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Phonons in Ge12xSix bulk crystals
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We compare infrared absorption and Raman spectra of high-quality Ge12xSix bulk crystals (0,x,0.4). We
use this comparison together with lattice-dynamical calculations to report on the behavior of the Ge-Ge phonon
at 300 cm21, to identify Ge-Si and Si-Si modes, and to clarify contradictory assignments of certain Ge-Si and
Si-Si modes. The Ge-Ge optical phonon observed in Raman spectra at 300 cm21 shifts continuously to lower
energies with increasing Si content, also forx,0.03. This is in good agreement with theoretical calculations,
but in contradiction to previously reported experimental data. The Si local-vibrational mode at about 390 cm21

is infrared and Raman active. We resolve the local-vibrational modes of the three Si isotopes. Two solely
Raman-active phonon modes at about 400 and 455 cm21 are unambiguously identified as modes caused by
Si-Si pairs. We are able to resolve the two corresponding infrared active modes of this Si-Si pair at 310 and
370 cm21. In the range of about 460 cm21, we can distinguish further modes caused by three and four Si
nearest-neighbor atoms in infrared and Raman experiments. Absorption lines at 675, 780, and 845 cm21, not
reported hitherto, are identified as combination modes of phonons with the Si local-vibrational mode.
@S0163-1829~99!01816-0#
g
N

G
f-

ar
ib

l

-

a
he

w
nt
e
li
in

on
n-

0
re
d
S

s
.

e-
90
a-
he

al-
0
tion
ho-
is
in
f

Si
the

f a

out

r of

ign
igh-
tra
rted
ra-

tion
ion
-

is
rp-
I. INTRODUCTION

Si and Ge are miscible over the whole composition ran
and they have the same crystal structure and valency.
new electronic states are introduced by alloying Si and
Therefore, Ge12xSix is a prototype material to study the e
fects of disorder on the vibrational spectrum. In Ge12xSix
crystals, Ge-Ge, Ge-Si, and Si-Si vibrational modes
present. The appearance and the properties of these v
tions are strongly influenced by alloy composition.

Several papers have been published investigating the
tice dynamics of bulk Ge12xSix crystals by infrared~IR!
absorption,1–4 Raman,5–9 and theory.10,11 Despite these pre
vious investigations, phonon spectra of Ge12xSix crystals
still show several discrepancies. We used IR absorption
Raman measurements on the same samples to clarify t
discrepancies. We used the anharmonic Keating model12 to
compare IR absorption and Raman measurements
theory. Thus, we were able to identify the origin of differe
IR and Raman-active Ge-Si and Si-Si vibrations. Furth
more, we can resolve several new peaks in our high-qua
samples, which we explain using the anharmonic Keat
model.

It is well known that the Raman active Ge optical phon
at 300 cm21 shifts to lower energies with increasing Si co
tent for x.0.05 due to disorder in the alloy.6,7 However,
Fuchset al. have reported a shift to higher energies for
<x<0.03.9 This result cannot be confirmed by our measu
ments. We observe a continuous, approximately linear
crease of the Ge optical-phonon energy, even for low
contentx,0.03.

Ge-Si vibrations in the alloy have been previously inve
tigated by IR absorption2–4 and Raman5–8 measurements
PRB 590163-1829/99/59~16!/10614~8!/$15.00
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Gaisleret al. observed in their Raman investigations on G
rich samples two different Ge-Si vibrational modes at 3
and 400 cm21.8 We compare IR absorption and Raman me
surements in the spectral range of Ge-Si vibrations. T
Ge-Si vibration at 390 cm21 is IR and Raman active. In
accordance to the literature we attribute it to the Si loc
vibrational mode~LVM !. The second Ge-Si phonon at 40
cm21 is only Raman active. Based on the observed selec
rules and theoretical calculations, we attribute the Ge-Si p
non at 400 cm21 to nearest-neighbor pairs of Si atoms. Th
attribution is in agreement with the theoretical study of Gre
and Cardona,11 but in contradiction to the interpretation o
Gaisleret al.8 They interpreted the 400 cm21 mode with the
increasing influence of Si atoms in the vicinity of a single
atom on the Ge-Si bond length, and thus on the energy of
LVM. Furthermore, we detect the two IR-active modes o
Si nearest-neighbor pair in our absorption spectra.

Si-Si vibrations have been reported previously at ab
460 cm21 in Raman measurements.5–8 These investigations
were performed forx.0.05 andT5300 K. Only broad lines
were observed. We clearly resolve an increasing numbe
Si-Si modes in Raman spectra recorded atT580 K for x
>0.03 with increasing Si content. We are able to ass
these Si-Si modes to Si nearest-neighbor pairs, three ne
boring Si atoms, etc., by comparing experimental spec
with the theoretical results. Cosand and Spitzer have repo
weak absorption lines in the spectral range of Si-Si vib
tions at 460 cm21 in IR absorption spectra forx50.12.2 But
they could not assign these lines due to the weak absorp
strength. We clearly resolve the Si-Si lines in IR absorpt
for samples with Si contentx.0.10 and were able to com
pare them with the Raman-active Si-Si vibrations.

The dominating phonon-absorption mechanism in Ge
two-phonon absorption. The prominent two-phonon abso
10 614 ©1999 The American Physical Society
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PRB 59 10 615PHONONS IN Ge12xSix BULK CRYSTALS
tion features in Ge are still present in Ge12xSix for low Si
content. An absorption line at 505 cm21 has been reported
for x,0.01 and has tentatively been assigned to a tw
phonon process with simultaneous absorption of a qu
LVM and a Si-LVM.4 With our measurements we are able
manifest this assignment. Furthermore, we observe a
tional SiGe-specific combination modes at 675, 780, and
cm21, not reported hitherto.

This paper is organized as follows. In Sec. II we descr
the experimental details. In Sec. III we briefly summarize
theory of the anharmonic Keating model. The experimen
results are described in Sec. IV. We present the results in
order of the wave number of the observed lattice vibratio
beginning with the lowest wave number. The discussion
Sec. V is organized in the same way. Finally, we summa
the results.

II. EXPERIMENT

The Ge-rich Ge12xSix single crystals withx<0.1 were
grown by the vertical Bridgman method in a monoellipso
mirror furnace.13 The single crystals with higher Si conte
x.0.1 were grown with the zone-leveling method in
double-ellipsoid mirror furnace.14 The crystals have a diam
eter of 9 mm. The orientation of the samples is~111!. We cut
samples with a thickness between 0.7 and 1.2 mm from
crystals. The free-carrier concentration of the samples is
than 131015cm23 at T5300 K. Thus, the contribution o
electronic transitions to the IR absorption spectra is ne
gible and only lattice absorption can be studied.

The accurate knowledge of the alloy composition is i
portant for the interpretation of the spectra. We determin
the lattice constant for the Ge12xSix samples withx<0.1 by
the x-ray diffraction method after Bond.15 The alloy compo-
sition was obtained from the variation of the lattice const
with Si content determined by Dismukes, Ekstrom, a
Paff.16 Additionally, we determined the alloy compositio
from photoluminescence~PL! measurements as described
Alonso and Weber.17 The Si content of the samples withx
.0.1 was determined by PL and energy dispersive x-
analysis EDAX. Measurements of the alloy composition
different spots on the sample surface revealed a high ho
geneity in alloy composition. The variation of the Si conte
x wasDx,0.0015.

The IR absorption measurements were performed wit
BOMEM DA8.02 Fourier-transform-infrared spectromete
A liquid-helium cooled Si-Bolometer and a broadband far
beam splitter were used for the measurements. The Ra
spectra were recorded using a Dilor triple-Raman spectr
eter with microscope entrance in backscattering configu
tion. The scattering was excited by the 514.5-nm line of
Ar1 ion laser.

III. THE ANHARMONIC KEATING MODEL

In this section we briefly summarize the basic features
the used lattice-dynamical model. An anharmonic varian12

of the Keating model18 was applied for calculating phono
spectra. The theory of the anharmonic Keating model is
scribed in detail in Ref. 12. It has been demonstrated in R
12 that the effects of strain and alloying of optical phono
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in SiGe are adequately described by this simple two-for
constant model.

The Keating model18 describes the strain energy of a di
mond structure

W5(
i , j

a

a0
2 @D~r i j

2 !#21 (
i , j ,kÞ j

b

a0
2 @D~r i j •r ik!#2 ~1!

by a bond-stretching force constanta and a bond-bending
force constantb. The vectorsr i j connect nearest-neighbo
lattice sitesi and j, andD denotes the change relative to th
perfect diamond lattice due to a distortion, i.e.,D(r i j •r ik)
5r i j •r ik2r i j

0
•r ik

0 is the change of the scalar product betwe
the two vectors connecting atomi with its nearest-neighbors
j andk. In Eq. ~1!, the sums run over all bonds anda0 is the
equilibrium lattice constant. For an alloy, the force consta
a and b depend on the atomic species forming the cor
sponding bonds.

The standard Keating model is inadequate for GeSi all
because of large local distortions due to the different ato
sizes of Si and Ge. As a consequence, the strain energy i
a quadratic form in the deformations. Anharmonic term
must be included for a reasonable description of the lat
dynamic. In the present model, anharmonic effects are
cluded by scaling the force constantsa andb regarding the
bond length. Fromab initio density-functional calculations
the scaling laws

a i j 5a i j
0 S r i j

0

r i j
D 4

and b i jk5b i jk
0 S r i j

0

r i j
D 7/2S r ik

0

r ik
D 7/2S u0

u D n

~2!

have been derived.12 The scaling exponents for the bon
length dependence of the force constantsa andb have been
found to be universal for all alloys of the group IV
elements.12 The exponentn describes the dependence of t
bond-bending force constantb on the angleu between two
bonds as obtained from a fit to phonon-deformation pot
tials. In the present paper, we apply the parameters give
Ref. 12.

To simulate the random alloy, we use a 512 atom sup
cell with randomly distributed atoms according to the s
ichiometry. Assuming the same polarizability for all atom
the off-resonance Raman intensity is given, up to a multip
cative constant, by

sab}(
m

2Gv

~vm
2 2v2!21G2v2 U(

i
siuig

m U2

, ~3!

wherem runs over all phonon modes,m ig
m is the displacemen

vector of the atom at lattice sitei, andsi is 11 and21 for
the two fcc sublattices of the diamond structure. The Ca
sian indicesa, b, andg specify the polarization. A Lorentz
ian lineshape with a broadeningG53 cm21 is assumed.

The absorption coefficient for infrared light is given b
the imaginary part«2 of the dielectric function. Due to a
small polar contribution to the Si-Ge bonds single-phon
absorption becomes possible in GeSi alloys. Describing
charge transfer between Si and Ge by the dynamical ch
z* and applying Lorentzian broadening,«2 can be expressed
as follows:
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«2
ab}(

m

2Gv

~vm
2 2v2!21G2v2 (

i , j
zi* zj* uia

m uj b
m . ~4!

While this model accounts for the single-phonon absorpt
due to Si-Ge vibrations it does not describe the two-pho
background of the pure Ge lattice.

IV. RESULTS

Figure 1~a! shows a Raman spectrum of a sample with
contentx50.098. This spectrum gives an overview of vibr
tional modes in Ge12xSix : The Ge-Ge vibration at 300 cm21

and GeSi specific vibrations at about 400 cm21 and 460
cm21. In Fig. 1~b! an IR absorption spectrum of a samp
with x50.15 is depicted. The Ge12xSix specific absorption
lines are indicated. Lines, which are absent in pure Ge,
pear at about 115, 310, 390, 460, and 505 cm21. The devel-
opment of room-temperature IR absorption spectra in
range 100–600 cm21 as a function of Si content is depicte
in Fig. 2. The IR absorption of Ge in this spectral range
determined by two-phonon absorption due to the lack o
linear electric moment in the crystal with diamond symm
try. The two-phonon absorption features of Ge are s
present in Ge12xSix samples with low-Si content, but th
sharp peaks associated with the maxima of the comb
density of phonons smear out in the alloy.

Two-phonon absorption decreases with decreasing t
perature, whereas single-phonon absorption as a first-o
process is temperature independent. In Fig. 3 the tempera
dependence of the lattice absorption is shown for a sam
with Si contentx50.15 in the temperature range betwe
T5300 and 8 K. The overall lattice absorption decrea
with decreasing temperature. Due to the incorporation o
in the Ge lattice, the symmetry of Ge12xSix crystals is low-
ered. As a consequence, temperature-independent si
phonon absorption is observable at 115, 390, and 460 cm21.
As shown in Fig. 3, these Ge12xSix specific absorption lines
vary less strongly with temperature than the rest of the sp
trum. The decrease of the absorption strength of these l
betweenT5300 and 120 K is mainly due to the reduction

FIG. 1. ~a! Overview Raman spectrum of a sample with Si co
tent x50.098. Ge-Ge, Ge-Si, and Si-Si vibrations can be dis
guished.~b! IR absorption spectrum of a sample withx50.15.
Ge12xSix specific absorption lines are indicated.
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the overall two-phonon absorption background in the sho
spectral range.

The absorption line at 115 cm21 is already present for
low-Si content ofx50.005. The strength of this absorptio
increases and the line broadens strongly with increasing
content ~Fig. 2!. This absorption line and its temperatu
dependence was first detected and investigated by Shen
Cardona3 for two samples with Si contentx50.11 and 0.16.
They attributed this absorption to a quasi-LVM associa
with the TA band.

The incorporation of Si in Ge gives rise to Ge-Si a
Si-Si vibrations, but also the properties of Ge-Ge vibratio
are affected by the Si atoms. The most intense line in Ram
spectra of Ge-rich samples at 300 cm21 is caused by the Ge
optical phonon at the center of the Brillouin zone. The infl

-
-

FIG. 2. Absorption spectrum of Ge and spectra of Ge12xSix
samples with different alloy composition recorded atT5300 K.
The Si contentx of the samples is given at the spectra. The spec
are shifted upwards for better overall view. Arrows indicate t
position of the lines discussed in the text.

FIG. 3. Absorption spectra for a Ge12xSix sample with x
50.15 at different temperatures. Temperature-independent sin
phonon absorption~arrows! and temperature-dependent tw
phonon absorption is observable in Ge12xSix .
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PRB 59 10 617PHONONS IN Ge12xSix BULK CRYSTALS
ence of alloy composition on the energy of this Ge phono
shown in Fig. 4. The energy decreases continuously w
increasing Si content, and also for small Si contents ox
,0.03.

A significant difference between the lattice absorption
Ge and Ge12xSix is the appearance of a line at about 3
cm21, which is the LVM of an isolated Si atom in the G
lattice.2 This absorption line shifts slightly to higher energi
and broadens strongly with increasing Si content~Fig. 2!.
The Si-LVM absorption is a first-order process and, th
temperature independent. This is observed in
temperature-dependent absorption spectra of Fig. 3. The
LVM turns into a Ge-Si-like phonon, which is observab
over a wide composition range. Cosand and Spitzer repo
an absorption line near 400 cm21 for Si-rich crystals.2 The
Si-LVM is also Raman active.5,7 A Raman spectrum of the
Si-LVM recorded at 80 K for a sample with Si contentx
50.013 is presented in Fig. 5. Next to the intensive line
387.3 cm21, the spectrum exhibits two satellite peaks
lower energy. These three lines are the LVM’s of the natu
Si isotopes 28Si, 29Si, and 30Si with the abundances o
92.2%, 4.7%, and 3.1%, respectively. The intensity ratios
the three lines in Fig. 5 correspond to the abundances o
isotopes and the energy shift agrees with the different ma
of the isotopes, i.e.,v29/v285Am28/m29 and v30/v28

5Am28/m30. This observation of the isotope effect is r
ported for the first time and demonstrates the excellent q
ity of the crystals, since the effect is not observable in cr
tals of poor quality due to line broadening.

In Figs. 6~a! and 6~b! is a comparison between the IR an
Raman-active modes in the spectral range between 360
420 cm21. The Si-LVM at 390 cm21 is present in absorption
and Raman spectra. In the absorption spectra an additi
weak line is observable at 370 cm21. In the Raman spectra,
second line appears at 400 cm21, which increases strongly in
intensity with increasing Si content. This vibration is on
Raman but not IR active.

Figure 7 shows Raman spectra atT580 K and IR absorp-
tion spectra atT510 K in the spectral range of Si-Si vibra

FIG. 4. The Ge phonon shifts continuously to lower energ
with increasing Si content. Peak positions of measured Raman s
tra ~symbols! are shown together with results of calculations w
anharmonic Keating model~dashed line! and calculations with zero
anharmonicity~dotted line!. Inset: Raman spectra of the Ge-G
phonon for different alloy composition recorded atT580 K.
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tions. A line at 455 cm21 appears in the Raman spectrum
a sample with Si content ofx50.034 recorded atT580 K.
The intensity of this line increases with increasing Si cont
and more lines appear in the spectra. These lines are
observable in IR absorption as demonstrated in the lo
temperature absorption spectra of Fig. 7, but are only det
able for Si contentx.0.1 due to the weak absorptio
strength and the two-phonon background.

Another Ge12xSix specific absorption exists at 505 cm21

~Fig. 8!. This absorption mode has previously been repor
by Humlicek et al.4 They tentatively attributed the absorp
tion at 505 cm21 to a combination mode of the quasi-LVM
and the Si-LVM. In Fig. 8, these lines are shown for
sample with low Si content ofx50.005. For this Si content
the quasi-LVM and the Si-LVM are also present in the sp

s
ec-

FIG. 5. Raman spectrum of a Ge12xSix sample withx50.013
recorded at 80 K. The Si local vibrational mode~LVM ! is shown.
Next to the LVM of the 28Si isotope with natural abundance o
92.2%, the LVM’s of the isotopes29Si(4.7%) and30Si(3.1%) are
observable.

FIG. 6. ~a! Absorption spectra atT58 K and~b! Raman spectra
at T580 K of Ge12xSix samples with different Si contentx. The
Si-LVM is infrared and Raman active. A second, only Rama
active vibration appears with increasing Si content. The IR-ac
mode at 370 cm21 and the Raman-active mode at 400 cm21 are
caused by Si nearest-neighbor pairs.
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10 618 PRB 59M. FRANZ et al.
trum. The energetic position of the absorption line at 5
cm21 corresponds to the sum of the energy of the qua
LVM and the Si-LVM for x,0.06 ~inset Fig. 8!.

In the wave-number regime higher than 600 cm21, four
SiGe specific lines are observable, which are, to the bes
our knowledge, reported for the first time~Fig. 9!. These
lines appear with increasing Si content at 675, 780, 825,
845 cm21.

V. DISCUSSION

A. Ge optical phonon at 300 cm21

Raman spectra of Ge-rich samples are dominated by
mode at 300 cm21, due to the zone-center optical phonon
Ge. Two effects influence the energy of the Ge phonon in
alloy:19 ~a! One effect is the reduction of the lattice consta
due to the incorporation of Si atoms in the Ge lattice. T

FIG. 7. Raman spectra atT580 K and IR absorption spectra a
T510 K for Ge12xSix samples with different alloy composition i
the wave-number range of Si-Si vibrations. The two-phonon ba
ground is subtracted for the absorption spectra. The different m
are caused by an increasing number of neighboring Si atoms.

FIG. 8. Absorption spectrum atT5300 K for a Ge12xSix
sample with low-Si content ofx50.005. The inset shows the wave
number sum of the quasi-LVM and the Si-LVM~j! and the posi-
tion of the line at about 505 cm21 ~h! as a function of the Si
contentx.
5
i-

of

d

he

e
t
e

average bond length decreases, which results in an incr
of the bond stiffness. Thus, the reduction of the lattice c
stant leads to an increase of the Ge phonon energy
increasing Si content.~b! The second effect is disorder in th
alloy due to random distribution of Si and Ge atoms on
lattice sites. The Ge-Ge vibrations are confined to the s
space of the Ge-Ge bonds. This effect lowers the Ge-pho
energy.19

As shown in Fig. 4, the phonon energy of the Ge-G
mode at 300 cm21 decreases continuously with increasing
content. This demonstrates that the disorder effect overr
the increase of the bond stiffness due to the reduction of
lattice constant, even for low Si content ofx,0.03. This
continuous decrease was previously observed for Si con
x.0.05 by different groups.6,7 However, Fuchset al. ob-
served an increase of the Ge phonon energy for b
Ge12xSix crystals fromx50 to 0.03.9 Only for x.0.03 they
observed a decrease of the energy. The spectra of F
et al.9 were recorded atT580 K as our spectra in Fig. 4
Fuchset al.observed an asymmetry of the Raman line on
high-energy side for their samples withx,0.03.9 This asym-
metry on the high-energy side is not observed in our spec
Due to disorder in the alloy, the momentum conservation
the Raman process is relaxed. Phonons with nonvanis
momentum contribute to the Raman signal, which cause
asymmetry on the low-energy side of the Raman line as
served for our samples. Our experimental results indic
that reduction of the phonon energy due to disorder is
dominating effect on Ge-Ge vibrations in our samples, a
also for low-Si content.

The experimentally determined shift of the Ge phonon
compared with results of calculations in Fig. 4. One set
calculations was done with the anharmonic Keating mod

-
es

FIG. 9. Absorption spectra in the wave-number range of co
bination modes. GeSi-specific lines appear at 675, 780, 825,
845 cm21. With the exception of the line at 825 cm21, the energy of
these absorptions correspond to combination modes as indicat
the figure.
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Details of the calculations were described in Ref. 12. Sup
cells of 512 atoms were used. Raman spectra were obta
by averaging over ten supercells with randomly distribu
atoms. To clarify the role of the anharmonicity we have a
performed calculations with a harmonic model and identi
force constants. The anharmonicity was turned off by set
the exponents in Eq.~2! to zero. Both calculations result in
continuous decrease of the Ge phonon energy. This resu
qualitatively different to earlier calculations by Fuchset al.,9

though both calculations used a Keating model and su
cells. We are not able to resolve this discrepancy. We h
tested the sensitivity of our calculations to the numeri
values of the two force constantsa andb. A monotonously
decreasing frequency of the Ge-Ge mode with increasin
content was found for all ratiosa/b between 2 and 12.

B. Ge-Si vibrations at 390 and 400 cm21

Different Ge-Si vibrations exist in the alloy. The IR an
Raman-active Si-LVM at 390 cm21 and a second, only
Raman-active Ge-Si phonon at 400 cm21 ~Fig. 6!. Gaisler
et al. observed the two Raman-active modes at 390 and
cm21 in Raman spectra recorded at 80 K.8 They interpreted
this effect with the increasing influence of Si atoms in t
vicinity of a single Si atom on the Ge-Si bond length, a
thus on the energy of the Si-LVM. But following this inte
pretation the high-energy lines should be observable in
sorption measurements.

The different IR and Raman-active Ge-Si vibrations c
theoretically be described with the anharmonic Keat
model. Figure 10 shows calculated IR absorption and Ram
spectra for different alloy compositions. These calcula
spectra agree well with the experimental results. The ca
lated spectra reveal the Si-LVM at 390 cm21 for absorption
and Raman. Next to isolated Si atoms, vibrations of Si p
on second-nearest-neighbor~2 nn! sites, 3 nn sites, etc., con
tribute to the 390 cm21 line. The vibration of a 2 nn Sipair
is slightly shifted to higher energy compared with the S
LVM. The mode energy is almost unchanged if there is m
than one Ge atom between two Si atoms. Next to the
LVM, additional lines are present in the calculated IR a
sorption spectra at about 310 and 370 cm21 and in the Ra-
man spectra at 400 and 460 cm21. These lines are caused b

FIG. 10. ~a! Absorption and~b! Raman spectra calculated wit
the anharmonic Keating model for different alloy composition
The IR or Raman-active vibrational modes of a Si-nearest-neigh
pair are indicated by arrows at the corresponding lines.
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Si nn-pair vibrations. This assignment is in agreement wit
previous publication of Grein and Cardona, who used
Green’s function approach to calculate the vibrations

different Si clusters.11

A Si nn pair in the Ge lattice hasD3d symmetry. Thus,
two IR-active and two Raman-active vibrations exist for th
defect.20 These vibrational modes are indicated by the arro
in the calculated spectra of Fig. 10. We are able to detect
IR active modes of the Si nn pair in our absorption spec
In Figs. 1~b! and 2 an absorption line is observable at 3
cm21 and weak absorption is present at 370 cm21 in the
absorption spectra of Fig. 6~a!. In the calculated and experi
mental Raman spectra, the line at 400 cm21 increases
strongly in intensity with increasing Si content and lines
about 460 cm21 appear.

A Ge-Si vibration is also observable in PL spectra. T
phonon coupling to excitonic emission in low-temperatu
PL spectra reveals the phonons of Ge-Ge, Ge-Si, and S
vibrations. Weber and Alonso determined the energy of
Ge-Si phonon observed in PL for 0.05,x,0.75.17 They
compared their results with the Raman energies of the G
vibrations reported by other groups and found different
ergies for the PL and Raman Ge-Si vibrations. We direc
compared the Ge-Si phonon observed in PL, IR absorpt
and Raman for our Ge-rich samples. Although the PL lin
width is about a factor of 3.5 larger than the IR and Ram
lines, the maximum of the PL line agrees with the IR a
Raman-active Ge-Si vibration at about 390 cm21.

C. Si-Si vibration at 460 cm21

Raman and IR absorption spectra reveal several line
the wave number range of 460 cm21 ~Fig. 7!. Different
groups previously observed Raman-active modes in
spectral range atT5300 K.5–8 These modes were first re
ported by Feldman, Ashkin, and Parker, who observe
band at 462 cm21 for x>0.05, which consists of two unre
solved lines.5 They tentatively attributed these lines to di
ferent Raman-active modes of Si nearest-neighbor-pair
brations. Further investigations were performed on samp
with Si contentx.0.1. The observed broad bands were
tributed to vibrations of Si-Si bonds.6–8 We clearly resolve
an increasing number of modes in the spectral range of
cm21 for x>0.03 in our Raman spectra atT580 K ~Fig. 7!.
The most intensive lines are at 439, 455, and 464 cm21 for
x50.098. They shift slightly to higher energies with increa
ing Si content. The calculated Raman spectra obtained w
the anharmonic Keating model in Fig. 10~b! reveal these
Raman modes. The calculated spectra show a single line
x50.05. With increasing Si content, the intensity of the
lines increases and more modes appear at the high- and
energy side of the initial line. From the evaluation of th
calculated eigenfrequencies and eigenvectors we identify
line at 455 cm21 as the Si nearest-neighbor pair vibratio
The lines at 439 and 464 cm21 are two different modes origi-
nating from three neighboring Si atoms. For higher Si co
tent ofx>0.23, a detailed experimental and theoretical stu
of Raman spectra in the wave-number range of Si-Si vib
tions has been done by Alonso and Winer.7 Further theoret-
ical investigations have been done by Grein and Cardon11

.
or
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Cosand and Spitzer observed weak absorption band
about 450 cm21 for x50.12,2 but they could not attribute
these lines due to the weak absorption strength. In our l
temperature IR spectra of Fig. 7, the same Si-Si vibrati
are observable as in Raman spectra. The two-phonon b
ground is subtracted in the absorption spectra. The S
modes are only observable forx.0.1 in IR absorption due to
the two-phonon background and the weak absorp
strength. The vibrational mode of a Si nearest-neighbor
as indicated in Fig. 10~b! for the peak at 460 cm21 is the
origin of the observed Raman-active line at 455 cm21 for
low-Si content. This vibration is not IR active due to theD3d
symmetry of an isolated Si pair in Ge. With increasing Si n
only do modes of isolated Si nearest-neighbor pairs cont
ute to the line at 455 cm21, but also Si-Si vibrations involv-
ing more than two Si atoms occur at this wave numb
These Si-Si vibrations can be IR active.

The IR-active Si-Si vibrations shift to higher energi
with increasing Si content and the maximum is at 467 cm21

for x50.364. This line probably develops into the absorpt
at 485 cm21, observed by Cosand and Spitzer2 on the Si-rich
side of the alloy composition. They attributed this line
impurity-induced single-phonon absorption. No structure
present in the wave-number range of 460 cm21 in the calcu-
lated IR-absorption spectra@Fig. 10~a!#. This is due to the
chosen absorption selection rules~Sec. III!. Only Ge-Si dis-
placements contribute to the calculated IR-absorption sp
tra.

D. Combination modes for wave numbers higher
than 500 cm21

Humliceket al., who investigated samples with Si conte
up to x50.01, tentatively attributed the absorption line
505 cm21 to the combination mode of the quasi-LVM at 11
cm21 and the Si-LVM at 390 cm21.4 They recorded their
absorption spectra only for wave numbers higher than
cm21. Thus, Humliceket al. did not observe the quasi-LVM
in their spectra, which is desirable to confirm their attributi
for the 505 cm21 absorption. This is demonstrated in Fig.
The 505 cm21 is detectable for low-Si content ofx50.005.
For this low-Si content the quasi-LVM is already present
the spectra. The sum of the energies of the quasi-LVM
the Si-LVM corresponds to the energy of the line at 5
cm21 up tox50.06~inset Fig. 8!. Forx.0.06 the absorption
maximum in the range of 500 cm21 does not correspond t
the sum of the quasi-LVM and the Si-LVM anymore. Th
overall absorption in the wave-number range of 500 cm21

increases with rising Si content~Fig. 2!. This new develop-
ing absorption decreases with decreasing temperature~Fig.
3!, indicating a two-phonon process. It can mask the line
505 cm21 observed for low-Si content.

The absorption line at 675 cm21 ~Fig. 9! appears already
at low-Si content, as the Si-LVM. The energy difference b
tween this line and the Si-LVM is 285 cm21. This corre-
sponds to the energy of a singularity in the density of sta
for the TO phonon. Thus, we attribute the absorption line
675 cm21 to the combination of the Si-LVM and TO pho
non. Such kind of two-phonon process was previously
served by Waldner, Hiller, and Spitzer in lithium-boro
doped Si.21 They found lines at the energy sum of lithium
at
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boron LVM’s and Si critical-point phonon frequencies. Th
780 cm21 absorption line corresponds to twice the energy
the Si-LVM of 390 cm21. A very weak SiGe specific absorp
tion line appears at 825 cm21. With increasing Si content
this line is masked by an absorption line developing at 8
cm21. The latter can originate from the combination of th
Si-Si vibrations at 455 cm21 and Si-LVM at 390 cm21. The
origin of the 825 cm21 is unknown.

V. SUMMARY

The incorporation of Si in Ge influences the Ge-Ge vib
tions and gives rise to Ge-Si and Si-Si vibrations. Compar
IR absorption, Raman, and theoretical results, we have in
tigated in detail these lattice vibrations in Ge-rich sing
crystals of high quality. The high crystal quality is seen fro
the observation of the isotope effect of the Si-LVM.

The Ge optical phonon measured by Raman spectrosc
shifts to lower energies with increasing Si content. Th
shows the dominance of disorder effects in the alloy, ev
for low-Si content ofx,0.03, which is in good agreemen
with theoretical calculations, but in contradiction to a pre
ous publication.9

We have compared IR absorption and Raman meas
ments in the spectral range of Ge-Si phonons. The Ge
vibration at 390 cm21, developing from the LVM of an iso-
lated Si atom is IR and Raman active. A second Ge-Si p
non at 400 cm21 is only Raman active. We have identifie
this Raman-active mode using lattice-dynamical calcu
tions. It is caused by at least two Si atoms at neare
neighbor lattice sites.

Nearest-neighbor Si atoms also cause vibrations at a
460 cm21. For Ge-rich samples with low-Si content, we r
solve an increasing number of Si-Si modes with increas
Si content in low-temperature Raman measurements in
spectral range of 460 cm21. We used an anharmonic Keatin
model to identify these different modes. The most inten
Si-Si line at about 455 cm21 originates from Si nearest
neighbor-pair vibrations. The other can be attributed to
brations of increasing number of neighboring Si atoms. T
Si nearest-neighbor pair causes, in addition to two Ram
active modes, two IR active modes. We are able to obse
these two modes in absorption measurements at 308 c21

and as a very weak line at 370 cm21.
We confirm the attribution of Humliceket al.4 for the

505-cm21 absorption as a combination mode by the simul
neous observation of the three lines: the quasi-LVM at 1
cm21, the Si-LVM at 390 cm21, and the combination mode
at 505 cm21. We observe further combination modes at 67
780, and 845 cm21, which are attributed to the combinatio
of the Si-LVM with a TO phonon, two Si-LVM and the
Si-LVM plus Si-Si vibrations, respectively.
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