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

D. Le Bolloc’h** J. L. Robertsof,H. Reichert S. C. Moss. and M. L. Crow?
!Physics Department, University of Houston, Texas 77204-5504
230lid State Division, Oak Ridge National Laboratory, Oak Ridge, Tennessee 37831
3Max-Planck-Institut fu Metallforschung, D-70569 Stuttgart, Germany
(Received 4 January 2000; published 2 January P001

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 though there is complete miscibility. Because of the large
liquid/solid coexistence region and the large difference in the
In the past, the performance of devices based on silicomelting temperatures of the two compone(it$41 K for Si
technology has been advanced primarily through componer#nd 665 K for Gg, there is substantial constitutional super-
miniaturization. However, the limit where further reduction cooling relative to the congruent melting temperature of the
in size is no longer feasible for many applications is fastalloy. Another difficulty encountered when using conven-
approaching. For this reason, future gains in performancéonal crystal growth techniques to produce Si-rich Si-Ge
depend upon either moving to other technologies such asingle crystals is how to achieve a uniform distribution of the
Ga-As or developing silicon technology in new directions.Ge atoms within the Si matrix. Recently, new crystal growth
One approach, which has already produced a considerabteethods have been developed that can produce large
gain in performance, extends existing silicon technology bySi; _,Ge, single crystals with an exceptionally high degree
alloying silicon with germanium.This has lead to the devel- of compositional uniformity>” The samples used in this
opment of Si-rich Si-Ge alloys that are of great interest bestudy are homogeneous ($iG& s and SjGe; single
cause the carrier mobility of the electrons and holes is muckrystals that are free of dislocations and were prepared using
greater than that found in pure silicBincreased carrier mo- the modified Czochralski technique described in Ref. 16. The
bility, along with other properties of Si-Ge alloys, is driving Si, o/Ge, o Crystal consisted of a little less than half of a
the development of new electronic devices with significantly30-mm-diameter circular plate with a thickness of 2 mm for
improved operating frequency, power consumption, currens total volume of~930 mnt and weighed 2.3 g. The
density, and noise characteristits. SipsGey 1 crystal was a 0.1 g rectangular prism, roughly
Current applications of Si-Ge alloys generally rely upon17.5 mmx 5.2 mmx 0.5mm, with a volume of~46 mn?.
thin-film technology, and a substantial literature exists on therhe local composition of the crystal has been sampled at
structuré™" and physical propertiés®of such films. Vari-  several positions using electron dispersive x-ray spectros-
ous techniques are used to produce these films, mostiyopy and no inhomogeneities were detected to within the
UHV/chemical vapor depositidf and molecular beam accuracy of the technique up to a zone of 20.
epitaxy;" and several strategies have been developed to en- Characterization of the crystal using x-ray and neutron
hance the desired propertie.g., strairf;*?*® graded diffraction shows no evidence of any macroscopic variation
compositiom;* or self-assembled quantum d®s For a in Ge content. No splitting of the Bragg diffraction profiles,
more fundamental understanding of the Si-Ge alloy systemyhich would result from the presence of a second phase, or
however, studies on equilibrium-phase bulk specimens argeak broadening with increasing momentum transtgy
needed because the properties of thin films are often ob= 4+ sin(@)/\, which would indicate long-range variation of
served to differ from those of bulk materials. In this paper,the lattice paramet&tin the same manner as strain broaden-
we present preliminary results describing the local atomidng, was observed. The x-ray diffraction measurements probe
environments and phonon dispersion of homogeneoughe near-surface portion of the crystal, because of the shallow
Sip.oG&y 0s and Sp Gy 1 Single crystals. To our knowledge, penetration depth, with high resolution, while the neutron
this is the first study of bulk Si-Ge single crystals with an diffraction measurements sample the entire volume of the
excess of silicon. bulk crystal. The mosaic spread of the crystal was deter-
mined to be 0.03°. Figure 1 shows transverseking curve
and radial (0/20) scans of the(200) Bragg peak using
0.70926 A(MoK a;) x rays. The peak profiles of the Si-Ge
Although Si-Ge alloys have been available for more tharalloy are compared with those of a perfect crystal of pure Si
ten years in the form of thin films, it has remained very measured under identical conditions. The finite peak widths
difficult to grow homogeneous Si-Ge single crystals everobserved for the pure Si, crystal result from the resolution of

Il. SAMPLE PREPARATION AND CHARACTERIZATION
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T strain?®=28 And, finally, there is an x-ray absorption fine-
structure (EXAFS) study of Sj_,Ge, thin films that indi-
cates that the alloy is indeed completely randdrithus it
was not at all clear at the outset whether the chemical short-
range order in our bulk single crystals would favor ordering,
clustering, or total randomness.

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

J\g““ lotal( Q) =1 Bragg(Q) + L gifrusel Q) («h)

* v ' T whereQ is the scattering vectolg,of Q) is the scattering
04 10.5 ;0'6 10.7 108 intensity containing information about the average lattice,
© (deg) and | giruse( Q) Is the scattering that arises from local devia-
T — T T — tions from the average structure. The average lattice is
] () Radial Scan strongly correlated over thousands of angstroms and thus
appears in the observed diffraction pattern as a series of nar-
row &like functions(convoluted with the instrumental reso-
lution) located at the reciprocal lattice sites. By contrast, the
diffuse scattering is weakly correlated over small distances,
J typically only a few unit cells, and so has very broad features
that fill all of reciprocal space.
The diffuse intensity can be further divided into separate
contributions from the various types of local deviation from
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wherel g Q) is the scattering arising from the local con-
FIG. 1. Transversga) and radial(b) scans of the QioGegs  centration fluctuationgshort-range orde(SRO)], 15p(Q) is
alloy. Each is compared to a corresponding scan on a wafer of purghe scattering from the static displacemé8D) field that
Si, which is essentially the instrumental resolution. dresses the concentration fluctuations, dpg(Q) is the
scattering arising from the dynamics of the syst@hermal
the instrument. Both the transverse and radial peak widths dfiffuse scattering from the phonon®uring this part of the
the Si-Ge alloy are about five times greater than the instrudiscussion we are mainly interestedligk(Q) and the first-
mental resolution. Crystals of this quality are quite acceptorder term in the static displacements. In the case of x-ray

able for the experimental studies reported here. scattering from a cubic structurbsrd(Q) is given by
I1l. LOCAL ATOMIC ENVIRONMENT -
oc omic © S I srd Q) =CsiCadbsi— bGelz%] e~ 2Meimngy

Si and Ge both have the diamond cubic crystal structure
and when alloyed form a continuous series of substitutional X cog a4l + g,m+qsn), 3)
solid solutions over the entire composition rarftg@hus the , o
diamond cubic structure is preserved for all concentrations2d the first-order term dfsy(Q) is given by
Moreover, the Si and Ge lattice parameters differ by only
~4.2%, 5.43054 A for Si and 5.657 54 A for Ge, and the lso(Q) = CsCadbsi—bad?Y, e 2Memn(Q- ymn)
lattice parameter of the alloy varies continuously with com- Imn
position with a slight negative deviation from Vegard's :
law 2% Previous studies of chemical short-range order in solid X sin(dal +g,m-+gsn), “@
solutions have shown that at temperatures sufficiently belowherecg; and cg, are the concentrations of Si and Ge, re-
the melting point few, if any, are completely disordered. Inspectively bg; andbge are the neutron scattering lengths, and
other words, certain local atomic arrangements occur more 2M¢mn is the neighor-shell-dependent Debye-Waller fac-
often than one would expect from a completely random distor. The indiced, m, andn denote the atomic coordinates of
tribution of atomic species on the lattice. Several theoreticathe neighboring atoms in units of the lattice parameter, i.e.,
studies predict a miscibility gap in the Si-Ge system whosedhe lattice vector,, describing the relative position of a
maximum occurs betweeh=150K and 350 K¥'"?*These neighboring atom would be,,,=la,;+ma,+nag, where
studies are supported by a previous study of a polycrystalline;, a, and a; form the basis of the direct space lattice.
Siy.sGey 5 solid solution which showed a tendency toward Likewise, q,, g,, andqs are the reciprocal space coordi-
phase segregatidi.On the other hand, several long-range nates defined b@=q,b;+q,b,+qzbs, whereb,, b,, and
ordered structures have been reported in thin Si-Ge filmb; are the reciprocal space basis vectors. These expressions
although these were under either compressive or tensilepply equally well to x-ray scattering where one need only
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replace the neutron scattering lengths and bg, with the  relative to the average lattice spacing in the vicinity of the
corresponding x-ray atomic form factors andf .. Finally,  larger atoms and contracted around the smaller atoms. The
care must be taken when applying E¢3) and (4) to dia-  contribution froml s5(Q) is distinguished from g, Q) be-
mond cubic structures because the primitive lattice contain§ause it does not occur only at reciprocal lattice points, and
two atoms per unit cell. from | sg( Q) because it has odd rather than even symmetry
The aym,’'s are the Warren-Cowley short-range order pa-[see Eqs(3) and (4)] relative to the center of the Brillouin
rameters and are the Fourier coefficients that describe corr@ones(i.e., the Bragg peak positionsThe contribution from
lations in the distribution of Si and Ge atoms on the lattice.| To(Q) was suppressed by cooling the sample to 20 K for the

These parameters have a direct physical interpretation: ~ x-ray synchrotron measurements and eliminated for the elas-
tic neutron measurement by using the energy analysis capa-
porGe pCe-S bility of the triple-axis spectrometer. In addition, the first-
Ump=1=———=1-——, (5)  order term in the static displacements can be identified
_ ce s because it scales linearly with increas|@. The magnitude
where P;r®¢ is the conditional probability of finding a Ge of the displacements is assumed to be small because the al-
atom at positiorimn given a Si atom at any origin site. So, loy is substitutionally disordered and the lattice parameters
for a perfectly random alloy where there are no correlation®f the pure elements differ by only 4.2%. Thus only the
between site occupationsgg,=1 (the probability of finding first-order term ofl s5(Q) need be considered initially be-

a Si atom on a site occupied by a Si ajoand all other cause the higher-order terms have a quadratic or greater de-

amn'S are zero. In this case, E@) reduces to pendence on the magnitude of the displacements and can
therefore be neglected for the moment. The linear displace-
I srd Q) =CsiCadbsi— bad?=11d Q), (6)  ment parameters,,, in Eq. (4) are related to the individual

. - o static displacements by
also known as the Laue scattering. Surprisingly, this is what

we observe. In both x-ray synchrotron measurements made bee Coe

on the Sj (Ge, ; crystal using beamline X-14 at the National Yimn= (W) =t a,mn)m,enffe}
Synchrotron Light Source located at Brookhaven National Si- HGe/ \ ~Si

Laboratory and neutron diffuse scattering measurements bs; Csi s

made on the Qi;Gey g Crystal using the HB3 triple-axis —(Fbse C_Ge+ Amn [ (A, (7)

spectrometer at the High Flux Isotope ReadidFIR) lo-

cated at Oak Ridge National Laboratory, no evidence of eiWhere<A|Sn‘;§i> and(Aﬁﬁ,}G‘} are the species-dependent aver-

ther clustering or ordering tendencies was observed. Fromge gisplacements between pairs of atoms. Note that it is the
Eq. (3) we see that the magnitude lkafro(Q) depends onthe  aan value of the individual Cartesian components of the

H 2
tsr?uare dOf tthefstﬁatterlng cton:_rathg;vbeg » as Wﬁ'}' as on  displacement vectors that is recovered from the data refine-
e product of the concentrations. We can use these quanti= . . Si-Si _ / ASi-SH Si-si Si-
P Uaffent (i.e., (Afnn)= (AT +(ATS),+(A

i 1 ; mn Imn Im§i>z)- In gen-
ties to estimate the maximum amount of short-range orde

S eral, the components of the displacement vector for a par-
that could be present but unobservable, considering the St&cular neighbor shell are not independent due to symrietry
tistical quality of the data and the regions of reciprocal spac

here the dat lected. Gi that th babili nd thus the number of free parameters is reduced. In order
where Iné data were collected. siven that th€ probabiiity Oty f,rther reduce the number of parameters, the terms involv-
finding a Ge atom as the first neighbor of a Si atom is, in th

Si-G Ge-Si imi
case of a random alloy, just the concentration of Ge atoms 9 (Aimy) and(Ay,,") have been eliminated from EG7)

. . . .. “Using the constraint that the sum of all the mean displace-
we conclude that the first-neighbor occupation probablhtyments for each neighbor shell must be zero to preserve the

Si-Ge . .

Pi11 deviates from the Ge concentration by no more tharsymmetry of the average lattiéé These terms can be recov-
0.006(0.6% if the system were clustering or 0.002 2% if ered using the following expression:
the alloy tended to order. Of course, the lack of chemical
SRO could simply be d.ue to the temperature from which t.he SiGe _ s AGe-Si _ E @mnt Cce/Csi| | e
sample was necessarily quenched, even on slow cooling, (Afnn ) =(Amn) I\ T 1 Ajn
since all predictions of phase separation occur near room mn
temperature or, in our case, well below, and slow diffusion
renders the achievement of the room-temperature equilib-
rium chemical short-range order impossible. The effective
equilibrium temperature of the §j/Geyos Sample may be Figure 2 shows a radial scan through 220 Bragg peak
estimated from the cooling ratelow cooled at-25 K/min) using elastic neutron scattering. The diffuse intensity is
and the diffusion of Ge in Si to be 920 K, which is several greater than  ,,{Q), indicated by the dotted line, on the
hundred Kelvins above the predicted miscibility gap. low-H side of the peak and is less thap,,{Q) on the

The absence of chemical short-range order does not, howhigh-H side. This is a clear signature of first-order displace-
ever, imply that no diffuse scattering was present. In both thenent scattering where the lattice is expanded in the vicinity
x-ray and neutron measurements, we observed moderatedf the larger atomic specid§e) with the larger scattering
intense scattering associated with the static displacementgower (bge=8.185fm andbg;=4.149fn). Similar behavior
This is not surprising since the lattice will still be expandedis observed around other Bragg peak positions.

Imn

Amn T CSi/CGe> ASHSI

] . (8

1-amn
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- . . . Ge-G

g ] Not much can be said at this point abo{:11) and

e 1(%20) Bragg Peak Si-Ge, . 423

= 257 ‘ . (A%%;) without the full set of data needed to unravel the

2 1 ’ . da ] individual displacement contributions. Using the theory of

- 20 _ II - L @f ] Froyen and Herring* we get

b : . ot ILAUE(Q)=1 :

= 1_5_- Sy Bragg profile . Ge-G Cai Si-G

£ 7N (ATI55=— = |(ATTD)[=0054A, (9

1o Lo, 3.%[ ........ - - 444 Cce 444

] 9 9

g 1 N & ] which indicates that most of the distortion of the lattice is in

,’g 05 ] the vicinity of the Ge atoms, as expected for a dilute alloy.

2 001 ] Caution must be used when applying Ef) because the
10 15 20 25 30 theory of Froyen-Herring has been shown to be invalid for

systems where the displacements are primarily due to elec-
tronic structure effects rather than a large size mismatch be-

FIG. 2. Radial scan through tH@20) Bragg peak using elastic Ween the atomic speciés.
neutron scattering. The solid circles with error bars show the nor-
malized neutron intensity in Laue units. The small incoherent scat-
tering was calculated and subtracted off during the normalization The phonon dispersion curves of pure Si and pure Ge are
process. The dotted line indicates 1.0 Laue unit. The dashed ”nﬁearly homologou§§‘37 Using the perturbation expansion
shows the results of a first- and second-neighbor fit to the ﬁrSt'ord%ethod, based on tight-binding electron wave functions in
static displacements. The fact that the diffuse intensity goes frorrﬂhe Hartree-Fock approximati&ﬁ,the vibrational energies

greater than the Laue scattering to less tha.n the Laue Scat.ter"}?q,— of diamond cubic homopolar crystals can be transformed
through the Bragg peak indicates that the lattice is expanded in the . . .
Ihto a dimensionless form:

vicinity of the stronger scatterer—in this case, Ge. The thin solid
line is the profile of the Bragg peak. B
aj

Y= ==
In order to obtain the individual displacements, diffuse fivuacle
intensity measurements over a large volume of reciprocalvhere u=m;m,/(m;+m;) is the reduced mass of the at-
space using two different scattering contrasts are required. [BMs.a s the lattice parametee,is the charge on an electron,
the present case it is possible, in the absence of chemic8liS the phonon wave vector, ands the phonon branch. If
short-range order scattering, to obtain t1g,’s for the first the phonon dispersion of a homopolar diamond cubic crystal

few neighbor shells. The dashed curve in Fig. 2 shows th& ransformed 'USiITg'E((IO), the dirr}eﬂsionles's enerdy;; .
results of a least-squares fit to the first- and second-nearef cOMes practically independent of the atomic species. This

: : relationship has been demonstrated to hold true for Si, Ge,
neighbors;y111 andyy 1. Although the displacements for g gray Sri° although a small difference between the di-

4
the first two neighbor shells are certainly much larger thanyensionless transverse acoustic branches of Si and Ge has
those for more distant neighbor pairs, they are clearly insufheen noted®
ficient to reproduce accurately the diffuse intensity. The in-  The dispersion of the longitudinal and transverse acoustic
clusion of more parameters in the fit is not justified here dughonons for the $ig/Ge, o5 crystal in high-symmetry direc-
to the limited amount of data. It appears that inclusion oftions of the diamond cubic structure has been determined
higher-order static displacement terifesg., Huang scatter- here using inelastic neutron scattering. The measurements
ing) will also be needed. However, from this simple model,were made on the HB2 and HB3 triple-axis spectrometers at
we can conclude that a positive value for bath:1 and the HFIR at ORNL. Both constant-energy transfer and
Yi1g IS required. Due to the small Ge concentration theconstant-momentum transfer scans were made with a fixed
22 . Si N final energy ofE;=14.7 or 30.5 meV, depending on the
Yimn S are dominated byAjry). ngm the_f't in Fig. 2, we focusing conditions and the position in reciprocal space
obtain a value 017’%%9 =1.2xX10"* in units of the lattice  \here each scan was made. Pyrolytic graphite was used for
parameter for the nearest-neighbor displacement parametéyoth the monochromator and the analyzer on HB3 while a

which gives |<Aiifil>|~ —0.006 A assuming that the dis- Vertically focusing Be monochromator and a pryolytic graph-
placements are radial. This means that. on average gj.de analyzer were used on HB2. Because of the small volume

. . o i 3f the sample, the collimation was relaxed. For both HB2
f!rst neighbor pairs are compressed by_O.OOG)‘_ZQS/a rela and HB3 the effective collimation before the monochromator
tive to the spacing of the average lattice. This value see

. X MFas 48 and a 40 collimator was used between the mono-
small compared to the displacements observed in meta”'ﬁhromator and the sample. On HB2 an’ &@llimator was
alloys with similar size ratios between the two atomic ,seq petween the sample and the analyzer and &c20
species”**This may be due in part to the open nature of themator between the analyzer and the detector. On HB3, 40
diamond cubic lattice with only four nearest neighbors as;ng 70 collimators, respectively, were used at these posi-
opposed to eight in the case of bcc and 12 for fections. Under these conditions the energy resolution was typi-
structures. cally ~1 meV and was never greater thar8 meV. In ad-

q,q,0 (rlu)

IV. PHONON DISPERSION

(10

Si-
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TABLE I. Observed phonon energies in thg $iGe, ggalloy.

FIG. 3. Acoustic phonon dispersion of the, $iGe, og alloy in
the (110 plane. The high-symmetry directions, with the exception
of theX 5 mode, are indicated by the solid circles. The dispersion of
pure Si is given by the solid line and that of pure Ge by the dotted
line. The dashed line shows the calculated dispersion of the alloy
using Eq.(10). The open circles indicated resonance modes ob-

served in the alloy.

dition, a 65-mm-thick pyrolytic graphite filter was used
between the sample and the analyzer to suppress the higher-
order contamination. The phonon measurements were made
at room temperature in th@10 scattering plane so that the
A=[001], X=[110], and A=[111] directions could be
studied. The transverse acoustic maue could not be ac-
cessed in this geometry because the polarization is normal to

the scattering plane.

Figure 3 shows the phonon dispersion of thgq§be, og

alloy along with that of pure SP° and pure G&%* The

observed phonon energies for the alloy are presented in
Table I. The uncertainties in the position of the phonon

groups from the constant-momentum transfer scans have
been converted to uncertainties in the phonon energy using
the slope of the dispersion and the calculated instrumental

resolution. The individual phonon groups were unremark-

able, except for a significant amount of broadening in energy
of the A, branch att=0.6, due, perhaps, to interference with
the resonance modes discussed below. The acoustic phonons
in the alloy are found to be nearly homologous to those of
the pure Si. From Eq.10), the phonon energies of the Si-Ge
alloy are expected to 6.2% lower than that of puréssi the
dashed line in Fig. 2 However, the observed dispersion of
the alloy is typically only 2— 3% less than that of pure Si and
never more than 4.5% lower. Although the deviation from

pure Si is greater alonfy; and appears to be more consistent

with the expected homologous relationship, in reality this is
expected from the observed behavior of this branch when
Eq. (10) is applied to pure Si and G&.Interestingly, the
homologous relationship between pure Si and pure Ge is
much stronger than that between pure Si and thgsSk, og
alloy. This behavior is probably a result of the confined en-
vironment of the Ge atoms on the Si host latflé&rom the
analysis of the mean static displacements it is clear that the
volume occupied by the Ge atoms is larger than the average

lattice spacing, hence the expansion of the lattice around

Ox Qy a, E (meV)
a(units of 2n/a)
TA[110] PN
0.16 0.16 0.00 9.0000.39
0.39 0.39 0.00 20.000.48
0.47 0.47 0.00 23.000.45
0.60 0.60 0.00 25.980.81
0.75 0.75 0.00 26.500.94
0.85 0.85 0.00 23.041.17
1.00 1.00 0.00 17.601.39
LA[110] 3,
0.10 0.10 0.00 9.0000.32
0.20 0.20 0.00 18.000.35
0.32 0.32 0.00 26.000.47
0.43 0.43 0.00 31.000.78
0.50 0.50 0.00 34.481.18
0.60 0.60 0.00 38.690.87
0.70 0.70 0.00 42.960.62
0.80 0.80 0.00 46.120.53
1.00 1.00 0.00 50.280.72
TA,[111] Aj
0.20 0.20 0.20 10.370.60
0.25 0.25 0.25 11.580.80
0.30 0.30 0.30 12.560.92
0.40 0.40 0.40 13.2561.13
0.50 0.50 0.50 13.371.29
LA[111] A,
0.10 0.10 0.10 12.060.54
0.20 0.20 0.20 22.000.66
0.30 0.30 0.30 32.000.95
0.40 0.40 0.04 40.301.06
TA[001] As
0.00 0.00 0.21 8.00060.80
0.00 0.00 0.35 12.060.76
0.00 0.00 0.40 13.171.31
0.00 0.00 0.50 15.381.75
0.00 0.00 0.60 17.281.58
0.00 0.00 0.80 17.861.04
0.00 0.00 0.90 17.761.20
0.00 0.00 1.00 17.6061.39
LA[001] A,
0.00 0.00 0.10 6.0000.49
0.00 0.00 0.14 9.0000.46
0.00 0.00 0.20 12.060.36
0.00 0.00 0.29 18.000.51
0.00 0.00 0.41 24.000.57
0.00 0.00 0.51 30.000.55
0.00 0.00 0.58 34.000.59
0.00 0.00 0.79 42.001.99
0.00 0.00 1.00 50.280.72
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them. This will stiffen the force constants between the Ge-Sthis is that the effective equilibrium temperature is too close
and Ge-Ge pairs and thereby increase the phonon energigs.the melting temperature to observe any ordering or clus-
In addition, the nonideal local atomic environments will af- tering tendencies. Crystals with lower effective equilibrium
fect the electronic structure and will, in general, cause Eqtemperatures are needed to study the formation of concentra-
(10) to be less valid. The manner in which these effects occufion fluctuations in the alloy. It is possible that this can be
requires further study. achieved by(neutron irradiating the crystals to enhance the

Additional transverse modes were observed close to thgiomic diffusion while annealing at a lower temperature. Dif-
zone boundary in thg001] direction. Curiously, these extra fse scattering arising from the static displacements was ob-

modes lie near the TI01] branch of pure Gésee Fig. 3 soryeqd and the lattice was found to be expanded in the vicin-

In dilute alloys the minority atomic species can be treated agy ¢ e stronger scatterer, Ge. However, little quantitative
substitutional defects in the host lattice. If the solute atom?nformation could be obtained without the complete set of
have the greater mass, in-bafuf resonangemodes are of- data required to extract the species-dependent static displace-

ten observed. We believe the additional [DA1] modes to ents. Future experiments are planned to address these is-
be of this type and they may be responsible for the increased ’ P P

width of the phonon groups observed in the and Ag di- . . .
rections as evidenced by the size of the error bars in Fig. 3, | n€ phonon dispersion was found to be very similar to
Resonance modes have also been reported in alloys (Blpat of pure Si. Th.e phonon energies were, however, found to
CU(Au),“® Cr(W),* Ni(PY,*5 Al(Ag),*® Y(Tb),*” Mo(Re),*® be c_0n3|s_tently higher than _expected from the_ homolo_gou_s
and NiPd).*° Theories that only consider mass disoPdét  relationship between pure Si and pure Ge. This behavior is
(i.e., they assume that the force constants do not depend &ROSt likely due to the confined local atomic environment of
the local atomic environment in the crystalre capable of the Ge atoms on the Si host lattice, resulting in stiffer force
explaining the presence of resonance modes. This cohereronstants. Additional transverse modes were observed in the
potential approximation seems to predict accurately both thE001] direction near the energy for thies=TA[001] branch
position and the width of the resonance modes we observe iof pure Ge and are attributed to resonance modes. X-ray
the Si-Ge alloy. However, here as well as with the majoritysynchrotron measurements of the optic phonons are planned
of the other reported instances of resonance modes, it ajier beamline ID16 at the European Synchrotron Research
pears that force-constant disorder needs to be included in tHeacility. These measurements will provide more insight into
theory. In particular, is seems difficult to reproduce thethe effect of alloying on the force constants.

strong intensity of the phonon groups associated with the

in-band modes using a simple low-concentration mass defect
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