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Vibrational spectra of thin films were measured by inelastic nuclear resonant scattering of syn-
chrotronsradiation in grazing incidence geometry. A strong enhancement of the inelastic signal was

obtained by designing the layer system as x-ray waveguide and coupling the incident beam into a
guided mode. This effect opens the possibility to study vibrational excitations in thin films that
were so far impossible to obtain due to flux limitations.
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Inelastic x-ray scattering studies with meV-energy res-
olution became feasible in recent years, particularly dye
to third-generation, undulator-based synchrotrons radia-
tion sources [1,2]. A different approach has been intro-
duced to measure phonon spectra via inelastic nuclear
resonant scattering from samples containing Mossbauer
isotopes like 57Fe [3-5]. This method relies on detection
of time-delayed fluorescence photons emitted by decay-
ing nuclei in the sample that were excited by synchrotrons
radiation pulses. If the energy of the radiation is off res-
onance, resonant excitation of Mossbauer nuclei can still
be accomplished by energy exchange with excitations in
the sample, e.g. through creation and annihilation of
phonons. Therefore, the yield of nuclear decay products
like conversion electrons or subsequent K-fluorescence
photons gives a measure of the partial phonon density of
states in the sample [4]. Due to the outstanding bright-
ness of the undulator radiation, very small sample vol-
umes are sufficient to measure phonon spectra with good
statistical quality in short time. In this paper it will be
shown how interference effects in grazing incidence geom-
etry can be employed to obtain the vibrational density of
states of thin films even for highly absorbing layer materi-
als. The method relies on standing wave formation above
total reflecting surfaces and interfaces that may lead to
several times the incident intensity in certain regions of
the film. This method becomes particularly effective in
the csse that the film under investigation is coated on a
substrate of higher electron density. Between both criti-
cal angles of the substrate and the layer material, incident
and reflected waves superpose to form a standing wave
within the Iayer [6]. Since the energy transport takes
place parallel to the layer boundaries, such layer systems
can be regarded as x-ray waveguides [7]. In general, ev-
ery signal that is derived from the radiation inside the
layer can be increased by designing the layer system as
an x-ray waveguide and coupling the incident beam into
a guided mode by proper adjustment of the angle of inci-

dence. Therefore the measurement of phonon spectra of
thin films via detection of delayed fluorescence photons
will benefit from the interference effect described above.

For a given phonon energy transfer E, the flux of de
layed K-fluorescence photons emitted from the film into
the full solid angle is given by [4]:

d

J(E) = Iopa-:l’OS(E) /-I(z)dz (1)

o

where I(z) is the depth dependence of the x-ray inten-
sity inside the film. I. is the incident flux, p is the area
density of the nuclei as seen from the direction of the
incident beam, CTthe nuclear resonant cross section, qK
the fluorescence yield. CYand OK are the total and par-
tial internal conversion coefficients, respectively, and 170
= 4.66 neV is the level width of the 14.4 keV resonance
of 57Fe. S(E) is the absorption probability per unit of
energy, equivalent to the momentum-integrated dynamic
structure factor of the Fe atoms in the sample.

The experiments were carried out at the undulator
beamlines 31D [8] and ID18 [9] of the Advanced Pho-
ton Source (APS), Argonne National Lab., USA and
the European Synchrotrons Radiation Facility (ESRF),
Grenoble, France, respectively. The experimental setup
is shown schematically in fig.la. The incident radiation
was monochromatized to an energy bandwidth of 4-6
meV by a high-resolution monochromator (HRM) [10].
Delayed fluorescence photons were detected by placing
the detector (avalanche photodiode, APD) right above
the film so that a solid angle as large as possible was
covered.

Fig. lb displays the experimental results for a 19.5 nm
Fe2Cr2Ni film on 10 nm Pd coated on a superpolished
substrate. To demonstrate the intensity enhancement of
the inelastic signal, the x-ray energy was tuned 20 meV
above the resonance, and the angular dependence of the
delayed 6.4 keV fluorescence yield was recorded, shown



in fig. 1b. The curve shows a pronounced maximum at
an angle of 4.1 mrad, where an intense standing wave
inside the film forms. At this angular position a phonon
spectrum was recorded within a data acquisition time of
just one hour, shown in the left inset of fig. lb.
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FIG. 1. a) Experimental setup, HRM: High-resolution
monochromator (5.6 meV), APD: Avalanche photodiode. b)
Angular dependence of the delayed nuclear fluorescence yield
from 19 nm 57FezCrzNl on Pd, normalized to the value at nor-
mal incidence. The x-ray energy was 20 meV above the 14.4
keV resonance. The left inset shows the phonon spectrum
recorded at the peak yield at 4.2 mrad. The right inset shows
the DOS derived form the phonon spectrum. (Experiment
performed at the APS, Argonne Natl. Lab.)

From this measurement the phonon DOS was ex-
tracted as explained in detail in [4], shown in the right
inset in fig. lb. The DOS is a single broad peak with-
out fine structure. This can be qualitatively explained
by a distribution of bond angles and bond lengths in the
amorphous state that leads to a broad distribution of
phonon energies instead of well defined modes at fixed
frequencies. Moreover, lifetime effects due to reduced di-
mensionality in thin films lead to phonon damping and
broadening of phonon modes, as observed recently in Fe
nanocrystals [11] and Fe thin films [12].

The intensity enhancement due to thin film interfer-
ence can be even more efficiently used, if the investigated
film is sandwiched between two total reflecting layers.
This has been done in case of a 13 nm thick layer of sput-
tered FeBOs, where the fraction of 57Fe in Fe was only
2 % (natural abundance). The measurement was possi-
ble due to a 10-fold enhancement of the x-ray intensity
in a Pd/FeBOs/Pd waveguide structure. The amount

of 57Fe in that sample was equivalent to one monolayer.
The phonon spectrum is shown in fig.2, recorded at the
ESRF with an energy resolution of 4.4 meV. Here the
data acquisition time was about 6 hours. The phonon
spectrum already shows that the phonon energies in this
sample are considerably lower than in the case of the
FezCrzNi film.
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FIG. 2. 57Fe phonon spectrum of 13 nm FeBOs in a
Pd/FeBOs/Pd waveguide structure. The energy resolution
was 4.4 meV. The solid line is a guide to the eye. (Experi-
ment performed at the ESRF, Grenoble)

In conclusion, the high sensitivity of the method to-
gether with the inherent isotope specifity allows to in-
vestigate local vibrational properties of low dimensional
systems, perhaps down to the atomic level, e.g. by se-
lective enrichment of the resonant isotope. The exper-
iments demonstrate a great potential for inelastic spec-
troscopy of thin films at 3rd generation synchrotrons ra-
diation sources.
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