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Nuclear resonant inelastic x-ray scattering of 14.4125 keV synchrotron radiation was used to measure
directly the partial vibrational density of staté¥DOS), g(E), of crystalline 8->"FeSj and amorphous
(a-)°'FeSi, thin films prepared by codeposition in ultrahigh vacuum. The structure of the samples was char-
acterized by x-ray diffraction and Modssbauer spectroscopy. The VDOB-BES) extends up toE.y
~65 meV and exhibits a strong peakEt- 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 crystaifies)
computed by using the density functional theory combined with the direct method. Contrary to the crystalline
phase, the VDOS dd-FeS) shows a broad peak at30 meV with little structure, and a deviation from Debye
behavior at small excitation energies15 me\). This is revealed as a peak in the reduced VDAE)/E?,
at Epp~10 meV, which is interpreted as “boson peak.” Above the boson [g8akmeV=E=60 meV)

g(E)/E? was observed to be approximatehexp(—E/E,), with E,=7.4 meV being close t&pp,
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I. INTRODUCTION talline and amorphous FeSphases and reveal modifications

The semiconducting crystalline iron-disilicigg-FeSj is ~ induced by the amorphous structure. Amorphous systems are
of technological interest as a potential candidate for applicaé*Pected to exhibit anomalous behavior in the low-energy
tions in optoelectronics and thermoelectric  silicon- part of the VDOSg(E). In particular, amorphous and disor-
compatible device.3-FeSj exhibits a direct band gap of dered materials display an excess of low-energy modes com-
0.83-0.87 e¥?2 at RT, which is within the absorption mini- pared to the usual Debye-typg? law of the crystalline
mum of optical fibers. A light emitting diode ¢8-FeSj, pre-  behavior*:*2Inelastic neutron scattering has revealed the ex-
cipitates in silicon was successfully fabricatedlore re- istence of such excess vibrational modes in different
cently, semiconducting amorphous iron-disiliciteFeS;) ~ materialsi*!4 the so-called “boson peak.” The origin of the
with a direct band gap of 0.88 eV was successfully syntheboson peak is still a matter of debafe?°
sized by ion-beam mixing pffering potential applications in ~ Nuclear resonant inelastic x-ray scatterig§RIXS) of
large-area electronics. synchrotron radiation by Mdéssbauer nuclei is a method to

From a fundamental point of vieyg-FeSj is an interest-  explore atomic vibrational properties of condensed matter
ing material, since it displays a Jahn-Teller-like phase transinot available otherwis&°It gives direct access to the en-
tion from the metastable Caffype metallicy-FeSj struc-  ergy distribution of atomic vibrations, i.e., the VDOS for the
ture to the stable orthorhombic semiconductiggFeS,  Vibrating resonant isotope in matter. In other words, it is the
phase, involving moderate lattice distortions of the fluoriteresonant-isotope projected “partial” VDOS that is directly
structure® y-FeSj, can be stabilized epitaxially at very low measured by NRIXS. Thus, NRIXS is complementary to
film thickness on S$iL11),5-10 but a structural transition to other relevant methods as inelastic neutron, inelastic x-ray
B-FeS} occurs by increasing the thickness. Theoretical workand Raman scattering, which mainly deal with phonon dis-
has shown that this structural transformation is promoted byersion relations. Because of the high cross section for
the high electron density of states at the Fermi level ofuclear resonant scattering NRIXS may be applied for study-
y-FeSi, and strong electron-phonon couplifigesulting in  ing the vibrational properties of crystalline or amorphous
phonon instabilities iny-FeSp. Although phonon dispersion thin films and multilayer§/=°The VDOS is a key quantity
curves and phonotor vibrationa) density of state§yDOS)  from which important thermodynamic properties may be de-
of the metastable fluorite phase have been calcufaied; ~ duced. Recent reviews of the NRIXS method are given in
surprising that to the best of our knowledge, no literatureRefs. 24, 25, and 31.
reports (neither theoretical nor experimentadxist on the
VDOS of the stablg3-FeS}, phase, and for amorphous FgSi
as well. The purpose of our present work is to fill this gap. For the preparation of crystalling-FeSj films a S{100
Further, it is interesting to compare the VDOS of the crys-wafer was initially cleaned with 10% HF solution and then

II. EXPERIMENT
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heated at 650 °C for 10 min under UHV conditiofisase  packagé®3’ and the generalized gradient approximation
pressure X 10°° mbay to remove the surface contaminants, (GGA). The Vanderbilt-type ultrasoft pseudopotenti®s,
before depositing a 60-A-thick'Fe buffer layer of natural provided with the package, were used for Fe and Si atoms.
isotopic abundancéof ~2%°'Fe) at RT. Afterin situ an- We have used a 48 atomic supercell identical with the crys-
nealing in UHV at 700 °C for 3 h a purg-FeSj, layer was tallographic unit cell withCmcaspace group symmetry. The
formed. This deposition mode is known as solid phaseBrillouin zone integration was confined 0 wavevectors.
epitaxy3233 Then a 3000-A-thick3-FeSj, layer was grown The optimized lattice constants area=9.7677 A, b
at 500 °C by stoichiometric coevaporation of'Fe =7.8140 A, andc=7.8652 A. The Fe and Si atoms were
(99.95 at. % purity, 95.5% enriched in'Fe) and Si considered as magnetic ions, but the resulting magnetic mo-
99.999 at. %  purity  (pressure  during  growth: ments were zero.
5x10°° mbap. Subsequently the sample was situ an- The lattice dynamics calculations were carried out within
nealed in UHV at 700 °C for 3 h. the direct method?*°using the 48 atomic supercell. For that
A 3000-A-thick amorphous FeSilayer was quench- the Hellmann-Feynman forces were computed for positive
condensed in UHV by stoichiometric coevaporatior®@fe  and negative displacements with the amplitude of 0.03 A.
(99.95 at. % purity, 95.5% enriched in'Fe) and Si All displaced configurations generate 3456 components of

(99.999 at. % purityon a Alzog(lla)) (sapphirg substrate the Hellmann-Feynman forces. Next, the symmetry of the

held at RT. The sapphire substrate was previously heated #7C€ constants, following from th€mcaspace groups, were

UHV at 650 °C for 10 min to remove surface contaminants.€stablished and 860 independent parameters of so-called
For all samples"®Fe and®Fe were evaporated from alu- cummulant force constants were fitted to these forces by the

mina crucibles in homemade Knudsen cells, and Si from affingular value decomposition methtidWe have found that

electron gun. The deposition rates BFe (0.1 A/9 and Si the force constant parameters diminish two order-of-

(0.34 A/9 and the film thicknesses were measured by twomagnitude, or bette_r, in t_he distance: supercell center-
supercell surface. This provides reasonably phonon frequen-

independent calibrated quartz crystal oscillators and con-.
trolled by a personal computer. cies at all wave vectors. The force constants were used to
The structure of the samples was characterized ex-situ b
(6-20) x-ray diffraction(XRD) and®’Fe conversion electron
Mossbauer spectroscopfCEMS). Cu K, radiation and a
graphite monochromator were used for XRD. CEM spectr
were taken at RT by placing the sample inside of a conven-
tional He-CH, proportional counter with the film surface
perpendicular to the incident 14.4 keyray of the °'Co A. Structural investigations

source(Rh matri¥. The CEM spectra were least-squares fit- The typical XRD pattern of a 3000-A-thigg->'FeS}, film
ted by using thenoRMOS computer program by Brarid. is shown in Fig. 1a). All peaks in the diffraction pattern
Isomer shift(é) values are given relative to@Fe absorber .14 pe identified with the powder diffraction data of

atRT. ) B-FeSh,*? and no other phases except the Si substrate could
The NRIXS experiments were performed at RT at thepe getected. Since most diffraction lines pFeS}, are

undulator beamline 3-ID of the A_dvanc_ed Photon Source inypserved in Fig. @), the film is polycrystalline. This agrees
Argonne (USA). The method of inelastic nuclear resonant it the results of Ref. 39. The comparison of peak intensi-
absorption of 14.4125 keV x rays is selective to ﬁEe ties with those given by powder diffraction files may give
resonant isotope and provides the Fe-projectpdrtia)  ihtormation about the film texture. The most prominent peak
VDOS rather directly with a minimum of modelif§*>De- 4 29=29 14 deg in Fig. (8 originates from(220 and
tails of the technique are described elsewiér€. The (505 reflections of->FeS), which cannot be resolved. In
monochromatized synchrotron radiation was incident ontq.,qa of high-quality epitaxigs-FeSj layers on SiL00) only

the film su[)facg u_zder”a gcrjaﬁmghar;fgleeﬂ mra?:\;a\llr:'thad this peak should exisE The intensity ratid ;0/220/ | (422 Of

an energy bandwidtffull width at half maximum( )] the strongest(202)/(220) peak and the relatively strong

of 1mey. The X-ray beam was focused to about 10(422) peak is measured to be 1.75 for thd-eSj, film, while

A
i< 4121";? kel\r; ::;f:?éa:—?gsoennaer:gg é\}/;/:aes .FﬂzeglR?Q)Su%it;heit is known to be only 1.06 for a randomly oriented powder
) . sample. This difference between these values-dh% is

evaluation and extraction of the VDOS were performed by”.” . oo
using the computer prograrHoENIX described elsewheré. significant and indicates that a crystallograpt202)/(220)

. . 57 . . . . .
The thickness of 3000 A of oys-FeSj anda-FeSj films is texture exists in ouB->"FeS} films. This conclusion is cor-

sufficiently large, so that their measured VDOS distributionsmbor":lted by the quadrupo!e-split dpublets observed_ ".] the
are representative of the bulk materi&is® CEM spectra of oupB-FeSj films, which are asymmetric in

the line intensitiegsee latex. The lattice parameters of the
B-FeSj film deduced from Fig. (B) are a=9.896) A, b
=7.813) A, and c=7.825) A, in agreement with literature
reportd®4*and the calculated values.

The presentab initio calculations of3-FeSj were per- The typical CEM spectrum of a crystalling->’FeSj
formed within the density functional theory, usinghsP  layer at RT is shown in Fig.(2). The spectrum can be de-

onstruct the dynamical matrix, to diagonalize it and find the

honon frequencies. According to the direct method exact
phonon frequencies are obtainedlagnd Y high-symmetry
e{)oints.

IV. RESULTS

Ill. THEORY
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FIG. 2. MdssbauefCEM) spectra measured at room tempera-
ture on the 3000-A-thick crystalling->"FeSj-layer (a), and the
3000-A-thick amorphous FesSlayer (b). The spectrum ina) is
20 30 40 50 60 70 decomposed in a qgadrupole-split douplet for the ﬁte and a

doublet for the Fg site. The spectrum irfb) is described by a
26 (deg) distribution P(AEq) of quadrupole splittingdEq (insed.

FIG. 1. 6-260 high-angle x-ray diffraction patterr€u K, radia- in the B-FeS), film occupy Fe sites and 53.4% occupy fre
tion) measured at room temperature on the 3000-A-thick crystallingsjtes, if equal Lamb-Mossbauéi-) factors are assumed for
B-"FeSj-layer on a Si100 substrate(a), and the 3000-A-thick  poth Fe sites. In the ide@-FeSj, structure both Fe sites are
amorphousa-FeSj-layer on a A)O3(1120) substrateb). equally populated. The small difference in site occupancy

observed for tha->"FeS}, film may be due to Resite vacan-

scribed by two superimposed asymmetric quadrupole dowgcies or antisite Si atoms. Fe vacancies have been inferred
blets with Lorentzian lines, originating from the two differ- &0 from IR measuremertt$. .

ent Fe lattice site§Fq and Fq) in B-FeSp. The spectral Figure Ab) exhibits the XRD pattern of a 3000-A-thick
parameters obtained from the least-squares fit of the exper@morphOU§ ’FeSj, film on sapphire. Only th¢1120) reflec-
mental spectra are as follows: isomer shifs; tion of the ALO; substrateland no other Bragg peakare
=0.0743) mm/s and quadrupole  splitting |AEQ1| observed. This demonstrates the amorphous structure of this
=0.571) mm/s for doublet 1 (Fe-sitd, and &, FeSk film. Moreover, the CEM spectrum of this

_ _ -5FeSj, film [Fig. 2(b)] is clearly different from that of
=0.0863) mm/s and|AEq,|=0.321) mm/s for doublet 2 & F€Sh g. Ak carly
(Fe,-site). The FWHI\‘/I w%zs| found to bd=0.253) mm/s crystalline 3->"FeSj, [Fig. 2@)] in that the apparent quadru-

for both doublets. These hvberfine parameters are in qooBC'€ SPitting and linewidth are larger far°’'FeS. A best fit
e yp > P . 9 the experimental spectrum was obtained by assuming a
agreement with values from the literatdPewhere it was

distribution P(AEg) of electric quadrupole splittingaEg,
found thatAEq, >0 andAEqg, <0. We observe an asymme- \nich s caused by a distribution of local environments in

try in the line intensities of each quadrupole doublet. They,q neighborhood of Fe atoms. The result foP(AE,) is
ratio of the intensities of the left ling,) to the right line(l,) shown in Fig. 2b) (right-hand sidg A wide range onAEQ

is found to bel,/I1,=1.198) for doublet 1, andli/l,  yalues(from O to 1.2 mm/sis observed, which arises from
=0.837) for doublet 2. In case of a polycrystalline material the large electric field gradients induced by the asymmetrical
with random orientation of crystallitége., with random ori-  and distorted local atomic arrangements in the amorphous
entation of the axes of the electric field gradiéBEG) ten-  structure, combined with different local near-neighbour con-
sor, the intensity ratid,/1,=1 is expected, i.e., no asymme- figurations. The average value of the magnitude of the quad-
try in the doublet line intensities. The observed value ofrupole splitting and of the isomer shift are found to be
I,/1,# 1 are qualitatively explained by a preferred orienta-(AEg)=0.6531) mm/s and(8)=+0.1811) mm/s, respec-
tion of the main componend,, of the EFG tensor due to tively. These values are in good agreement with correspond-
crystallographic texture, as is also suggested by our XRDng literature values reported for vapor-quenched amorphous
results mentioned above. The relative spectral contributiothin ~ films  (FezSizo:(AEg) ~0.6 mm/si®  FeSh:(6)
(relative spectral ar¢af doublet 1 and doublet 2 are found =+0.21 mm/4’). Summarizing, our XRD and CEMS analy-
to be 46.6% and 53.4%, respectivefelative to the total sis provides convincing evidence of the amorphous nature of
spectral area This could mean that 46.6% of tiée atoms  our quench-condensédFeSj thin films.
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FIG. 3. (@ NRIXS spectrum(raw data of the 3000-A-thick FIG. 4. (a) NRIXS spectrum(raw data of the amorphous Fesi
crystalline g-FeSj, layer measured at room temperature, demon-layer measured at room temperature, demonstrating phonon annihi-
strating phonon annihilatiofE <0) and phonon creatiotE>0). lation (E<0) and phonon creatiofE>0). Also shown is the in-

Also shown is the instrumental resolution function with FWHM strumental resolution function with FWHM=1 me¥iatched arga

=1 meV (hatched area The number of counts in the maximum of The number of counts in the maximum of the central elastic peak is
the central elastic peak is 1486®) Decomposition of the NRIX  20347.(b) Decomposition of the NRIX spectrum of the amorphous
spectrum of the crystalling-FeSj, layer shown in(a), after sub-  FeS} layer shown in(@), after subtraction of the central elastic peak
traction of the central elastic peak and normalization, in a oneand normalization, in a one-phonddotted ling, a two-phonon
phonon (dotted ling, a two-phonon (dashed-dotted line and  (dashed-dotted line and higher-order phonor(dashed ling
higher-order phonoiidashed ling contribution. contribution.

B. NRIXS study phonon processes, 7.2% two-phonon processes, and 0.4%
. o o multiphonon-process¢fig. 3(b)]. The partial VDOJg(E)],
Figure 3a) exhibits the NRIXS spectréexcitation prob- \yas deduced from the measured vibrational excitation prob-
ability versus energy transfé) of crystalline 3-FeSp mea-  apility density according to standard proced#&%:3° Fig-
sured at RT. The spectrum shows a dominant central elastigre 5a) exhibitsg(E) of crystalline3-FeSh. g(E) extends to
peak at the nuclear transition enerfy (energy transfeE ~60 meV and exhibits a Debye-like behav[oXE)  E? for
=0 me\) and sidebands at lower and higher energy. X rays — 0] below 15 meV. At~25 and~36 meV two strong
with less energy thak, excite the nuclear resonance by netmaxima are observed, the second one being more distinct.
annihilation of vibrational quantdlow-energy sideband Between~42 and~58 meV more maxima with less inten-
The high-energy sideband is produced by creation of vibrasity are present, e.g., at43 and~53 meV.
tional quanta. The observed asymmetry in the spectra reflects The NRIXS spectrum of amorphous Fe$Fig. 4a@)],
the “detailed balancé® due to the Boltzmann factor. The measured at RT, is found to be dissimilar to that of the crys-
instrumental resolution function with a FWHM of 1 meV is talline g-FeSp-phas€gFig. 3@)]. The spectrum also shows a
also depicted in Fig. @). The resolution function is nearly dominant central elastic peak at the nuclear transition energy
symmetrical and falls off rapidly from the center without £, and sidebands at lower and higher energy. The FWHM of
having extended wings. After subtraction of the central elasthe instrumental resolution function was again 1 meV. After
tic peak from the measured NRIXS spectrum the data wergubtraction of the central elastic peak and normalization, the
normalized according to standard procedtfés®®yielding  spectrum was decomposed into one-, two- and higher-order-
the vibrational excitation probability per unit enerdy/(E). phonon contributiongFig. 4(b)]. The fraction of the one-
By integration of W(E) over all energies the quantityl —f) phonon contribution was found to be 88.1%, that of the two-
is obtained in a model independent wAywhere f is the  phonon contribution is 11.0% and the fraction of the higher-
Lamb-Md&ssbauer factdior f-factor). The Lamb-Mossbauer order-phonon contributions is 0.9%. The Lamb-Mo&ssbauer
factor at RT for crystallings-FeS} was found to be 0.8550. factor at RT fora-FeSj, was observed to be 0.7814, which is
The fraction of the inelastic processes consists of 92.4% onesmaller than the corresponding value f@#eSj (Table ).
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FIG. 5. (a) Partial VDOS,g(E), of the crystallines-FeSj layer ]

at room temperature. Also showipar diagrampare the positions of

IR- and Raman-active peaks based on IR and Raman measurements

from the literaturdsee Refs. 43, 49, 51, and 52b) Partial VDOS,

g(E), of the amorphous Feslayer at room temperature.

102

10° S 3

The partial VDOS deduced from the measured vibrational
excitation probability densif#2>2%is shown in Fig. ).

The VDOS represents a structureless broad feature, as antici-
pated for a structurally and atomically disordered material,

log(g(E)E?) ((1/at.vol./eV)meV?)

g

o ni:
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Energy (meV)

h | lasti . ; li FIG. 6. Reduced partial vibrational density of statg&s)/E?,
TABLE 1. Thermal and elastic properties of crystalline ¢ oygitation energ)E of the crystallines-FeSp layer at room

B-FeSp anij amorphous FeSilerived from the NRIXS results. The temperaturéa) and the amorphous FeSi layér). (The data below
values aff =0 K were calculated from the room temperature values.5 meV contain artifacts of the subtraction of the central elastic

The Debye energip =kgOp (Op=Debye temperatufevas calcu- peak) (c) plot of log g(E)/E?] vs E of a-FeSj; the straight lines are

lated from thef-factor at room temperature.

least-squares fits to the data.

B-FeSp FeS) where van Hove singularities are smeared out. The
crystalline  amorphous low-energy modes img(E) below ~15 meV in Fig. %b)
are of particular interest because of the boson peak

f-factor at RT 0.8550)  0.78143) phenomenoAl-18The usual way to observe a deviation from
f-factor at 0 K 0.936€2) 0.92441) Debye-like behavior is to plot the reduced VDQSE)/E?,
Mean atomic force constant 2883) 237(2) vs E. In this representation strict Debye-like behavior is re-
V(S) (N/m) flected by a horizontal line which intersects @i&)/E? axis
Mean kinetic energyl(S) at RT 14.956) 14.6Q5) at a value that is proportional tog%: (cg=average sound
(meV/aton velocity).2° Figure 6 shows a plot of(E)/E? vs E. Crystal-
Mean kinetic energy(s) at 0 K 8.5705) 7.634) line pB-FeSp approaches Debye-like behavior below
(meV/atom ~15 meV[Fig. 6a)], while for the amorphous FeSiayer a
Vibrational specific heat at RT 2.5728) 2.6437) striking and unambiguous rise g(E)/E? with a maximum
(kg/atom) at energyE,,~ 10 meV is observefFig. 6(b)].
Vibrational entropy at RT 2.5697) 2.9626) Further, the Lamb-Mdssbauer factdrfactor, the mean
(kg/atom kinetic energy per atom and the mean atomic force constant
Debye energyEp (meV) (calc) 45.397) 35.593) along the beam directios, and the vibrational entropy

per atom for amorphous and crystalline-FeSj were

035309-5
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FIG. 7. Fe-projected VDOS @g8-FeSp: Experiment result$®)
and results from first-principles calculatio(®). Also shown is the
calculated total VDOS*). The theoretical Fe-projected and total
VDOS include Gaussian smoothipgrformed by standard convo-
lution method$ 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.
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FIG. 8. Projection of thg3-FeS} structure onto th€100) plane

obtained from the respective measured VDOS distributionéschematically. The different symbols indicate |SiSi;, Fg, and
by using the computer prograrHOENIES (Table ). These  Feéi atomic sites, respectively.
values are given in Table |, together with the calculated
Debye energyEp. distortions, as shown in Fig.(®. The high-energy band
above ~40 meV does not show a clear difference in the
vibrations as compared to the dominant peak. We assume
C. Theoretical results that it arises as a satellite band due to the growing contribu-

Figure 7 shows the calculated Fe-projected and tota‘ii(_)” of the Si v_ibrations with inc_reasing energy. Th_e lighter
VDOS of crystallines-FeSh, together with the experimental Si atoms contribute mostly at higher energies, while the Fe
result. The areas below the calculated Fe-projected and calfoms determine the vibrational behavior in the lower-energy
culated total VDOS have been set equal to the area of th@art of the spectrum.
experimental Fe-projected VDOS. For better comparison
with the experimental data we have used Gaussian smooth- V. DISCUSSION
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 wa: ensity of states of c_rystalllnﬁ-FeS;z and_ amorphous FeSi .
performed by using standard convolution procedures. Th as not been determined, neither experimentally nor theoreti-

calculated Fe-projected VDOS in Fig. 7 shows a dominatingca"y' in the following the measured VDOS of crystalline

peak at 38 meV and less intense sidebands centered ne%—rFeS'h is compared with literature reports based on IR and

~25 meV (low energy banjj and—~45 and~54 meV (high aman measuremerfts?*-52Further, we compare the mea-

energy bandl The physics related to these features can b&Ured VDOS with the VDOS of crystalling-FeSj com-

understood from a simple analysis of the crystal structure of

B-FeSh. We used the “Phonon” softwdfewhich allowed us @) ®) ©
to visualize the phonon modes directly. The projection of the
crystal structure of3-FeSj onto the(100) 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  FiG. 9. Tetrahedrally-coordinated bonding environment of the
band in the VDOS centered near25 meV corresponds t0  sj atoms in the structure ¢-FeSp. The total number of vibrational
angular vibrations of the tetrahedral structure as shown schenodes existing ins-FeSj can be approximately decomposed into
matically in Figs. 9a) and 9b). The dominant second peak three simple vibrations of Fe atom&) angular-twist,(b) angular-
of the VDOS (centered at-38 me\) originates from radial flap, and(c) radial distortion of the tetrahedral structure.

As to the best of our knowledge the partial vibrational

Fe
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puted by the density functional theory and direct metfigtf.  associated with the three Raman peaks at 21.8, 24.5, and
The measured VDOS of amorphoasFeSj, is discussed in  28.4 meV. Summarizing, the main peak-a86 meV in the
terms of the VDOS of amorphous pure Si reported in theVDOS is correlated with two IR- and two Raman-active
literature!>16:5354and in terms of recent theoretical work on peaks, whereas the second strongest band centered near
the VDOS in amorphous structurés. ~25 meV in the VDOS is associated with three Raman-
active modes.
We notice in Fig. 7 that good agreement between the ex-
A. Crystalline B-FeSh perimental and computed VDOS is obtained up to about

According to Dusausogt al®® B-FeSj crystallizes in the 28 meV, while there is a systematic shift to higher energies
orthorhombic space gro@mcaD%ﬁ with 48 atoms per unit of the theoretical part_ial VDOS _for energies larger _than
cell. The projection of the crystallographic structure onto the™~28 meV. Our theoretical analysis shows that fFeSp
(100 plane is shown in Fig. 8. In this structure two different the separation of the vibrations into angular and radial parts
Fe sites(Fq, Fq,) and two different Si site¢Si;, Si,) exist. is important. The high-frequency part of the calculated Fe-
Factor group analysis yields nine IR- and twelve Raman{projected VDOS is shifted towards higher values. This shift
active vibrational modes for each, &nd Sj, site and five IR- is still within a typical accuracy of the method. It can be
and six Raman-active vibrational modes for eacharel Fg caused by a slightly smaller calculated lattice consent
site4356 Each Fe site has 4 Sand 4 Sj atoms as nearest anharmonic contributions, or by the fact that @l initio
neighbors. The interatomic Fe-Si distances lie between 2.3@alculations slightly overestimate interatomic bond strengths.
and 2.39 A for Fg and between 2.34 and 2.44 A for,fe This gives a constant frequency shift in comparison to the
From this fact the conclusion can be drawn that the two Fé&xperimental result. In the weaker band ne&5 meV we
sites are almost similar, and that the bounds of vibrationaflo not see this shift, which means that below 28 meV the
frequencies of the Fe modes of each site will be very close t@tomic bonds between Si and Fe remain about unchanged.
each other and perhaps overlap. As the crystallographic unfdowever, above~28 meV 28 meV the energy is large
cell of B-FeSi, has a symmetry center, group theory forbids€nough to activate the radial bonding vibrations between Si
the IR-active mode to be Raman-active and vice versa, send Fe atoms. This gives rise to the dominant peak at
that the IR and the Raman peaks cannot occur at the same36 meV in the experimentat ~38 meV in the calcula-
frequencied? tion), which involves all possible distortions shown in Fig. 9.

The IR spectra of polycrystalline and single-crystalline
B-FeSj} exhibit five broadened main peaks, resulting from
the five IR-active modes of the Fand Fgq site which lie
close together. These five broadened peaks are located atThe VDOS of amorphous FeSfFig. 5b)] is distinctly
average energies of 32(peak?, 36.4(peak2, 38.3(peak3, different from the VDOS of crystallings-FeSj, [Fig. 5a)].
42.8 (peakd, and 53.{peak§ meV34%-52They are indi- While the crystalline VDOS shows a pronounced peak and
cated in the bar diagram in Fig(&. Depending on the struc- weaker side bands, the amorphous VDOS consists of an al-
tural quality of thes-FeSj, layers, the positions of the IR most structureless broad band with a peak~&0 meV.
peaks can slightly deviate up to 2 meV from each other. IrHowever, a shoulder can be observed betweef0 and
all these spectra peak3 has the highest intensity. Therefor€0 meV in the amorphous VDOS, which is reminescent of
the main peak of the experimentg@-FeS, VDOS at the weak third band in the same energy range in the VDOS
~36 meV|[Fig. 5a)] is correlated with IR peak2 and peak3. of crystallines-FeS} [Fig. 5a)]. These higher energy vibra-
The weak shoulder near32 meV in the experimental tions are related to the vibrational behavior of the light Si
VDOS is related to IR peakl. The shoulder near 43 meV oratoms, which appears to be similar in the crystalline and
the right-hand side of the main peak can be asssigned to IRmorphous structure. Amorphous Feg&khibits a deviation
peak4. IR peak3with the weakest IR intensijyappears in  from Debye-like behavior at low energies.The latter becomes
the VDOS as a weak bump at53 meV. Thus, all peaks of clear in the plot of the reduced VDOS$(E)/E? vs E] [Fig.
the IR-active internal modes determined by infrared mea$é(b)], where a strong peak at10 meV can be observed,
surements are observed in the experimental VDOS. Morewhich is absent in the crystalline counterpart. Therefore, we
over, the relative peak intensities obtained by the two methidentify this 10 meV peak as boson peakesfFeSp. Notice
ods show qualitatively good agreeméatd-52 that the boson peak is located at an endfgyvhich is much

Aside from the ten IR-active modes, most of the expectedmaller than the lowest phonon peak energy in the VDOS of
12 Raman-active modes can be observed in the V)G  crystalline 3-FeS}, of ~25 meV, or smaller than the lowest
5(a)]. Raman spectra exhibit a peak of highest intensity at alRaman energy of-22 meV. Obviously the boson peak en-
energy of ~30.9 meV*349-51This peak(together with the ergy (~10 me\) is observed to lie at excitation energies
IR-active peakl may be associated with the weak shouldermuch lower than any phonon peaks of crystalljgé-eSp,
near~32 meV in the steeply rising left part of the dominant and is within the energy range of the Debye behavior of
VDOS peak[Fig. 5@)]. The other eleven Raman peaks arecrystalline 3-FeSj.
more or less clearly reflected in the VDOS. Their positions Within the first 25 meV the VDOS of crystalline
are 21.8, 24.5, 28.4, 35.1, 37.6, 40.7, 42.2, 48.2, 50.2, 54.%-FeS} and amorphous FeSshow reasonable agreement
and 61.9 me¥?* as indicated by the bar diagram in Fig. with the VDOS distributions of crystalline and amorphous
5(a). The broadband centered nea5 meV in the VDOS is  Si, respectively. The latter have been measured by means of

B. Amorphous FeSj
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inelastic neutron scattering by Kamitakahataal > and cal-  exponential decreasg,i.e., g(E)/E?= exp(-E/Ey), with a
culated in the harmonic approximation by Finkemeetr parameter i, close to the boson peak ener@y,. In Fig.
al.1>16Crystalline Si(c-Si), like crystallines-FeSh, exhibits  6(c) we have plotted logy(E)/E2] vs E, as measured on our
no boson peak, whereas amorphous(&Si), like amor-  amorphous FeSifilm. As can be seen in Fig.(6), directly
phous FeSi shows a boson peak. The TA peak in the VDOSabove the boson peak, i.e., in the range3 meV<E
of c-Si is located at~20 meV!>1654 The calculations of < ~25 meV, the experimental data follow an exponential.
Finkemeieret al151 revealed that the TA peak of Si, to- From a straight-line fi{Fig. 6(c)] a value of 34.3 meV is
gether with the boson peak, shifts toward lower energies witlobtained for the parametef, which, however, is much
increasing degree of atomic disord&i with an amorphous larger than the boson peak energy-e10 meV, and, there-
volume fraction of 28% has a boson peak at an calculate¢bre, seems to be at variance with the prediction of Ref. 20.
energy of~5 meV). This behavior was experimentally con- Surprisingly, however, the data in Figiohcan be reasonably
firmed by Laermanst al>3 Using Raman spectroscopy they well described by an exponential behavistraight line over
investigated Si disordered by irradiation with neutrons,two decadesin the high-energy range of30 meV<E
which, however, leads to an amorphous volume fraction of< ~60 meV. The straight-line fit in this energy range results
only 4%. The observed boson peak was located at 14.1 meVh a value of 7.4 meV for the parametgg, which is close to
The experimental data of Kamitakahaea al>* provide a the boson-peak energy~10 me\), and apparently agrees
boson peak for-Si between 10 and 15 meV. with the universal exponential behavior calculated and ob-
The boson peak of amorphous FeSs located at served in Ref. 20.
~10 meV [Fig. 6(b)], which is within the energy range
where the boson peak @ Si was observed. However, in VI. SUMMARY
comparison witha-Si the boson peak of amorphous FeiSi
clearly broadened. According to Finkemeiet all>16 the
boson peak 0&-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 Schirmachet all’' They observed a bo-
son peak by introducing structural disorder into a harmoni

model. But the appearance of extra states in the low-ener . . . .
part of the VDOS seems to be caused only by a broadenin -FeS) was computed by using the density funct_lonal theory
and not by a shift of the VDOS in their calculations. The ombined with the direct method. The characteristic features

: . : .in the experimental VDOS are well reproduced in the theo-
observed maximum in the partial VDOS of amorphous FeSi In ! .
at ~30 meV/[Fig. 5b)] is located close to the peak position retical VDOS. Contrary to the VDOS of crystalling@FeSp,

of the low-energy band at-27 meV of crystallines-FeSi which approaches a Debye-like behavior at low phonon en-

[Fig. 5@]. In the amorphous state this peak clearly broadengrgi.es’. the i of amorpho&%FeS'h fe"ef”"s vibrational
(but is not shifted to smaller energjesvhile the dominant excitations in excess of Debye-like behavior. These excess

peak of crystallines-FeSj, near 36 meV has vanished in the excitations are reflected in the boson peak, observed at

~ i - 2
amorphous state. Because of this broadening, no Debye-like 10 meV in the reduced density of statggF)/E". Well

behavior in the low-energy range is observed. Thus, thgbove the boson F;ea.k’ in the energy rangeo mngE
model of Schirmacheet all”'®appears to be appropriate to <60 mev, g(E)/E° is found to be. approximately
explain qualitatively the occurrence of the boson peak in*&XPE/Eo) over two decades, as predicted and observed
amorphous FeSi In the range between about 40 and'ecently by Chumakowt al° Finally, our work demon-
60 meV the VDOS of-FeS} exhibits several smaller peaks Strates that NRIXS of synchrotron radiation is a unique
similar to thes-FeSj case. This indicates that in this energy Method for the measurement of the VDOS of crystalline and
range some of the vibrational properties of the crystalline@morphous thin film systems.
:gg(vibrations of Si atomsare retained in the amorphous ACKNOWLEDGMENTS
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