lo‘ (Figure 1, right-hand side). 

In excess of these theoretical results the authors have built’a p mirror microscope and show 
single molecule results, which proof very good performance of the confocal setup [3]. 
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Figure 1. Intensity distribution in the focal regi mirror illuminated with a 
radially polarized beam on an air-glass interface. Difiaction limited spot (left) and IO‘ times 
enhanced field at a Gold tip illuminated with a wavelength 1 = 800 nm (right). 
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Optics on metal-dielectric films 
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V. M. Shalaev, 
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The optical Eeld on a metal-dielectric films is strongly enhanced and highly localized. Because of their 
composite structures, the surface-plasmons generated by an incident field are localized in subwavelength-she 
areas called "hot-spots", a processus slightly similar to the localisation of plasmons on the edge of metal 
particles. The electric field in these resonant hot-spots exceed by several order of magnitude the incident 
applied field. Finally, the structure of the film shows resonances for any given wavelength, from the visible 
to the far-infrared when the film metal coverage is close to the percolation threshold [l]. 

Probing the near-field zone is the best way to  investigate the subwavelength properties of these films. 
The neai-field optical microscope with apertureless tip developed in our laboratory was successfully used 
to verify the theoretical prediction of localization, enhancement and wavelength dependency [2]. Further 
analysis have shown recently that hot-spot positions changes dramatically with the polarization of the inci- 
dent light [3], which can be of peculiar importance to address the hot-spot on specific areas, for example to 
use them to excite single molecules or nanoparticles. Unexpected result of our studies was the observation 
of a local chirality, which cannot be explained by the 2-D model and implies to take into account the third 
dimension of the film. 

These high enhancements are even stronger in non-linear optics, increasing with the order of non-linearity. 
In collaboration with the Photonic and Optoelectronic G m p  in Munich (Germany), we have investigated 
the far field 2nd harmonic emission of metddielectric film when illuminated by short l w r  pulses [4]. This 
emission shows a broad spatial distribution, which is supposed to be even broader for higher order of the 
non-linearity. We have also observed a white light emission which is still under investigation. 

We are actually improving our near-field set-up to  measure non-linear effects in the near-field zone and 
we will soon study these properties with subwavelength resolution. 
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Study of Optical Properties of Periodic Array with Carbon with NSOM 

Hojin Cho and Wonho Jhe 
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Several studies of the light transmittance enhancement have been reported in periodic hole array. Refill 
Generally the material used for these experiments are metal like AI, Ag, and etc. There are two candidates 
for the possible origin of these abnormal phenomena: surface plasmon effect Refl21 or diffraction effect of 
the periodical structure. 
In our experiments with very elongated periodic carbon nanotubes, we have observed similar remarkable 

light transmittance in comparison with the existing theory Refl31. We expect that nanoscopic study with a 
near-filed scanning optical microscope exhibits more obvious physics behind this extraordinary 
phenomena. 
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Study of the focused laser spots generated by different laser beam 
conditions at various interfaces 

Yuan Hsing Fu, Fu Han Ho, Din Ping Tsai 
Department of Physics, National Taiwan University 
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Research on the focal region is an interesting topic in both fundamental and applied physics. For 
optical imaging, confocal microscopy, laser tweezers and optical data storage, the high numerical aperture 
lens is used to have a small focused laser spot. Understanding of the details of the focused laser spot in 
various conditions is an important issue. For high numerical aperture systems the effects due to the 
intrinsic vector characters of the electric fields is no longer hivial, and a vector diffraction theory is needed 
for the analysis. Experimental probing of the focal region is urgently requested by many theoretical models 
of the approximation method to demonstrate their validity. In this paper, three-dimensional near-field 
imaging of the focused laser spot at various conditions was studied both theoretically and experimentally. 

The experimental setup shown in Fig. 1 (a) is based on a tuning-fork tappingmode near-tield scanning 
microscope (NSOM) system. High numerical aperture lens (NA 0.85) was used to focus various incident 
lights, and near-field optical fiber probe was used to measure the intensity of the focaLfield. Fig. I(b) 
shows the results of the polarization effects in the distribution of the focused field. Changes due to the 
modification of the incidegt field and focusing system were observed experimentally. Three-dimensional 
imaging of the focused laser spots of different incident laser beams and at various interfaces are the focuses 
of the study as well. 

(a) 0) Measurements at focusing polnl 

Figure 1: (a) Near-field probing of the focused spot, (b) Experimental results of the images of a focused 
spot with wavelength of 632.8 nm, and NA = 0.85 in different polarization. 
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Near field simulations and measurements of surface plasmons on 
perforated metallic thin fiims 
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Manipulating photons by artificial devices is a promising way to control the optical output through 
metallic or dielectric films. The results reported by Ebbesen et al.[l] showed extraordinary optical 
transmission of subwavelength hole arrays in metallic films. The optical energy can be exchanged in the 
form of the propagating or evanescent field on these micro or nano structures radiatively or non-radiatively, 
respectively. The key issue is the dispersion function of the structures which could couple the tight into 
the excited plasmons[21. In our experiments, an artificial nanolithography performed by an atomic fprce 
microscope was used to make hole arrays or periodic grooves on the surface of the metallic thin film 
Periodic holes with different depths, diameters, and periods exhibited interesting near-field or far-field 
optical effects on the interactions betwe e photons and the nanostructbes. Optical transmission 
spectra of different patterns demonstrated rious surface plasmon excitations. Computer simulations 
of finite-difference timedomain (FDTD) 131 were used to calculate the near-field disbibutions and optical 
transmission on variable nanostructures. Highly enhanced local fields and dispersion relations were 
studied for surface pla nanostructures as well. 

/ 

400 600 Wavelength (m) m 800 

Figure 1: Transmission spectra of the original and perforated 100 nm gold films. 
Inset is the SEM micrograph of the hole arrays. 
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Local field enhancement a$ part ides ol'i surfaces 
in nanostructuring and laser cleaning 

- 
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Local field enhancement at small particles (diameter about the size of the w adength or belo w) was 
used t o  produce nanostructures on silicon, InSb and glass surfaces by illumination with short and ultrashort 
laser pulses (FWHM = 8 ns, X=532 nm/ FWHM = 30 ps, X=583 nm/ FWHM=150 fs, X=800 nm/). The 
investigated particles include dielectric (polyst yrene,SiOz) as well as metallic (gold) colloidal spheres of 
different size ranging from 50 nm to 3 pm. Additionally to  spherical particles w eilluminated triangular 
gold structures as well. 

The enhancement of the laser intensif in the near field of the particles results in a local ablation of the 
substrate material: These ablation sites have been investigated ty scanning electron microscopy (SEM) and 
atomic force microscopy (AFM). We found a strong dependence of the structures' shape on the laser pulse 
duration which can be ascribed to the heat diffusion during the illumination time. 

In addition a comparison with theoretical computations of the near field of the particle-substrate system 
shows that the shape of the ablated sites in good agreement reflects the field distribution. In order to 
investigate the origin of certain deviations between calculated field distributions and the shape of the 
ablated sites we systematically studied the influence of the particle shape on the process. 

The results of these experiments facilitate the understanding of the local field enhancement in a systems of 
(deformed) spherical particles on plane substrates and have importart consequences not only as a possible 
nanostructuring method but also for technically relevant processes such as laser induced particle removal 
from surfaces. 

i 
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Optimal Parameters for Raman Spectroscopy 

by Apertureless Near Field Enhancement 

R. Vogelgesang, A .  Bek, and K.  Kern 
Max-Planck Institute for Solid State Research, 70569 Stuttgart, Germany. 

d other types of optical spectroscopy at single molecule level have attracted 
cent years. Compared to elastic scattering processes, the cross-sections of the 

underlying physical processes are exceedingly small and specific measures must be taken to render optical 
spectroscopy of nanoscopic samples feasible. 

To achieve recordable signal levels, taking advantage in a controlled fashion of highly localized and strong 
field enhancements effects such as those acting at  seemingly random surface spots in surface enhanced Raman 
spectroscopy holds great promise. Not only does a spatially tightly confined field.avoid overheating and 
possibly destroying a large sample volume; the desired spectral signals are also more easily discriminated 
from spurious signals generated in the nearby environment of a sample region of interest. In this context, 
near-field optical effects are a natural choice and to date two main approaches have emerged. Based on 
apertures of sizes down to  x 50 nm, scanning near-field optical microscopy (SNOM) has evolved into a well- 
established method, limited only by the exponentially diminishing throughput of ever smaller apertures. 
An alternative approach, which holds promise of spatial resolution of x 1 nm, is apertureless SNOM which 
utilizes highly localized near field enhancement effects of laser radiation in the nm-sized volume near the 

dividual molecules by apertureless 
SNOM, we study carbon nanotubes attached to commercial AFM tips located in the vicinity of another, 
field enhancing conductive tip. Depending on the relative location of the two tips, the Raman spectrum of 
the tube is expected to be enhanced, as the tube is subjected to field strengths of varying degree. 

In order to determine the optimal experimental parameters for this setup, we study the interactions of 
the incident exciting radiation and samp hancing tips theoretically. We solve the three- 
dimensional vectorial Helmholtz equation tiple multipole method. The dependence of the 
electric field strength on geometry, materi location of the two tips as well as direction and 
polarization of the incident radiation is i 

potential of cont 
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Local field enhancement on a near-field apertured tip by the use of 
LOCOS 

Ki-Bong Song, Sung-Q Lee, Junho Kim, Jeongyong Kim’ and Kang-Ho Park 
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To increase the optical throughput of a near field aperture, several fabrication techniques have been 
proposed so far [ 1-43. However, although the enhancement of the throughput of the near field aperture has 
been realized owing to a geometrical change near the aperture, which has weakened the optical loss at the . 
apex of the aperture, and the optical interaction between incident light and the tip material (such as self 
focusing effect [3] or the excitation of surface plasmon mode [41), problems such as simple fabrication flow 
and higher optical throughput remain. 

In this paper we present a simple fabrication process of high throughput near-field apertured tip using 
local oxidation of Si (LOCOS) [5]. The high throughput structure was fabricated with two key growth 

mechanisms at a low temperature less than 1050°C. One is that the growth rate of oxide at a flat surfae of 
Si is higher than that at an angled comer due to the compressive stress at the corner structure. Another 
named a bird’s beak (or LOCOS), which is more important mechanism, is that the gowth rate of the oxide 
at a SUSi3N4 interface is lower than.that at the air/Si interface because the stress field at the SUSisN4 
interface is stronger than that at &/Si interface. In figure l(b) (c), we can clearly see the near-field 
apertured tip as small as 150nm, in which the structure of the bird‘s beak effect apertured tip at its foot was 
a parabolic shape for the enhancement of the throughput. Finally, detailed fabrication process and 
experimental results for the enhanced throughput on the apertured tip will be presented. 

Fig. 1. (a) Fabrication process (b) SEM image of the near-field apertured tip usmg OKU s  ma^ eittxi tc) 
Cross-sectional view of the stripe tip. 
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oupled tip-enh ptical microscopy 
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Scanning near-field optical microscopy aims a t  optically resolving subwavelength structures. The most 
common technique relies on the local excitation of the sample surface by the optical fields neat a nano- 
aperture which is commonly produced at  the end of a glass fiber tip[l]. Alternatively, high resolution 
microscopy can also be achieved by using the local field enhancement produced at  the end of a sharp 
metal tip when illuminated by a highly focused laser b (2, 31. By combining these techniques in the 
form of a sharp metallic t ip a t  the end of an overcoated fiber, we propose a new method that does not 
require the delicate technologies to produce nano-apertures[ll, 51, nor require the intense external focused 
beam responsible for the field enhancement. Past the cut-off point, the mode inside the fiber no longer 
propagates, and an evanescent field is created. The large wavevectors of this evanescent field match the 
resonance conditions for surface plasmon excitation on the surrounding silver layer. The surface plasmons 
then travel along the metal coating towards the tip apex. If the probe is excited by a radially polarized 
mode a strongly enhanced field is expected a t  the tip apex. Figure 1 shows the field calculated at the end 
of an Au coated glass t ip  when an dipole situated inside the fiber and oriented along the tip axis is excited. 
The electromagnetic field associated with surface plasmons can be used as a local optical near-field source 
to  investigate fluorescence samples such as single molecules. 

Figure 1: Calculated total field at the end Id coated glass tip excited by an dipole situated inside the 
fiber and oriented along the t ip axis. The intensity changes by a factor 1.62 between contour lines. Scan is 
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Phase and Intensity Contrast in Apertureless Scanning 
Near-Field Optical Microscopy 
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Scanning near-field optical microscopy (SNOM) is an imaging technique that can achieve an optical 
resolution beyond the diffraction limit. Apertureless scanning near-field optical microscopy [ 13 [2] [3] 
(ASNOM), also known as "scattering type" SNOM has numerous potential advantages such as an 
improved resolution, no wavelength limitation, polarization analysis ... 

The field scattered by the tip of an ASNOM is generally modulated via a vibrating mode atomic force 
microscope regulation. However, as pointed out in Ref. [4], a lock-in detection of the signal does not 
completely remove the influence of the Background Scattered Light (BSL) issued from the whole detection 
zone since it may interferer with the modulated scattered field. 

In our configuration (Fig. la) we show th& the BSL can be seen as a reference field. The ASNOM 
behaves then as an interferometer allowing local optical phase measurement (Fig. Ib). The approach curves 
(Fig. IC) recorded in the presence or in the absence of BSL lead to a detection of the intensity or the 
amplitude. A simple numerical model is presented and discussed. This study completes the understanding 
of imaging in ASNOM 

Figure 1: a) Samples are illuminated in total internal reflection b) At the top: image of the demodulated 
signal obtained when the tip is scanning the prism surface. The fringes are due to the interference between 
the modulated scattered field and the BSL. Below: numerical simulation of the fringes pattern c) Approach 
curves in the case of a weak BSL (at the top) and in the case of a strong BSL (below). 
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Near-fieid distributions and 
of metallic nanostruc 

alized surface plas 
es in a thin film 
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Surface plasmon polariton and localized surface plasmon resonance of metallic nanostructures were 
studied with finite-difirence time-domain (FDTD) simulations. Enhanced local fields and surface 
pIasmons were found around deep grooves in a metallic thin film and nano-size silver particles. With 
periodical structures, the surface plasmons have global, extended near-field distributions and the localized 
surface plasmons are highly concentrated around the nano-stn~ctures.[l] Localized surface plasmon 
exhibits a veq broad resonant peak in the transmission spectrum(Fig. l), which related to its highly 
localized nature and can be apply to describe optical responses of non-periodic structures. 

For randomly distriiuted nanostructures, the localized surface plasmons are the predominate resonances 
with incident light. Our simulations showed that enhanced local fields and localized surface plasmons 
resonances were excited in clusters of silver nanoparticles embedded in a dielectric thin film. The near-field 
intensity of silver nanoparticle cluster on the thin film surface also exhibits nonlinear behavior with 
increasing particle densities. Our research has significant implications on applications on near-field optical 
storages and nanophotonic devices. Gpecially for the super-resolution near-field structure (Super- 
RENS)[2], which is a promis density near-field optical disk and could generate optical near-field 
effects without a probe[3 search o n  localized surface plasmon may indicate its physical 
mechanism and extend its applications. 

grating on a metallic thin 
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Transverse optical field localization in nonlinear periodic optical 
nanostructures for enhanced second-harmonic generation 

W Nakugawa, G. Klemens, A. Nesci and Z Fainman, Dept. of Electrital and Computer Engineering 
University of California, San Diego, La Jolla CA, 92093 

Recent advances in nanofabrication technologies have enabled the construction of a wide range of 
subwavelength optical nanostructures, facilitating a number of novel applications. In this work, we analyze 
transverse localization of the optical field in subwavelength periodic optical nanostructures, and investigate 
the application of this effect to the enhancement of optical nonlinear phenomena. 

Previously, we have described transverse field localization in periodic optical nanostructures [ 11. These 
nanostructures can be viewed as a coupled array of waveguides, with localization of the waveguide modes in 
the high refractive index regions of the structure. An example of such a nanostructure is shown schematically 
in Fig. la. The optical field distribution inside the nanostructure for a TE-polarized normally-incident 
ultrashort pulse, computed using the Rigorous Coupled-Wave Analysis method [2,3], is shown in Fig. lb. In 
the result of Fig. Ib, elevation of the peak intensity due to the temporal localization of the energy in the 
pulse, as well as the transverse localization of the energy in the nanostructure, is observed. For structures 
composed of nonlinear optical materials, we expect that significant enhancement of nonlinear optical effects 
can be achieved through this localization of the field. In addition, using a more complex nanostructure 
having multiple features in each period, phase matching for SHG can be realized concurrently with field 
localization. To more rigorously analyze the second harmonic generation process in this nanostructure, we 
have developed a modeling tool based on the RCWA method [2] extended to analyze SHG in the undepleted 
pump approximation [4]. Using this tool to analyze an optimized nanostructure, we predict a significant 
enhancement in the transmitted SHG output as compared to the bulk nonlinear material. 

Due to the design degrees of freedom provided by a nanostructure composed of two or more constituent 
optical materials, it is possible to achieve both transverse localization and phase matching concurrently. An 
additional benefit of this approach is that the nanostructures are compatible with standard microfabrication 
techniques, facilitating their incorporation into integrated optical systems. In the future, our goal is to 
measure the amplitude and phase of the optical field surrounding the nanostructure using a heterodyne 
scanning near-field optical microscope and an ultrashort pulse laser, as well as to experimentally 
characterize the SHG output of the phase-matched nanostructure. . 

(a) (b) 

Figure 1 : Periodic subwavelength optical nanostructure exhibiting transverse field 
localization: (a) schematic diagram; (b) modeling results showing a TE-polarized 
ultrashort pulse propagating in one period of the infinitely periodic structure. 

References: 
[I] W. Nakagawa, R.-C. v a n ,  P.-C. Sun, andY. Fainman, Optics Express 7,123-128 (2000). 
[2] M. G. Moharam and T. K. Gaylord, J. Opt. Soc. Am. 72,1385-1392 (1982). 
[3] W. Nakagawa, R.-C. van, P.-C. Sun, F. Xu andY. Fainman, J. Opt. Soc.Am.A 1% 1072-1081 (2001). 
[4] W. Nakagawa, R.-C. van, and Y. Fainman, submitted to J. Opt. Soc. Am. A (2001). 

180 



Near-Field Observation of the Field Diffracted by Metallic 
les Excited Near nance 

Gregory A. Wurtz, Jasmina Hranisavljevic, Jin-Seo Im and Gary P. Wiederrecht, 
Chemistry Division, Argonne National Laboratory, Argonne. Illinois 60439-4831. 

We report an investigation of the field scattered by isolated metallic nanoparticles on a glass substrate 
by apertureless near-field optical microscopy. The experimental configuration used is depicted in Fig. 1. 
The studied sample (gold or silver particles) is illumhated in total internal reflection at a wavelength of 400 
nm and the resulting scattering diagram is far-field radiated using a silicon tip. The near-field contrast (both 
distribution and intensity) is shown to be strongly sensitive to the polarization of the incident light (see 
Fig.2). A large field enhancement has been observed for Ag in TM polarization (Fig.2(a)). Complementary 
experiments made on Au particles suggest that the particle plasmon resonance contributes strongly to the 
intensity of the field around the particle for Ag. The interaction of this intense field (mainly polarized along 
the probe axis) with the near-field probe leads to coherent scattering of the two local light sources (i.e. the 
Ag particle and the probe extremity) affecting dramatically the near-field contrast as shown in Fig. 2(a) [ 11. 
Furthermore, by analyzing the polarization state of the unexpected spatially extended I scattering pattern 
shown in Figd it is found that, regardless of the incident polarization, Fig.2 contains a spatially confined 
component of the field that vibrates perpendicularly to the substrate. 

This work was supported by the Division of Chemical Sciences, Office of Basic Energy Sciences, 
rtment of Energy under contract W-3 1- 1 09-En - 
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Greatly Enhanced Light Transmission Through a “C”-shaped Metallic 
Nano-aperture for Near Field Optical AppIications 

Xiaolei Shi, Lambertus Hesselink, Stanford University, Department of Electrical 

Robert Thornton, Siros technologies, Inc., San Jose, CA 95134 
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Conventional tapered fiber near field optical probe [ I ]  uses an aperture at a fiber tip to provide a high 
spatial resolution beyond d i f ic t ion  limit. However, this probe has very low power transmission due to 
propagation mode cutoff [2]. By studying how an aperture’s geometry affects its power transmission, we 
find a very exciting “C”-shaped aperture geometry that shows -1OOOx higher transmission efficiency than a 
conventional square aperture of size AIIO while maintaining a comparable near field spot size. 

Our study started with a Finite difference time domain (FDTD) [3] numerical simulation. The incident 
light is a planewave linearly polarized in the x direction of wavelength 1 pm. Aperture is in a planar metallic 
screen. Fig.1 shows near field intensity distribution of the ‘%“-aperture at 48nm in comparison with that of a 
lOOnm quare aperture. The aperture geometries are overlaid on the intensity distribution. About 3 orders 
field enhancement from the “C”-aperture is clearly shown in Fig. 1 and the near field spot sizes from the two 
apertures are comparable. By optimizing the “C”-aperture geometry, even smaller spot size and higher near 
field intensity have been achieved. 

-5 4 -7 4 3 -10 

Fig. 1. Comparison of intensity (IEf) distribution at 48nm ~erture!%z&(dB) 

away from (a) ‘%’-aperture; (b) l h  square. n e  lines Fig. 2. Comparison of power throughput from 
show the aperture geometry. Incident light is a planewave sqeUre 
linearly polarized in the x direction. microwave experiments and FDTD simulation. 

and the “c“-aPerture from both 
, 

Microwave experiments were carried out at wavelength Scm. Apertures were fabricated in 1.5mrn thick 
copper plates. Power throughput, Le.. total transmitted power normalized to total incident power over an 
aperture’s physical m a ,  is measured and plotted in Fig.2 together with simulations results. The microwave 
experiments conf’lfins the -1oooX power throughput enhancement from the ‘%“-aperture. Further, by 
measuring copper plate’s thickness effect on the power throughput, we find that the high transmission fiom 
the ‘%“-aperture is mainly due to the existence of propagation TElomode [4]. 

In summary, based on both FDTD simulation and microwave experiment, we report a unique ‘%”- 
aperture design that provides -1OOOx higher transmission than a All0 sized square aperture. The high 
transmission is mainly due to propagation TE~o mode. The “C”-aperture is expected to play an important 
role in future high capacity data storage and other near field optical applications. 
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Near-field Imaging of Magnetic Domains: Linear and 
Nonlinear Approaches 

W. Dickson, S. Takahashi, A .  V. Zayats, 
School of Mathematics and Physics, The Queen's University of Belfast, BT7 l N N ,  United Kingdom. 

Magnetic properties of thin films, multilayered structures, and 'related magnetism of surfaces and in- 
terfaces attract enormous interests owing to their numerous applications as well as from a fundamental 
point of view. Ultimately, the performance of magnetic materials is determined by their properties at the 
microscopic level, particularly by the sizes of magnetic domains and their motion in applied fields. Because 
of the rapid improvements in the areal density and performance of the magnetic materials and devices, it 
is important to develop high-resolution techniques to  characterise the micromagnetic and magneto-optical 
properties of these materials in order to adopt a bottom-up approach in the search for new materials with 
improved characteristics. 

Scanning near-field optical microscopy is a promising technique for both non-contact imaging of magnetic 
materials and magnetosptical applications such as data writing and reading. It opens up a new avenue 
of research in the future of high-density data storage. Optical approaches to characterisation of magnetic 
materials rely on the magneto-optical Kerr (or Faraday) effects which manifest themselves in a rotation of 
polarisation of reflected (or transmitted) light 111. Significant enhancement of the contrast can be obtained 
using the nonlinear magneteoptical effects based on observation of magnetisation induced second-harmonic 

eto-0ptica.l resolution of domain 
imaging with linear and second-harmonic generation techniques. Image formation mechanisms in the case 
of magnetic films of different thicknesses and magnetisation directions (in-plane and outsf-plane) are in- 
vestigated in different polarisation configurations. 

The diffraction effects on the domain walls are visible even in the near-field proximity to the surface 
of the thick magnetic films limiting the resolution of linear magneto-optical measurements in agreement 
with the theoretical predictions [3]. The resolution depends not only on the measured light polarisation 
component but also on the orientation of the incident light polarisation with respect to the domain wall. 
Since in many cases domain patterns exhibit complex geometrical structures, the optical resolution of the 
domain imaging is different depending on the domain wall orientation with respect to  the polarisation of 
the incident light. This leads to complex images and difficulties in the magneto-optid image interpre- 
tation. Domain wall structure itself also infiuences the diffraction on the domain wall. As domain walls 
structure changes even along the same domain, it additionally complicates the near-field images. Never- 
theless, in the case of thin magnetic films, the optical resolution is comparable to  the resolution obtained 
with magnetic force microscopy. Combination of linear and second-harmonic imaging of magnetic domains 
could allow easy discrimination between in-plane and outsf-plane components of the domain magnetisation. 

detailed experimental studies of 
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The coherent manipulation of neutral atoms by confined optical near-fields is a growing field of research 
with possible applications ranging from atomic interferometry to “integrated atom optics”. In this poster, 
we expose a numerical study of the interaction of cold cesium atoms with an optical near-field acting as a 
periodically modulated atomic-optic grating (Fig. 1). Repulsive and diffractive effects are obtained by the 
confinement of an evanescent wave by a nanometric array of high index dielectric objects (1, 21. In the first 
part, the main steps of the calculation are presented. This general approach permits a precise study of 
different aspects of atom-field interaction. In particular, different atomic models of increasing sophistication 
can be employed. A full calculation of several polarization components of the light field is necessary to study 
influence of the atomic fine structure. A comparison of different illumination polarization modes is presented. 

We have carried out a systematic study of the effect of various redistic parameters on the diffraction 
figure. This study is in support of an experimental program now under development in our laboratory in 
Toulouse.The results of these simulations together with a description of the experiment will be presented. 

Figure 1: Diffraction of cold atoms by periodic optical potential modulated by dielectric naneobjects. 
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1 

Silicon carbide is one of the most promising materials for many electronic and opto-electronic 
applications. In spite of all the efforts done by the scientific community, nowadays only few Sic-based 
semiconductors are realized, because of the high difficulties to grow single-crystals and single-polytypes 

' with sufficient quality for electronic applications. Particular attention has been focused on the possibility to 
grow epitaxially 3C-Sic single crystals m Si surfaces, in order to open a way to Si-Sic device integration. 
In this case, it is crucial to control both, the cnstallinity and the Sic-Si interface morphology after the 
growth of the Sic film. 

We performed a systematic structural-morphological (LEED and SNOM) investigation of the early 
stages of growth of Sic  films on Si(100)-(2xI) by co-deposition of CW molecules and Si atoms. We 
spanned over a wide range of parameters that influence the growth process, including substrate deposition 
and post-deposition annealing temperature and relative effusion fluxes of & and Si. The long range order 
of the grown sample have been checked in situ by LEED, while the interface quality ex situ by SNOM. 

Here we will present the results obtained by SNOM microscopy. Due to the SIC &sparemy in the 
visible light, this technique has the unique capability to study at the same time the morphology of the Sic- 

. Si interface and the topography of the grown film. In particular in reflection mode at 650 nm the optical 
image reveals the presence of some micron sized defects. The figure lb  shows enhanced reflectivity with 

a b 

Figure I : . SNOM topographic image (a) and reflection image (b) of Sic film on Si (100). 
The scan area is lOpm x 10p.m. 

Our results show that it is possible to find out the right grown conditions in order to obtain well ordered 
samples (3x1 LEED pattern) in which negligible pits are present at the interface and negligible holes are 
visible on the surface (SNOM). 

~ 
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Applications of SNOM in the material science: 
the case of SnOz thin films deposited by Sol-Gel 
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‘Ihin films are nowadays employed in many fields, from sensors to electronics, from magnetic to polymeric 
applications. Due to the strong influence of interfaces. layer thickness, density and morphology on the efficiency of thin 
films based devices, a careful structure characterisation involving complementary techniques is mandatory. ?he main 
aspects to investigate in the thin films are strudure, microstructure, morphology and interfaces quality. 

In this work samples of tin oxide films. for sensing applications, were deposited with the aim of investigating their 
structural and morphological properties. Nanostructured (36 nm) thin films were obtained by sol-gel route using 
tetra(tert-butoxy)tin(N) and bis(acetylacetonato)platinum(II) as metal precursors [ 11. 

‘Ihe structural characterisation was performed by means of Glancing Incidence X-ray Diffraction (GIXRD), while 
the morphological characterisation by Atomic Force Microscopy (AFM) and Scanning Near-Field Optical Microscopy 
(SNOM). 

In particular, in this poster, we will discuss SNOM results in order to characterise the surface topography, the 
average roughness of the films, and, in particular, the defects buried into the thin film. 

?he film interface quality will be evaluated by the comparison between SNOM and AF‘M: the SNOM images will 
show the presence of nanoclusters and “bubbles” with sub-micron diameter. These results show the potentiality of 
SNOM in the interface characterisation. 
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Near-field Observation of Carrier Diffusion in GaAs Quantum Structures 
under,High Magnetic Fields 

T. Tokizaki a.b, H. Yokoyama 
National Institute of Advanced Industrial Science and Technologv, Tsukuba. Ibaraki 305-8568, Japan. 
Core Research f i r  Evolutional Science and Technology (CREST), Wako, Saitama 351-0198, Japan. 

T. Onuki, T. Tsuchiya, 
Science University of Tokyo, Noda, Chiba 278-8510, Japan. 

In modulation-doped single hetero-structures, two-dimensional electron gas (2DEG) systems have been 
investigated for novel quantum phenomena such as quantum Hall effects. The high mobility of the 2DEG is 
expected to show new phenomena related to the camer diffusion. In this paper, the photo-luminescence has 
been observed for the 2DEG system using a scanning near-field optical microscope (SNOM) under high 
magnetic fields. The luminescence intensity strongly depends on the field, and the behavior is understood by 
the suppression of the carrier diffision in the magnetic field. 

In the sample, the 2DEG ( ~ z  2x10" cm"> is confined on the hetero-interface between the GaAlAs and the 
GaAs layer. The SNOM is operated h the illumination-collection mode at the temperature >5 K and the 
magnetic field -4 T, which is applied perpendicular to the ZDEG layer. The sample is excited using 633-nm- 
laser light. Figure 1 shows the luminescence spectra concerned with the 2DEG under the several magnetic 
fields. The data are measured at 8 K using Probe A with the aperture diameter D -300 nm. We observe the 

peak energy shift, which is originated from the ma@etic interaction of the excitons. 
nce intensity is strongly enhanced with the magnetic field. Figure 2 shows the field 

and the temperature dependence of the luminescence intensity measured with Probe A and B with D -200 M. 
While the intensity is significantly increased below 2 T for both probes at 4 0  K, the maximum intensity 
depends on the aperture size. On the other hand, at the higher temperature of 77 K, the field dependence 
becomes gentler. These behaviors are understood by taking account of the carrier diffusion. Since the 
diffusion length is -pm for this sample,,most of carriers excited under the probe are diffused out of the 
aperture area, and it causes the decrease of the luminescence intensity. However, when the magnetic field is 
applied, the carriers rec ntz force and the diffusion is suppressed. If the carriers are confined in 
the cyclotron orbit with er of 51 nm for 1 T, we can expect more than hundred-times enhancement 

lotron orbit, and weaken the confinetllent 

PhotonEnerm tev1 
Fig. 1 : Luminescence spectra concerned 
with ZDEG under several magnetic fields. 

Fig.2: Magnetic field dependence of the lumi- 
nescence intensity measured by Probe A and B. 



Scanning Near-field Dielectric Microscopy at Microwave Frequencies 
for Materials Characterization 
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One of the common characteristics of recently developed, advanced dielectric materials is that they 
possess critical dimensions on short length scales (sub-micrometer) and that the components with these 
dimensions must be homogeneous and of high quality (defect free) for the intended dielectric performance 
to be achieved. Given that these critical dimensions are well below that of the radiation wavelength, 
analysis by conventional dielectric probes, which look at materials on a macroscopic dimension, is no 
longer sufkient. Alternatively, a near-field microscope takes advantage of the non-propagating 
electromagnetic fields (evanescent fields) present at a sample’s surface when exposed to an electromagnetic 
wave. This results in an improvement in the spatial resolution below that of the radiation wavelength. 

In OUT near-field microwave probe, radiation up to 20 GHz is coupled evanescently to the sample 
surface using a sharp proximal probe that is part of a resonant cavity/transmission line structure, Fig. la. 
Analysis of reflected and transmitted signals is performed using an HP8510 C Network Analyzer allowing 
the extraction of dielectric response information, Fig. 1 b. The probe-sample separation is controlled using 
shear-force feedback giving the microscope the ability to map out the topographic structure of the sample 
surface. The importance of going to microwave frequencies is to gain access to information concerning the 
dielectric nature of materials. Additionally, valid measurements of a dielectric response should be made at 
the intended operational frequency: 1-40 GHz for wireless communications. Our current focus is on the 
validation of this form of microwave microscopy and dielectric spectroscopy. Geometric effects, organic 
contamination, and resonant effects can mask the true dielectric properties of a sample. These effects will 
be magnified when moving to smaller and smaller sample volumedsizes. 

This form of dielectric microscopy represents both a significant advance in the achievable spatial 
resolution [l] and more importantly a dramatic increase in the speed at which dielectric characterizations 
can be made (higher throughput measurement) [2]. Characterize of the dielectric response of variable 
composition oxide and polymeric samples will be highlighted. 

Figure 1: Schematic of the transmission line cavity structure used in the microwave evanescent probe 
microscope (a) and the representative network analyzer measurements of one of the modes of the 

evanescent probe microscope’s resonator (b). 
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Near-field photoconductivity and fluorescence imaging 
on blends of conjugated polymers 
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The field of conjugated polymer devices has reached a level of maturity such that they may now be 
considered as viable alternatives to other, more traditional optoelectronic technologies. The performance of 
these devices may be further improved by fabricating a compositionally and structurally optimized blend 
for the active layer, which can either create relatively large interfacial surface areas for efficient 
photovoltaics, or enable independent optimization of the electronic transport and luminescence properties 
of polymer light-emitting diodes. Blending does not produce a homogeneous film; instead. phase separation 
occurs on length scales from tens of hanometers to several microns, depending on the preparation 
conditions adopted. Understanding the optoelectronic properties of these blends at the length-scale of the 
phase separation is highly desirable for both a quantitative description of device operation, and further 
performance optimization. 

, 

We report combined scanning ne OM) and near-field photocurrent 
of a binary conjugated on a scale of about 5 pm, 

with a good correspondence betw otocurrent images. The 
photocurrent was measured for field strengths up to 12 kV/cm with the field applied between gold 
electrodes thermally evaporated on-top of the polymer film, and spaced approximately 150 pm apart. 
Measurements were performed with near-fie1 nm apertures fabricated in 
aluminium coated ekhed optical fibre probks usi illing, with excitation at 488 
nm, a wavelength at which only one of the two sorbs light. Under this illumination regions that 
are high in the topography image show high luminescence and photocurrent. 

The photoluminescence (PL) efficiencies in the different regions of the sample were de 
ergy using the Bethe-Bouwkamp model, to describe the electromagnetic 
probe, and the known chemical compositions of the different phases of the 
on also allowed us to conclude that the photocurrent generation efficiencies 

of the different polymer phases are comparable within the limits of confidence 

radiation from the n 
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Observation of Dye-containing Nano-domains by near-field optical 
microscope 
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Most polymers are immiscible with each other; so heterogeneous blends organize themselves into 
large-scale structures when they are cast into thin films. The blending of polymers is a useful means of 
combining and improving the properties of already existing polymers in the development of new 
materials. The properties of such blends are strongly determined by the properties of the interphase. The 
polymer alloy system. which has two immiscible polymers, is more interesting because it forms ordered 
nano.structure. The attractive material, which has a novel property, is often related to optical material and 
nano structure. We also deal with a vacuum technique, termed the "'vapor transportation method", as a 
promising technique for preparing a novel class of polymeric organic thin films. The purpose of this study 
is to give an overview of the present status and the future prospects of the development of organic thin 
films both in fundamental understanding and in industrial technology. 

(PS)/Polymethyl methacrylate (PMMA) alloy system by TEM. PS (diameter of several tens of nm) was 
dispersed in the PMMA matrix. In this case, amounts of PS are smaller than PMMA. Adding a PS with 
lower molecular weight than the alloy and a PMh4A of the same controls the domain size and distances 
between the domains, respectively. Then the films were treated by the previously reported technique 
under vacuum condition, where an organic dye was dispersed into the PS selectively [l]. 

Furthermore. a SNOM technique was developed to study interdiffusion between films of PS/PMMA 
with a thickness of a few nanometers, which is in the range of the interphase thickness of any 
heterogeneous blends. Finally, simultaneous SNOM spectroscopic and AFh4 measurements were used to 
study the molecular Orientation in the dispersed phase in compatibilized PSPMMA blends. The technique 
was found to be useful in studying interfacial optical interactions in compatibilized blends. photoexcited 
energy transfers between domains are promises well for the molecular optoelectro devices. 

Figure 1 shows a micro phase separation structure in thin solid films with Polystyrene 
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Fig. 1 "EM image of a sample. 
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Magnetic Characterization of Microscopic Particles by MO-SNOM 
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The magnetic material technical applications are progressively being miniaturized. As a consequence, 
the research community needs to develop new instrumentation to study the magnetic properties in a sub- 
micron or nanoscopic scale. In this paper we present the development of a Scanning Near-Field Optical 
Microscope (SNOM) devoted to the study of magnetic thin films. We have incorporated the capability of 
analyzing the light tion to get magnetic information by means of the transverse magneto-optical 
Kerr effect (MO). 

' 

The MO-SNOM operates basically as a tuning fork AFM, where the tip is made of a tapered optical 
fiber. The fiber is laterally Al coated, in ord!er to have a submicron aperture at its end. The light source is a 
diode-laser. The sample's diffracted light is collected by an avalanche photodiode, giving us a near-field 
optical image, simultaneously to the topographic one. The lateral optical resolution is better than 100 nm. 

By the light polarization analysis we can either measure the hysteresis loops with submicron spatial 
resolution (Fig. la) or to construct the image point-by-point for some particular magnetic properties, as p.e., 
the differential susceptibility (Fig. lb). Here. we will present experimental results for magnetic particles of 
Cq0.4Fe4.6Si15Blo amorphous thin films prepared by magnetron sputtering over electron lithographic mask. 
The particles ranged from 32x32 to 1x1 pm2. Although the transverse Kerr effect i s  not quantitative for 
magnetic measurements, the sensitivity of the MO-SNOM for hysteretic properties is high and the MO- 
SNOM can become a powerful instrument to study the magnetic properties of thin films in a submicron 
spatial scale. 

Figure 1) W O K E  Hysteresis loops (a) and Differential Susceptibility image (b) obtained by the MO- 
SNOM on a 16x16 pmZ amorphous Cqo.4Fe~,Si~~B~~ particle. 
This work was supported by the Brazilian Agency FAPESP, 
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Super-RENS: field inhomogeneities in the readout layer and 
plasmons 
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Phase-Change (PC) ultra-thin layers provide a very promising family of rewritable media for the in- 
dustry of high density storage. Indeed the phase transition between the amorphous and the crystalline 
states due to  the temperature gradient in the PC layer occurs rapidly (a few nanoseconds) and reversibly. 
Moreover, as the two states present well distinct optical indices, such materials enables a high speed optical 
writing and reading of the information. One of the most exciting solution to  overpass the diffraction limit 
has been proposed by J. Tominaga et a1 111, called super-RENS. In this technique, a Sb readout layer is 
placed in the optical near field just below the PC recording layer. The Sb film locally melts when illuminated 
by a focused laser beam, providing an optical nano-aperture (window) in the Sb opaque film. 

The size of the aperture is very small compared to the laser spot (typically 10 t o  20 times smaller 
in diameter). The origin and the shape of the aperture are not completely understood, but i t  has been 
explained in terms of local and surface plasmon [2], which have been put in evidence theoretically by the 
FDTD method [3]. We analyze the plasmon resonance by crystalline nano-structures inside the amorphous 
layer, by a method based on the Born approximation [4] and the diffraction by the whole multilayer by finite 
element method 161. The finite element method with adaptive mesh is able to  describe both nanometric bit 
and micrometric multilayer of the super-RENS with low cost gridding. Both method are complementary 
and can lead to  a better understanding of the super-RENS and the thermal effects could be introduced in 
this description, to get a realistic description of the setup and therefore to an improvement of the structures. 

Figure 1: Intensity in the superRENS layers in s and p polarization. 
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Near-field Pump-probe Luminescence Spectroscopy of 
CuCi quantum cubes in ultraviolet region 
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The coupled quantum- s system exhibits more e properties in contrast with the single quantum- 
dot system. The optical near-field interaction 111 is interesting, as it can govern the coupling strength 
among quantum dots. Recently, we observed optically forbidden energy transfer between CuCl quantum 
cubes (QCs) via optical near-field interaction 121. We consider that a nanometric optical switch based on a 
new operation principle can be realized by controlling this energy transfer. 

The quantized exciton energy levels of (I,],]) in a 4.6 nm CuCl QC and (2,1,1) in a 6.3 nm QC resonate 
with each other, as shown in Fig. 1 (a) 131. For this type of resonant condition, the energy transfer between 
QC via the optical near-field occurs for less than 100 ps, assuming that the separation between two QCs is 
equal to 10 nm. This energy transfer time is much shorter than the exciton lifetime and is longer than the 
inter-sublevel transition time. Therefore, most of the exciton in a 4.6-nm CuCl QC transfer5 to the 
neighboring 6.3-nm QC. Thus, a 4.6-nm QC, located close to a 6.3-nm QC cannot emit light. However, 
when (1.1.1) level in a 6.3-nm QC is pumped by a laser, the energ sfer form a 4.6-nm QC to a 6.3-nm 
QC is obstructed due to the state filling effect of 6.3-nm QC. 

-oat . ' , I ,  , . , . -f 

the lower part in F5g.l @). For the experiment of the near-field pumpprobe luminescence spectroscopy, 
SH of Ti-sapphire laser (385nm) and He-Cd laser (325nm) are used as pump and probe light source, 
respectively. The experimental result, *observed at the position indicated broken circle in Fig. I (c), is 
shown in Fig. 1 (d) as a differential luminescence spectrum. The luminescence from a 4.6 nm QC 
increased by the pump of QC (wavelength of 385 nm), as shown by an allow i 
the first demonstration of 

References 
[I] K. Kobayashi, S. Sangu, H. Ito, and M. Ohtsu, Phys. Rev. A 63,013806 (2000). 
[2] T. Kawazoe, K. Kobayashi, J. Lim, Y. Narita and M. Ohm, Phys. Rev. Lett. 88,6,067404 (2002). 
[3 J N. Sakakura and Y. Masumoto, Phys. Rev. B 56,405 1 (1 997). 

. 

193 



Fluorescent Polyelectrolyte-Surfactant Complexes Studied by Near- 
Field Optical and Atomic Force Microscopies 

X. Liao, D. A. Higgins, Department of Chemistry, Kansas State Universiry, Manhattan, KS, 66506. 

Near-field scanning optical microscopy (NSOM) and atomic force microscopy (AFM) are used to study 
nonstoichiomemc polyelectrolyte-surfactant complexes (PSCs).[ 11 Fluorescent thin films prepared by 
complexation of poly(viny1 sulfate) (PVS) and a cationic indocarbocyanine surfactant dye (DiI) are 
investigated. The results are compared to those obtained from more common PSC films prepared using 
PVS and alkyltrimethylammonium bromide (C,TAB). The latter samples were doped with a hydrophobic 
dye (nile red) for NSOM fluorescence imaging and spectroscopy. In both systems, local film morphology 
and chemical composition were studied as a function of surfactant:anionic-site stoichiometry. In the PVS- 
C,TAB system, film characteristics were also investigated as a function of surfactant alkane chain length 
(for n=12,14,16,18). AFM and NSOM images obtained from these samples show a clear evolution of 
PSC film morphology with surfactant content and chain length. PVS alone forms a “porous” film 
containing polymer “network” structures. Pore formation is attributed to film shrinkage and substrate 
dewetting during drying in this case. At low surfactant content (Le., 1 :lo0 stoichiometry), the films 
become much more uniform, having root-mean-square roughnesses of < 0.5 nm, despite the fact that the 
surfactant concentrations in each solution employed were all above the critical aggregation concentration 
(CAC). At moderate surfactant loading (I 1 0  100 stoichiometry), small topographic protrusions (10-40 MI 
in height) appear across the films. Fluorescence NSOM images show these protrusions incorporate both 
dye and surfactant. Fig. 1 shows representative images obtained. Fluorescence spectroscopy on the PVS- 
DiI system shows the dye is present in an aggregated fonn. As a result, the protrusions are concluded to be 
polymer-surfactant micelles and/or micelles aggregates. At highest surfactant loading (25: 100 and 50:100 
stoichiometries), clear evidence for lamellar polymer-surfactant bilayer formation is obtained. The bilayers 
exhibit heights on the order of 4-5 nm. Surfactant-dependent dewetting of the glass substrate surface is 
also observed at these high loadings. Finally, AFM images of the lamellar structures for 50:100 films show 
the presence of interesting, defected bilayer regions. The possible origins of these defected regions and 
their associated bilayer height variations are discussed. 

Figure 1 : NSOM fluorescence (A) and topography (B) of a PVS-CI6TAB (1 : 100) thin film. AFM image 
(C) of a PVS-CI6TAB (1 0: 100) thin film. 
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We prepared nanascopic features of the conjugated polymer ply(p-phenylene vinylene) (PPV) by near- 
field optical lithography of its soluble precursor. We used a scanning near-field optical micrascope 
(NSOMISNOM) of our own design and construction to illuminate thin films with the 325 nm line of a 
HeCd laser. The irradiation renders the precursor polymer insoluble, which allows the development of 
features by subsequent wash-off of the unexposed precursor in methanol. Following thermal conversion of 
the precursor, the the semiconducting polymer surrounded by 
air. 

The resolution achieved for a 40 nm thick precursor film is about 160 nm. We demonstrated the 
fabrication of functional 2-dimensional patterns, including photonic crystals with artificial defects and 
templates for surface energy induced phase separation of a conjugated polymer blend. We also showed 
specific properties of patterning a negative resist using near-field optical lithography. 

We conclude our discussion by comparing the experimentally obtained shapes and sizes of lithographic 
features with those predicted by a Bethe-Bouwkamp simulation. We find that highest resolution can only 
be obtained for films that are thin compared to the aperture size. 

in fully conjugated featu 

_ _  

Figure 1: Pattern prepared by near-field UV lithography of the precursor of the conjugated polymer 
poly(p-phenylene vinylene) (PPV). The underlying grid has a spacing of 300 nm, and the 
polymer film was about 40 nm in thickness. 
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Near-Field Scanning Optical Microscopy and Near-Field Photocurrent 
Analysis of Nickel-Silicon Carbide Contacts 
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An aperture near-field scanning optical microscope has been used in the study of nickel contacts on the 
wide band-gap semiconductor, silicon carbide. Shear-force topological maps have been recorded 
simultaneously with detailed photo-response images of both the reflected and transmitted light, to clearly 
reveal the differing surface structure of various types of contact. 

Samples of both Schottky and Ohmic nature were studied, where the underlying interface dictates the 
electrical properties. Initial comparisons have been made between the different surface structures and 
photo-response of the samples, with efforts made to decouple the topographic and optical data. We 
performed near-field photoelectric (photocurrent) experiments to probe a Schottky diode whilst under bias 
to characterize the variation in structure, photo-response and photo-induced current simultaneously across a 
contact. By stimulating the photocurrent directly using the evanescent field of the NSOM tip, we have 
observed localized variations in the contact properties on the nanoscale. 
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Development of “nano-FISH” method for DNA and Chromosome 
analyses using SNOWAFM 
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The locations of genes on a genome as well as DNA sequences seem to play a principal role in gene 
expression. Detecting the precise location of a gene transfer is a major factor for guaranteeing transduction 
by gene modification or mutation. There is a need for a novel method, which would enable the location of a 
specific gene on a given genome to be directly and precisely detected. The fmal objective of this study is to 
establish a novel method, termed “nano-FISH, that directly defmes the location of a specific gene on a 
DNA fiber and a chromosome with a high resolution using a scanning near-field optical microscopelatomic 
force microscope (SNOWAFM). The method exceeds the limited resolution of conventional FISH 
(Fluorescence in situ hybridization) achieved using an optical microscope. Specifically, the novel method 
should break through the optical limit of the conventional method. The high-resolution fluorescent images 
of DNA fibers and chromosomes were observed using a SNOWAFh4 in the first step. 

Simultaneous topographic and fluorescent imaging of a DNA fiber was succeeded for the first time 
using our experimental set up. And a double-stranded and a denatured single-stranded DNA molecules can 
be distinguished comparing with topographic and fluorescent images, because, YOYO-1 dye stains only 
double strand DNA fibers. Very small quantity of YOYO-1 d or externally 
bonded in the single-stranded DNA [l]. 

Figure 1 shows topographic and fluorescent images of barley chromosomes stained with YOYO-1. 
Topographic image (c) showed that the surface 
was relatively flat and no significant height 
difference between the high-fluorescent region 
and the low intensity region of the chromosome 
was detected. Thus the high fluorescent intensity 
of the region is not the effects of chromosome 
thickness but considered to reflect internal 
structu~ of the chromosome [2]. 

Images of the specific genes on DNA fibers 
and chromosome will be demonstrated in NFO-7. 
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Figure 1: sNoM/AFM images of the 
chromosomes stained with YOYO-1 dye. Research Advancement Institution) and (a) ‘fopographic image. me height range is 200 nm. 

‘Oordination F161dS Of *e Of @) Fluorescent image in the -e portion of(a). The height 
is 5.0x 103 m ~ ,  

(c) Topographic image of a part of a chromosome (a). 200 nm. 
(d) Fluorescent image of (c). 300 mV. Bars = Ipm 
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Scanning near field optical microscopy of cells in liquid 

R. Januskevicius, D. J. Amdt-Jovin, T. M. Jovin, 
Department of Molecular Biology, Max Planck Institute for Biophysical Chemistry, 

Am Fassberg I I ,  Goettingen, 0-37077, Germany. 

A scanning near field optical microscope has been constructed and applied to 
fluorescence imaging of biological samples in liquid, including live cells. Our homemade 
SNOM is mounted on a Zeiss Axiovertl35 TV fluorescence microscope. For feedback we use 
tuning fork shear force and a RHK controller. The scanning tip is produced from a 125 pxn 
optical fiber (Siecor, 8.3 pm core diameter) by a heating and pulling sequence in a commercial 
Sutter P-2OOO pipette puller and coating with Al. A PI nanostage is used. The X-Y scanning of 
the sample Coarse 2 axis adjustment is hydraulic and fine positioning with pz tube units. The 
depth of liquid is maintained very small in order to minimize the loss in Q factor. We have 
designed a simple and stable construction with a liquid depth of 40 pm. Near-field images of 
fixed and living cells obtained in liquid are presented. Human epithelial A431 cells, stably 

/transfected with a GFP fusion protein of the epidermal growth factor transmembrane receptor 
protein, were scanned for topography and sitribution of membrane fluorescence. 

- 

. 
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An apertureless near-field microscope and its advantages in unraveling 
the structure of the photosynthetic membrane 

C. C. Gradinam, G. A. Blab, P. Martinsson, 7%. Schmidt, T. J. Aartsma 
Department of Biophysics, Huygens Laboratory, Leiden Universiyt, 2333 CA Leiden, The Netherlands 

i? Oosterkamp 
Interface Physics Group, Kamerlingh Onnes Laboratory, Leiden University, 2300 RA Leiden, The 

Netherlands 

A widespread trend nowadays is to combine two or more scanning probe techniques in order to shed 
light into the relationship between structure and function of various samples under study: atoms, molecules, 
polymers, proteins, etc. The system we are investigating is the photosynthetic apparatus of plants and 
(some) bacteria, which is constituted of protein complexes embedded in a lipid membrane and is 
responsible for the conversion of light into chemical energy. While the individual proteins have been 
extensively characterized (for many of them the crystal structure is available), the way they are distributed 
in the membrane, interact with each other, or react to external factors is still largely unknown. 

The combination of atomic-force microscopy (AFM) and apertureless scanning near-field optical 
microscopy (SNOM) looks like a natural choice for investigating this system, as many of its units are light 
sensitive and have lateral sizes in the order of 5-15 nm (unreachable by “classic” SNOM). A commercial 
instrument, the Digital Instruments Bioscope, was adapted to allow simultaneous acquisition of topography 
and fluorescence data from the sample. Several AFM tips were tested for the enhancement effect, including 
narrow multi-wall carbon nanotubes and whisker-type, gold-coated tips. The test samples were monolayers 
of quantum dots and electro luminescent polymers; their fluorescence was detected using two-photon 
excitation conditions with femtosecond laser pulses in the near infrared (700-1000 nm). Preliminary results 
on fragments of the thylakoid membrane found in the chloroplasts of the green plants are also presented, 
thus opening the way for a direct, straightforward visualization of the architecture and b c t i o n  of the 
photosynthetic machinery. 
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High-Resolution Near-Field Optical Imaging of a 
Cell Membrane in Aqueous Solution 

C. Hbppemr, D. Molenda, H. Fuch, and A. Naber, 
Physics Institute, Wilhelm-Klemm-Str. 10, 0-48149 Miinster, Gennany. 

Over the past 10 years several distance control techniques for SNOM have been developed from which 
today the shear-force method in conjunction with a piezoelectric quartz tuning fork as force sensor is the 
most popular one. For soft samples under liquid, however, this method turned out to be not as well-suited 
as under ambient conditions. Up to now, SNOM measurements of biological samples under liquid are very 
rare due to the lack of a sensitive distance control. 

Recently it has been shown that a tuning fork can also be used for a force feedback configuration in 
which the attached probe oscillates in a direction normal to the surface (tapping mode like force feedback) 
[ I ,  21. We have shown that such a technique is especially well-suited for a distance control under liquid 
since in this mode there is no need to immerse the force sensor in the liquid [2]. The preserved high force 
sensitivity of the tuning fork enabled us to image reliably even soft biological material [2] or double- 
stranded DNA (Figure 1) under liquid. 

By means of this technique, we are able to show for the first time high-resolution near-field optical 
images of a cell membrane, the nuclear envelope, in an aqueous solution. The nuclear envelope encloses 
the nucleus of a eukaryotic cell and is perforated by supramolecular protein complexes, so-called nuclear 
pore complexes (NPCs), which regulate the transpofl of molecules in and out of the nucleus. Since the 
distance of neighboring NPCs is  only -120 nm, conventional optical microscopes are not able to resolve 
single NPCs in their native environment. In contrast to that, our near-field fluorescence measurements of 
-60 nm resolution clearly show fluorescence signals of single dye-labeled NPCs embedded in the nuclear 
envelop. 

Figure 1: Topographic images of double-stranded DNA on mica under ambient conditions (left) and under 
liquid (right) measured with a tapping mode like distance control on the basis of a tuning fork as force 
sen= and an bare t a p e d  glass fiber as force tip. Only the fiber tip was immersed in the liquid (-1 mm). 
Size of images: 500 nm x 500 nm; Grayscale: 2 nm. 
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Spectroscopic Imaging of Nanoscale Rafts in Biomimetic Lipid Bilayers 
Using Near-field Scanning Optical Mi 
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Feigenson‘, Lori S. Goldneg, and James A. Dvorakz 
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‘0 tical Technology Division, Nati 1 Institute of Standards and Technology, Gaithersburg, MD 20899. 

. ‘Departme ular Biology & Genetics, Cornel1 Ithca, NY 14853. 

We used near-field optical microscopy to image n a n m l e  domains in biomimetic lipid membranes 
composed of bilayers of binary or tertiary mixtures of 1, 2-dipalmitoyl-sn-glycere3-phosphocholine 
(DPPC), 1, 2dilauroyl-sn-glycere3-phosphocholine (DLFC), and cholesterol. At room temperature, the 
membranes displayed phase separations indicative of nanoscale domain structures that are thought to have 
relevance to functional cell-surface rafts. We labeled the lipids with the fluorescent lipid analogs Bodipy- 
PC and diI:Cm to identify unambiguously the presence and distribution of specific membrane components. 
Simultaneous multicolor imaging at the wavelengths of the emission maxima of the fluorescent analogs 
revealed a non-correlated patchy distribution of Bodipy-FC and di1:Cm indicative of a domain separation of 
the lipid bilayer. The 100-300 nm size distribution of these patches is consistent with both the size of lipid 
domain clusters and thermodynamic parameters estimated by atomic force microscopy (a). Energy 
transfer studies of the fluorescent lipid analogs are also in progress to elucidate phase mixing in the domain 
boundary regions. Our studies were performed either on a homebuilt wet cell NSOM or on a prototype 
NSOWAFM we are developing for biomedical research. Simultaneous detections of topography and 
fluorescence information of nanosc so help better understandings brane domains by NS 

Figure 1 : Near-field images of a DLpc(30%YDPFC(70%) bilayer doped with Cholesterol( 18 mol%), 
Bodipy-PC (0.1 mol%), and diI:C20 (0.1 mol%). All images 6 pn square. (a) topography (b) transmission 

(d) fluorescence at b5560nm 
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Size and distribution of lipid rafts: atomic #force and near field 
microscopy study of domains in model membranes 

P. Burgos ab, R. S. Taylor ', Z Lu ", M. L Viriot ', L J. Johnston 

"National Research Council of Canada, Steacie Institute of Molecular Science SIMS, Ottawa, Ont., KIA OR6 
bCentre National de la Recherche Scientifique, ENSIC-DCPR, Nancy, France 
'National Research Council of Cam&, Institute for Microsttuctural sciences, Ottawa, Ont.. KIA OR6 

Recent work has given rise to a fundamentally new way of thinking about biological membranes. 
Contrary to earlier views, lipids don't always mix homogeneously in membranes, but are organized into 
domains and microdomains of different sizes. Characterization of these domains is essential to understand 
their role in membrane processes. Glycolipids, such as ganglioside GM,, are receptors for numerous 
biologically active agents and are likely to be involved in the formation of specialized microdomains, ccrafts~, 
which are enriched in sphingolipids and cholesterol, and exhibit properties similar to a liquid ordered phase. 
Since specific proteins have the propensity to be included or excluded from rafts, these domains are proposed 
to play an important role in membrane transport and signal transduction [ 11. 

Determination, at the mesoscopic scale, of raft distribution in lipid mixtures has been pe r f i i ed  
based on indirect techniques (AFM, FRET, epifluorescence microscopy) and has led to conflicting results 
[23,4,5] : membrane models provide evidence of rafi micron-sized domain, although in natural membranes, 
their sizes are postulated to be far beyond the resolution of conventional optical micxoscopy. 

Langmuir-Blodgett (LB) films are a useful membrane model and have provided information on 
lipid-lipid and lipid-protein interactions. Our LB films are prepared from equimolar mixtures of 
cholesterol/sphingomyelin/dioleoylphosphatidylcholine as a mimic for the natural rafts found in memtxanes 
[4]. The characterization of the structure of LB films with near field fluorescence microscopy and atomic 
force microscopy offers the possibility of obtaining topographic and optical information ranging from 
nanometer to micrometer resolution. We developed methods for making bent, doubled etched probes that 
have transmission efficiency (close to ICY2) suitable for fluorescence applications. 

The results show that the addition of 1 % GI to the monolayer leads to the formation of glycolipid 
enriched domains that mimic rafts. They are localized in the more ordered sphingomyelinkholesterol rich 
phase and are heterogeneously distributed in this phase. The lipid properties are sufficient to direct the 
formation of these rafts in membranes without requiring the presence of protein. For the first time, our recent 
data suggest that submicron domains raft-like domains are found in model membranes and adopt a circular 
shape with a diameter around 100-200 nm. 

References 
[ 1 J K. Simons and E. Ikonen, Nature, 387,567-572 (1997 ) 
[2] C. Dietrich, L. A Bagatolli, 2 N. Volovyk, N. L. Thompson, M. Levi, K. Jacobson and E. Gratton, 
Biophysical Journal, 80,1417-1428 (2001) 
[3] V. ViC, N. Van Mau, E. Lesniewska, J. P. Goudonnet, E Heitz, C. Le Grimellec, h g m u i r ,  14, 4574- 
4583 (1998) 
[4J C. Yuan, J. Furlong, P. Burgos, L. J. Johnston, Biophysical Journal, 82,2526-2535 (2002) 
[5] S. N. Ahmed, D. A. Brown, E. London, Biochernikrry, 36,10944-10953 (1997) 

I 

202 



Single molecule spectroscopy of autofluorescent proteins 

M. Cotlet, S. Habuchi. F.C. De Schryver, 
ic Chemistry, Laboratory for Photochemistry and Photophysics 

Celestijnenlaan 200 F, 3001 Heverlee Belgium. 

In recent years, the Green Fluorescent Protein (wild-type GFP) from the Pacific jellyfish Aequorea 
victoria has become one of the most widely studied and exploited proteins in cell and developmental 
biology. Due to the brilliant intrinsic green fluorescence that can be enhanced or even spectrally shifted 
from blue to yellow by mutagenesis, GFP technology has established a universal method for introducing a 
fluorescent tag into nearly any biological structure without affecting the native function. 

Recently, the emission color palette offered by GFPs has extended to higher wavelengths by the 
discovery in the reef coral Discosoma genus of a red fluorescent protein (DsRed) with similar structure 
compared to GFP and with the capacity to be cloned and expressed in vivo. However, biophysical and 
biochemical studies revealed several drawbacks of DsRed when has to be used as a fluorescent markex. 
Analytical ultracentrifugation and time-resolved fluorescence anisotropy experiments revealed the 
occurrence of DsRed as a tetramer at dilute concentrations [1,2]. Moreover, the final red emitting 
chromophore appears through a slow and incomplete maturation process, resulting in tetramers containing 
one or more green precursor chromophores even for the so called mature DsFW samples and, as a result, 
energy transfer can occur between the above mentioned chromophores [l]. 

Single molecule spectroscopy (SMS) experiments performed on 543-nm CW excitation point to the 
existence of DsRed as a tetramer and reveal the presence of a blinking phenomenon in the ms time range 
[3]. Collective effects involving the red chromophores within the individual tetramers were observed. 
Time-resolved data reveal the presence of a population of 25 % of the immature green chromophores which 
relates to tetramers containing only this immature green form and which is responsible for the weak 
fluorescence emitted by DsRed at 500-nm when excited at 460-nm [4]. The remaining 75 % of the 
immature green chromophores are involved in an energy transfer process to the red chromophores within 
the tetramers that contain them. Time-and spectrally resolved detection at single molecule level reveals, 
upon 543-nm excitation of individual Med tetramers, the existence of a photoconversion process of the 
red chromophore emitting at 583-nm into a super red species that emits weakly at 595-nm. The same 
phenomenon is further corroborated at the ensemble level with the observation of the creation of a super 
red form and a blue absorbing species upon irradiation with 532-nm pulsed light at high excitation power 
HI. 
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Tracing of secretory vesicles of PC12 cells using total internal reflection 
fluorescence microscopy 

De-Ming Yang 
Department of Medical Research & Education, Taipei Veterans General Hospital, Taipei 112. Taiwan 
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Hsia Yu Lin, Din Ping Tsai 
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Department of Life Sciences, Chung Shan Medical Vniversiy, Taichung 402, Taiwan 

Taiwan 

The secretory vesicles and organelles near the cell surface of a neuroendocrine PC12 cell were 
monitored by total internal reflection fluorescence microscopy (TIRFM) [I]. The secretory vesicles were 
labeled by over-expressing one of the small G proteins that is involved in the hsion of secretory vesicles to 
plasma membrane, GFP-Rab3 fusion protein, in PC12 cells. Mitochondria were monitored by a specific 
indicator MitoTracker Green [2]. The images acquired from a fast cooled CCD were compared and 
analyzed. Time-dependent changes of fusion events and fluorescence intensity of a defined area were 
analyzed. Within the small evanescent range (about 200 nm), the movement of vesicles near the cell 
surface was monitored. Figure 1 shows an example of the movement of the secretory vesicle of PC12 cell 
upon high K' stimulation and the firsion bemeen one vesicle with another vesicle which already docked on 
the membrane. The TIRFM provides an opportunity to specifically trace and analyze the exocytotic events 
and vesicle dynamics near cell membrane without interference of signals from other parts of the cell. 

. . . * . * .  - > . . a  I . . .  , . . . . . , I .  

Figure 1 : The vesicle fusion event occurred after high K' stimulation. GFP-Rab3A fusion protein was 
overexpressed in PC12 cells. Upon high K' stimulation, one secretory vesicle (arrows) first moved away 
from the focal plan, then back to the focal plan and fused with the vesicle (arrowheads) on the plasma 

membrane. 
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Simulation and Experiments on Trapping Biological Molecule by 

Near-field Optical Probe 
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Near-field Optics has been developed and used in various fields, such as optical imaging at 
resolution beyond the diffraction limit, fluorescence detection in the local field, optical data 
storage, and so on. Research on near-field optical manipulation has attracted attention of 
scientists. The theories of near-field optical manipulation for atom"' and dielectric particle'23' 
have been discussed Some experimental results of trapping and moving the Mie particles in an 
evanescent field along a channeled waveguide have been shown~". 

In this paper, we calculate the distribution of electromagnetic field near a taper optical fiber 
probe by the method of 3-D finite-difference time-domain (FDTD). From the distribution of field, 
the distribution of optical force to particle can be calculated. Interaction between the optical 
near-field and dielectric and biological particle will be discussed based on the simulation results. 
Then we discuss the different distribution of optical force to different size of the optical fiber 
probe and the particle on scale of micrometers to nanometers. The result shows the possibility to 
spatially trap a nanometer-size particle with nanometer-size optical fiber probe in the optical 
near-field and to 2-D trap a particle with micrometric optical fiber probe. Same experimental 
results on manipulation of different-size dielectric particles and biological molecule by near-field 
optics will be provided. The experimental results show that the optical forces on the dielectric 
particle agree with the simulation result s also psible  to trap a biological particle. 
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Near Field Photo-fabrication of Thin Film 
Using Locally Enhanced Field at a Metallic Tip 
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An apertureless-metallic-tip of near field scanning optical microscopy (NSOM) enhances the electric 
field strongly at the tip apex besides achieving ultimate spatial resolution that is as small as the size of the 
tip apex [1,2]. Due to these features, we attained 15 nm spatial resolution in near field Raman 
spectroscopy and imaging of aggregated molecules [3-51. The locally enhanced field can also induce 
photochemical reaction at’nanometric scale. 

In this presentation, we report on near field lithography on a photoresist film using a platinum- 
covered cantilever and a blue semiconductor laser [6]. The metallized cantilever (tip radius: -20 nm) was 
brought onto positive g-Line photoresist film (thickness: 110 nm) which was coated on a cover slip using 
a spinner. Then, a focused beam from a blue semiconductor laser (h  = 405 nm) was irradiated on the tip- 
film contact point. 

Figure 1 shows a topographic image of the developed photoresist film obtained with an atomic force 
microscope. Structures of 100 nm-width trench were obtained with energy dose of 6.3 mJ/cm2. 
Considering that the threshold of energy dose was 28.5 mJ/cm2 in far-field process, energy dose in 
near-field process exceeds the threshold locally due to the local field enhancement of the tip, and 
photoresist film was exposed at nanometric scale. Figure 2 shows dependence of linewidth of the 
fabricated trench on energy dose irradiated on a film. The experimental result shows that apertureless- 
metallic-tip NSOM is one of the promising technologies for next generation of photofabrication. 

Fig. 1 AFM image of photoresist Fig. 2 Dependence of linewidth on 
film exposed in the near field. energy dose. 
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Optical detection of nano-particles. 

F.Ignatovitch, A .  Hartschuh, L. Novotny, 
University of Rochester, The Institute of Optics, Rochester, NY 14627. 

The methods of detection and recognition of particles more than half a wavelength are well established. 
However as particle size enters nanometer region, the sensitivity of those methods decreases rapidly. This 
is due to  the fact, that  as particles gets smaller, they exhibit dipole-like light scattering pattern and thus 
become indistinguishable. 

We developed a method of nano-particles recognition, which is based on detecting optical gradient 
ed on a particle by a tightly focused laser beam. 

up resembles one used in a basic optical tweezers experiment [3,4]. Nanometer sized par- 
’ticles under test are guided in a microfluidic channel through a tightly focused laser beam. The particle’s 
position with respect to the focus is monitored by detecting the scattered light. A feedback loop perma- 
nently adjusts the laser intensity and thereby ensures that the particle’s path remains unaffected by the 
gradient force of the trap. The feedback signal provides a unique fingerprint for the particle’s size and shape. 

This method was developed in application to a virus recognition biosensor program. In the near future 
the above scheme will be integrated in a chipscale device, allowing real-time bio-warfare sensing in a 
battlefield. 
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Tunnel-Electron-Induced Oxygen Movement in YBa,Cu,O,-b 
Measured with Near-Field Optical Microscopy 

S. H. Huerth and H. D. Hallen 
North Carolina State University 

Raleigh, NC 27695 

The movement of atoms induced by electron motion, electromigration or electron-induced-motion 
(ElM), has been studied in many systems. In the case of the classic electron-Wind mechanism, the atom 
motion is in the same direction as the current. We show here that this is not necessarily the case when few- 
eV electrons are used in an electron-excitation mechanism. In this case, the local electron interaction 
enhances the diffusion of the atoms. Naively, this localization of an electron interaction in a conductor 
seems unlikely, but it will occur when the electron can excite a camer from a localized state on the atom 
rather than from the extended conduction states. The excitation places the atom in an unstable 
configuration, a Franck-Condon excitation, and it may move before relaxation if a vacancy is adjacent. 
Excitation from a localized state entails a threshold energy for the injected electron, which we measure for 
the case of oxygen motion in Yttrium barium cuprate (YBCO) and will present here. To better understand 
the mechanism of oxygen movement in YBCO while avoiding complications due to grain boundaries, we 
use a near-field scanning optical microscope (NSOM). The metal cladding of the NSOM probe provides a 
scanning tunneling microscope (STM) tip to pull (inject) electrons from (into) an industrial quality sample 
of YBCO. This induces movement of oxygen. We have shown that reflection-mode near-field scanning 
optical microscope can be used to image oxygen movement in YBCO. [1,2j Optical NSOM images taken 
before and after EIM are compared to eliminate the native background oxygen concentration variations and 
determine the amount of oxygen moved in the lattice and where the movement occurred, Fig. 1. It is 
interesting that the motion of oxygen described here*'shares many of the same qualitative features as the 
motion of vacancies in gold films with injection of few-eV tunnel electrons. [3,4] Both have energy 
thresholds. related to their respective band structures. The EIM is limited to a single grain in both cases, 

indicating that few-eV electrons are scattered strongly at 
grain boundaries in quite disparate materials. There are 
differences, however. The topographies of the gold films 
change as the atoms move, whereas the oxygen atoms in 
YBCO move in a fixed lattice with no detectable 

-179.' topographic change. The EIM of oxygen in YBCO 
. changes in its superconducting properties, since they 

depend on the oxygen concentration. [5,6] We thank 
Brian Moeckly of Conductus for providing the YBCO. 
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Atom optics with nanostructured near-field light potentials: 
theory and applications 
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As a first step in the development of atom and molecule manipulation by optical near fields, we develop a 
versatile calculational approach to the study of ultracold atom diffractive scattering from light-field gratings. 
We combine computation of the optical near field generated by evanescent waves close to the surface of 
periodic nanostructured arrays with advanced atom wavepacket propagation techniques. Nanometric 1-D 
and 2-D arrays with subwavelength periodicity deposited on a transparent surface and optically coupled to 
an evanescent wave source exhibit intensity and polarisation gradients 111 on the length scale of the object 
and can produce strong near-field periodic modulation in the optical potential above the structure. As a 
specific and experimentally practical example (21 we calculate the diffraction of cold Cs atoms dropped onto 
a periodic optical potential crafted from a 2-D nanostructured array. For an "out of plane" configuration we 
calculate a wide diffraction angle(= 2 degrees) and about 60% of the initial atom flux in diffraction orders 
fl, an encouraging result for future experiments. Calculated simulations over a wide range of experimental 
parameters indicate that positive experimental results should be robust. 
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Photopolymers are interesting material that can be easily patterned by light. When the illumination is made 
trough a classical optics set-up, the resolution is limited by diffraction. 

But this limitation can be over passed when illumination is made trough near optical field set-up. Thus, ultra 
thin polymer spots were obtained by photopolymerization by evanescent waves. In this procedure, the area of 
interaction of the actinic light with the reactive formulation is confined within a layer of few hundreds of 
nanometers. ’he confinement of the light is achieved by Total Internal Reflection (TIR) of the light at the 
interface between the material and a high index prism [ 11. This method is particularly suitable for the fabrication 
of micro parts and thin film (30 to 800 nm). 

The concept of photopolymerization by evanescent waves is interesting from a technical point a view 
beacause it makes possible the fabrication of smaller structures than the one avaiSable by classical optical set-up. 
Besides, from a fundamental physical point of view, it is possible to make a copy of the near optical field and 
then to study it by other microscopy methods such as AFM. And finally the fact that illumination occurs over a 
very small volume allows studying the influence of diffusion processes during photopolymerisation. 

Process of photopdymerisation was also applied to polymerization under a SNOM tip 121 and polymerization 
under metallic layers is under achievement. Results concerning different systems 411  be given. 
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Local Fluorescent. es for the Fluorescence Resonance Energy 
Transfer Scanning Near-Field Optical Microscopy 
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While the resolution of field Optical Microscopy (SNOM) is limited by the size of the 
aperture for light collection or transmission to about 100 nm, other approaches to near-field imaging are 
necessary. Fluorescence Resonance Energy Transfer (FRET) - based SNOM was proposed [ 1 J to enhance 
both the resolution and the sensitivity of the method. It exploits the dipole-dipole energy transfer between a 
donor and an acceptor in a FRET chromophore pair where the donor is incorporated at the apex of the 
scanning probe and the acceptor is labeling the sample (or vice-versa). When imaging using the acceptor 
fluorescence resolution is no longer limited by the size of the aperture but rather by the F&ster radius for 

K S. Ltokhov, Institute 

energy transfer, which is typically of the order of 2-5 nm. 
Nanolocal FRET SNOM measurements [2] and 

FRET SNOM images [3] based on this idea have been 
reported. Here, the first FRET-SNOM images with sub- 
aperture-size resolution will be presented [4]. Islands of the 
donor dye DCM deposited on a ‘glass slide were imaged 
using the fluorescence of the donor dye OM57 deposited 
by dipping a fiber tip having an aperture of 200 nm in a 
solution of both the dye and the polymer PMMA which 
served both as a photobleaching inhibitor and a medium for 
better mechanical stability. Moreover, the “self-sharpening 
pencil” behavior could be realized for such a probe: the 
apical layers of the FRET-active tip coating are 
mechanically worn and hence an active apex 
containing fresh molecules is continuously 
exposed to continue imaging. That the probe contains 
acceptor rather than donor molecules guarantees that only 
the molecules lying within a few nanometers of the apex 

are hence eventually 

arpening” mechanism 

lved in imaging, which, 
allowing for the experimental conditions, leads to an 
expected collected signal of -750-2250 s-’. This is in an 
order of magnitude agreement with the measured signal of 
10oO photds. Moreover, good reproducibility of small 
details of the light intensity distribution along the DCM 
“clusters” (see the inset in Fig. 1) Can be considered as an 
indication of a spatial 
probe aperture. 

[ 11 S. K. Sekatskii and V. 
[2] G. T. Shubeita, S. K. Sekatskii, M. Chergui, G. Dietler, 1 
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SNOM image of donor 
molecule “clusters” on a glass slide 
surface. In the insert we show details of 
the raw images of one of the clusters 
(indicated by an arrow) recorded for the 
left-to-right and right-to-left movements 
of the tip. The size of one pixel is 43 nm, 
the minimal size of a structure in the 
scan direction (determined by the photon 
integration time) is -170 nm. 
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. Super-Resolution Near-field Cover Glass Slip or Mount, a Novel 
Application of the Localized Surface Plasmon For Near-field Imaging 

Yu Hsuan Lin, , Yuan Hsin Fu, Hsia Yu. Lin. Wei Chi Lin, Hsun Ha0 Chang, Din Ping Tsai 

Department of Physics, National Taiwan Universiy, Taipei 1061 7, Taiwan 

A novel application of localized surface plasmon (LSP) has been developed to made a new type of 

cover glass slips or mounts with the near-field super-resolution imaging capability for use with a laser 

scanning microscope (LSM). An active layer of AgOx was prepared on the normal cover glass slips 

or mounts, and protected by a thin (less than 3/10) layer of dielectric film. This innovation allows an 

easy usage of the common laser scanning optical microscope to achieve near-field super-resolution 

imaging of nano-structures on the slips or mounts. Fig. 1 i s  the optical imaging results of this 

innovative method. Reflection images of the latex particles with diameters of 500 nm, 200 nm and 

100 nm, fespectively, were measured by using our super-resolution near-field cover glass slip. 

Features of the 100 nm standard latex particle can he  clearly resolved. This novel innovation is 

expected to be used in various near-field imaging of medical and bio-samples in different environments 

with great simplicity, fast speed of laser scanning, and very low cost. 
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Fig 5. Near-field images of the standard latex particles with diameters of 500 nm, 200 nm and 100 nm, 
respectively, by using our innovative near-field super-resolution cover glass slip. 
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Near-field optical properties of a thin-film photonic transistor 
I 

Wei Chih Lin, Chien Wen Huang, Yu Hsuan Lin, Din Ping Tsai 
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Super-resolution near-field structured photonic transistor was reported by Tominaga et a].[ 11 recently. 
Intensity of the incident signals could be amplified by the other input light at the focused spot of PC/ZnS 
SiQ/AgOx/ZnSSiwGeSbTe/ZnSSiq structure. h this paper, we investigate the near-field optical 
properties of the super-resolution near-field structured photonic transistor Samples of g lass/ZnS 
SiQ/AgoX/znS-Siq and glass/ZnS-SiOJAgOx /ZnSSiQ/GeSbTeEnSSiOz have been experimentally 
studied by a tappingmode near-field scanning optical microscope. Neardeld nonlinear optical effects of 
the transmitted light on both samples were found. Strong enhancement was observed in near field as well. 
Results show both surface plasmon (SP) and localized surface plasmon (LSP) should be active in the 
enhanced effects we found. Images of the near-field scanning optical microscope clearly illustrate the 
effects of the short and long-range interactions of the plasmons. ’be working mechanism of the super- 
resolution near-feld structured $atonic transistor is studied. Fig. l(a) is the micrograph of the ZnS 
SiQ(2OnmyAgOx(l Snm)/ZnS-SiQ(2Onm). The nanocomposites are believed to be the nano-scatters 
shown in the Fig. I(b), and the FDTD simulation indicates that these Ag scatters are sources of the 
enhancement at the focused spot. 

tin nm] 
(a) (b) 

Figure 1. (a) TEM micrograph of the Zns-Si02(20nmyAgOx(1Snm)/ZnS-Si9(20n~ super-resolution 
near-field structure. (b) Two-dimensional FDTD simulation of a ZnSSiq(20nm)/AgOx (ISmn)/ZnS-Siq 
(2Onm) super-resolution newfield structure under a focused laser beam. 
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Radiative heat transfer in the near-field. 
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It has been shown recently by Carminati et al.[l] and Shchegrov et a1.[2] that the field emitted by a 
thermal source made of a polar material at a distance of the order of 10 to 100 nm is enhanced by more 
than four orders of magnitude and is partially coherent. The reason for this large enhancement is that close 
to the interfaces, the local density of states increases dramatically due to the presence of surfacephonon 
polaritons. These are composite particles composed of a phonon and a photon bounded to the interface. 
Whenever a material supporting these excitations is heated, surface phonon-polaritons are emitted. 

The purpose of this paper is to discuss the implications of this phenomenon for the radiative heat transfer 
between objects separated by distances in the range of the nanometer. It has been known for many years 
that radiative heat transfer can be enhanced across small distances due to evanescent waves (or tunneling 
photons). We have recently pointed out that this enhancement is strongly amplified when surface-phonon 
polaritons are excited to the extent that they are responsible for almosb all the radiative heat transfer. The 
heat transfer mechanism can be viewed as an electromagnetic coupling of phonons across the gap. 

We will consider two different geometries. First, we study the heat transfer between two half-spaces 
as a function of the distance. We show how the flux varies with the distance. It will also be shown that 
most of the radiative fiux is exchanged at some particular frequency. A behaviour completely different 
from what happens in far field. The second application is the study of the heat transfer between a small 
spherical particle and an interface in the presence of surface phonon-polaritons[3]. This can be viewed as a 
first model describing the radiative flux between a near-field probe tip and an interface. We examine the 
distance dependence of the power exchanged between the sphere and the interface. We have found that the 
radiative heat transfer overcomes the conductive heat transfer in air for spacings lower than 100 nm. This 
means that the radiative heat transfer has been enhanced by more than four orders of magnitude. This 
opens the possibility of locally heating or cooling a material radiatively. 
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Intensity vs. Amplitude Detection 
in Scattering-type Near-field Optical Microscopy 
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Sharp dielectric or metallic tips are used in scattering (or apertureless) NSOM as nanometer-size scatkrers 
of the optical field produced by laser light in the vicinity of the surface. Scattering properties are strongly 
sensitive to nanoscale features of the surface when the mutual distance is of the order of a few nm. Near- 
field optical microscopy in the visible region has been performed with artifact-free resolution in the 10-nm 
range [ 1.21. TwGphoton fluorescence in biological samples has been evidenced [3], on the scale of 20-30 
nm. Single molecule emission has been also used as the near-field source [4]. 

High resolution, obtained with the elastic scattering experiment, requires the detection of small light 
intensities with a poor signal to background ratio and result in a challenging task. Such light can be 
extracted from the background light since, if a small modulation is superimposed to the tipsample distance. 
the signal presents terms at the second and higher hmonics of the modulation frequency [5]. detectable 
by lock-in techniques. This point is a crucial one in order to obtain genuine near-field contrast, n6t affected 
by topographical artifacts due to the surface tracking of the probe, performed in order to maintain a 
constant distance from the surface. Optical interferometry provides the key to enhance the sensitivity of the 
system. Interference of the scattered light with a reference beam, detected with a Michelson [6] or a Mach- 
Zehnder (heterodyne) f21 configuration, provides a signal that scales with the electric field amplitude 
instead of its square (light intensity). Within the Mie’s approximation. this leads to a scattering signal that 
scales with the third power of the size of the scattering center instead of the sixth power, that is the case of 

We have explored and characterized different illumination and collection es as well as different 
modulation techniques and interferometric configurations. Jn particular, on-axis illumination and collection 
with a Nomarski interferometer has provided 15 nm resolution (10%-90% criterion) [I], while grazing 
illumination looks more promising for 

scher s fabricated with 500 

. 

’ the intensity detection. 

current status of our apparatus will be described. The system allows simple positioning and monitoring of 
tip, sample and laser spot as’well as ease of detection mode (amplitude vs. intensity) switching. Results of 
comparison between the latter two detection modes will be discussed in terms of contrast, resolution, and 
artifact content. One important conclusion is that axial configuration setups [1,3,6,7] (when used in elastic 
scattering mode) are inherently concerned by the interference between the reflected light and the photons 
scattered by the tip. This could explain the unexpectedly high performance that can be attained with no 
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MMP Calculation of the electromagnetic field enhancement 
at sharp noble metal tips for tip-enhanced Raman scattering 
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Scattering near-field optical microscopy (S-SNOM) has the potential to become an alternative to aperture 
SNOM (A-SNOM). The method is especially promising in combination with Raman spectroscopy to obtqin 
chemical information. As Raman scattering already suffers from a very low cross-section in standard setups, the 
light restrictions imposed by an A-SNOM instrument are a major limitation. Only selected molecules with a 
comparably high Raman scattering yield have been investigated by SNOM. However, the Raman signal can be 
enhanced by several orders of magnitude in the neighborhood of small metal particles - the so-called surface 
enhanced Raman scattering (SERS) [ll. The concept of S-SNOM with Raman enhancing metal particles 
combines the advantages of S-SNOM techniques, easier instrumental implementation without the need of 
delicate near-field probes and a somewhat higher lateral resolution. and the advantages of SERS with its high 
signal intensities. 

Important for an optimum Raman signal enhancement is knowledge on the tip material and geometry. Clearly 
the noble metals like Ag and Au are the candidates of choice when inducing electromagnetic field enhancement 
via local plasmon excitation. For a fixed excitation wavelength I, the major challenges therefore are to find both 
the optimal tip geometry providing the highest Raman enhancement. and the most suitable illurninatioddetection 
arrangement. 

Several p u p s  already proved the successful use of massive metal tips to enhance Raman scattering with a 
resolution of down to -20 nm[2,31. However. no theoretical investigation has been reported yet. calculating the 
strength and orientation aspects of the local field enhancement for a specific tip geometry and material. Both 
these two parameters are important when optimizing the collection of the Raman scattered light. 

We present theoretical investigations based on the multiple multipole (h4MP) approach [4] in order to calcu- 
late the electromagnetic field enhancement at sharp noble metal tips, mostly Ag, for different optical geometries 
as well as a broad spectral range. Excitation is done for different illumination geometries (sidewise, bottom, etc.) 
allowing also the modeling of objectives with both high and low numerical apertures. Also the incident beam 
shape, whether being a plane wave or having a Gaussian shape, seems to severely affect the local field enhance- 
ment. Furthermore. calculations are presented for different polarization orientations. 

This approach allows us either to estimate the optimal optical resonance frequency for a given tip shape or, 
vice versa, to optimize the tip geometry and material for a given set-up and laser excitation wavelength I. There- 
fore theoretical results have to be compared with tip shapes being experimentally realizable. 
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pplication to near-field microscopy 

I). Simanovskii, D. Palanker. K. Cohn. T. Smith 
Stanford University, Hansen Experimental Physics Laboratory 

Stanford, CA 94305 

We present two new methods of near-field infrared microscopy based on transient optical 
elements. Photoinduced carrier generation in semiconductors is used to create 2- and 3-dimensional 
reflecting and refracting structures that can provide infrared light confinement on subwavelength scale. 
Both methods use short pulse Ti:S laser as a pump source to generate electron-hole plasma in 
semiconductors and picosecond OPA as an infrared light source. 

The first technique - transient aperture (TA) resembles a fundamental near-field configuration 
when light i s  squeezed through a subwavelength aperture in a nontransparent screen. To generate the TA 
subpicosecond. laser pulse illuminates a large area of the semiconductor film except for a small region in  
the middle that is shadowed. This illumination results in creating a large transient mirror (TM) with a small 
transparent aperture that acts as  a near-field probe 111. We studied the optical properties of the TM and TA 
experimentally and performed initial experiments on near-field imaging with the TA. 

The second technique is based on a concept of a solid immersion microscopy 121. Many solids 
have refractive index much higher than 1, providing diffraction limited resolution several times better than 
In air. To benefit from using of high refractive index material, focusing element must be incorporated in 
this material. We used photoinduced reflectivity to generate a transient Fresnel lens on the surface of 
semiconductor wafer to focus infrared light on the other side of the wafer, where a sample was positioned. 
Two materials were tested: CaP  and SI with refractive indices 3 and 3.4 respectively. In both cases second 
harmonic of Ti:S laser (400 om) was used to generate a lens, that was optimized to focus infrared radiation 
at a specific wavelength in a spectral range from 6 to olystyrene microbeads were 
obtained that demonstrate resolution better than US. 

We will discuss such issues as  ultimate res meters and chromatic aberrations 
ical elements will be also 

considered. 

% I  
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Localized Photon Picture vs. Effective Interaction Picture: 
Towards a Nanometric Photonic Device 
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In near-field optical microscopy and spectroscopy, localization and tunneling of photons have played 
essential roles, and are now realized as key issues for nanometric photonic devices. For example, the principles 
of operation of our proposed device [I] are based on excitation energy transfer induced by localized optical near 
fields between nanometric quantum dots (QDs) [2], and irreversible signal transmissions are guaranteed by the 
exciton-phonon coupling. Here we report on two alternative approaches: localized photon picture and effective 
interaction picture to discuss physics behind the devices. 

When we explicitly include localized photonic degrees of freedom, we can describe dynamics of a relevant 
system that are governed by localized photons. The theory predicts, for example, a coherent dipole oscillation of 
a linear chain of two-level QDs, after local manipulation of initial states of some of the QDs [3]. We find that 
this kind of phenomenon originates in the fermionic nature and nonlinear effects of excitons. In order to 
understand such phenomenon more deeply, we use an effective interaction picture [4]. Taking the trace with 
respect to localized photonic degrees of freedom, we can derive an effective optical near-field interaction 

between QDs as Hem = -E Jo?(i).$( j ) ,  where $(i)  and Jo are the dipole operator of the i-th QD and the 

coupling strength between the nearest neighbor QDs, respectively. It follows fiom this Hamiltonian that the 
dipole moments of the system tend to align parallel or antiparallel, depending on the sign of the coupling J, . 

* L  

<i./> 

The above approaches can be extended to include exciton-phonon coupling in addition to the optical near- 
field coupling. Using the density operator method, we obtain equations of motion for such a system, and 
estimate a time scale of exciton population tunneling as a few to 100 picoseconds for CuCl QDs, depending on 
the sizes and the separation distances of the QDs. This time scale ideally corresponds to the switching speed of 
our proposed nano-switch. 

*@set) 

Figure 1 : Typical switching behavior obtained for 3-QD system as a model of a nanometric photonic switch. 
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NSOM probes with strongly enhanced optical transmission 

G.D. h e n ,  K.m. Pellerin and Tineke Thio, NEC Research Institute, Princeton NJ 0854. 

The optical transmission of a single, subwavelength aperture in a metal film is strongly enhanced when 
the metal surface surrounding the aperture has a periodic corrugation. [ 11 The transmission enhancement is 
mediated by a resonance of the incident light with surface plasmon polaritons. The resonance leads to a 
strong enhancement of the electric fields at the entrance of the hole. Since the interaction occurs through 
grating coupling at the corrugated surface, the resonant wavelengths are proportional to the corrugation 
periodicity P, and are thus tu . At the transmission peak, three times more light is transmitted through 
the hole than is dikctly falli is independent of aperture size, so the total throughput 
scales as T- d2 (where d is the h er than the T-d6 dependence predicted by the Bethe- 
Bouwkamp model. So the relative transmission enhancement (the ratio of the transmission with and 
without the enhancement) gro 

The optimal corrugation geome nsists of a set of concentri around the central 
aperture, equally spaced in the radial direction and with a depth corres g to about three times the skin 
depth fo the metal. The reason is that for the unpolansed light we have used in our experiments, the 
Huygens wave associated with the small aperture has axial symmetry, and is therefore best matched to the 
surface plasmon modes on a cylindrically symmetric surface corrugation rather than one with translational 
symmetry. Such a “bullseye” pattern is well ’suited for fabrication at the tip of an optic fiber, for use in 
near-field microscopy. 

We present results on a fiber tip with an enhanced device, of which the resolution is determined by the 
exit diameter of the aperture. For NSOM use on rough surfaces, it is useful to have a device with a very 
small footprint. From our prelimin measurements on the minimum corrugated area necessary to obtain 
the enhanced transmission, we find at J k t  four rings are required to obtain the full enhancement: as 
the number of rings is increased from one to four, the enhanced &smission peak becomes both higher and 
narrower. This size effect confirms again the importance of the periodicity of the surface corrugation. We 
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Z-scan analysis €or the optical nonlinearity of the Ago,-type 
super-resolution near-field structure 
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Near-field optical storage using Ago, -type super-resolution near-field structure (Super-RENS) 
attracts many attentions recently[ 11. One of the key issues of the AgO, -type Super-RENS is the 
working mechanism and optical properties of the sandwiched Ago, thin film. Tsai et al. [2] have 
reported the strongly enhanced near-field intensities measured by a tuning-fork tapping-mode 
near-field scanning optical microscope (TFTM-NSOM). Ensemble of the excited localized surface 
plasmons at the focused spot was proposed for the origin of the enhancement of the near-field intensity, 
and the nano marks size beyond the diffraction limit. 

In this paper, the nonlinear optical properties of the Aga-type Super-RENS thin films were 
studied using Z-scan technique[3-4] with a 0.7ns, 532nm laser pulse. The changes of the 
transmission, and the nonlinear absorption properties were observed and studied. Nonlinear 
refractive index rp can be obtained through closeaperture Zscan as well. The causes of these 
changes come fromphotochemical reaction, thermal effects and optical response. Results shown in 
Fig. 1 indicated that the transmittance of Zscan at the focal position had astrong enhancement at 
proper incident laser power 
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Figure. 1 Z-scan normalized transmittance of the A g a  layer at different incident pulse laser power. 
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Numerical'Studies of Optical Switching and Optical Bistability 
Phenomena of Mesoscopic scale-spheres 

I: chkamoo, M. Hmguchi M. Fukui, U n i v e r S i r y o f T ~  FacultyqfEnginering, Tthshina JAPAN7085(16. 

It is apparent that an enhancement of light intensity can be expected to occur in and around spheres 
coated by Kerr-materials in which the so-called whispering gallery modes (WGMs) are excited. This 
enhancement may lead to the realization of optical switching and optical bistable devices in mesoscopic 
scale. It is well knoyn that when the real part of the dielectric constant of spheres is negative, even if the 
ize of spheres is considerably smaller than a wavelength of an incident light, the WGMs are readily 

excited and then there exists a strong near-field light in the surrounder of spheres. We are, therefore, 
concerned with CuCl whose dielectric function has the abnormal dispersion based on a &-exciton. 
Namely, it has a negative real part of the dielectric constant around a characteristic wavelength of the 5- 
exciton. The structure employed here is shown in Fig.1. The first aim of this study is to numerically 
calculate nonlinear responses of CuCl-spheres by using the Me-theory modified to analyze nonlinear 
phenomena. The second is to examine optical switching and optical bistability due to the WGM's 
excited in such spheres. 

We employ the Lorentz model as the dielectric function in trems of the 2-exciton of CuCl. For the 
CuC1-sphere, the WGM is a surface mode of IS-tpe and its characteristic wavelength is 410.154 nm. 
Figure 2 shows a typical result on the ratio of &l &I2 as a functions of the incident light intensity fi 
measured at point A in Fig.1, where E is electric field at point A in Fig.1 and Ei is electric field of the 
incident light . At k410.154 nm, where A. is the wavelength of the incident light, the optical switching 
occurs. At k410.204 nm, we can observe the optical bistability. These results suggest that fundamental 
optical devices related to optical information processing can be realized by employing Kerr-nonlinear 
spheres in a mesoscapic scale. 

Ti (W/j.tm2) [ x 10'7 

Fig.2 The nonlinear response of optical intensity at point A in Fig. 1. 
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Two-photon Excitation of Excitons in CuCl 
in Total Reflection Geometry 

M. Hasuo, A .  Shimamoto and T. fijimoto, 
Kyoto University, Graduate School of Engineering, Kyoto, 606-8501 Japan. 

/ 

It is well-known that the evanescent light accompanying the totally reflected light at an interface of 
dielectric mediums with a high refractive index nl and a low refractive index n2 ahas interesting features: 
One is its small penetration depth of the order of wavelength of the light that is given as 

1 

koJn$ sin2 8 - n3 

where ko is the wavenumber of the light in vacuum and 8 is the incident angle of the light; Another feature 
of the evanescent light is its wavenumber parallel to the surface that is determined by nl and 8 as 

(1) 7 ) =  

k = konl sin 0. (2) 

In linear spectroscopy, electronic excitations such as surface plasmons and surface polaritons, which can not 
be excited by usual propagating light wave, have been examined by using these features 111. On the other 
hand, systematic study of the second harmonic generation at an interface was done by N.Bloembergen et.al 
[2]. The wavenumber of the evanescent field plays an essential role in the nonlinear optical phenomena 
through the phase matching condition. In principle, these situations may be applicable to the two-photon 
excitation of excitons. However, as far as we know, twephoton spectroscopy on exciton systems with 
evanescent light field has not been reported so far. 

Here, we report the measurement of emission spectra of CuCl deposited on a Ti02 (rutile) prism sur- 
face(ll0) associated with the two-photon excitation of the exciton system in total-reflection geometry. We 
choose CuCl as a nonlinear optical medium with a low refractive index because characteristics of the ex- 
citons and exciton-polaritons have been well studied by linear and nonlinear spectroscopy [3, 4, 51. As a 
medium with a high refractive index Ti02 single crystal is chosen not only by its very high refractive index 
but also by its birefringence. We can control the penetration depth and the wavenumber of the evanescent 
field by only changing the polarization of the incident light. 

As the experimental result, the 11 bound exciton luminescence which resonantly appears at the two- 
photon excitation of the 23 and Z1,2 excitons was observed. The dependence of the intensities of the 11 
bound exciton luminescence on the polarization of the excitation light was explained by the field intensity 
and the penetration depth of the evanescent light in CuCl accompanying the totally reflected light at the 
CuC1/ Ti02 interface. 
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White light continuum gener d by gold tips. 

M. R. Beversluis, A .  Hartschuh, and L. Novotny 
University of Rochester, The Institute of Optics, Roch 

Non-linear optical interactions can be used to  increase resolution in near-field microscopy, but can also 
introduce new sources of unwanted background signal. In the presence of highly non-linear materials, such 
as gold, a white-light continuum can be generated. Because the origin is not yet well understood, we have 
measured the spectral, spatial, and temporal properties of this white light generated by a sharp gold t ip 
in a focused ultrashort laser pulse. We found a continuous spectrum from the excitation wavelength to its 
second harmonic. Furthermore, characteristic of its nonlinear origin, the total white light intensity has a 
quadratic dependence on the excitation power. Unexpectedly the temporal behavior is slow, in contrast to 
white light continuum generation due to  self-phase modulation [l]. We measured an exponential decay of 
the white-light intensity with a lifetime of 800 ps, which suggests that  another mechanism is responsible. 

We also found that the white light is excited by light polarized along the t ip  axis, and when the tip is 
scanned through a highly focused laser beam, the white light intensity maps out the longitudinally polarized 
component, as shown in,Figure 1. 

Figure 1: White light intensity as a function of tip position withi the focus of Gaussian (a) and Hermite 
Gaussian (b) excitation beams (1.5 by 1.5 micron area). 
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, Action of Ultra-Short Laser Pulses on Surface in the Near Field 
M.Libenson, G.Martsinovsky, 

S.I. Vavilov State Optical Institute, Bi&vaya Liniya 12, St.-Petersburg, Russia 

Scanning near-field optical microscope (SNOM) excels as a unique instrument for 
investigation of optical properties of a surface with lateral resolution of several hundredths of the 
wavelength used. Using of ultra short laser pulses (USLP) supplements SNOM with high temporal 
resolution, thus achieving the maximum localization of the light both in space and time [ 1-31. The light 
action of the above conditions has a number of peculiarities that were the subject of the present paper. 

To analyze the light action it is necessary to know the field Structure and its characteristics in 
the immediate vicinity of the probe when its output aperture d is much smaller than the light 
wavelength A. In these conditions the concept of near-field is associated with the region where non- 
propagating waves exist. The amplitudes of these waves fade out exponentially with the distance z 
from the probe aperture. The exponential decay straightforwardly follows from the Heisenberg 
principle of uncertainty applied to a photon-like particle. The angular spectdm of such a source in the 
near field contains both propagating and non-propagating components. The non-propagating 
components carry information about geometrical features of the radiating aperture, which are smaller 
than Z!, and rapidly vanish at distance z > d  from the probe aperture [4]. Only propagating 
components of a solitary probe can be registered in the far field. However, these components do not 
transfer any information about high spatial frequency portion of the spectrum that corresponds to 
configuration and features of a sub-wavelength object. As the result, it is impossible to reconstruct 
these parameters the way it was proposed in some recent papers (see, for examples, [5,6]). 

The most interesting aspect of USLP action in the case of high spatial localization is related to 
the peculiarities of photoexcitatim of nonequilibrium camers in metals and semiconductors. In 
particular, it results from small duration of the light pulse (rp < 1 ps), which is not enough for the 
excited carriers to transfer their excessive energy to the lattice. Under this condition the electron 
temperature can reach tens and hundnds of kK which results in considerable thermal additive to the 
carrier photoemission from the medium surface. When the pulse ends the thermo-emission becomes the 
only mechanism of the electron liberation, The uniqueness of the near-field action in this case is 
determined by the submicron size of the subsurface region from which the emission takes place. For 
the laser pulse duration of 100 fs the characteristic diffusion length of the excited nonequilibrium 
carriers amounts to about 30 MI. The Arrenius type dependence of the emission current density on the 
temperature can noticeable reduces the effective size of the emitting area. The emission Current is also 
influenced by local relief of the surface, its electro-physical properties and presence of adsorbed layers. 

We have developed a simple theory for pulsed laser local photoexcitation in metals and 
scmiconductors by a single ultra short pulse and analpd isolated heating of free electrons in the 
metal. It allowed estimation of emission current density in the area of the near-field interaction. By 
registering the emission signal with Optical or electrical methods and using the opportunity for 
application of an electrical potential to the metal cladding of the near-field probe the combination of 
USLP and SNOM makes it possible to acquire additional information about the surface local properties 
and achieve "emission" contrast. 

The work was supported by the Russian Foundation for Basic Research grants 00-02-16716 
and 01-02-16872. 
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Surface Plasmon enhanced Second-Order Nonlinear Optical Study 
on Monomolecular Layers 

K. Kajikawa, Ryo Naraoka and T. Iiyama, 
kyo Institute of Technology, Y o b h  

a In these years, much attention has been directed towards the surface plasmon resonance (SPR). Since 
SPR yields considerable enhancement of the electric field, the nonlinear optical (NLO) effect is clearly 
observed if the NLO medium is very thin such as a monomolecular layer[ 1,2]. In this paper, we will report 
our recent results on large second-order NLO effects in a monomolecular layer adsorbed on a gold thin film 
with the SPR enhancement. The second-order nonlinear susceptibility obtained by the linear electro-optic 
measurement with enhancement of the electric field by SPR was compared with that by second-harmonic 
generation (SHG) study. The optical geometry used for the linear electroopdc measurement is depicted in 
Figure I(a). The electric field was applied between the electrodes with the gap of 12 pm. The reflectivity 
difference AR due to the electric field was plotted as a function of the angle of incidence as shown in Figure 

t to the theoretical expression (solid line) gives the susceptibility value x”’-=33 pm V’ , 
good agreement with that obtained from SHG measurement ~ @ ) ~ = 5 8  pm V’ for the 

monomolecular layer[2]. 
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Chemical analysis of the phase boundary between two liquids through 
near-field optical microscopy 

M. De Serio, A. Bader, R. Zenobi, Laboratory of Organic Chemistry, ETH Honggerberg, 
CH-8093 Zurich, Switzerland. 

V. Deckert, Institut of Applied Photophysics, Technische Universitat Dresden, Germany. 

Scanning near-field optical microscopy has already been successfully applied in combination with 
Raman spectroscopy [l]. In this way the improved resolution is combined with spectroscopic analysis to 
provide chemical information for the sample of interest. 

Our attempt aims at applying this technique to the study of the boundary between two liquids. An 
important property of near-field probes is the high resolution or small depth of focus in tip direction. This 
means that the interface can be approached in small steps over a wide range. Gradual structural changes at 
variable distances from the interface can be spectrally analysed. Traditionally the investigation of the 
interface is based on methods that differ from the above; they exploit second order optical effects such as 
Sum Frequency Generation (SFG) or Second Harmonic Generation (SHG) [2]. These processes are 
forbidden in media that have inversion symmetry and thus they are only sensitive to the interface where this 
symmetry is, by definition, broken. 

The first binary system examined was the phase boundary between p-xylene and glycol in order to 
investigate the feasibility and the potential of the method. The interface is moved in steps of 3 pm towards 
the near-field probe and a spectrum is recorded at each step. The experiment was performed with an 
uncoated and a coated tip (see fig. 1). An abrupt change of the xylene intensities (for example at 1200 cm-') 
is observed only when a coated tip is used, proving that a subwavelength aperture is crucial in achieving 
higher resolution. 

The exchange phenomena between two liquids and the stability of a multiphase system are mainly 
controlled by the properties of the interface. These can often be tuned with the addition of surface-active 
molecules [3]. The effect of surfactants on water/cahn tetrachloride interface will be studied. The choice 
of these liquids comes from the interest to analyse the interaction of water with hydrophobic fluid surfaces 
which plays a key role in many natural processes like protein folding, membrane formation and micellar 
assembly. 
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Fig.1 : Intensity plot of the Raman signal (1200 cm") during the approach of an uncoated (A) and a 
coated (B) tip to the pxylendglycol interface. 
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ced Raman Spec 
Nanoscale Analytical Applications 
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e enhanced Raman scattering (SERS) h erged as a highly sensitive 
ique, offering signal e cements of several orders of magnitude over 

conventional Raman scattering. How the inherent'heterogeneity of metallic SERS 
substrates creates variable electromagnetic field enhancement across the surface. This 
shortcoming limits ique and renders quantitative measurements 
highly speculative. As 
brought very near a s y localized signal enhancementtJ. 
This technique provide cement across the sample, allowing 
for quantitative analysi This presentation will discuss recent 
advances in instrumentation, including the incorpofation of a scanning fluorescence 
microscope for rapid optical alignment of the laser focus with the AFM tip. Further, an 
external scanning stage is now being employed to scan the sample relative to the tip and 
optics, ensuring constant alignment of the laser beam and collection optics with the AFM 
tip. Finally, this presentation will describe the application of tip-enhanced Raman 
scattering for the characte 

entional SERS, a metallized AFM tip can be 
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Single Polymer Chain in Two-Dimensions Observed by 
Scanning Near-Field Optical Microscopy 

Hiroyuki Aoki, Makoto Anryu, and Shinzaburo It0 

Department of Polymer Chemistry, Graduate School of Engineering, 
Kyoto University, Sakyo-ku, Kyoto 606-8501, Japan 

Poly(alky1 methacrylate) is known to form a stable monolayer, and the polymer 
chain is extremely constrained in a two-dimensional plane. Since the morphology and 
dynamics of polymer materials are greatly dependent on the entropy for the individual 
chain, i.e., the degree of freedom, the properties of the polymer in a monolayer are 
expected to be largely different from those in the bulk state. However, little is known 
about the polymers in two-dimensional systems. Recently, we have shown that 
scanning near-field optical microscopy (SNOM) is a versatile tool for investigating the 
structures of polymer ultra-thin films [l]. In the current study, the conformation of a 
single polymer chain in two dimensions is discussed with the images taken by SNOM. 

' 

Poly(isobuty1 methacrylate) (PiBMA) was used as y 3  F"3 
+ C H r T M c H & i r  the sample, and the small amount of the isobutyl groups 

was substituted to perylene in order to observe using the 
fluorescence SNOM. A monolayer of the mixture of the 7% 

y=o y=o 
? ? 

.cr labeled and unlabeled PiBMAs was deposited on a cover CH, CH, 

slip by the Langmuir-Blodgett technique. The excitation 
wavelength was 442 nm and the fluorescence of perylene Figure 
at 470 - 550 nm was detected. 

The fluorescence SNOM image for single PiBMA 
chains is shown in Figure 2. The fluorescence intensity 
from each chain was proportional to molecular weight. 
The histogram of the intensity was in good agreement with 
the molecular weight distribution obtained by size 
exclusion chromatography (SEC). This indicates that the 
fluorescent spots in the SNOM image are attributed to the 
individual perylene-labeled PiBMA chains dispersed in 
the urilabeled polymer monolayer. Comparing the Figure 2. Fluorescence SNOM 
fluorescence intensity histogram with the SEC trace, the image of single PiBMA Chains- 
molecular weight of each polymer can be determined. The 
The polymer chain with molecular weight of 4.8 x lo6, indicated by an mow in Figure 
2, was observed as a circular fluorescence spot with a diameter of 200 nm. This value 
was similar to the diameter for the ideally collapsed conformation. This indicates that 
the polymer chain in two dimensions takes a contracted confornation and has no 
entanglement with the other chains [2]. 
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Phase separation in polyfluorene - polymethylmethacrylate blends 
studied using UV near-field microscopy 

J. Chappell, D.G. L,idzey, 
Dept. of Physics & Astronomy, Universiry of Shefield HounsfieM Road Shefield, S3 7RH, UK 

We present ultra-violet near-field microscopy investigations of blends of poly(9.9-dioctylfluorene) 
[PFO] and polymethylmethacrylate [PMMA]. A scanning near-field optical microscope (SNOM) was 
employed to study the distribution of blue-emitting PFO in a blend with PMMA. The samples investigated 
contain between 1%-50% PFO in PMMA and were spin coated onto glass to give films less than lo(hun 
thickness. The films were excited through the SNOM probe with the 352nm line of an argon ion laser and 
transmission SNOM was used to map the spatial distribution of the PFO fluorescence. We observe phase 
separatian in the shear force images on length scales between 250nm to 2pm which allow us to identify the 
distribution of the PFO. 



The Influence of Local Environment on the Optics of 
Nanosources and Nanocavities 

A. Rahmani, G. W. Bryant, 
National Institute of Standanls and Technology, Gaithersbury, MD 20899-8423. 

P. C. Chaumet, 
Institut Fksnel, Facult6 des Sciences et Techniques de St J6r6me, F-13397 Marseille cedex 20, h n c e .  

The influence of local environment on the optics of nanosources and cavities is crucial in near-field mi- 
croscopy, nanooptics and optoelectronics and must be modeled accurately. We present a formulation of the 
coupled dipole method (CDM) that accounts for the effects of environment on local-field corrections. 

The CDM has been used to  study light scattering by arbitrary objects, near-field microscopy, optical 
forces, and nanosources, such as atoms, molecules and quantum dots, in cavities. The versatility of the CDM 
resides in its simplicity. However, typical implementations of the CDM are based on a dipole polarizability 
that reduces to the Clausius-Mossotti (CM) bulk polarizability in the long wavelength limit. This approach 
can break down because it relies on the assumption that  all dipoles have the same optical response, irre- 
spective of their environment. Near interfaces, one must account for the local environment of each dipole. 
We present a new formulation of the CDM[1] that is mact in the long-wavelength regime by deriving a 
self-consistent local-field correction that accounts for the particular environment of each dipolar subunit. 
To illustrate the method we consider a slab. This configuration has an analytic solution that will be a refer- 
ence. As shown in Fig. 1, the conventional CDM predicts nonphysical oscillations of the field inside the slab 
that result from the assumption of a bulk local-field correction for each subunit. The new form of the CDh4 
reduces drastically the oscillations of the macroscopic field inside the slab. bflected and transmitted fields 
and the convergence of the CDM are improved as well. The new local-field correction is most important a t  
interfaces. In general the new polarizability differs from the CM value only for a few layers near an interface. 

We conclude by showing that the CDM can be used to derive the local-field factors for nanmurces  in 
arbitrary microcavities[2] and interstitial nanosources[3]. 
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Figure 1: Macroscopic field outside and inside a 50 nm dielectric slab delimited by the vertical limes. A 
plane wave is incident from the left. 

2 (mn) 
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Probing the emission pattern of a 
near-field aperture in three dimensions 

M .  Wellhofer, 0. Hollricher, 
WITec GmbH, Horvelsinger Weg 6, 0-89081 Ulm, Germany. 

0. Marti, 
University of Ulm, Dept. Exp. Physics, Albert-Einstein-Allee 11, 0-89069 Ulm, Germany. 

Resolution in near-field optical microscopy is a point of intensive di ion. The maximum resolution 
in a near-field image is determined by aperture size, probesample distance and the sample itself. 

We present near-field optical x-y-scans at different tipsample distances and x-z-scans of a single nanohole 
in an opaque metal layer. While the detection unit is fixed and focused on the SNOM aperture, the z-position 
of the sample was sucessively changed by the scanning table of our microscope. The nanoscopic pinhole was 
used to examine the emission pattern of the aperture probe in three dimensions. 

very line of the x-z-scans represents a cross section through the emission pattern at a different tip- 
sample distance, while the y-coordinate is fixed at the position of the maximum value of the x-y-profile. 
Reflection and scattering sample surface and the probe metallization produce interference undu- 
lations in the approach curve. 

To investigate the influence of the tipsample distance on resolution, every line has been fitted with 
a gaussian' profile function by the Levenberg-Marquardt method. The full width at half maximum value 
(FWHM) has been determined and shows a linear trend superimposed by oscillations with a period of 
exactly half of the used wavelength. 
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Direct Measurement of the Absolute Value of the Interaction Force 
between a Fiber Probe and a Sample in a Scanning Near-field Optical 

Microscope 

S. K. Sekatskii, G. 1 Shubeita, G. Dietler, Institut de Physique de la Matiere Condens& Universitt! de 
Lausanne, BSP, CH 1015 Lausanne - Dorigny, Switzerland 

D. A. Lapshin, V. S. Letokhov, Institute of Spectroscopy Russian Academy of Sciences, Troitsk Moscow 
region 142190 Russia 

When closely approaching the surface with a laterally dithered fiber tip of a Scanning Near-field 
Optical Microscope (SNOM), a decrease in the dither amplitude is  observed. This effect is by far the most 
popular to control the distance between the fiber tip of the microscope and surface of the sample and is 
often referred to as.shear force control. Surprisingly, and despite al l  its popularity, to the best of our 
knowledge the absolute values of the shear force have never really been measured, so researchers are 
obliged to rely on model - dependent estimations. This is  unsatisfactory both because of the great 
importance of the question (for example, not to destroy soft and fragile biological samples, the value of the 
force must be known, low and well controlled) and the fact that the nature of the shear force is still unclear. 
Here, we present the measurements of the shear force made by means of a reasonably stiff (to avoid the 
jump to- or out of- contact problems) Atomic Force Microscope (AFM) cantilever. The experiments were 
performed for the most popular shear force detection methods currently in use: in resonance and out of’ 
resonance optical detection, and tuning fork - based detection. 

The experimental setup combines a home made SNOM with a home built AFM and is presented in 
the self - explanatory Fig. 1. The interaction force value is determined from the measured cantilever 
deflection using the known spring constant. Two components of this force are clearly distinguishable: 
mainly a static one (this is nothing but the standard signal of the AFM exploited in contact mode) and a 
component oscillating at the dithering frequency of the tip. The latter was recorded using an additional 
lock-in amplifier and named “dither force”. The main results of wr study are the following. 1. For tuning 
fork - based and optical in-resonance detection, the shear force signal decreases until permanent contact 
between the fiber and the lever (=sample) is established, after what this signal is no more detected. 2. For 
optical out-of resonance detection, the shear force signal continues to decrease and is detectable well after 

. . . 

permanent contact is established. 3. Absolute vahes 
of the interaction force were measured for different 
detection schemes and dither amplitudes am For 
example, the maximal attainable values of We dither 
force are 6 nN for tuning-fork-based detection, adfa = 
3.5 nm; 13 nN for optical in resonance detection, am 
= 6 nm, and so on. These values are small and much 
less than the usually neglected static interaction force, 
which, for the Same conditions, was measured to be 
100 - 300 nN. 4. The dither force can be sensed as far 
as 100 nm from the surface due to the long - range 
electrostatic tip - sample interaction. 5. The width of 
the shear-force transition (i.e. the change of the tip - 
sample distance during which a l l  the noticeable 
changes in the shear force signal occur; this was 
especially well seen analyzing dither force approach 
curves) essentially exceeds the value of adm.sin8 
expected for the fiber having a dither amplitude adla 
and tilted by 9 with respect to the surface normal. 
These results and their interpretation will be 
discussed. 
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Fig. 1. Schematic of the experimental setup. 



Tuning-fork-based apertureless SNOM for visible and 
infrared studies 

Y. De Wila'e, F. Formanek, L Aigouy, 
Laboratoire d'Optique, ESPCI - CNRS UPR A W 5 ,  

10 rue Vauquelin, 75 005 Paris, France. 

Recent studies have shown that sharp apertureless probes can be used to scatter the evanescent field at the sample 
surface, revealing optical contrast on a subwavelength scale. The main interest of the use of an apertureless probe in 
a scanning near field optical microscope (SNOM) is that it does not require any waveguiding towards the detector, 
providing the possibility to perform optical studies at any wavelength. Hence, apertureless SNOMs (aSNOMs) have 
successfully been used with visible and infrared illumination, producing optical images with a resolution of a few 
tens of nanorheters [1],[2]. Most aSNOMs are based on a metal p, which is either a tungsten tip or the metal- 

p of a commercial AFM cantilever. 
shed aSNOM designs use an optical detection to monitor the tip's movement, which requires a secondary 

laser source, besides that used to excite the evanescent field, and additional optical access. Here, we describe a 
homemade setup in which the tip's movement is monitored via the piezoelectric signal of a quartz tuning fork. As 
shown on Fig.l, a tungsten tip is glued on one tine of the tuning fork. The tuning fork is excited close to the 
resonance by means of a FZT piezoelectric plate, producing an AC voltage whose amplitude is proportional to the 
tip's vertical displacement. A laser source is focused on the tip at the sample surface. The near-field periodically 
scattered by the tip is collected by a large numerical aperture objective and focused on the detector, where it is 
extracted from the far-field background using lock-in detection. The system has been used to investigate near-field 
optical images of subwavelength holes in a chromium thin film and of a twinned YBCO crystal. Preliminary testing 
in a liquid environment have also been performed. Results obtained both with a visible ( M 5 5  nm) and an infrared 
(hrl0pm) illumination will be presented. As shown on Fig.lc in some cases we achieve a resolution of the order of 
20 nm. 

(C) 

Setup of the tuning-fork-based aSNOM. (b tip mounting on the tunin 
thii film using a 655 nm laser source. , 

Boccara, Opt. Leu. 20, 1924 (1995). A. Bachelot, P. Gleyzes, and 
A.C. Boccara, Opt. Lett., 21,1315 (1996). 
[2] B. Knoll and E Keilmann, Nufure 399, 134 (1999). 
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Phase-sensitive hiaging of Metal Nanoparticles Using an 
Aperture-type Near-field Microscope 

J. Prikulis, H.  Xu, L. Gunnarsson, M. Kdl ,  Chalmers University of Technology, Applied Physics, 
Goteborg, Sweden SE-4 1296. 

H.  Olin, Chalmers University of Technology, Experimental Physics, Goteborg, Sweden SE-41296. 

We report on the development of an aperture-type near-field scanning optical microscope (NSOM) for 
phase-sensitive imaging. The NSOM was used to analyze phase properties of localized supface plasmons 
(SP) in colloidal silver nanoparticles. Nanoparticles and small particle-clusters are imaged as interference 
patterns, due to far-field superposition of the optical fields emitted from the tip and elastically scattered 
from the SP. 

Fig. l a  and l b  show simultaneously recorded AFM and NSOM images of colloidal Ag particles with 
average diameter x 90 nm. The illumination wavelength was 633 nm. The key observation is that particles 
with similar height appear with dark or bright central intensity. Fig. IC shows the optical profile and NSOM 
image (inset) of a single Ag particle. The optical contrast can be understood from a simple model (fig. Id). 
We approximate the NSOM probe with a point source: Etip(r) cc exp(i(ler -ut)) (e +Bexp<-r/q)). The 
constants A and B define the amplitudes of the far-field and near-field contributions, respectively, r is the 
distance from the light source, IC is the wave number, w is the angular frequency, and q is the near-field decay 
length. A dipole moment P = Etip(r)a is induced in the particle. The oscillating dipole emits scattered 
waves E d ( r l )  which superimpose with the far-field emission from the probe. The measured intensity is thus 
approximately given by: I cc sow 92{Etip( l )+E,(r1))2dt  where !R denotes the real part and l is the distance 
between the light source and the detector. The phase of the complex nanoparticle polarisability a = lalea4 
determines whether the particle appears with a dark or a bright center in the NSOM image, as shown in 
fig. le  and If. 

This simple model qualitatively describes the contrast formation. The recorded NSOM images indicate 
strong SP coupling phase variation with nanoparticle shape. 
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Figure 1: Phase-sensitive near-field imaging of colloidal Ag nanoparticles. 
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A Versatile Multipurpose Scanning Probe Microscope 

E. Cefali, S. Patant 
Universita di Messina, Dipartimento di Fisica MTFA and INFM, Unita di Messina 

Salita Sperone 31,I-98166 Messina, Italy 
P.G. Gucciardi 

CNR - Istituto per i Processi Chimico-Fisici, Sez. di Messina 
Via La Farina 237,I-98123, Messina, Italy 

M. Labardi, M. Allegrini 
Universita di Pisa, Dipartimento di Fisica and INFM, Unita di Pisa-UniversitA, 

Via F. Buonarroti 2,1-56127 Rsa, Italy 

We report on the realization of a multipurpo$e scanning probe microscope derived from the 
combination of Scanning Tunneling Microscopy [ 11, Atomic Force Microscopy [2] and apertureless 
Scanning Near-Field Optical Microscopy techniques [3,4). 

The instrument has been developed starting from a com rcid optical microscope 
(AXIOTECH Vario ZEISS) in order to take advantage of the facilities provided by the framework. 
The probes are homemade and consist of tungsten tips, produced by means of electrochemical 
etching. This process, starting from a 50 micron tungsten wire, is able to produce a sharp apical 
radius of less than 100 nm with a considerable reproducibility degree and low cost. The sample is 
scanned in tapping mode, stabilizing the tip-surface distance by means of a tuning fork detection 
system [5]. A solid-state laser source is focused on the tip apex by using a long working distance 
microscope objective (Nikon 50X plan-apo]. The back-reflected optical signal, providing 
information about the sample’s refractive index, is collected through the camera port of the 
AXIOTECH Vario and is detected in phase with the tapping frequency by means of lock-in 
techniques. Simultaneous measurements of the sample’s electrical properties can be carried out 
by biasing the tip with respect to the sample surface, and detecting the current by means of an 
ultra low noise preamplifier mounted on the sample holder. Once again the signal is detected by 
means of a lock-in amplifier in phase with the tapping frequency. Test measurements have been 
performed on homemade sample consisting of Aluminum nanostructures deposited on a Si p- 
doped substrate [Fig. 11. 

taneously the morphology, 
the optical and electrical properties of the sample. It provides information on the quality of the 
surfaces by mapping the local optical and electrical properties with a lateral resolution on the 
nanometer scale. 

The technique results in a non-invasive tool able to image 

(4 (b) (c) 
Fig 1. Topographic (a), optical (b) and current images of a sample showing Al islands on a Si p-doped 
substrate. The images have been acquired simultaneously within a single scan. Scan area 10 pn x 10 pm; 
Scale bar = 1 p. 
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Development of Dud-probe Scanning Near-field Optical Microscope I 

I: Sigehuzi, 
National Institute of Advanced industrial Science and Technology, Tsukuba, 305-8568 Japan. 

We have developed a dual-probe scanning near-field optical microscope - a pair of SNOM probes resting on 
mutually independent piezoelectric tubes, the tips of which are located within the vicinity of each other (illustrated in 
Fig. 1) - to observe the spatio-temporal correlations in optical phenomena in the sub-wavelength area. It could also 
be used to stimulate and observe some unit processes in nano-scale structures, e.g. quantum dots. 

Not only in the image resolution but also in the relative positioning of the two probes we must overcome the 
diffraction limitJ We introduced probe-specific wavelength light (633nm and 532nm) into each of the probes and 
observed the light emitted from its tip using a far-field microscope with a color CCD camera. We identified the 
position of a probe apex with the center of gravity of the imaged light spot in the corresponding color plane (red or 
green). The accuracy of this positioning scheme could be made on the nanometer level, since the light wave diffraction 
dose not change the position of the intensity peak but its dispersion. 

In each of the following experiments we kept the relative position of the probe pair constant and drove the samples 
rather than the probes for scanning, which made the above positioning procedure necessary only occasionally. Except 
for that we could use the instrument for SNOM measurements. We injected light only into one of the probes for 
illumination/collection mode imaging, while the other probe collected the near field from this probe-sample system. 

We imaged an optical grating surface (lpm period) with this microscope. Basically we got two grating images 
horizontally shifted by the interprobe distance. In Fig. 1 we show a cross section (single scan signal) of a obtained 
pair of images. Each of the images, especially one from the collection mode probe, seems to be rather noisy. These 
"noises" in the two signals, however, are mutually related and contain information about the probes-sample system. 
Even without any sample the illuminating field will be repeatedly "reflected" between the probe pair, while of course 
the sample will influence this interaction. 

The experimental results will be compared to the three dimensional finite-difference time-domain method calcu- 
lations. 

0 1 2 3 4 5 6 7 8  

x (CLm) 

Figure 1: (Left) Schematic picture of the experimental setup. (Right) The intensity cross sections of optical grating 
images from the two probes, the distance between which is 200 nm. The black line represents the signal from the 
illumination/collection mode probe, while the gray one corresponds to the collection mode probe. 

'This study is a part of the "Function Evolution of Materials and Devices based on Electron / Photon Related Phenomena" (FEMD) research 
project of Core Research for Evolutional Science and Technology (CREST). sponsored by Japan Science and Technology Corporation (JST). 
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Apert ureless near-field optical microscopy 
of fluorescent sub-micron structures 

A.  Fkagola and L. Aigouy 
Labomtoire d'optique, ESPCI, CNRS UPR A0005, 

UPMC, 10 me Vauquelin, 75005 Paris, France 
45 91 - fax : 33 1 43 36 23 95 - e-mail : fragolaQoptique.espci.fr 

Apertureless near-field optical microscopy has proven its efficiency to  image objects with a sub-wavelength 
resolution [1, 2, 31. In this method, the probe is not an usual optical fiber but a sharp metallic tip, whose 
extremity scatters the electromagnetic field located on the surface of a structure. This technique has enabled 
us to study various fluorescent objects such as latex spheres doped with organic molecules and erbium-doped 

. 

crystals. 

Fluorescence images of 200 nanometers latex spheres are displayed in the figures below. Excitation is 
performed at X = 488 nm and fluorescence is detected around X 50 nm. An improvement of the lateral 
resolution is clearly visible between the far field and the near fie age. As it can be seen, the two latex 
spheres that are very closed to each other are barely separated on the far-field image whereas they are 
clearly resolved in the near-field optical image. In this case, the apparent lateral resolution is around 100 
nanometers. 

vitroceramic. In this case, the excitation process is a 
two-photon process : excitation is made at X = 780 nm and fluorescence is detectedmound X = 550 nm. 
For all kind of samples, we will show the influence of various experimental parameters like the oscillation 
amplitude of the tip. Besides, the analysis of approach curves performed on the fluorescent structures will 
allow us to urrderstand how the fluorescence images are 

. 

We will also present results on Erbium- 

with this technique. 
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The MagSNOM project 

B. Ressel, G. Biasiol, L. Sorba’, and M. Lauarino, 
INFM-TASC Laboratory, Strada Statale 14, km 163.5 Basoviua 34012 Trieste, Italy. 

M. Bressanutti, D. Orani, B. Troian, and S. Prato. 
A.P.E. Research srl, Strada Statale 14, km 163.5 Basoviua 34012 Trieste, Italy. 

Due to the increasing demand of investigating semiconductor devices, we developed a SNOM 
(Scanning Near Field Optical Microscope) suitable to operate at low temperature (down to 1.4 K) and in 
presence of magnetic fields (up to 7 T). Main aim of this instrument is to study the optical properties of low 
dimensionality semiconductor systems, like InAsIGaAs or GaAsIAlGaAs quantum dots. 

I This project is the result of a collaboration between the INFM, the Italian National Institute for the 
Physics of Matter, and A.P.E. Research, a company operating in the production and development of SPM 
microscopes. 

In order to fit inside the superconducting magnet, a standard Maglab 2000 from Oxford Instruments, we 
developed a novel design of SNOM with an overall outer diameter of 29 mm. In figure 1 the prototype of 
the microscope is shown. The instrument can host 100 mm* square samples, up to 8 mm thick. Maximum 
scan area at RT is 85 pn x 85 p. The SNOM tip is mounted on an asymmetric piezoelectric sensor in 
order to control the tip-sample relative position. In this way it is also possible to operate the instrument in 
non-contact AFM (Atomic Force Microscopy) mode. Moreover an independent optical excitation- 
collection signal is provided to perfom photoluminescence and photoluminescence excitation 
spectroscopy, in addition to the standard reflection mode. 

In order to exploit the capabilities of the instrument, we investigated the optical properties of 
InAdGaAs quantum dots in presence of magnetic field. 

Figure 1: The MagSNOM, outer diameter 29 mm. 

‘also at: “Universitri di Modena e Reggio Emilia”, Via Campi 213/a, 49100 Modena, Italy. 

238 



Near-field optical microscopy with a STM metallic tip 

A ,  Barbara, T.  Lijpez-Rios, 
Laboratoire d%tudes des Pmprie"te's Electroniques des Solides, CNRS,' 85 avenue des Martyrs, BP 166, 

38042 Grenoble Cedex, h n c e .  

We present the first results obtained with a homemade experimental se . The latter is an apertureless 
near field optical microscope essentially based on a scanning tunneling cope (STM) of Bemcke type 
coupled to a laser source and an optical detection system. We use gold tips electrochemically prepared 
from a 250pm wire on which a Kr+ laser is focused. The scattered light is collected by a microscope 
objective. One part of the tip image, provided from the objectif, is selected by a 150pm optical fiber 
connected to a photomultiplier. In order to selectively detect the light diffused by the neighborhood of 
the tip, a periodic oscillation of the vertical position of the tip is performed, applying to the piezo-tube 
supporting the tip a 9kH.z sinusoidal voltage. The scattered light is then synchronously detected. The 
optical signal, corresponding to the synchronous signal, is about 0.1 percent of the overall scattered light. 
Good quality images can be realized with a laser power-as low as 0.1 mW powers as high as several 
hundred of mW can also be used. Optical images providing from the elastic tering signal are currently 
obtained, simultaneously with the topographic (STM) images, with a resolution of a few nm and with an 
optical contrast different from the topographic one, when materials with different dielectric constant are 
present on the same sample. This is shown in Fig. 1, where gold colloids of typical size lOnm were deposited 
on a flat graphite substrate. The topographic contrast is thus only in by the colloids (right bottom of 
the image) and corresponds to an opposite optical contrast. 

b 

Figure 1: 400 x 270nrn2 S loids deposited on HOPG 
graphite surface showing i) a nanometer resolution of the optical image and ii) an optical contrast between 
gold and graphite different from the top0 

The goals of our current research are i) to take advantage of the experimental set-up enabling to achieve 
nanometer resolutions to perform local spectroscopy analysis at this scale and ii) to understand the physical 
origins of such high resolutions and the link between the measured scattered field and the electromagnetic 
interaction existing between the tip and the sample. The on-going experiments aim in determining the 
optical responses at a nanometric scale. W e  focus in particular on the possible field amplification in the 
sub-wavelength metallic cavity formed by the tip and the sample, the behaviour of the optical signal as a 
function of the incident wavelength and the inelastic scattering. Results on theses experiments will also be 
presented. 

cident laser wavelength is 647.lnm 
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The Apertureless Scanning Near-field Optical Microscope: Transmission 
and Reflection scattering Geometry 

J. .I. Wang', D. N.  Batchelder', D. A. Smith', J. Kirkham*, C. Robinson2,Y. Said,  K.  Baldwin' 
a d s .  Benned 

'Department of Physics and Astronomy, University of Leeds, keds, IS2 9JT. 
UK; E-Mail: phvi iw ODhvnnov. Ieeds.ac.uk 

'Dental Institute. University of Leeds. beds. LS2 9JT. UK 
Spectroscopy Products Division, Renishaw- plc. Wotton-under-Edge. Gloucestershire,UK; E- 

Mail: bob.bennett8renishaw.com 

The scanning near-field optical microscope overcomes the optical diffraction limit by using a nanometer 
sized local probe to illuminate or to scatter light fiom the sample. The apertureless approach avoids the 
technically challenging that manufacture of nanometer sized apertures at the apex of an optical 
waveguide. Instead a solid probe, which may take the form of a metal wire or an AFM tip, is used as the 
local probe which interacts with the near-field of the sample. The tip end can be viewed as a collection of 
dipoles which, interacting locally with the sample surface, are excited by the optical near-field of sample 
and radiate homogeneous waves which can be detected far from the sample surface using conventional 
optics. The signal depends on the local optical properties of the sample just beneath the tip end. 

By combining a Topometrix Explorer AFM with a Physik Instrumente PI-730.20 XY stage 
(Resolution -1  nm) and Renishaw Raman spectrometers, we built an apertureless SNOM setup as show 
in Figure 1. The RMlOOO Raman spectrometer is used to take transmission spectra and enhancement 
Raman images and RA200 is used to collect reflection spectra for opaque samples studying. 'lbo scan 
modules - AFM scanning and PI XY stage scanning - can be chose for different purpose. In-house 
software integrates all of the instruments and pennits topographical and either Raman or fluorescence 
spectra and images to be simultaneously acquired. 

The apertureless metallic probes m commercial AFM tips coated with gold or silver by vacuum 
evaporating or simple mirror reaction [l]. A special designed device which used to transfer 514.5nm 
laser mode of an argon ion from TEM00 to TEM10 provides the p-polarization along tip axis for near- 
field enhancement. A tip enhancement Raman spectrum of C60 was measured with this setup. The other 
samples such as carbon nanotubes and single molecule film will be studied in near future. 

Figure 1: The Experimental WupDiagram for Apertureless Scanning Near-field Optical Microscope: 
Transmission and Reflection scattering Geometry 
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The Excitation and The Propagation of Resonan 
Surface Polaritons 

Cylindrical 

M. N. Libenson, G. A. Martsinovsky, 
S. I. Vavilov's State Optical Institute, Saint-Petersburg, Russia. 

D. S. Smimov, 
State Institute of Fine Mechanics and Optics, Saint- Petersburg, Russia. 

In order to localize an electromagnetic field within a su ngth area near-field devices 
typically exploit tapered fiber waveguides or probes that have an output aperture of much smaller size 
as compared to the light wavelength. Development of new principles for near-field probe design has 
been crucial far near-field technology progress for the last ten years. Employing surface polaritons 
gives new opportunity for near-field probe development [l. 21. This paper considers excitation of 
cylindrical surface polaritons (CSPs) upon a harmonic grating formed at the surface of two-layer metal 
cylindrical waveguide in the framework of the approach suggested in [3]. Existence of resonant 
polariton modes in three-layer waveguide has been also investigated. 

- 

The electromagnetic problem of diffraction of incident electromagnetic wave converging to 
longitudinal axis of a cylindrical waveguide has been analyzed. This analysis has shown existence of 
field component propagating along the surface of a cylindrical wavegiude. its amplitude is maximum 
when the wave numbers of the incident radiation and CSP are equal at a given light frequency. The 
expression far the transformation coefficient in the case of normal incidence of radiation on the 
waveguide surface "cormgated" by harmonic grating has been also obtained. This coefficient connects 
the amplitude of longitudinal component of electric vector of surface wave at the boundary with 
resulting field of light wave on the pect to the wave number 
of surface wave and the frequency 

\ h has been shown that in the transformation coefficient is 
limited only by dissipative and radiation losses when of phase synchronism condition is observed. At 
non-resonant excitation of CSP the wave amplitude is limited and decreases quickly with 
disarrangement growing. The possibility of significant amplification of light field on surface as a result 
of CSP's excitation doesn't conflict with any conservation principles. From the one side it's the 
consequence of coherent energy pumping of 3D wave into CSP at its propagation along resonant 
grating. From the other side it can be explained by high localization of energy distributim in CSP. 
Numerical estimations show that in the typical case of resonant grating with height of the ripples 
about 0.1 of the wavelength electric fields of CSP and incident wave are equal. As far as efficient 
transformation of laser lieht SEW may take dace. this effect can be used for the needs of near field - 
optics. 

"he propagation parameters and their relation with the medium properties were investigated for 
surface plaritons excited in coated cylindrical waveguide. It has been shown that in a cylindrical three- 
layered waveguide with metal core or metal cladding the CSP has no 'cut-off even when core and 
cladding radiuses tending to zero. In this case the coefficient of nondissipative attenuation of the fields 
is growing infinitely and the CSP (TMo-mode) can be localized, theoretically, within an arbitrary small 
space. Existence of two types of polaritons modes with symmetrical and antisymmetrical field 
distribution has been shown. The conditions for total localization of the near field of the TMrmode 
were determined by numerical simulation for three-layered waveguide with a metal core. The proposed 
approach for light localization has practical benefits for IR radiation (in particular C&-laser radiation) 
for which the propagation-length of the CSP along probe exceeds 1 - 10 cm and the probes can be 
fabricated with existing technologies. 
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Scanning Near-Field Optical Microscope with a small protrusion probe 
Noritaka Yamamoto ,Kazuo Ohtani, and Takashi Hiraga, 

Photonics Research Institute, Natwml Institute of Advanced Industrial Science and Technology (AIST) 
KANSAI 

1 -8-31Midorigmka, Ikeda, Osaka 563-8577, JAPAN. 

Near-Field Optical Microscope has been developed to overcome the lateral resolution limit of 
conventional optical microscope. Although interesting results have been obtained using aperture probes, 
near-field optics is not sufficiently applied industrial fields. Qne reason of this may come tiom the less 
reproducible production. Recently, some groups made microfabricated probes using 
microelectromechanical systems (MEMS) technique [ 1,2], and photoplastic technology [3]. But, many 
researcher use fiber probe even now, actually. 

On the other hand, a small particle or a sharpen tip are used in apertureless SNOM and they have the 
advantage of resolution [4,5,6]. Practically a scattering center as probe is needs to hold by support body in 
these approaches unless otherwise used laser manipulation technique. When the probe (scattering center) 
breaks into evanescent field, bottom of the support body has an effect on the near-field measurements. 

In this work, we propose a simple novel probe for SNOM. The probe consists of a small protrusion on 
optical flat glass surface. Laser beam illuminates it from the backside by total internal reflection angle. 
The small protrusion combines with the evanescent field and may acts as a sensitive probe. This tip is set 
on an objective lens, which has high numerical aperture and it is attached by matching oil. Probe-sample 
distance is controlled by optically. Beginning, we try to use a small Polystyrene sphere on flat substrate 8s a 
probe. Tip height is only 500-nm. so it is not allowed a slight inclination of both (tip and sample) 
substrate. The position between the tip substrate and the sample stage keep to precisely paralleling during 
approach and scan. In order to resolve this point, we will to design a small sample stage. FTX scanner only 
has a scan area of 20-3Oum at most, so the sample stage is enough large at 3OumX3Oum area. Furthermore, 
it has to point out that low concentration samples, for example single molecule measurements and DNA 
sample, are difficult to find the objects. For the purpose to save sample and effort, small sample stage is 
desired. We fabricate a small sample stage from an optical fiber. 
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Simultaneous Topographical and Optical Characterization of 

C. Hoppener, D. Molenda, H. Fuchs, and A. Naber, 
Physics Institute, Wilhelm-Klemm-Str. 10, 0-48149 Miinster, Germany. 

The quality of probes for SNOM is normally routinely checked with different, relatively fast 
characterization methods prior to their use in a near-field optical measurement. The main purpose of a 
characterization is to obtain a first clue of the optical resolution capability of the probe. For the 
characterization of aperture type probes, e.g., metal coated tapered optical fibers, the most frequently 
applied methods are e-beam microscopy and optical far-field measurements of the light transmitted through 
the aperture. These methods can provide important information and are especially useful for sorting out ill- 
defined probes. In our experience, however, they are not able to predict the actual optical resolution in a 
near-field optical experiment. The optical characteristics of the aperture as light source depends strongly 
on the random structure of the grainy metal film in the direct vicinity of the aperture, so that a reliable 
statement about the resolution capability is probably only possible by means of a near-field optical 
characterization technique. 

We introduced recently a method for a simultaneous topographical and optical characterization of near- 
field aperture probes which is based on imaging of small sized fluorescent nanospheres (-20 nm) [ 11. As a 
sample for the characterization, a strongly diluted solution of dyed nanospheres is spread on a smooth glass 
substrate (< I spherelp). The fluorescence intensity of the randomly distributed dye molecules 
contained by a single polystyrene nanosphere corresponds to an equivalent of - 180 fluorescein molecules. 
The diameter of a nanosphere is much smaller than the typical size of an aperture (-SO-IOO nm) so that a 
nanosphere takes on the role of an optical probe which maps the electric field intensity at the end of the 
SNOM tip. Similar to this, a simultaneously taken force image of a single nanosphere can be interpreted in 
such a way that the nanosphere acts as a force tip and probes the end face of the SNOM tip. A comparison 
of optical and height image ure to a certain position on the end face of the 

i d  modification of aperture fiber probes. By 
squeezing a probe repeatedly against a smooth glass substrate and thereby removing obstructing protrusions 
the aperture is brought as close as possible to the sample surface which results in a strongly improved 
optical resolution. Furthermore, we applied this method for 

. 
-field optics? characterization of a new 

type of probe with a triangular aperture [21. 

probe. 
We are routinely using this method 

Figure 1: Topographical (left) and near-field fluorescence image (right) of (2of4) nm sized nanospheres 
taken by means of an aperture probe with a flat end face. Size of images: 3 pm x 3 jim. 

[2]D. Molenda, U. C. Fischer, HA. Maas, C. Htippener, H. Fuchs, and A. Naber, "Enhanced 
' 

confinement in a near-field optical probe with a triangular aperture", this communication. 
light 
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Current Sensing Scanning Near-Field Optical Microscopy for 
Nanometer-Scale Observation of Electrochromic Films 

F. Iwata, K. Mikage, H. Sakaguchi", 
M. Kitao* and A. Sasaki 

Faculty of Engineering, Shizuoka University, Johoku Hamamatsu 432-8561, Japan 
Fax: 8 1-53-478-1072. e-mail: tmfi watVipc.shi~~llolia.ac.~p 

*Research Institute of Shimoka University, Johoku Hamamatsu 432-801 I ,  Japan 

A novel scanning near-field optical microscopy (SNOM) capable of point-contact current sensing has 
been developed to investigate the nanometer-scale electrochromic (EC) behaviors of EC thin film. In order 
to detect the currat and the optical signal at a local point on the surface, a cantilever type metal probe was 
fabricated. The near-field optical propexty can be detected by using the local field enhancement effect 
generated at the edge of the metal probe under ppolarized laser illumination'. The current signal can be 
detected with a high-sensitive current amplifier connected with the metal probe*. As the performance of the 
novel microscope, EC thin films of W03 were observed. Using the current sensing SNOM, the surface 
topography, conductive image and optical distribution of the colored EC thin film were observed (Fig. 1). 
Nanometer-scale EC properties accompanied with local bleaching behaviors was also investigated using 
the current-sensing SNOM (Fig. 2). 

Figure 1 (a) Set up of the EC cell and metallic probe. (b)Topography, (c) optical image and 
(d)current image of the colored WO3 film. Those images were obtained, simultaneously. 

(nn) 
85 

0 HxWO, + WO, 0 xH+ 0 x en 
(color) (bleach) 

Figure 2 W03 film locally bleached with metal probe. 
(a) Topography and (b) Optical image. 
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of a Diffractive Solid Immersion Lens 

Sung Chul Hohng, Jeffrey 0. White 
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Compared to a tapered optical fiber with a subwavelength aperture, a Solid Immersion Lens (SIL) has 
the advantage of high light throughput. This is particularly important for applications, e.g., lithography, 
data storage, and Raman spectroscopy. Up until now, the Solid Immersion Lenses (SIL) described in the 
literature are either refraction based superspheres (rSIL), or simple hemispheres (hSIL), in which the 
incident rays propagate through the upper interface without deviation. Here, we report on diffractive Solid 
Immersion Lenses (dSIL) based on the concentric rings of a Fresnel zone plate. Here, inside the medium 
the propagation angles of the first order diffracted waves point in the same direction as the incident angles 
from outside the SIL. Compared to the hSIL and rSIL. dSILs can be lighter in weight and offer more 
flexibility in the design of the optical system to adapt the SIL to the objective lens. 

We realized two types of dSILs. Binary phase elements were fabricated in a highly refracting glass 
(LaSF35) by direct e-beam writing and successive reactive ion etching (Fig. 1). dSILs with a blazed profile 
were manufactured in photoresist by holographic lithography. The minimum distance between adjacent 
zones in the diffracting structure is in the range of one wavelength. Polarization dependencies and phase! 
impacts have to be considered in the design of an optical element with features this small. In comparison to 
the lithographically realized binary phase grating, the holographic elements have the advantage of high 
diffraction efficiency. Near-field optical measurements of the point spread function of both types of dSIL 
will be presented. 

. 

Fig. 1 SEM-picture of a two level dSIL etched into LASF35; the structure depth is 200 nm. 
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Enhanced Resolution of NSOM by using a Fiber Coupler 

Seongjin Chang , Yongho Seo, Wonho Jhe 
Seoul National Universiry ,Center for Near-field Atom-Photon technology, Seoul Korea . 

We have developed several schemes to enhance the resolution of near-field scanning optical 
microscopy, for example , by using the second harmonic detection or the fiber coupler detection. As 
an application, we have obtained the optical image of carbon nano tube (CNAT), which has a periodic 
hole array structure. The hole diameter of CNT is 40nm and the gab between each hole is 100nm. As 
we mesure the topographical image of CNT as well as the optical image , we can discuss the 
characteristics of light transmission in such a nanometric structure of CNT. 
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A tapping-mode htnfng fork with a short f‘lber probe sensing for 
near-field scanning optical microscopy 

Chien Wen Huang, Tsung Sheng Kao, Din Ping Tsai, 
Department of Physics, National Taiwan University, Taipei, Taiwan I061 7 

Pei Wang, 
Department of Physics, University of Science and Technology of China, Hefei, Anhui, 230026 

NeaFfield scanning optical microscopy (NSOM) is an instrument that can provide a detailed view of 
the optical fields and topography of materials with high spatial resolution beyond the diffraction limits. 
NSOM are widely used in nanometer technology, biological technology, high density optical storage and 
measurements of local spectrum, photonic devices, etc. A typical NSOM uses a fiber probe to form a point 
light source, and shear force or tapping-mode tuning fork force feedback to keep the probe in proximity 
with the sample’s surface. At fist, tuning fork with a fiber probe must own stable and high Q at tapping 
frequency of the tuning fork, the NSOM can work well. 

In this paper, a tapping-mode tuning fork with a short fiber probe sensing for near-field scanning 
optical microscopy is reported. The method is demonstrated that how to fabricate the short fiber probe. A 
schematic of our tapping-mode tuning fork with a short fiber probe setup is shown in Fig. 1 (a). First a short 
near-field optical fiber probe was fixed on one tine of the tuning fork , then we glue a multi-mode fiber on 
another tine of tuning fork to receive the light signal which are from the short probe, there is a very sma II 
split between the short fiber and multi-mode fibeq they are non-contacted. All these were performed under 
optical microscopy. This type tapping-mode tuning fork with a short fiber probe can provide stable and 
high Q at tapping frequency of the tuning fork as shown in figure I (b), and give high quality NSOM and 
AFM images. 

. , , . . :  ~. L , . . :  . . . .  . .  . . , . . . . . 

Short optical/ 
fiber probe 

A&@ disk piezoelectric bimorph . 

(a) (b) 

Figure 1 : (a) schematic construction of the tappingmode tuning fork with a short fiber probe, (b) the 
tapping frequency and amplitude of the fork of figure I (a) stucture. 
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Nanoparticles for Use in Forster Transfer Microscopy 

S.C. Hohng, J.O. White, J.M. Therrien, M. Narfeh, I. Rasnik, B. Stevens, T. Ha, 
University of Illinois, Frederick Seitz Laboratory and Dept. of Physics, Urbana, IL 61801 

F6rster transfer microscopy (FTM) relies on non-radiative energy transfer between a probe 
containing a donor and a sample containing an acceptor, or vice versa. The short range interaction has the 
potential to yield a spatial resolution of 5-10 nm. Acceptors and donors consisting of semiconductor or 
metallic nanoparticles have the advantage of being less susceptible to bleaching and blinking than dye 
molecules. We have recently developed a technique for fabricating 1 -nm silicon nanoparticles with 
excellent size uniformity and fluorescence efficiency.[ 11 Chemically-synthesized, high quantum yield, 
CdSe nanoparticles of diameter 4-8 nm are also excellent candidates.[2] We will present results on the 
characterization of both types of nanoparticle, including quantum efficiency and lifetime. Recent progress 
in the development of a cantilever-based NSOM probe incorporating such particles will also be presented. 
This probe is particularly well suited to studying samples under water, e.g. living cells. 
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Fabrication of SiSN4 Film Covered Si Planar Near-field Optical Probe: 
A Nano-slide I rated Nano-probe 

Sang-Youp Yim Moongoo C h i  Seung-Han Park, 
Department of Physics, Yonsei University, Seoul 120-749, Korea. 

The near-field optical probe is the heart of the near-field scanning optical microscopy (NSOM). A 
number of probes have been developed and adopted, although the metal coated tapered optical fiber tip, 
fabricated either by pulling or etching process, is the most commonly used probe in the NSOM imaging [ 11. 
Each probe, including the tapered optical.fiber tip, exhibits specific advantages that may enlarge the 
capabilities of NSOM. However, the need of complicate distance regulation system makes most of the 
probes difficult to be employed for the study of nanostructure materials in low temperature environment 
and device applications. 

We designed a new type of near-field optical probe for the nanostructure material studies, accessible by 
standard photolithographic techniques. A few tens of nanometer thick film, covered on the nano aperture, 
acts as a 'slide (glass)' for the samples. The fabrication of the nano-slide integrated nano-probe was made 
possible due to the Si anisotropic etching characteristics and the Si3N4 film deposition during the Si 
processing. Because ( 11 1 ) planes of Si serve as etch stops, the width of an etched ( 100) plane decreases 
along depth, forming an inverted pyramid [2]. Subwavelength apertures may be formed routinely by means 
of standard photolithography techniques with properly selected mask [3]. 

To reduce photolithographic errors, as arrow as 15 pm thick (100) Si layer of SO1 (Silicon On 
Insulator) wafer was prepared. On the both sides, PECVD Si3N4 layers were deposited, which the upper 
Si3N4 layer was used as a mask film, and the lower one, 3Onm thickness, was preserved to be the nano-slide. 
Patterning on the mask film was processed by photolithography, and subsequently the Si layer was dipped 
into a KOH aqueous solution. 

As shown in Fig. 1, a 300nm width nano-slide integrated nano-probe and Au particles placed on top of 
the nano-slide were imaged by scanning electron microscopy (SEM). It is clearly shown that the nano-slide 
serves as a supporting base for the few tens of nm diameter Au particles. 

Figure 1: Au particle coated nano-slide integrated nano-probe (SEM image). 
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Novel design of a low temperature scanning near-field optical 
microscope using a parabolic mirror 
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Starting with a design of a low temperature confocal microscope using a parabolic mirror with high 
numerical aperture as focusing element [l], a scanning near-field optical microscope w as deeloped. The 
system consists of an UHV-chamber, a lift and a helium bath cryostat for variable temperatures (300K - 
8.5K). The head of the microscope, which is inserted in the cryostat is built up completely nonmagnetic 
and can be used in a magnetic environmert. The sample is illuminated with an aperture fiber tip. For  
controlling the tip - sample surface distance, a new shear force based sensor w asdesigned. The optical 
emission generated at the surface is collected by the mirror and reflected out of the cryostat. This radiation 
can either be spectrally analyzed or focused on a photodetector (avalanhe photo diode). Both, the sample 

'and the fiber tip module can be changed without breaking the vacuum or heating up the microscope. For 
scanning the sample a UHV compatible and nonmagnetic z, y, %-scanning stage was developed in cooperation 
with PI (Physikinstrumente GmbH, Waldbronn, Germany). The scanning stage consists of a compact setup 
with a scan range of 25 pm x 25pm x 2 pm at 6 K. The three axes of the stage are linearized with capacitive 
sensors. For the positioning of the sample, coarse motors for use in UHV and under magnetic conditions m e  
designed. First near-field optical investigations of surface-enhanced resonance Raman scattering ( S E W )  
of rhodamine 6G on Ag-colloids at several temperatures down to 8.5K will be presented. 
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Active and passive p onic devices studied hear-field scanning 
optical microscopy 
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Pei Wang 
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The active and passive photonic devices are widely used in optical switches, transceivers, modulators, 
signal processors, and arrays of laser sources in the optical communication. Small size and high 
integration of the photonic devices are the current trend. Imaging and measurements of these photonic 
devices are the important tasks to characterize the functions, and to understand the details of structure 
problem during the fabrication processes. Near-field scanning optical microscopy (NSOM) can provide a 
detailed view of the optical fields and topography of photonic devices with high spatial resolution beyond 
the diffraction limit. The measured light intensity distributions can be an important clue for the 
comparison and evaluation of the theoretical modeling toimprove the design and process of these devices. 

In this paper, we present results of a tappingmode tuning fork with a short fiber probe sensing for 
near-field scanning optical microscopy measurements performed on single mode fiber (Newport, FSV), 8 
channels silica waveguide and multiquantumwell semiconductor diode lasers. The tappingmode tuning 
fork with a short fiber probe was used for stable and high Q at tapping frequency of the tuning fork, and 
provide high quality NSOM and AFM images of active and passive photonic devices. The optical intensity 
distributions at the endface of single mode fiber, 8 channels silica waveguide and multiquantumwell 
semiconductor diode lasers have been measured. Useful neadield information were used to understand 
and characterize these novel photonic devices. Figure 1 shows an example of the NSOM and AFM 
images at the endface of one of the 8 channel silica waveguide. 

(a) 
(a) 20um x 20um NS image, (b) AFM ima one of the 8 silica channel 
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Mapping of the longitudinal component responsible for the field 
enhancement 

A .  Bouhelier, M. Beversluis, and L. Novotny, 
University of Rochester, The Institute of Optics, Rochester, NY 14627. 

It was suggested that longitudinal field components, created by a tightly focused higher-order laser mode, 
provide favorable conditions for creating a local field enhancement at the end of a sharp metal tip [l]. Un- 
derstanding how the field responsible for this enhancement effect is distributed at the interface is therefore 
important. We demonstrate an experimental method to map the spatial distribution of such on-axis fields. 

We show that information on the spatial field distribution can be obtained by detecting the light scattered 
from the tip while it is scanned through a laser focus. We investigate laser focii of two different modes: 
the fundamental Gaussian mode HGm and the HermiteGaussian mode HGlo. We find that no matter 
what the material of the tip is, the scattered signal provides information about the on-axis component of 
the electric field (longitudinal field). For a gold tip, the regions with strong longitudinal field yield a strong 
scattering signal. However, by replacing the gold tip with a glass tip we observe contrast reversal, i.e. regions 
with strong longitudinal field attenuate the scattering signal. We compare these experimental findings with 
calculated images of the field distribution and explain the origin of the observed contrast reversal. 

Figure 1: Spatial field distribution of the longitudinal field created in the focus of a HermiteGaussian HGlo 
mode. (a) Probed by a gold tip and (b) probed by a glass tip. (c) represents the calculated pattern of the 
longitudinal field at the glass/air interface. Scale bar: 500nm 

References 

252 

(11 L. Novotny, E. J. Shnchez, and X. Sunney Xie, ultra7nicmswpy 71, 21 (1998). 



Optical transmission through sub-wavelength metallic gratings 
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We present experimental evi ce in the 1.5 to 7 pm spectroscopic range for an enhanced resonant 
optical transmission through metallic gratings of period 1.75 pn with 0.6 p-wide rectangular slits. Such 
high-aspect ratio structures were obtained by e-beam lithography of a 1 pmthick SiQ film deposited on a 
silicon substrate and by subsequent oblique incidence evaporation of Ti and Au, the thickness of the 
Au layer remaiping superior to the skin depth in that spectroscopic range. 

calculations using the modal approach, we show that the transmission can be attributed to the existence of a 
nomvanishing field at the mouth of the groove. This situation was obtained either when a resonant 
waveguide mode was excited in the rectangular cavity or when the field was large enough above the slit, in 
particular close to surface plasmon excitation conditions. The corresponding 2Dmaps of the near-field 
intensity in air and in the silicon substrate showed that coupling be mons on both sides of the 

After presenting and discussing in terms of the same EM modes the additional evidence provided by 
ce on these metallic microstructures, we 

on though such ID 

By comparing the experimental results at normal incidence spectrum t$ee fig.] 

necessary to observe an enhanced transmission [I]. 

Figure 1: Experimental and calculated zero-order transmittance at normal incidence with features 
associated to surface plasmons (SP) and cavity modes (CM). Insert : same spectra for a 2' incidence. 
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Coupling waveguides to planar photonic crystals : 
FDTD modeling and near-field probing 
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UMR 6603 CNRS - 25030 Besancon cedex - France 
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We report experimental results and theoretical analysis of a system composed by two strip loaded waveguides 
coupled by an array of holes drilled between them. This array can be described as planar photonic crystal. The 
validity of such structures as a bandpass filter has been demonstrated in a recent work [I]. 

Because of the confinement of optical field in such photonic devices, one of the more efficient way to characterize 
them experimentally is to use near-field microscopy as shown in other works ([2], [3]). A stand-alone near-field 
scanning optical microscope is used to ease the probing of evanescent light at the surface of the structure without 
misalignment of the injection into the waveguides. Different wavelengths of injected light are delivered by a 
Titanium-Sapphire laser in the range 700 - 950 nm. 

The waveguide is a multilayer structure @io2 / SiON / Si02 ) deposited by PECVD method on silicon substrate. 
PECVD deposition provides good control of the thickness and refiactive index of the layers. The rib is then 
structured on the cladding layer @jot) using RIE method. Focused Ion Beam ensures a periodic etching in the 
interval of two waveguides. The efficiency of light transfer is studied experimentally as a function of the period of 
array, the diameter, the depth and the shape of holes. 

The use of modem simulation methods (BPM and FDTD) have afforded the analysis of each elements of the 
structure (waveguides and hole matrix, see Fig. 1) to find appropriate parameters. Different structures have been 
plahed like simple holes array or resonating photonic devices to increase coupling efficiency. 

Figure 1 : 2D FDTD simulation of wave propagation in a matrix of holes drilled in the proximity of a waveguide. 
Hole size 300 nm. Component Ey (noma1 to the figure plane) is represented. 

Influence of wavelength : (a) 1 = 760nm (b) : 1 = 81Onm. 
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The aim of our communication is to show that the light transmission through arranged nanostructures can 
be largely increased compared to what was observed three years ago by Ebbesen et al. [I]. FDTD-3D 
simulation were performed in order to obtain the spectral response of a metallic periodic structure in the 
visible domain. We have tested our code by studying published examples of enhanced transmission [2]. 
The results obtained by Ebbesen et al. with gold metallic structure are also confirmed [3]. A new design is 
suggested in order to enhance the light transmission. The grating structure is modified by filling the central 
region of each hole with a concentric cylinder of smaller diameter. The grating now consists of a periodic 
array of coaxial cylinders. Theoretical simulations were performed with a subwavelength silver grating 
made with submicronic annular apertures. The grating is illuminated in normal incidence with a linearly 
polarized pulsed plane wave. The mean wavelength is 600nm and the pulse temporal width is adjusted in 
order to cover all the visible spectrum. It i s  shown that the transmission efficiency of the coaxial grating 
can reach 80%. An interpretation of this extraordinary transmission will be suggested and clarified by near- 
field images. A quantitative study of the influ n spectrum will 
be presented. 

n 

Figure: (a) schematic of the proposed structure. (b) Spectrum of zero order transmission efficiency. Solid 
line: annular aperture array. Dashed line: circular aperture array 
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Anisotropic lateral resolution in external reflection and collection mode 
optical scanning probe microscopy 
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B. Dwir, 
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We use the external reflection collection mode which is characterized by the overlap zone of an 
incident, a reflected and a scattered beam from the surface topography [I-31 to image lithographic micro- 
gratings. While the asymmetric configuration helps to circumvent aperture limitations, interference of 
incident and reflected beams in the overlap zone (Wiener fringes) is bsed to orient the image plane with 
respect to the substrate and to select the region of interest at large distances from the surface. The fringe 
pattern of the incident field with the scattered field from a single sub-wavelength particle is used to 
estimate the probe-sample distance. 

We have recorded constant height images of micro-gratings created by electron beam lithography where 
we have observed asymmetric lateral resolution in the direct image, a superimposed indirect image (due to 
the finite size of the grating structure and coherence of the scattered light) and a displaced shadow image. 
We have attributed these effects to the finite penetration depth of the incident beam. This indicates that the 
recorded two-dimensional image contains depth or three-dimensional information, which can be exploited 
by systematic imaging at different heights. 

We have compared our experimental findings with scanning force microscopy images and have used an 
analytic dipole model to explain the observed fringe patterns. We have thus estimated the image sample 
distance, image orientation and the local electronic polarizability. 
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Current progress in photonics requires novel approaches to light manipulation on the nanoscale. One 
of the promising approaches is ,based on photonic crystals allowing to‘control dispersion and propagation 
of light. In analogy to photonic crystals for light waves, polaritonic crystals for surface plasmon polaritons 
(SPPs) can be created using periodically nanostructured metal films. Nanostructuring modifies not only 
in-plane properties of SPPs but also conventional optical properties of a metal film such as reflection and 
transmission. One of the prominent examples of this effect is the so-called “extraordinary” enhancement of 
the optical transmission of a periodic hole array in a metal film [l, 21. 

Here we shall discuss the mechanisms of the enhanced optical transmission through periodically nanos- 
ructured metal films due to resonant light tunnelling via states of surface polaritonic crystals formed on 
the metal film interfaces [2]. The optical properties of such nanostructured films are governed mainly by 
in-plane surface polariton behaviour on a periodic two-dimensional surface structure. 

The SPPs propagation on a periodic structure results in the changes of the SPP dispersion relations due 
to the interaction with the structure. This interaction leads to scattering of SPPs in SPPs as well as to 
scattering of SPPs in light. The latter process results in the appearance of transmitted light. The former 
process followed by the multiple SPP beam interference leads to the formation of the SPP band-gap and 
SPP Bloch waves on a periodic structure. Only surface polaritons satisfying the Bloch wave condition can be 
excited and subsequently contribute to transmission. The role of the periodic surface structure is three-fold, 
namely, (i) excitation of surface polaritons, (ii) polaritonic crystal selecting the wavelength of SPPs which 
are allowed to  propagate on a periodic structure, and at the same time, (iii) scattering of SPPs into bulk 
waves that gives rise to transmitted light. As at different wavelengths the surface polariton Bloch waves 
propagate in different directions, the transmitted light intensity above the surface exhibits specific near-field 
distributions depending on the orientation of the surface scatterers with respect to the SPP Bloch wave 
propagation. The variation of the structure periodicity leads to the changes of the SPP resonant conditions 
and thus modification of the enhanced transmission spectrum. The scatterer size has smaller effect on the 
spectrum as it influences the resonant conditions indirectly via the efficiency of SPP scattering. 

sity of optical transmission and can find numerous applications in novel photonic and optoelectronic devices. 

\ 

. Periodically nanostructured metal films provide a possibility to efficiently control the spectrum and inten- 
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Probing highly confined optical fields in the focal region of a high NA 
. parabolic mirror with sub-wavelength spatial resolution 

C. Debus, M. A. Lieb. A. Drechsler, S. Vierbiicher and A. J. Meixner. 
Physikalische Chemie, Universitat Siegen, 

5 7068 Siegen, Germany 

Parabolic mirrors with a high numerical aperture can be conveniently used to produce highly confined 
optical fields in the focal region[ 13. Furthermore, these fields can have interesting polarization behavior due 
to the high numerical aperture. in particular, if the mirror is illuminated with a size matched radially 
polarized or azimuthally polarized doughnut mode, the electric field has in the focal region almost 
exclusively a longitudinal or a transverse polarization component. Such field distributions are interesting 
for application in confocal or near-field optical microscopy [2,3]. 

Here we present experimental results where we have probed some of these field distributions by raster 
scanning a very fine gold tip in nanometer steps through the focal region and compare the results with 
vector-field calculations. 
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Additional information 

Addition a I i nf orrn at io n 

Emergency 
In case of emergency while on-campus, you may use one of the outside emergency phones marked with a blue light. Dial 

13. You may also dial 13 from any on-campus phones. If you are using off-campus phone, dial 91 1 (no money is 

required to call 9 1 1 from a payphone). 

In case you are left behind during an excursion or get lost, you may call one of the local organizing committee members 

at 585-305-1 5 16. 

Where to check your email 
There are few places to check your e-mail. The closest place is Carlson library (see map). You may also use Rush Rhees 
library terminals. However telnet is not available on the library’s terminals. If you use telnet, go to CLARC computer 

center located in the same building as Rush Rhees library, northern entrance (see map). 

Going to and from hotels 
A list of shuttle times have been provided in the Conference Schedule. Busses will depart every 1/2 hour during the 

allotted times. 

In case you you need to go from a hotel to the University during the time when conference shuttles do not operate. ask 

for a free shuttle ride at the reception desk. The hotels you are staying in have a complimentary shuttle service within a 

certain mile radius from the hotel (12 miles for Holiday Inn, 5 miles for Radisson). The University, as well as downtown 

Rochester, is located within this distance. 

In case you need to go from the conference to a hotel while no conference shuttles are available, the easiest way is to call 

a cab. “Checker cab” 325-2460. “Associate cab” 232-3232. 

’ Post-office 
On campus post office is located in Todd Union building. Working hours are loam to 5pm. 

Campus parking 
Daily parking permits are available at the Information Booth at the entrance to the University for $3.25. 
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