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X-ray and neutron scattering study of Si-rich Si-Ge single crystals

D. Le Bolloc’h,1,* J. L. Robertson,2 H. Reichert,3 S. C. Moss,1 and M. L. Crow2

1Physics Department, University of Houston, Texas 77204-5504
2Solid State Division, Oak Ridge National Laboratory, Oak Ridge, Tennessee 37831

3Max-Planck-Institut fu¨r Metallforschung, D-70569 Stuttgart, Germany
~Received 4 January 2000; published 2 January 2001!

The local atomic environments of homogeneous Si-rich Si-Ge single crystals were studied using x-ray and
neutron diffuse scattering. No evidence of either chemical short-range order or clustering was observed. Static
atomic displacements, however, were clearly present and are consistent with an expansion of the lattice in the
vicinity of the Ge atoms. The dispersion of the acoustic phonons was also measured using inelastic neutron
scattering. The acoustic modes of the Si-Ge alloy were found to lie nearer those of pure Si than expected from
the homologous relationship found between pure Si and pure Ge.
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I. INTRODUCTION

In the past, the performance of devices based on sili
technology has been advanced primarily through compon
miniaturization. However, the limit where further reductio
in size is no longer feasible for many applications is f
approaching. For this reason, future gains in performa
depend upon either moving to other technologies such
Ga-As or developing silicon technology in new direction
One approach, which has already produced a consider
gain in performance, extends existing silicon technology
alloying silicon with germanium.1 This has lead to the deve
opment of Si-rich Si-Ge alloys that are of great interest
cause the carrier mobility of the electrons and holes is m
greater than that found in pure silicon.2 Increased carrier mo
bility, along with other properties of Si-Ge alloys, is drivin
the development of new electronic devices with significan
improved operating frequency, power consumption, curr
density, and noise characteristics.3,4

Current applications of Si-Ge alloys generally rely up
thin-film technology, and a substantial literature exists on
structure5–7 and physical properties2,3,8,9of such films. Vari-
ous techniques are used to produce these films, mo
UHV/chemical vapor deposition10 and molecular beam
epitaxy,11 and several strategies have been developed to
hance the desired properties~e.g., strain,2,12,13 graded
composition,14 or self-assembled quantum dots15!. For a
more fundamental understanding of the Si-Ge alloy syst
however, studies on equilibrium-phase bulk specimens
needed because the properties of thin films are often
served to differ from those of bulk materials. In this pap
we present preliminary results describing the local atom
environments and phonon dispersion of homogene
Si0.92Ge0.08 and Si0.9Ge0.1 single crystals. To our knowledge
this is the first study of bulk Si-Ge single crystals with
excess of silicon.

II. SAMPLE PREPARATION AND CHARACTERIZATION

Although Si-Ge alloys have been available for more th
ten years in the form of thin films, it has remained ve
difficult to grow homogeneous Si-Ge single crystals ev
0163-1829/2001/63~3!/035204~7!/$15.00 63 0352
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though there is complete miscibility. Because of the lar
liquid/solid coexistence region and the large difference in
melting temperatures of the two components~1141 K for Si
and 665 K for Ge!, there is substantial constitutional supe
cooling relative to the congruent melting temperature of
alloy. Another difficulty encountered when using conve
tional crystal growth techniques to produce Si-rich Si-G
single crystals is how to achieve a uniform distribution of t
Ge atoms within the Si matrix. Recently, new crystal grow
methods have been developed that can produce l
Si12xGex single crystals with an exceptionally high degr
of compositional uniformity.16,17 The samples used in thi
study are homogeneous Si0.92Ge0.08 and Si0.9Ge0.1 single
crystals that are free of dislocations and were prepared u
the modified Czochralski technique described in Ref. 16. T
Si0.92Ge0.08 crystal consisted of a little less than half of
30-mm-diameter circular plate with a thickness of 2 mm
a total volume of ;930 mm3 and weighed 2.3 g. The
Si0.9Ge0.1 crystal was a 0.1 g rectangular prism, rough
17.5 mm35.2 mm30.5 mm, with a volume of;46 mm3.
The local composition of the crystal has been sampled
several positions using electron dispersive x-ray spect
copy and no inhomogeneities were detected to within
accuracy of the technique up to a zone of 20mm.

Characterization of the crystal using x-ray and neutr
diffraction shows no evidence of any macroscopic variat
in Ge content. No splitting of the Bragg diffraction profile
which would result from the presence of a second phase
peak broadening with increasing momentum transferuQu
54p sin(Q)/l, which would indicate long-range variation o
the lattice parameter18 in the same manner as strain broade
ing, was observed. The x-ray diffraction measurements pr
the near-surface portion of the crystal, because of the sha
penetration depth, with high resolution, while the neutr
diffraction measurements sample the entire volume of
bulk crystal. The mosaic spread of the crystal was de
mined to be 0.03°. Figure 1 shows transverse~rocking curve!
and radial ~Q/2Q! scans of the~200! Bragg peak using
0.709 26 Å(MoKa1) x rays. The peak profiles of the Si-G
alloy are compared with those of a perfect crystal of pure
measured under identical conditions. The finite peak wid
observed for the pure Si, crystal result from the resolution
©2001 The American Physical Society04-1
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the instrument. Both the transverse and radial peak width
the Si-Ge alloy are about five times greater than the ins
mental resolution. Crystals of this quality are quite acce
able for the experimental studies reported here.

III. LOCAL ATOMIC ENVIRONMENTS

Si and Ge both have the diamond cubic crystal struct
and when alloyed form a continuous series of substitutio
solid solutions over the entire composition range.19 Thus the
diamond cubic structure is preserved for all concentratio
Moreover, the Si and Ge lattice parameters differ by o
;4.2%, 5.430 54 Å for Si and 5.657 54 Å for Ge, and t
lattice parameter of the alloy varies continuously with co
position with a slight negative deviation from Vegard
law.20 Previous studies of chemical short-range order in so
solutions have shown that at temperatures sufficiently be
the melting point few, if any, are completely disordered.
other words, certain local atomic arrangements occur m
often than one would expect from a completely random d
tribution of atomic species on the lattice. Several theoret
studies predict a miscibility gap in the Si-Ge system who
maximum occurs betweenT5150 K and 350 K.21–24 These
studies are supported by a previous study of a polycrysta
Si0.5Ge0.5 solid solution which showed a tendency towa
phase segregation.25 On the other hand, several long-ran
ordered structures have been reported in thin Si-Ge fi
although these were under either compressive or ten

FIG. 1. Transverse~a! and radial~b! scans of the Si0.92Ge0.08

alloy. Each is compared to a corresponding scan on a wafer of
Si, which is essentially the instrumental resolution.
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strain.26–28 And, finally, there is an x-ray absorption fine
structure~EXAFS! study of Si12xGex thin films that indi-
cates that the alloy is indeed completely random.29 Thus it
was not at all clear at the outset whether the chemical sh
range order in our bulk single crystals would favor orderin
clustering, or total randomness.

In general, the total coherent scattered intensity from
solid solution can be separated into two parts,

I total~Q!5I Bragg~Q!1I diffuse~Q!, ~1!

whereQ is the scattering vector,I Bragg(Q) is the scattering
intensity containing information about the average latti
and I diffuse(Q) is the scattering that arises from local devi
tions from the average structure. The average lattice
strongly correlated over thousands of angstroms and
appears in the observed diffraction pattern as a series of
row d-like functions~convoluted with the instrumental reso
lution! located at the reciprocal lattice sites. By contrast,
diffuse scattering is weakly correlated over small distanc
typically only a few unit cells, and so has very broad featu
that fill all of reciprocal space.

The diffuse intensity can be further divided into separ
contributions from the various types of local deviation fro
the average structure:30,31

I diffuse~Q!5I SRO~Q!1I SD~Q!1I TD~Q…, ~2!

where I SRO(Q) is the scattering arising from the local con
centration fluctuations@short-range order~SRO!#, I SD(Q) is
the scattering from the static displacement~SD! field that
dresses the concentration fluctuations, andI TD(Q) is the
scattering arising from the dynamics of the system~thermal
diffuse scattering from the phonons!. During this part of the
discussion we are mainly interested inI SRO(Q) and the first-
order term in the static displacements. In the case of x-
scattering from a cubic structure,I SRO(Q) is given by

I SRO~Q!5cSicGeubSi2bGeu2(
lmn

e22Mw lmna lmn

3cos~q1l 1q2m1q3n!, ~3!

and the first-order term ofI SD(Q) is given by

I SD~Q!5cSicGeubSi2bGeu2(
lmn

e22Mw lmn~Q•glmn!

3sin~q1l 1q2m1q3n!, ~4!

wherecSi and cGe are the concentrations of Si and Ge, r
spectively,bSi andbGe are the neutron scattering lengths, a
e22Mw lmn is the neighor-shell-dependent Debye-Waller fa
tor. The indicesl, m, andn denote the atomic coordinates o
the neighboring atoms in units of the lattice parameter, i
the lattice vectorr lmn describing the relative position of
neighboring atom would ber lmn5 la11ma21na3 , where
a1 , a2 , and a3 form the basis of the direct space lattic
Likewise, q1 , q2 , and q3 are the reciprocal space coord
nates defined byQ5q1b11q2b21q3b3 , whereb1 , b2 , and
b3 are the reciprocal space basis vectors. These expres
apply equally well to x-ray scattering where one need o

re
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replace the neutron scattering lengthsbSi and bGe with the
corresponding x-ray atomic form factorsf Si and f Ge. Finally,
care must be taken when applying Eqs.~3! and ~4! to dia-
mond cubic structures because the primitive lattice conta
two atoms per unit cell.

The a lmn’s are the Warren-Cowley short-range order p
rameters and are the Fourier coefficients that describe co
lations in the distribution of Si and Ge atoms on the latti
These parameters have a direct physical interpretation:

a lmn512
Plmn

Si-Ge

cGe
512

Plmn
Ge-Si

cSi
, ~5!

where Plmn
Si-Ge is the conditional probability of finding a G

atom at positionlmn given a Si atom at any origin site. So
for a perfectly random alloy where there are no correlatio
between site occupations,a00051 ~the probability of finding
a Si atom on a site occupied by a Si atom! and all other
a lmn’s are zero. In this case, Eq.~3! reduces to

I SRO~Q!5cSicGeubSi2bGeu25I Laue~Q!, ~6!

also known as the Laue scattering. Surprisingly, this is w
we observe. In both x-ray synchrotron measurements m
on the Si0.9Ge0.1 crystal using beamline X-14 at the Nation
Synchrotron Light Source located at Brookhaven Natio
Laboratory and neutron diffuse scattering measurem
made on the Si0.91Ge0.08 crystal using the HB3 triple-axis
spectrometer at the High Flux Isotope Reactor~HFIR! lo-
cated at Oak Ridge National Laboratory, no evidence of
ther clustering or ordering tendencies was observed. F
Eq. ~3! we see that the magnitude ofI SRO(Q) depends on the
square of the scattering contrast,ubSi2bGeu2, as well as on
the product of the concentrations. We can use these qu
ties to estimate the maximum amount of short-range or
that could be present but unobservable, considering the
tistical quality of the data and the regions of reciprocal sp
where the data were collected. Given that the probability
finding a Ge atom as the first neighbor of a Si atom is, in
case of a random alloy, just the concentration of Ge ato
we conclude that the first-neighbor occupation probabi

P 1
4

1
4

1
4

Si-Ge
deviates from the Ge concentration by no more th

0.006~0.6%! if the system were clustering or 0.002~0.2%! if
the alloy tended to order. Of course, the lack of chemi
SRO could simply be due to the temperature from which
sample was necessarily quenched, even on slow coo
since all predictions of phase separation occur near ro
temperature or, in our case, well below, and slow diffus
renders the achievement of the room-temperature equ
rium chemical short-range order impossible. The effect
equilibrium temperature of the Si0.92Ge0.08 sample may be
estimated from the cooling rate~slow cooled at;25 K/min!
and the diffusion of Ge in Si to be;920 K, which is several
hundred Kelvins above the predicted miscibility gap.

The absence of chemical short-range order does not, h
ever, imply that no diffuse scattering was present. In both
x-ray and neutron measurements, we observed moder
intense scattering associated with the static displaceme
This is not surprising since the lattice will still be expand
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relative to the average lattice spacing in the vicinity of t
larger atoms and contracted around the smaller atoms.
contribution fromI SD(Q) is distinguished fromI Bragg(Q) be-
cause it does not occur only at reciprocal lattice points, a
from I SRO(Q) because it has odd rather than even symme
@see Eqs.~3! and ~4!# relative to the center of the Brillouin
zones~i.e., the Bragg peak positions!. The contribution from
I TD(Q) was suppressed by cooling the sample to 20 K for
x-ray synchrotron measurements and eliminated for the e
tic neutron measurement by using the energy analysis c
bility of the triple-axis spectrometer. In addition, the firs
order term in the static displacements can be identifi
because it scales linearly with increasinguQu. The magnitude
of the displacements is assumed to be small because th
loy is substitutionally disordered and the lattice paramet
of the pure elements differ by only 4.2%. Thus only t
first-order term ofI SD(Q) need be considered initially be
cause the higher-order terms have a quadratic or greate
pendence on the magnitude of the displacements and
therefore be neglected for the moment. The linear displa
ment parametersglmn in Eq. ~4! are related to the individua
static displacements by

glmn5S bGe

bSi2bGe
D S cGe

cSi
1a lmnD ^Dlmn

Ge-Ge&

2S bSi

bSi2bGe
D S cSi

cGe
1a lmnD ^Dlmn

Si-Si&, ~7!

where^Dlmn
Si-Si& and ^Dlmn

Ge-Ge& are the species-dependent ave
age displacements between pairs of atoms. Note that it is
mean value of the individual Cartesian components of
displacement vectors that is recovered from the data refi
ment ~i.e., ^Dlmn

Si-Si&5^Dlmn
Si-Si&x1^Dlmn

Si-Si&y1^Dlmn
Si-Si&z!. In gen-

eral, the components of the displacement vector for a p
ticular neighbor shell are not independent due to symmet30

and thus the number of free parameters is reduced. In o
to further reduce the number of parameters, the terms inv
ing ^Dlmn

Si-Ge& and ^Dlmn
Ge-Si& have been eliminated from Eq.~7!

using the constraint that the sum of all the mean displa
ments for each neighbor shell must be zero to preserve
symmetry of the average lattice.31 These terms can be recov
ered using the following expression:

^Dlmn
Si-Ge&5^Dlmn

Ge-Si&52
1

2 H F S a lmn1cGe/cSi

12a lmn
DDlmn

Ge-GeG
1F S a lmn1cSi /cGe

12a lmn
DDlmn

Si-SiG J . ~8!

Figure 2 shows a radial scan through the~220! Bragg peak
using elastic neutron scattering. The diffuse intensity
greater thanI Laue(Q), indicated by the dotted line, on th
low-H side of the peak and is less thanI Laue(Q) on the
high-H side. This is a clear signature of first-order displac
ment scattering where the lattice is expanded in the vicin
of the larger atomic species~Ge! with the larger scattering
power ~bGe58.185 fm andbSi54.149 fm!. Similar behavior
is observed around other Bragg peak positions.
4-3



se
c
.
ic

th
r
r

a
u
in
u
o

-
el

h

e

-

i

m
al
ic
he
a

fc

he
of

in
y.

for
lec-
be-

are
n
in

ed

t-
,

stal

his
Ge,
i-
has

stic

ned
ents
s at
nd
xed
e
ce
for

e a
h-
me

B2
tor
o-

40
si-

ypi-

o
ca
tio
li

rd
ro
er

t
li

D. LE BOLLOC’H et al. PHYSICAL REVIEW B 63 035204
In order to obtain the individual displacements, diffu
intensity measurements over a large volume of recipro
space using two different scattering contrasts are required
the present case it is possible, in the absence of chem
short-range order scattering, to obtain theglmn’s for the first
few neighbor shells. The dashed curve in Fig. 2 shows
results of a least-squares fit to the first- and second-nea
neighbors,g1

4
1
4

1
4

andg1
2

1
2 0 . Although the displacements fo

the first two neighbor shells are certainly much larger th
those for more distant neighbor pairs, they are clearly ins
ficient to reproduce accurately the diffuse intensity. The
clusion of more parameters in the fit is not justified here d
to the limited amount of data. It appears that inclusion
higher-order static displacement terms~e.g., Huang scatter
ing! will also be needed. However, from this simple mod
we can conclude that a positive value for bothg1

4
1
4

1
4

and

g1
2

1
2 0 is required. Due to the small Ge concentration t

glmn’s are dominated bŷDlmn
Si-Si&. From the fit in Fig. 2, we

obtain a value ofug1
4

1
4

1
4
u51.231023 in units of the lattice

parameter for the nearest-neighbor displacement param

which gives u^D1
4

1
4

1
4

Si-Si
&u'20.006 Å assuming that the dis

placements are radial. This means that, on average, S
first-neighbor pairs are compressed by 0.006 Å~0.25%! rela-
tive to the spacing of the average lattice. This value see
small compared to the displacements observed in met
alloys with similar size ratios between the two atom
species.32,33This may be due in part to the open nature of t
diamond cubic lattice with only four nearest neighbors
opposed to eight in the case of bcc and 12 for
structures.

FIG. 2. Radial scan through the~220! Bragg peak using elastic
neutron scattering. The solid circles with error bars show the n
malized neutron intensity in Laue units. The small incoherent s
tering was calculated and subtracted off during the normaliza
process. The dotted line indicates 1.0 Laue unit. The dashed
shows the results of a first- and second-neighbor fit to the first-o
static displacements. The fact that the diffuse intensity goes f
greater than the Laue scattering to less than the Laue scatt
through the Bragg peak indicates that the lattice is expanded in
vicinity of the stronger scatterer—in this case, Ge. The thin so
line is the profile of the Bragg peak.
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Not much can be said at this point about^D1
4

1
4

1
4

Ge-Ge
& and

^D1
4

1
4

1
4

Si-Ge
& without the full set of data needed to unravel t

individual displacement contributions. Using the theory
Froyen and Herring,34 we get

u^D1
4

1
4

1
4

Ge-Ge
&u52

cSi

cGe
u^D1

4
1
4

1
4

Si-Ge
&u50.054 Å, ~9!

which indicates that most of the distortion of the lattice is
the vicinity of the Ge atoms, as expected for a dilute allo
Caution must be used when applying Eq.~9! because the
theory of Froyen-Herring has been shown to be invalid
systems where the displacements are primarily due to e
tronic structure effects rather than a large size mismatch
tween the atomic species.32

IV. PHONON DISPERSION

The phonon dispersion curves of pure Si and pure Ge
nearly homologous.35–37 Using the perturbation expansio
method, based on tight-binding electron wave functions
the Hartree-Fock approximation,38 the vibrational energies
bq j of diamond cubic homopolar crystals can be transform
into a dimensionless form:

Vq j5
bq j

\Ama3/e2
, ~10!

wherem5m1m2 /(m11m2) is the reduced mass of the a
oms,a is the lattice parameter,e is the charge on an electron
q is the phonon wave vector, andj is the phonon branch. If
the phonon dispersion of a homopolar diamond cubic cry
is transformed using Eq.~10!, the dimensionless energyVq j
becomes practically independent of the atomic species. T
relationship has been demonstrated to hold true for Si,
and gray Sn,36 although a small difference between the d
mensionless transverse acoustic branches of Si and Ge
been noted.35

The dispersion of the longitudinal and transverse acou
phonons for the Si0.92Ge0.08 crystal in high-symmetry direc-
tions of the diamond cubic structure has been determi
here using inelastic neutron scattering. The measurem
were made on the HB2 and HB3 triple-axis spectrometer
the HFIR at ORNL. Both constant-energy transfer a
constant-momentum transfer scans were made with a fi
final energy ofEf514.7 or 30.5 meV, depending on th
focusing conditions and the position in reciprocal spa
where each scan was made. Pyrolytic graphite was used
both the monochromator and the analyzer on HB3 whil
vertically focusing Be monochromator and a pryolytic grap
ite analyzer were used on HB2. Because of the small volu
of the sample, the collimation was relaxed. For both H
and HB3 the effective collimation before the monochroma
was 488 and a 408 collimator was used between the mon
chromator and the sample. On HB2 an 808 collimator was
used between the sample and the analyzer and a 1208 colli-
mator between the analyzer and the detector. On HB3,8
and 708 collimators, respectively, were used at these po
tions. Under these conditions the energy resolution was t
cally ;1 meV and was never greater than;3 meV. In ad-
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dition, a 65-mm-thick pyrolytic graphite filter was use
between the sample and the analyzer to suppress the hi
order contamination. The phonon measurements were m
at room temperature in the~110! scattering plane so that th
D5@001#, S5@110#, and L5@111# directions could be
studied. The transverse acoustic modeS3 could not be ac-
cessed in this geometry because the polarization is norm
the scattering plane.

Figure 3 shows the phonon dispersion of the Si0.98Ge0.08
alloy along with that of pure Si,39 and pure Ge.40,41 The
observed phonon energies for the alloy are presente
Table I. The uncertainties in the position of the phon
groups from the constant-momentum transfer scans h
been converted to uncertainties in the phonon energy u
the slope of the dispersion and the calculated instrume
resolution. The individual phonon groups were unrema
able, except for a significant amount of broadening in ene
of theD1 branch atz50.6, due, perhaps, to interference wi
the resonance modes discussed below. The acoustic pho
in the alloy are found to be nearly homologous to those
the pure Si. From Eq.~10!, the phonon energies of the Si-G
alloy are expected to 6.2% lower than that of pure Si~see the
dashed line in Fig. 2!. However, the observed dispersion
the alloy is typically only 2– 3% less than that of pure Si a
never more than 4.5% lower. Although the deviation fro
pure Si is greater alongD5 and appears to be more consiste
with the expected homologous relationship, in reality this
expected from the observed behavior of this branch w
Eq. ~10! is applied to pure Si and Ge.35 Interestingly, the
homologous relationship between pure Si and pure G
much stronger than that between pure Si and the Si0.92Ge0.08
alloy. This behavior is probably a result of the confined e
vironment of the Ge atoms on the Si host lattice.42 From the
analysis of the mean static displacements it is clear that
volume occupied by the Ge atoms is larger than the ave
lattice spacing, hence the expansion of the lattice aro

FIG. 3. Acoustic phonon dispersion of the Si0.92Ge0.08 alloy in
the ~110! plane. The high-symmetry directions, with the excepti
of theS5 mode, are indicated by the solid circles. The dispersion
pure Si is given by the solid line and that of pure Ge by the dot
line. The dashed line shows the calculated dispersion of the a
using Eq. ~10!. The open circles indicated resonance modes
served in the alloy.
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TABLE I. Observed phonon energies in the Si0.92Ge0.08 alloy.

qx qy qz E ~meV!

a~units of 2p/a!

TA@110# S3

0.16 0.16 0.00 9.00060.39
0.39 0.39 0.00 20.0060.48
0.47 0.47 0.00 23.0060.45
0.60 0.60 0.00 25.9860.81
0.75 0.75 0.00 26.5060.94
0.85 0.85 0.00 23.0461.17
1.00 1.00 0.00 17.6061.39

LA @110# S1

0.10 0.10 0.00 9.00060.32
0.20 0.20 0.00 18.0060.35
0.32 0.32 0.00 26.0060.47
0.43 0.43 0.00 31.0060.78
0.50 0.50 0.00 34.4861.18
0.60 0.60 0.00 38.6960.87
0.70 0.70 0.00 42.9660.62
0.80 0.80 0.00 46.1260.53
1.00 1.00 0.00 50.2860.72

TA1@111# L3

0.20 0.20 0.20 10.3760.60
0.25 0.25 0.25 11.5860.80
0.30 0.30 0.30 12.5660.92
0.40 0.40 0.40 13.2561.13
0.50 0.50 0.50 13.3761.29

LA @111# L1

0.10 0.10 0.10 12.0060.54
0.20 0.20 0.20 22.0060.66
0.30 0.30 0.30 32.0060.95
0.40 0.40 0.04 40.3061.06

TA@001# D5

0.00 0.00 0.21 8.00060.80
0.00 0.00 0.35 12.0060.76
0.00 0.00 0.40 13.1761.31
0.00 0.00 0.50 15.3361.75
0.00 0.00 0.60 17.2861.58
0.00 0.00 0.80 17.8061.04
0.00 0.00 0.90 17.7661.20
0.00 0.00 1.00 17.6061.39

LA @001# D1

0.00 0.00 0.10 6.00060.49
0.00 0.00 0.14 9.00060.46
0.00 0.00 0.20 12.0060.36
0.00 0.00 0.29 18.0060.51
0.00 0.00 0.41 24.0060.57
0.00 0.00 0.51 30.0060.55
0.00 0.00 0.58 34.0060.59
0.00 0.00 0.79 42.0061.99
0.00 0.00 1.00 50.2860.72
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them. This will stiffen the force constants between the Ge
and Ge-Ge pairs and thereby increase the phonon ener
In addition, the nonideal local atomic environments will a
fect the electronic structure and will, in general, cause
~10! to be less valid. The manner in which these effects oc
requires further study.

Additional transverse modes were observed close to
zone boundary in the@001# direction. Curiously, these extr
modes lie near the TA@001# branch of pure Ge~see Fig. 3!.
In dilute alloys the minority atomic species can be treated
substitutional defects in the host lattice. If the solute ato
have the greater mass, in-band~or resonance! modes are of-
ten observed. We believe the additional TA@001# modes to
be of this type and they may be responsible for the increa
width of the phonon groups observed in theD1 and D5 di-
rections as evidenced by the size of the error bars in Fig
Resonance modes have also been reported in alloy
Cu~Au!,43 Cr~W!,44 Ni~Pt!,45 Al ~Ag!,46 Y~Tb!,47 Mo~Re!,48

and Ni~Pd!.49 Theories that only consider mass disorder50,51

~i.e., they assume that the force constants do not depen
the local atomic environment in the crystal! are capable of
explaining the presence of resonance modes. This cohe
potential approximation seems to predict accurately both
position and the width of the resonance modes we observ
the Si-Ge alloy. However, here as well as with the major
of the other reported instances of resonance modes, it
pears that force-constant disorder needs to be included in
theory. In particular, is seems difficult to reproduce t
strong intensity of the phonon groups associated with
in-band modes using a simple low-concentration mass de
theory. The phonon energies of the local modes~which occur
when a light atom is placed on a lattice of heavier atom!
observed in a Ge0.908Si0.092 single crystal were reported t
exhibit a dependence onQ, contrary to the prediction of the
isolated-defect theory.52 We could not discern any depen
dence onQ for the resonance modes observed here and
not clear from current theory what the dependence should
As noted earlier, these modes do seem to occur at the s
energies as in pure Ge, albeit considerably broadened, a
the phonon groups of the alloy at these wave vectors, s
gesting a strong interference.

V. CONCLUSION

In conclusion, no atomic short-range order was obser
in either of the crystals. The most probable explanation
o

p
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this is that the effective equilibrium temperature is too clo
to the melting temperature to observe any ordering or c
tering tendencies. Crystals with lower effective equilibriu
temperatures are needed to study the formation of conce
tion fluctuations in the alloy. It is possible that this can
achieved by~neutron! irradiating the crystals to enhance th
atomic diffusion while annealing at a lower temperature. D
fuse scattering arising from the static displacements was
served and the lattice was found to be expanded in the vi
ity of the stronger scatterer, Ge. However, little quantitat
information could be obtained without the complete set
data required to extract the species-dependent static disp
ments. Future experiments are planned to address thes
sues.

The phonon dispersion was found to be very similar
that of pure Si. The phonon energies were, however, foun
be consistently higher than expected from the homolog
relationship between pure Si and pure Ge. This behavio
most likely due to the confined local atomic environment
the Ge atoms on the Si host lattice, resulting in stiffer for
constants. Additional transverse modes were observed in
@001# direction near the energy for theD55TA@001# branch
of pure Ge and are attributed to resonance modes. X
synchrotron measurements of the optic phonons are plan
for beamline ID16 at the European Synchrotron Resea
Facility. These measurements will provide more insight in
the effect of alloying on the force constants.
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