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Ahbstract

Epitaxinl Py/Cw/Co/Cuino] ) inloyvers wene patterned mto micron sized disks ond imuged using
elemeant-specific photoemission electron microscopy. By varying the Cu spacer laver thickness,
we study how the coupling between the Two magnetic lavers imfluences the formation of
magnetic vortex, states. We find that while the Py and Co disks form magnetic vortes domains
when the interlaver couphing s lerromagnetic, the magnetic vortes domains of the Py and Co
ks break anto anti-parallel alignéd mulodommns when the intecayer coupling is
antiferromagnetic. We explain this result in termsof magnetic fluy closure between the Py ond

Co fayvers for the antilerromuagnefic couphing case:

1. Introduction

Understanding  the: [ormation of  virious  magneic stales
in confined peometries is° crucial o the development of
spintronics technology. The magnetic vortex state in magnetic
dhisks (s an importiant example of magnens state formation m
nonosiructiures and has been o recent area of mterest [ 1], A
magnetic vortex state s formed when the spin magnetization
ihrectins curl nside a0 disk o minmmige the systen's
fotal mapnetic enerey [2]. While much effort has been
devisted o the study of single laver vomex stile such as
the vortex dynimics | 3] and vorfeXx core reversal [4]. multi
fayer stmctures are bess well understond, . Recent studies have
indicated that vortex states in tilaver disks exhibit many new
mieresting phencmeni due to the magnetic coupling hetween
vortices [5, 6. Forexample, magoetic domain imaging revenls
that the magnetization reversal 1n o layer structiie invilves
o coordinated magnetic reversal of each magnetc loyer [7]
Magnetic simulations afso show that the vortex dynamics in

g trilaves strocture 15 highly non-lingar, revealing nomtrivial
coupled vortex dynamics [5].

However, most previous work has  stedied  vones
furmatiom in polyerystalline Glms in which the tweo disks are
stromgly Ferromagnetically coupled, Tn the it of mfimtely
strong ferromagnetic coupling. the magnetic states in the two
magnetic disks will be ddentical so u trilaver svstem should
fove no Tondamental difference Troa o single layver system.
On the other hund, livers that are anfferromagnetically
coupled are not well studied.  To o investigate the formation
of antiferromagnetically coupled magnetic domam stafes in
these comfimed structures. we fabricated high quality singli
erystul minyer disks inwhich the imerlayer magnetic coupling
can be funed systematcally between ferromagnetic coupling
(FC} and sntiferromagnetic coupling (AFC) by varying the
thickness of a nonmagnetic spacer.  Llsing element-specitic
w-ray  magnene cedlar dichroim (XMOCT, we obtained
the domin images for each the two coupled ferromagnetic
migrostmuctures and unexpectedly find that white FC coupled
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microstmictures favor the formation of magnetic vorex: states,

VFC conpled microstructures do pot form vartex stales

1. Experiment

I'he were fabncated

crystalline substrute
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Cu, and Co hlms were grown

a Cnfd) single
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Wils
vicuum systent by eveles of Ar jon sputiering il
annealing at PMIC Py,
epitaxiully omto the CugO0L) substrate at room tEmperaiire o
form Cof30 AVCWPyD 120 AwCu(@n] ) trilaver structore, The

Cn spacer laver was grown intoa wedge (0=15 ML over 2-mm)

o facilitate o continuous thickness viration, It is well Known
thut & mogoetic sandwich structuce exhibits an pscillatory

masnelic nterlver l_'I"LIr‘hII'_: LTSS G REsCCT Byl 9] diie 14

the Formaution of quantum well states in the spacer laver [ 10]
Thus the mnterlaver coupling between the Py and Co loyvers in
iple should oscillate between fermomagnens coupling

CRIT S

(FC) and antiferromagnetic coupling (AFCH as a function of

the Cu spacer Layer thickness

After capming the tnlsver with a 200 A Cu capping laver
o prevent oxidation of the mugretic thin flm the sample
wis charseterized by low energy electron diffraction (LEED)
The sharp LEED spots froan the trilayers are alimaest identical

fov that of the Cui00 L) substmte |
mugh guality epifaxial single ervstlline Co/CufPy  trilavers

fgure Liap), ambicating that
are formed on the CulO0 ) subsirate. The sample was then
tiken out of the UHWV chamber i pattérmead using standared

phatolithography ond on mitling The resulfing structure
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50 um
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wvs the formution of single crystalline Co/Cw/Py/ColB0 1) Alms: (b1 SEM image of FIB fabacated disks {rom the

éxhibifs sharp edges and a complete emoval of the trlivers
fromn the desipned area for the fabricated disks (fgureg [(b)).

3. Results and discussions

To characterize the sample magnetically, we first per
formed XMCD messercments on an onpatterned area of
the CofCuPy/Cu(tidl ) substrite Photoemiission  elecinm
microscopy (PEEM b was used to image the Co and Py domains
at the PEEM-II beamline of the sdwvanced light source. A
circularly polanzed x-ray bemm is cident at a 60° angle
relative o the sample surface normal direction. By tuning
the K-ray energy 10 Ni 2p level absorption

the Co ol
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e, we obi i the Coopod Py mapnetic d g

separately |11]. Figure 2
for different Cu thicknesses (el ).

shows representative PEEM images
Ab e, = 1.5 ML. the
Cooand Py magnetc donuns hoeve identicad domain paltem
and contrast. showing that the Cooand Py magnetic spinsare
paicadlel to-each other with ferromagnenc interlayer coupling
between the Co and Py, AL de, = 65 ML,

Coand Py magnetic domsms have sdentical doman puittern

however. the

bae have oppesite: magnetization contrasts, showing that the
Coand Py magnetc spins ire: anti-parallel to each other with
antifermmagnetic mterlayver coupling. The above resull was
further. confinmed by magnetic hysferesis loop niensurements
olvained vsing o stndord magneto-optic Kerr effect (MOKE)
setip. Al ooy = 3.5 ML, the hysteresis loop exhabils square
shipe with o full remanence because the Co amd Py switch
together with the magnetic feld (Bgune 2. Al oy, =00 ML
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Figure 2, PEEM domuun muiges | left) snd MOKE hvsteresis loops (nght) show that the Co and Py lzvers are ferromagneucatly conpled
avross 3.5 ML Co spacer laver wnd sntiferromugnetically coupleéd ncross &5 ML Cu spacer loyer
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Figure 3. The CofCu/PyCuf00 1) irilaver disks exhibits magnetie vortes siate Tor the ferromagnetic interbayer coupling case (dp,

d. =65 ML
AFM coupling

2 4 4

=35ML).

bl moltimagnet:c domains for the sniderromegnetically coupled case (dp, = 6.5 ML 1L

the magnetization does nol have i tull rFemanence dise 1o the
anfti-parallel nlignment of the Co and Py lavers and is sartirated
b muzh higher magnetic Geld compared to the de, = 3.5 ML
mensturement. This result i= consistent with antiferromagnetic
interlayer coupling between the Co and Py lavers. Together,
the PEEM and MOKE pesult eonfirms the Terromagnetic and
antiferromagnetic couplings between the Co and Py livers
across dey = 3.5 and 6.5 ML, respectively,

Element-specific domain images were pext obtained on
the |'r.-|rter|wd regions of the substrate sl poem lemperisture
In the dyyy = 3.5 ML region of the sample. where the
Cooand Py are coupled ferromagnetically, we observed @
magnetic vorex state clearly (figure 3} Moreover. the
vorles slite eXists in both ciccelar and  square structures
of dinmeterdeneth 2 and 4 gom Previous work studying
ferromngnetic coupling in patternad polyerystalline thin Alms
has shown that the mugnetization vector curls arownd the
center of the disk contimuonsly,  However. our resulis
show that the magnetization vector is along the [£1, &1, (]
axes and switches its direction by forming & domain wall
This is due o the four-fold magmetocrystalling anisotropy
of the Co film, which resulis in an easy muagnetization
axis in the [£1, £1,0] axes. [na polyerystalline disk the
magnetocrystalline anisotropy direction is gvernged out due

o the random alignment of the crystal grains. The Py laver
lacks the four-fold magnetocrysialling anisotropy that the Co
luyer has, but we And ke vortex struchure o be orented
identically to the Co disk, An isolated Py disk should hove a
confinuous change in the moagoetization vector i analogy with
wpolverystalline laver, but instead the domam wall pattem of
the Co kayer is imprinted into the Py disk as a result of the
coupling berween the two luyers. Beeowse Py hos a weaker
mement than Co, applying an external magnetic feld should
affect the two vortices differently.  The application of an
extemil field is problemitic in PEEM due to the interaction
il the magnetic feld with the ermtted etectrons used tooobiwn
the image, but work |5 underway to sindy this effect using 5-
ry trinsmission mieroscopy. which momove compatible with
extemally applied fields:

For the case of dey = 6.5 ML, where the Co and Pv liyers
are antiferromagneteally coupled, we do not obscrve any
vorfex stafes. The sample was demagnetized wsing standsnd
AC dempgnetizanon techmigues, but we always ohiained either
single domain or moltidomain stites; never a voriex state
{figure 3). But regardless the domain Shape, we always
hive the Co aml Py magnetizations anti-paesllel w o each
other,  This result shows that the single and multidomain
statis are almost enerpetically degenerted. but have a lower
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enerzy tham the vortex state under this condinon. The
absence of the vortex state is pob due 1o the absence of
interfayer magnetic coupling because the Co and Py donsains
nre adways antiferromageetically coupled o matter wht the
multidomain pattern lonks like -after the. demagretization.
It s also not [iKely doe o damage of the somple durng
patterming. because the smme patterning  techoigues  were
dsed for both the ferromagnetically and antifermmagnetically
coupled structures and all of different the patterned structiores
mre from the same substrite. The whsence of the vorex in
thie anfiferromagnetically coupled mmerostructures also doesa’
depend on their size and shape. Both square and cireolar disks
pt 2 and d pom dimmeters fuil 1o exhibl vortex state for the
pntiferromagnetic interlayer coupling. The small size of the
mitltidonaing suggests that the vortex stite should be absant
ot even smalker sizes. Theretore, we conclude that the vortex
stute 15 not the ground state for antiferromagnetically coupled
trilayer disks.

The magnetic gronnd state of & confined strwcturs forms
a0 result of the interplay betwean the Alm's magnetostatic
energy and exchange interactions. Thie lack of vortex stifes
i antiferromagnetically coupted loyers con be expluned as
a conssyuence of the minimization of the tolal energy due
to these anteractions. For o single ferromagnetic disk, the
strong exchange interaction makes it difficult 1o change the
spin direction in the surfave normul direction su that the only
wily o minimige the maenetic feld leskage is by cuhing the
spin direction within the film plane, 1.e.. by torming a magnetic
vortex within the disk. In an antiferromagnetically coupled
trilayer disk. however, the mogoetic field leaking out of one
ferromiagnetic disk can be converped back into the second
ferromagneatic disk because of the anti-parallel spin alisnment
of the vwo ferromagnetic tuyers: Therefore the formution of o
vorfey state becomes less fovored inoan antiferromagnetically
compled wilaver disk. The above explanation could account
for & certsin thickness mmge but won't work for any thickness
raliv of the two ferromagnetic layvers.  The reason is that
thi magnetic oy out of a single domsdn disk is proportional
o the prodect of the magnetization and the Gl tackness
sir That the magnenc oy out of one Termomagnenc disk
in an snriferromagnetically coupled milayer disk cannot be

tonal |y balasced oo by the second fermomagnetic laver, More
thearetical work is needed to quantitativély explain cour result,
himwvever.

4. Summary

We studied antiferromagnetic and  ferromagnetic coupling
in single erystalline CofCu/Py/Cullily trilaver disks. We
fine thit while the ferromagneticnlly coupled disks form
magnets voriex state, the vortex state s absent in the
antiferromagnetically conpled disks.
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