
Atomic vibrational density of states of crystalline b-FeSi2 and amorphous FeSi2 thin films

M. Walterfang, W. Keune,* E. Schuster, A. T. Zayak, and P. Entel
Institute of Physics, University Duisburg-Essen, D-47048 Duisburg, Germany

W. Sturhahn, T. S. Toellner, and E. E. Alp
Advanced Photon Source, Argonne National Laboratory, Argonne, Illinois 60439, USA

P. T. Jochym and K. Parlinski
Institute of Nuclear Physics, Polish Academy of Sciences, Radzikowskiego 152, 31-342 Cracow, Poland

sReceived 7 August 2004; published 11 January 2005d

Nuclear resonant inelastic x-ray scattering of 14.4125 keV synchrotron radiation was used to measure
directly the partial vibrational density of statessVDOSd, gsEd, of crystalline b-57FeSi2 and amorphous
sa-d57FeSi2 thin films prepared by codeposition in ultrahigh vacuum. The structure of the samples was char-
acterized by x-ray diffraction and Mössbauer spectroscopy. The VDOS ofb-FeSi2 extends up toEmax

,65 meV and exhibits a strong peak atE,36 meV and weaker bands centered at about 25, 43, and 53 meV.
These characteristic features coincide with positions of prominent IR and Raman spectral lines reported in the
literature. The measured VDOS shows good agremeent with the theoretical VDOS of crystallineb-FeSi2
computed by using the density functional theory combined with the direct method. Contrary to the crystalline
phase, the VDOS ofa-FeSi2 shows a broad peak at,30 meV with little structure, and a deviation from Debye
behavior at small excitation energiess,15 meVd. This is revealed as a peak in the reduced VDOS,gsEd /E2,
at Ebp,10 meV, which is interpreted as “boson peak.” Above the boson peaks30 meV&E&60 meVd
gsEd /E2 was observed to be approximately~exps−E/E0d, with E0=7.4 meV being close toEbp.
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I. INTRODUCTION

The semiconducting crystalline iron-disilicideb-FeSi2 is
of technological interest as a potential candidate for applica-
tions in optoelectronics and thermoelectric silicon-
compatible devices.1 b-FeSi2 exhibits a direct band gap of
0.83–0.87 eV2,3 at RT, which is within the absorption mini-
mum of optical fibers. A light emitting diode ofb-FeSi2 pre-
cipitates in silicon was successfully fabricated.4 More re-
cently, semiconducting amorphous iron-disilicidesa-FeSi2d
with a direct band gap of 0.88 eV was successfully synthe-
sized by ion-beam mixing,5 offering potential applications in
large-area electronics.

From a fundamental point of view,b-FeSi2 is an interest-
ing material, since it displays a Jahn-Teller-like phase transi-
tion from the metastable CaF2-type metallicg-FeSi2 struc-
ture to the stable orthorhombic semiconductingb-FeSi2
phase, involving moderate lattice distortions of the fluorite
structure.6 g-FeSi2 can be stabilized epitaxially at very low
film thickness on Sis111d,6–10 but a structural transition to
b-FeSi2 occurs by increasing the thickness. Theoretical work
has shown that this structural transformation is promoted by
the high electron density of states at the Fermi level of
g-FeSi2 and strong electron-phonon coupling,6 resulting in
phonon instabilities ing-FeSi2. Although phonon dispersion
curves and phononsor vibrationald density of statessVDOSd
of the metastable fluorite phase have been calculated,6 it is
surprising that to the best of our knowledge, no literature
reports sneither theoretical nor experimentald exist on the
VDOS of the stableb-FeSi2 phase, and for amorphous FeSi2
as well. The purpose of our present work is to fill this gap.
Further, it is interesting to compare the VDOS of the crys-

talline and amorphous FeSi2 phases and reveal modifications
induced by the amorphous structure. Amorphous systems are
expected to exhibit anomalous behavior in the low-energy
part of the VDOS,gsEd. In particular, amorphous and disor-
dered materials display an excess of low-energy modes com-
pared to the usual Debye-typeE2 law of the crystalline
behavior.11,12Inelastic neutron scattering has revealed the ex-
istence of such excess vibrational modes in different
materials,13,14 the so-called “boson peak.” The origin of the
boson peak is still a matter of debate.15–20

Nuclear resonant inelastic x-ray scatteringsNRIXSd of
synchrotron radiation by Mössbauer nuclei is a method to
explore atomic vibrational properties of condensed matter
not available otherwise.21–26 It gives direct access to the en-
ergy distribution of atomic vibrations, i.e., the VDOS for the
vibrating resonant isotope in matter. In other words, it is the
resonant-isotope projected “partial” VDOS that is directly
measured by NRIXS. Thus, NRIXS is complementary to
other relevant methods as inelastic neutron, inelastic x-ray
and Raman scattering, which mainly deal with phonon dis-
persion relations. Because of the high cross section for
nuclear resonant scattering NRIXS may be applied for study-
ing the vibrational properties of crystalline or amorphous
thin films and multilayers.27–30 The VDOS is a key quantity
from which important thermodynamic properties may be de-
duced. Recent reviews of the NRIXS method are given in
Refs. 24, 25, and 31.

II. EXPERIMENT

For the preparation of crystallineb-FeSi2 films a Sis100d
wafer was initially cleaned with 10% HF solution and then
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heated at 650 °C for 10 min under UHV conditionssbase
pressure 5310−9 mbard to remove the surface contaminants,
before depositing a 60-Å-thicknatFe buffer layer of natural
isotopic abundancesof ,2%57Fed at RT. After in situ an-
nealing in UHV at 700 °C for 3 h a pureb-FeSi2 layer was
formed. This deposition mode is known as solid phase
epitaxy.32,33 Then a 3000-Å-thickb-FeSi2 layer was grown
at 500 °C by stoichiometric coevaporation of57Fe
s99.95 at. % purity, 95.5% enriched in57Fed and Si
99.999 at. % purityd spressure during growth:
5310−9 mbard. Subsequently the sample wasin situ an-
nealed in UHV at 700 °C for 3 h.

A 3000-Å-thick amorphous FeSi2 layer was quench-
condensed in UHV by stoichiometric coevaporation of57Fe
s99.95 at. % purity, 95.5% enriched in57Fed and Si

s99.999 at. % purityd on a Al2O3s112̄0d ssapphired substrate
held at RT. The sapphire substrate was previously heated in
UHV at 650 °C for 10 min to remove surface contaminants.
For all samples,natFe and57Fe were evaporated from alu-
mina crucibles in homemade Knudsen cells, and Si from an
electron gun. The deposition rates of57Fe s0.1 Å/sd and Si
s0.34 Å/sd and the film thicknesses were measured by two
independent calibrated quartz crystal oscillators and con-
trolled by a personal computer.

The structure of the samples was characterized ex-situ by
su-2ud x-ray diffractionsXRDd and57Fe conversion electron
Mössbauer spectroscopysCEMSd. Cu Ka radiation and a
graphite monochromator were used for XRD. CEM spectra
were taken at RT by placing the sample inside of a conven-
tional He-CH4 proportional counter with the film surface
perpendicular to the incident 14.4 keVg-ray of the 57Co
sourcesRh matrixd. The CEM spectra were least-squares fit-
ted by using theNORMOS computer program by Brand.34

Isomer shiftsdd values are given relative to aa-Fe absorber
at RT.

The NRIXS experiments were performed at RT at the
undulator beamline 3-ID of the Advanced Photon Source in
Argonne sUSAd. The method of inelastic nuclear resonant
absorption of 14.4125 keV x rays is selective to the57Fe
resonant isotope and provides the Fe-projectedspartiald
VDOS rather directly with a minimum of modeling.22,25 De-
tails of the technique are described elsewhere.21–25 The
monochromatized synchrotron radiation was incident onto
the film surface under a grazing angle of,4 mrad and had
an energy bandwidthffull width at half maximumsFWHMdg
of 1 meV. The X-ray beam was focused to about 10
310 mm2 in size. The energy was tuned around the
14.4125 keV nuclear resonance of57Fe. The NRIXS data
evaluation and extraction of the VDOS were performed by
using the computer programPHOENIX described elsewhere.35

The thickness of 3000 Å of ourb-FeSi2 anda-FeSi2 films is
sufficiently large, so that their measured VDOS distributions
are representative of the bulk materials.28–30

III. THEORY

The presentab initio calculations ofb-FeSi2 were per-
formed within the density functional theory, usingVASP

package36,37 and the generalized gradient approximation
sGGAd. The Vanderbilt-type ultrasoft pseudopotentials,38

provided with the package, were used for Fe and Si atoms.
We have used a 48 atomic supercell identical with the crys-
tallographic unit cell withCmcaspace group symmetry. The
Brillouin zone integration was confined toG wavevectors.
The optimized lattice constants are:a=9.7677 Å, b
=7.8140 Å, andc=7.8652 Å. The Fe and Si atoms were
considered as magnetic ions, but the resulting magnetic mo-
ments were zero.

The lattice dynamics calculations were carried out within
the direct method,39,40using the 48 atomic supercell. For that
the Hellmann-Feynman forces were computed for positive
and negative displacements with the amplitude of 0.03 Å.
All displaced configurations generate 3456 components of
the Hellmann-Feynman forces. Next, the symmetry of the
force constants, following from theCmcaspace groups, were
established and 860 independent parameters of so-called
cummulant force constants were fitted to these forces by the
singular value decomposition method.41 We have found that
the force constant parameters diminish two order-of-
magnitude, or better, in the distance: supercell center-
supercell surface. This provides reasonably phonon frequen-
cies at all wave vectors. The force constants were used to
construct the dynamical matrix, to diagonalize it and find the
phonon frequencies. According to the direct method exact
phonon frequencies are obtained atG andY high-symmetry
points.

IV. RESULTS

A. Structural investigations

The typical XRD pattern of a 3000-Å-thickb-57FeSi2 film
is shown in Fig. 1sad. All peaks in the diffraction pattern
could be identified with the powder diffraction data of
b-FeSi2,

42 and no other phases except the Si substrate could
be detected. Since most diffraction lines ofb-57FeSi2 are
observed in Fig. 1sad, the film is polycrystalline. This agrees
with the results of Ref. 39. The comparison of peak intensi-
ties with those given by powder diffraction files may give
information about the film texture. The most prominent peak
at 2Q=29.14 deg in Fig. 1sad originates froms220d and
s202d reflections ofb-57FeSi2, which cannot be resolved. In
case of high-quality epitaxialb-FeSi2 layers on Sis100d only
this peak should exist.32 The intensity ratioI s202d/s220d / I s422d of
the strongests202d / s220d peak and the relatively strong
s422d peak is measured to be 1.75 for theb-FeSi2 film, while
it is known to be only 1.06 for a randomly oriented powder
sample. This difference between these values of,40% is
significant and indicates that a crystallographics202d / s220d
texture exists in ourb-57FeSi2 films. This conclusion is cor-
roborated by the quadrupole-split doublets observed in the
CEM spectra of ourb-FeSi2 films, which are asymmetric in
the line intensitiesssee laterd. The lattice parameters of the
b-FeSi2 film deduced from Fig. 1sad are a=9.89s6d Å, b
=7.81s3d Å, and c=7.82s5d Å, in agreement with literature
reports43,44 and the calculated values.

The typical CEM spectrum of a crystallineb-57FeSi2
layer at RT is shown in Fig. 2sad. The spectrum can be de-
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scribed by two superimposed asymmetric quadrupole dou-
blets with Lorentzian lines, originating from the two differ-
ent Fe lattice sitessFeI and FeIId in b-FeSi2. The spectral
parameters obtained from the least-squares fit of the experi-
mental spectra are as follows: isomer shiftd1
=0.071s3d mm/s and quadrupole splitting uDEQ1u
=0.57s1d mm/s for doublet 1 sFeI-sited, and d2

=0.086s3d mm/s anduDEQ2u=0.32s1d mm/s for doublet 2
sFeII-sited. The FWHM was found to beG=0.25s3d mm/s
for both doublets. These hyperfine parameters are in good
agreement with values from the literature,45 where it was
found thatDEQ1.0 andDEQ2,0. We observe an asymme-
try in the line intensities of each quadrupole doublet. The
ratio of the intensities of the left linesI1d to the right linesI2d
is found to be I1/ I2=1.19s8d for doublet 1, andI1/ I2

=0.83s7d for doublet 2. In case of a polycrystalline material
with random orientation of crystallitessi.e., with random ori-
entation of the axes of the electric field gradientsEFGd ten-
sor, the intensity ratioI1/ I2=1 is expected, i.e., no asymme-
try in the doublet line intensities. The observed value of
I1/ I2Þ1 are qualitatively explained by a preferred orienta-
tion of the main componentsVzzd of the EFG tensor due to
crystallographic texture, as is also suggested by our XRD
results mentioned above. The relative spectral contribution
srelative spectral aread of doublet 1 and doublet 2 are found
to be 46.6% and 53.4%, respectivelysrelative to the total
spectral aread. This could mean that 46.6% of the57Fe atoms

in the b-FeSi2 film occupy FeI sites and 53.4% occupy FeII
sites, if equal Lamb-Mössbauersf −d factors are assumed for
both Fe sites. In the idealb-FeSi2 structure both Fe sites are
equally populated. The small difference in site occupancy
observed for theb-57FeSi2 film may be due to FeI site vacan-
cies or antisite Si atoms. Fe vacancies have been inferred
also from IR measurements.43

Figure 1sbd exhibits the XRD pattern of a 3000-Å-thick
amorphous57FeSi2 film on sapphire. Only thes112̄0d reflec-
tion of the Al2O3 substratesand no other Bragg peaksd are
observed. This demonstrates the amorphous structure of this
57FeSi2 film. Moreover, the CEM spectrum of this
a-57FeSi2 film fFig. 2sbdg is clearly different from that of
crystallineb-57FeSi2 fFig. 2sadg in that the apparent quadru-
pole splitting and linewidth are larger fora-57FeSi2. A best fit
to the experimental spectrum was obtained by assuming a
distribution PsDEQd of electric quadrupole splittingsDEQ,
which is caused by a distribution of local environments in
the neighborhood of57Fe atoms. The result forPsDEQd is
shown in Fig. 2sbd sright-hand sided. A wide range ofDEQ
valuessfrom 0 to 1.2 mm/sd is observed, which arises from
the large electric field gradients induced by the asymmetrical
and distorted local atomic arrangements in the amorphous
structure, combined with different local near-neighbour con-
figurations. The average value of the magnitude of the quad-
rupole splitting and of the isomer shift are found to be
kDEQl=0.653s1d mm/s andkdl= +0.181s1d mm/s, respec-
tively. These values are in good agreement with correspond-
ing literature values reported for vapor-quenched amorphous
thin films sFe30Si70: kDEQl,0.6 mm/s,46 FeSi2: kdl
= +0.21 mm/s47d. Summarizing, our XRD and CEMS analy-
sis provides convincing evidence of the amorphous nature of
our quench-condensed57FeSi2 thin films.

FIG. 1. u-2u high-angle x-ray diffraction patternssCu Ka radia-
tiond measured at room temperature on the 3000-Å-thick crystalline
b-57FeSi2-layer on a Sis100d substratesad, and the 3000-Å-thick

amorphousa-FeSi2-layer on a Al2O3s112̄0d substratesbd.

FIG. 2. MössbauersCEMd spectra measured at room tempera-
ture on the 3000-Å-thick crystallineb-57FeSi2-layer sad, and the
3000-Å-thick amorphous FeSi2-layer sbd. The spectrum insad is
decomposed in a quadrupole-split doublet for the FeI site and a
doublet for the FeII site. The spectrum insbd is described by a
distributionPsDEQd of quadrupole splittingsDEQ sinsetd.
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B. NRIXS study

Figure 3sad exhibits the NRIXS spectrasexcitation prob-
ability versus energy transferEd of crystallineb-FeSi2 mea-
sured at RT. The spectrum shows a dominant central elastic
peak at the nuclear transition energyE0 senergy transferE
=0 meVd and sidebands at lower and higher energy. X rays
with less energy thanE0 excite the nuclear resonance by net
annihilation of vibrational quantaslow-energy sidebandd.
The high-energy sideband is produced by creation of vibra-
tional quanta. The observed asymmetry in the spectra reflects
the “detailed balance”48 due to the Boltzmann factor. The
instrumental resolution function with a FWHM of 1 meV is
also depicted in Fig. 3sad. The resolution function is nearly
symmetrical and falls off rapidly from the center without
having extended wings. After subtraction of the central elas-
tic peak from the measured NRIXS spectrum the data were
normalized according to standard procedures22,25,35yielding
the vibrational excitation probability per unit energy,WsEd.
By integration ofWsEd over all energies the quantitys1− fd
is obtained in a model independent way,35 where f is the
Lamb-Mössbauer factorsor f-factord. The Lamb-Mössbauer
factor at RT for crystallineb-FeSi2 was found to be 0.8550.
The fraction of the inelastic processes consists of 92.4% one-

phonon processes, 7.2% two-phonon processes, and 0.4%
multiphonon-processesfFig. 3sbdg. The partial VDOSfgsEdg,
was deduced from the measured vibrational excitation prob-
ability density according to standard procedures.22,25,35Fig-
ure 5sad exhibitsgsEd of crystallineb-FeSi2. gsEd extends to
,60 meV and exhibits a Debye-like behaviorfgsEd~E2 for
E→0g below 15 meV. At,25 and,36 meV two strong
maxima are observed, the second one being more distinct.
Between,42 and,58 meV more maxima with less inten-
sity are present, e.g., at,43 and,53 meV.

The NRIXS spectrum of amorphous FeSi2 fFig. 4sadg,
measured at RT, is found to be dissimilar to that of the crys-
talline b-FeSi2-phasefFig. 3sadg. The spectrum also shows a
dominant central elastic peak at the nuclear transition energy
E0 and sidebands at lower and higher energy. The FWHM of
the instrumental resolution function was again 1 meV. After
subtraction of the central elastic peak and normalization, the
spectrum was decomposed into one-, two- and higher-order-
phonon contributionsfFig. 4sbdg. The fraction of the one-
phonon contribution was found to be 88.1%, that of the two-
phonon contribution is 11.0% and the fraction of the higher-
order-phonon contributions is 0.9%. The Lamb-Mössbauer
factor at RT fora-FeSi2 was observed to be 0.7814, which is
smaller than the corresponding value forb-FeSi2 sTable Id.

FIG. 3. sad NRIXS spectrumsraw datad of the 3000-Å-thick
crystalline b-FeSi2 layer measured at room temperature, demon-
strating phonon annihilationsE,0d and phonon creationsE.0d.
Also shown is the instrumental resolution function with FWHM
=1 meV shatched aread. The number of counts in the maximum of
the central elastic peak is 14869.sbd Decomposition of the NRIX
spectrum of the crystallineb-FeSi2 layer shown insad, after sub-
traction of the central elastic peak and normalization, in a one-
phonon sdotted lined, a two-phonon sdashed-dotted lined, and
higher-order phononsdashed lined contribution.

FIG. 4. sad NRIXS spectrumsraw datad of the amorphous FeSi2

layer measured at room temperature, demonstrating phonon annihi-
lation sE,0d and phonon creationsE.0d. Also shown is the in-
strumental resolution function with FWHM=1 meVshatched aread.
The number of counts in the maximum of the central elastic peak is
20347.sbd Decomposition of the NRIX spectrum of the amorphous
FeSi2 layer shown insad, after subtraction of the central elastic peak
and normalization, in a one-phononsdotted lined, a two-phonon
sdashed-dotted lined, and higher-order phononsdashed lined
contribution.
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The partial VDOS deduced from the measured vibrational
excitation probability density22,25,35 is shown in Fig. 5sbd.
The VDOS represents a structureless broad feature, as antici-
pated for a structurally and atomically disordered material,

where van Hove singularities are smeared out. The
low-energy modes ingsEd below ,15 meV in Fig. 5sbd
are of particular interest because of the boson peak
phenomenon.11–18The usual way to observe a deviation from
Debye-like behavior is to plot the reduced VDOS,gsEd /E2,
vs E. In this representation strict Debye-like behavior is re-
flected by a horizontal line which intersects thegsEd /E2 axis
at a value that is proportional to cS

−3 scS=average sound
velocityd.25 Figure 6 shows a plot ofgsEd /E2 vs E. Crystal-
line b-FeSi2 approaches Debye-like behavior below
,15 meVfFig. 6sadg, while for the amorphous FeSi2 layer a
striking and unambiguous rise ingsEd /E2 with a maximum
at energyEbp,10 meV is observedfFig. 6sbdg.

Further, the Lamb-Mössbauer factorsf-factord, the mean
kinetic energy per atom and the mean atomic force constant
along the beam directionsW, and the vibrational entropy
per atom for amorphous and crystallineb-FeSi2 were

TABLE I. Thermal and elastic properties of crystalline
b-FeSi2 and amorphous FeSi2 derived from the NRIXS results. The
values atT=0 K were calculated from the room temperature values.
The Debye energyED=kBQD sQD=Debye temperatured was calcu-
lated from thef-factor at room temperature.

b-FeSi2
crystalline

FeSi2
amorphous

f-factor at RT 0.8550s4d 0.7814s3d
f-factor at 0 K 0.9366s2d 0.9244s1d
Mean atomic force constant
VssWd sN/md

288s3d 237s2d

Mean kinetic energyTssWd at RT
smeV/atomd

14.95s6d 14.60s5d

Mean kinetic energyTssWd at 0 K
smeV/atomd

8.57s5d 7.63s4d

Vibrational specific heat at RT
skB/atomd

2.572s8d 2.643s7d

Vibrational entropy at RT
skB/atomd

2.569s7d 2.962s6d

Debye energyED smeVd scalc.d 45.35s7d 35.59s3d

FIG. 5. sad Partial VDOS,gsEd, of the crystallineb-FeSi2 layer
at room temperature. Also shownsbar diagramsd are the positions of
IR- and Raman-active peaks based on IR and Raman measurements
from the literaturefsee Refs. 43, 49, 51, and 52g. sbd Partial VDOS,
gsEd, of the amorphous FeSi2 layer at room temperature.

FIG. 6. Reduced partial vibrational density of states,gsEd /E2,
vs excitation energyE of the crystallineb-FeSi2 layer at room
temperaturesad and the amorphous FeSi layersbd. sThe data below
5 meV contain artifacts of the subtraction of the central elastic
peak.d scd plot of logfgsEd /E2g vsE of a-FeSi2; the straight lines are
least-squares fits to the data.
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obtained from the respective measured VDOS distributions
by using the computer programPHOENIX35 sTable Id. These
values are given in Table I, together with the calculated
Debye energyED.

C. Theoretical results

Figure 7 shows the calculated Fe-projected and total
VDOS of crystallineb-FeSi2, together with the experimental
result. The areas below the calculated Fe-projected and cal-
culated total VDOS have been set equal to the area of the
experimental Fe-projected VDOS. For better comparison
with the experimental data we have used Gaussian smooth-
ing for the theoretical Fe-projected and total VDOS with a
smearing parameter of 1 meV, which corresponds to the in-
strumental resolution of the experiment. The smoothing was
performed by using standard convolution procedures. The
calculated Fe-projected VDOS in Fig. 7 shows a dominating
peak at 38 meV and less intense sidebands centered near
,25 meVslow energy bandd, and,45 and,54 meVshigh
energy bandd. The physics related to these features can be
understood from a simple analysis of the crystal structure of
b-FeSi2. We used the “Phonon” software40 which allowed us
to visualize the phonon modes directly. The projection of the
crystal structure ofb-FeSi2 onto thes100d plane is schemati-
cally shown in Fig. 8. Vibrations of the whole structure
shown in Fig. 8 have been analyzed with respect to the near-
est neighbor coordination in order to see dynamical trends
when going from low to high phonon energies. However, we
noticed that all vibrations are determined by the behavior of
tetrahedrally coordinated bonding of each Si atom to its four
nearest Fe atoms.

In this way we could determine that the first low-energy
band in the VDOS centered near,25 meV corresponds to
angular vibrations of the tetrahedral structure as shown sche-
matically in Figs. 9sad and 9sbd. The dominant second peak
of the VDOSscentered at,38 meVd originates from radial

distortions, as shown in Fig. 9scd. The high-energy band
above ,40 meV does not show a clear difference in the
vibrations as compared to the dominant peak. We assume
that it arises as a satellite band due to the growing contribu-
tion of the Si vibrations with increasing energy. The lighter
Si atoms contribute mostly at higher energies, while the Fe
atoms determine the vibrational behavior in the lower-energy
part of the spectrum.

V. DISCUSSION

As to the best of our knowledge the partial vibrational
density of states of crystallineb-FeSi2 and amorphous FeSi2
has not been determined, neither experimentally nor theoreti-
cally, in the following the measured VDOS of crystalline
b-FeSi2 is compared with literature reports based on IR and
Raman measurements.43,49–52Further, we compare the mea-
sured VDOS with the VDOS of crystallineb-FeSi2 com-

FIG. 7. Fe-projected VDOS ofb-FeSi2: Experiment resultssPd
and results from first-principles calculationsssd. Also shown is the
calculated total VDOSs!d. The theoretical Fe-projected and total
VDOS include Gaussian smoothingsperformed by standard convo-
lution methodsd with a width of 1 meV, corresponding to the in-
strumental resolution of the experiment. The areas below the calcu-
lated Fe-projected and calculated total VDOS have been set equal to
the area of the experimental Fe-projected VDOS.

FIG. 8. Projection of theb-FeSi2 structure onto thes100d plane
sschematicallyd. The different symbols indicate SiI, SiII, FeI, and
FeII atomic sites, respectively.

FIG. 9. Tetrahedrally-coordinated bonding environment of the
Si atoms in the structure ofb-FeSi2. The total number of vibrational
modes existing inb-FeSi2 can be approximately decomposed into
three simple vibrations of Fe atoms:sad angular-twist,sbd angular-
flap, andscd radial distortion of the tetrahedral structure.
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puted by the density functional theory and direct method.39,40

The measured VDOS of amorphousa-FeSi2 is discussed in
terms of the VDOS of amorphous pure Si reported in the
literature,15,16,53,54and in terms of recent theoretical work on
the VDOS in amorphous structures.20

A. Crystalline b-FeSi2

According to Dusausoyet al.55 b-FeSi2 crystallizes in the
orthorhombic space groupCmca-D2h

18 with 48 atoms per unit
cell. The projection of the crystallographic structure onto the
s100d plane is shown in Fig. 8. In this structure two different
Fe sitessFeI, FeIId and two different Si sitessSiI, SiIId exist.
Factor group analysis yields nine IR- and twelve Raman-
active vibrational modes for each SiI and SiII site and five IR-
and six Raman-active vibrational modes for each FeI and FeII
site.43,56 Each Fe site has 4 SiI and 4 SiII atoms as nearest
neighbors. The interatomic Fe-Si distances lie between 2.34
and 2.39 Å for FeI, and between 2.34 and 2.44 Å for FeII.
From this fact the conclusion can be drawn that the two Fe
sites are almost similar, and that the bounds of vibrational
frequencies of the Fe modes of each site will be very close to
each other and perhaps overlap. As the crystallographic unit
cell of b-FeSi2 has a symmetry center, group theory forbids
the IR-active mode to be Raman-active and vice versa, so
that the IR and the Raman peaks cannot occur at the same
frequencies.43

The IR spectra of polycrystalline and single-crystalline
b-FeSi2 exhibit five broadened main peaks, resulting from
the five IR-active modes of the FeI and FeII site which lie
close together. These five broadened peaks are located at
average energies of 32.5speak1d, 36.4speak2d, 38.3speak3d,
42.8 speak4d, and 53.1speak5d meV.43,49–52 They are indi-
cated in the bar diagram in Fig. 5sad. Depending on the struc-
tural quality of theb-FeSi2 layers, the positions of the IR
peaks can slightly deviate up to 2 meV from each other. In
all these spectra peak3 has the highest intensity. Therefore,
the main peak of the experimentalb-FeSi2 VDOS at
,36 meVfFig. 5sadg is correlated with IR peak2 and peak3.
The weak shoulder near,32 meV in the experimental
VDOS is related to IR peak1. The shoulder near 43 meV on
the right-hand side of the main peak can be asssigned to IR
peak4. IR peak5swith the weakest IR intensityd appears in
the VDOS as a weak bump at,53 meV. Thus, all peaks of
the IR-active internal modes determined by infrared mea-
surements are observed in the experimental VDOS. More-
over, the relative peak intensities obtained by the two meth-
ods show qualitatively good agreement.43,49–52

Aside from the ten IR-active modes, most of the expected
12 Raman-active modes can be observed in the VDOSfFig.
5sadg. Raman spectra exhibit a peak of highest intensity at an
energy of,30.9 meV.43,49–51 This peakstogether with the
IR-active peak1d may be associated with the weak shoulder
near,32 meV in the steeply rising left part of the dominant
VDOS peakfFig. 5sadg. The other eleven Raman peaks are
more or less clearly reflected in the VDOS. Their positions
are 21.8, 24.5, 28.4, 35.1, 37.6, 40.7, 42.2, 48.2, 50.2, 54.9,
and 61.9 meV49,43 as indicated by the bar diagram in Fig.
5sad. The broadband centered near,25 meV in the VDOS is

associated with the three Raman peaks at 21.8, 24.5, and
28.4 meV. Summarizing, the main peak at,36 meV in the
VDOS is correlated with two IR- and two Raman-active
peaks, whereas the second strongest band centered near
,25 meV in the VDOS is associated with three Raman-
active modes.

We notice in Fig. 7 that good agreement between the ex-
perimental and computed VDOS is obtained up to about
28 meV, while there is a systematic shift to higher energies
of the theoretical partial VDOS for energies larger than
,28 meV. Our theoretical analysis shows that forb-FeSi2
the separation of the vibrations into angular and radial parts
is important. The high-frequency part of the calculated Fe-
projected VDOS is shifted towards higher values. This shift
is still within a typical accuracy of the method. It can be
caused by a slightly smaller calculated lattice constanta,
anharmonic contributions, or by the fact that ourab initio
calculations slightly overestimate interatomic bond strengths.
This gives a constant frequency shift in comparison to the
experimental result. In the weaker band near,25 meV we
do not see this shift, which means that below 28 meV the
atomic bonds between Si and Fe remain about unchanged.
However, above,28 meV 28 meV the energy is large
enough to activate the radial bonding vibrations between Si
and Fe atoms. This gives rise to the dominant peak at
,36 meV in the experimentsat ,38 meV in the calcula-
tiond, which involves all possible distortions shown in Fig. 9.

B. Amorphous FeSi2

The VDOS of amorphous FeSi2 fFig. 5sbdg is distinctly
different from the VDOS of crystallineb-FeSi2 fFig. 5sadg.
While the crystalline VDOS shows a pronounced peak and
weaker side bands, the amorphous VDOS consists of an al-
most structureless broad band with a peak at,30 meV.
However, a shoulder can be observed between,40 and
60 meV in the amorphous VDOS, which is reminescent of
the weak third band in the same energy range in the VDOS
of crystallineb-FeSi2 fFig. 5sadg. These higher energy vibra-
tions are related to the vibrational behavior of the light Si
atoms, which appears to be similar in the crystalline and
amorphous structure. Amorphous FeSi2 exhibits a deviation
from Debye-like behavior at low energies.The latter becomes
clear in the plot of the reduced VDOSfgsEd /E2 vs Eg fFig.
6sbdg, where a strong peak at,10 meV can be observed,
which is absent in the crystalline counterpart. Therefore, we
identify this 10 meV peak as boson peak ofa-FeSi2. Notice
that the boson peak is located at an energyE, which is much
smaller than the lowest phonon peak energy in the VDOS of
crystallineb-FeSi2 of ,25 meV, or smaller than the lowest
Raman energy of,22 meV. Obviously the boson peak en-
ergy s,10 meVd is observed to lie at excitation energies
much lower than any phonon peaks of crystallineb-FeSi2,
and is within the energy range of the Debye behavior of
crystallineb-FeSi2.

Within the first 25 meV the VDOS of crystalline
b-FeSi2 and amorphous FeSi2 show reasonable agreement
with the VDOS distributions of crystalline and amorphous
Si, respectively. The latter have been measured by means of
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inelastic neutron scattering by Kamitakaharaet al.54 and cal-
culated in the harmonic approximation by Finkemeieret
al.15,16Crystalline Sisc-Sid, like crystallineb-FeSi2, exhibits
no boson peak, whereas amorphous Sisa-Sid, like amor-
phous FeSi2, shows a boson peak. The TA peak in the VDOS
of c-Si is located at,20 meV.15,16,54 The calculations of
Finkemeieret al.15,16 revealed that the TA peak of Si, to-
gether with the boson peak, shifts toward lower energies with
increasing degree of atomic disordersSi with an amorphous
volume fraction of 28% has a boson peak at an calculated
energy of,5 meVd. This behavior was experimentally con-
firmed by Laermanset al.53 Using Raman spectroscopy they
investigated Si disordered by irradiation with neutrons,
which, however, leads to an amorphous volume fraction of
only 4%. The observed boson peak was located at 14.1 meV.
The experimental data of Kamitakaharaet al.54 provide a
boson peak fora-Si between 10 and 15 meV.

The boson peak of amorphous FeSi2 is located at
,10 meV fFig. 6sbdg, which is within the energy range
where the boson peak ofa-Si was observed. However, in
comparison witha-Si the boson peak of amorphous FeSi2 is
clearly broadened. According to Finkemeieret al.15,16 the
boson peak ofa-Si is a direct result of a shift and a broad-
ening of the TA peak. This agrees in part with the model
calculations by Schirmacheret al.17,18 They observed a bo-
son peak by introducing structural disorder into a harmonic
model. But the appearance of extra states in the low-energy
part of the VDOS seems to be caused only by a broadening
and not by a shift of the VDOS in their calculations. The
observed maximum in the partial VDOS of amorphous FeSi2
at ,30 meVfFig. 5sbdg is located close to the peak position
of the low-energy band at,27 meV of crystallineb-FeSi2
fFig. 5sadg. In the amorphous state this peak clearly broadens
sbut is not shifted to smaller energiesd, while the dominant
peak of crystallineb-FeSi2 near 36 meV has vanished in the
amorphous state. Because of this broadening, no Debye-like
behavior in the low-energy range is observed. Thus, the
model of Schirmacheret al.17,18 appears to be appropriate to
explain qualitatively the occurrence of the boson peak in
amorphous FeSi2. In the range between about 40 and
60 meV the VDOS ofa-FeSi2 exhibits several smaller peaks
similar to theb-FeSi2 case. This indicates that in this energy
range some of the vibrational properties of the crystalline
statesvibrations of Si atomsd are retained in the amorphous
state.

Recently, the NRIXS technique has been successfully em-
ployed by Chumakovet al.20 to measure the boson peak via
57Fe-containing ferrocene probe molecules embedded in
various organic glass matrices. Based on experiments and
calculations, these authors showed that at energies above the
boson peak the reduced density of states exhibits a universal

exponential decrease,20 i.e., gsEd /E2~ exps−E/E0d, with a
parameter itE0 close to the boson peak energy,Ebp. In Fig.
6scd we have plotted logfgsEd /E2g vs E, as measured on our
amorphous FeSi2 film. As can be seen in Fig. 6scd, directly
above the boson peak, i.e., in the range,13 meVøE
ø ,25 meV, the experimental data follow an exponential.
From a straight-line fitfFig. 6scdg a value of 34.3 meV is
obtained for the parameterE0, which, however, is much
larger than the boson peak energy of,10 meV, and, there-
fore, seems to be at variance with the prediction of Ref. 20.
Surprisingly, however, the data in Fig. 6scd can be reasonably
well described by an exponential behaviorsstraight line over
two decadesd in the high-energy range of,30 meVøE
ø ,60 meV. The straight-line fit in this energy range results
in a value of 7.4 meV for the parameterE0, which is close to
the boson-peak energys,10 meVd, and apparently agrees
with the universal exponential behavior calculated and ob-
served in Ref. 20.

VI. SUMMARY

The Fe-projected partial VDOS,gsEd, of crystalline
b-57FeSi2 and amorphous57FeSi2 thin films has been mea-
sured by NRIXS of 14.4125 keV synchrotron radiation. The
VDOS of b-57FeSi2 exhibits characteristic features that co-
incide with the energy of prominent IR and Raman spectral
lines reported in the literature.43,49–52. The VDOS of
b-FeSi2 was computed by using the density functional theory
combined with the direct method. The characteristic features
in the experimental VDOS are well reproduced in the theo-
retical VDOS. Contrary to the VDOS of crystallineb-FeSi2,
which approaches a Debye-like behavior at low phonon en-
ergies, the VDOS of amorphous57FeSi2 reveals vibrational
excitations in excess of Debye-like behavior. These excess
excitations are reflected in the boson peak, observed at
,10 meV in the reduced density of states,gsEd /E2. Well
above the boson peak, in the energy range,30 meVøE
ø60 meV, gsEd /E2 is found to be approximately
~expsE/E0d over two decades, as predicted and observed
recently by Chumakovet al.20 Finally, our work demon-
strates that NRIXS of synchrotron radiation is a unique
method for the measurement of the VDOS of crystalline and
amorphous thin film systems.
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