PHYSICAL REVIEW B VOLUME 58, NUMBER 16 15 OCTOBER 1998-II

Effects of isotope disorder on energies and lifetimes of phonons in germanium
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The effects of isotope disorder on phonon energies and lifetimes have been measured by means of high-
resolution inelastic neutron scattering on a nearly maximally disord&f&e single crystalmass variance
g=1.52x10"%). Two theoretical approaches have been used to understand the observed effects: calculations
based on the coherent potential approximation and on large supercells, respectively. For the mass variance of
our sample, the two methods lead to rather similar results that agree with the experimental data. This agreement
is marginally better for the supercell calculations. Calculations performed for larger mass vagaacealed,
however, that the two approaches yield significantly different results whea larger than %1073
[S0163-182698)02938-5

I. INTRODUCTION of Ge do in fact slightly depend on the isotopic composition;
these effects are so small that their influence can be totally
The influence of the isotopic composition of semiconduc-neglected in the framework of the present investigation.
tors on their physical properties has received considerabl€herefore, disorder-induced effects on the energies and life-
attention during the last decade. Several publicatishe-  times of phonons appear as an ideal testing ground for theo-
view aspects such as the influence of the isotopic composries widely used for disordered systems like, e.g., the coher-
tion on the lattice constant of germanitithand of com- ent potential approximatiofCPA). Germanium is especially
pound semiconductdt€ or the changes in the well suited for such a study for several reasdijsthe range
renormalization of the fundamental gap due to electronof masses covered by its stable isotopes is rather lage
phonon coupling~'2 The thermal conductivity is strongly from 70 to 76 amy (ii) it can be grown as single crystals
affected by isotope disorder, e.g., it is increased by a factowith a high degree of perfection, afid ) anharmonic effects
of ten in isotopically pure germanium with respect to that ofare relatively small, leading to long lifetimes in the absence
natural germanium crystafS.In certain cases, isotope sub- of isotope disorder.
stitution can be used either to discern the effects of isotope- However, earlier efforts to study isotope-disorder-induced
disorder-induced phonon scattering from those stemmingffects on phonons remained unsatisfactory for a number of
from the anharmonic decay of phonofs®or to tune the reasons. To begin with, high precisidfirst-orde) Raman
effect of anharmonic decay channélisisotopically con- measurements are confined to optical phonons at the center
trolled multilayer structures of Ge, GaAs, GaP, and Si havef the Brillouin zone. Due to the vanishing one-phonon den-
been used successfully for the study of self-diffusion. sity of states at th& point optical phonon frequendy,the
In this paper, we investigate the effects of the isotopicdisorder effect on the linewidth is very smalind has to
composition on the energies and lifetimes of phonons in Gecompete with the anharmonic broadening and also line
Isotopic mass fluctuations in elemental semiconductors repasymmetry effects due to the finite penetration depth of the
resent a particularly simple form of disorder that involveslaser light'*~1® More indirect measurements of the phonon
only mass fluctuations but no significant structural or forceenergies and lifetimes at other high symmetry points of the
constant disorder. Phonons are thus well suited for the the®rillouin zone such as infrared absorption, photolumines-
retical and experimental study of isotope disorder effectscence or second-order Raman scattering suffer from inher-
We note that the statement “no force constant disorder” isently poor experimental resolution and/or additional contri-
not invalidated in any significant way by the above-citedbutions to the line shape that cannot be accurately
findings that the lattice constant and the electronic propertiedisentangled® Inelastic neutron scattering is, in principle,
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TABLE I. Isotope masses, isotopic composition, average massemd mass variance parameteof
natural Ge as well as the samples used in the experiment.

[amu] nat. Ge Ge TeGe

Ge 69.924249 20.5% >99.99% 42.7%

Ge 71.922079 27.4% 2.1%

SGe 72.923462 7.8% <0.1%

“Ge 73.921177 36.5% 7.2%

®Ge 75.921401 7.8% 48.0%

m [amy] 72.6323 69.9242 73.1326

g 0.587x 103 <1.0x10°7 1.532x10°3
the method of choice to investigate the phonon frequencies Il. EXPERIMENT

and linewidths throughout the whole Brillouin zone. How-
ever, the experimental resolution achieved in earlier neutron
measurements was rather coarse compared with optical The undoped Ge samples we have used are a nearly iso-
methods and only a moderately disordered crystal of naturdppically pure single crystal’fGe) and a highly isotopically
isotopic composition was available to compare with an iso-disordered one ?"%Ge). Both samples are approximately
topically pure one, so that the error margins remainedylinders about 1 cm long, with a diameter of about 0.9 cm,
large?° and have a similar crystal orientation. The mosaic spread of
On the theoretical side, the predictions of the CPA and &oth samples was found to be smaller than 0.1°. The mass
self-consistent Born approximatid@CBA) appeared to dif- variance parametey, which characterizes the isotopic mass
fer, even qualitatively® This is surprising in so far as the fluctuations in a monoatomic sample, is defined as
disorder is rather weak, so that both perturbative approaches
should give similar results. Indeed, later results of CPA cal-
culations on the effects of isotope disorderainin'® closely g=2 ¢
resemble those of SCBA calculations for Ge. The combined
deficiencies on the experimental as well as the theoreticaVherec; denotes the concentration of the isotope with mass
side stimulated the present investigation. m; . For convenience, we list the average maseeand the
In this work we present a comprehensive study of theisotopic composition of our samples and that of natural ger-
effect of isotope disorder on the phonon energies and lifemanium together withg in Table I. Our "%7%Ge sample is
times in germanium. The experimental situation was im-nearly maximally disordered, i.e., the mass variance param-
proved with respect to previous work in two respects: Weeterg is close to the maximum value of 710”2 obtain-
grew a Ge single crystal with an isotope disorder close to thable with Ge for a perfect “fifty-fifty” alloy
maximum achievabléhat would be’°Ge, 5 °Gey 5, and we  (7°Ge, 5 °Gey ).

used experimental setups with a considerably improved en- \within the harmonic approximationve-m-1?) we ex-
ergy resolution. This enabled us to detect disorder—inducegect the phonon frequencies of tA%e sample to be by a

line shifts and line broadenings with sufficient accuracy toszctor of 1.0227 larger than those of tA%%Ge crystal.
check theoretical predictions quantitatively, at least within

the energy range of the optical phonons. On the theoretical
side, we have not only checked and corrected previous CPA
results?° but also employed a new technique, i.e., the simu- The investigation of the optical phonons by inelastic neu-
lation of isotope disorder using large supercé8€’s). The  tron scattering was carried out on the 2T-triple axis spec-
comparison of both approaches with our experimental data iometer located at a thermal beam tube of the ORPHEE
based on the theoretically predicted spectral density functiorfeactor at the Laboratoire ba Brillouin, Saclay. Horizon-
which may be strongly asymmetric, properly convolutedtally and vertically focusing Cu-220 and PG-002 crystals
with the experimental resolution. We point out that the usuawere used as monochromator and analyzer, respectively. De-
approximation of the disorder-induced line shape as 4ails of the instrument have been described in Ref. 21.
Lorentzian contribution to the inverse lifetime may easily The final energy was kept fixed &=3.55 THz orEg
lead to poor agreement between theory and experiment. Fur 3.25 THz, which allowed us the use of a PG filter in the
thermore, we have extended the calculations to mass vargcattered beam to suppress second-order contaminations. The
ances larger than those obtainable with Ge. energy resolution of our setup was between 8.7 and 13'cm
The paper is organized as follows: In Sec. Il we discusg(full width at half maximum FWHM], depending on the
the experimental technique and describe the samples. Th@honon energy250 to 300 cm?) and the focusing condi-
experimental data are presented in Sec. lll, while Sec. IMions.
comprises a discussion of the details of the supercell calcu- In order to keep errors associated with an off-center posi-
lations and those of the CPA. Both approaches are compardibn of the samples to a minimum, the samples were care-
in detail to each other in Sec. V and to our data in Sec. VIfully aligned with the help of a laser beam. Furthermore, all
Earlier results are discussed in Sec. VII, whereas Sec. VIII iphonon measurements were repeated after turning the sample
devoted to the conclusions. by 180° and the two energy values obtained in this way were

A. Samples

m—m

2

B. Neutron scattering
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averaged. By this procedure, we believe to have reduced any 300 e X r e 300
errors resulting from potential off-center positions of the 2 a) Q b) .
samples to a negligible size. A further check of the alignment [ . Q ]
dependence was performed by repeating a large part of the 25y % Ge @ 1290
measurements after a second alignment for both samples. I O G ]
The data obtained in the two runs agreed well with each T o290 L Q 1 280
other. Averaging the values of the two runs leads to the final 5 L o ]
- - . . . it 1%

results. To a first approximation disorder-induced effects = [ x ]
should be proportional to the product of the mass variance, g 285 [ & 120
the square of the frequency and the one-phonon density of = I o ]
states(DOS).?? Hence, it is important to cover a frequency g gL X% ® 1 260
range in the experiment where the DOS varies from very £ I ]
small to large and again to vanishingly small, i.e., from about I 9 @l
250—300 cm*.%® 275 | Q 1 250

We originally intended to focus our efforts on thg(O) [ Q d
branch?* because it would have given us the opportunity to oo e L .?240
study the energy dependence of the disorder-induced line 0 05 101 03 05
shifts and linewidths on a single branch for the whole energy q[£00] q[0&¢]

range of interest under very good experimental conditions FIG. 1. Phonon frequencies measured using inelastic neutron
(large momentum transfers, favorable selection rules, good I g g

focusing conditions However, we soon became aware of Scattering at room temperature. The data obtained for%e (X
9 ’ symbo) have been divided by 1.0227 to correct for the trivial mass

! .
the_ fac_t thaTAZ(Q) phonons show a very appreciable broaQ'dependencda) A5(0), (b) 33(0); Note also the different scales.
ening in a certain energy range, even in the absence of iso-
tope disorder, which is probably due to anharmonic decay._ . . . -
This makes it difficult to extract the additional line broaden—_ConStant mode in order to minimize mechanical position-

ing associated with isotope disorder in a quantitative way. AdNg €rrors of the spectrometer. At each energy transfer, both

a consequence, we resorted to the investigation of two othéYMmetry related scans @ and —Q were performeﬂ. The
branches, i.e., tha5(O) and the3(0) branches, along WO peak positions did not differ by more tharx30™" re-
which the anharmonic broadening was found to be much les§Procal lattice unitsr.L.u.) and their mean was used in the
severe, although not always negligible. Unfortunately, thidurther evaluation. The conm_ste_npy of th_e data is further sup-
advantage had to be paid for by less favorable selectioROrt€d Dy the fact that no significant difference was found
rules, so that the observed intensities sometimes containd¥gtween the results obtained in two independent experiments
non-negligible contributions from another branch. The waySeParated by one year!
in which we dealt with this problem will be described in Sec.
Il A. The final measurements were carried out around the Ill. EXPERIMENTAL RESULTS
(2,4,4-reciprocal lattice points, i.e., going fro@=(2,4,4)
to Q=(1,4,4) or fromQ=(2,4,4) toQ=(2, 3.5, 3.5) for the
measurements of thA;(O) and theX;(O) branches, re- The phonon energiesobtained along the high symmetry
spectively. All measurements were performed at ambiendirectionsA and, extracted by fitting Gaussians to the mea-
conditions for the sake of a precise positioning of thesured spectra, are shown in Fig. 1 for both crystals. We have
samples. adjusted the frequency of the nearly isotopically plfiee

The investigation of the acoustic phonons was performedrystal for the difference in the average mass of the two
on the IN20 spectrometer at the Institut Laue-Langevingrystals, i.e., we have divided the measured frequencies by
Grenoble. Isotope disorder effects similar to those expected.0227. Therefore, within the harmonic approximation to-
for the optical phonons are predicted for the acoustic ones igether with the virtual crystal approximatiofVCA), the
the frequency range from 50 to 120 ch where the DOS  phonon frequencies of both crystals should coincide and we
exhibits a marked peak stemming from the flat transvers@scribe the remaining differenceé® = vgisorered Vordered iN
acoustic branches. Although the magnitude of the disordeithe phonon energies shown in Fig. 1 to disorder-induced
induced shift and broadening is expected to be about 16cattering. The energies,,, (corrected for the harmonic
times less than in the optical range, it might be possible tanass dependencebtained for the phonons of th€Ge
observe them if a suitable focusing geometry is chosen isample are listed in Table Il together with the disorder-
reciprocal space, for which the inclination of the resolutioninduced shiftsv observed for thé”’®Ge sample.
ellipsoid matches the slope of the dispersion surface. Particu- The linewidthsI' (FWHM) that we obtained from a fit of
larly favorable conditions have been achieved by using am Gaussian to the measured spectra are shown in Fig. 2. For
elastically bent perfect Si-111 monochromator and analyzethe isotopically pure sample, there are three contributions to
with a rather weak curvatur@. the linewidth: An instrumental contribution due to the finite

The present measurements were carried out in three adjeesolution in energy and momentum transfer, a contribution
cent frequency ranges of 24—34, 39-67, and 67—98'ém  due to anharmonic broadening and a contribution associated
the(4,2,2, (0,4,4, and(4,0,0 Brillouin zones corresponding with the nonvanishing scattering cross section of branches,
to the TA phonon branchesAs(A),A5(A),25(A),  other than those giving the main contributipwhich was
respectively’* All the scans were performed in thE  A,(O) for the measurements along tli#00) and ,(O)

A. Optical branches
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TABLE II. The phonon frequencies of the isotopically modified Ge crystals listed here were measured at

the reduced wave vectoE[sat room temperaturez.,, denotes the phonon frequency measured for {ae
crystal after division by 1.0227 to correct for the trivial mass dependernoe *2 and thus allow comparison

with the "%"%Ge. 6v is the difference between the frequency found for the isotopically disordered and the
corrected frequency of the isotopically ordered samjpde:= v("%"® Ge)— v . ST is the difference in the
phonon linewidth§FWHM) obtained for the isotopically disordered and pure sampléis gained from a
comparison of the observed linewidths with the spectrometer resolution as described in Sec. Il A and Fig. 2.

Errors in v and ST are smaller than 0.4 cm.

q=(ay.dy.9,) Veorr [CM 1] Sv(23(0)) [cm ] ST (25(0)) [cm™ ]
(.50, .50, 0 244.1 0.18 0

(.45, 45, 0 252.1 0.26 0

(.40, .40, 0 260.2 0.08 0

(.35, .35, 0 268.2 0.01 1.41

(.30, .30, 0 275.0 0.77 2.34

(.25, 25,0 281.3 1.07 2.14

(.20, .20, 0 287.7 0.46 1.22

(.15, .15, 0 291.6 1.51 1.44

(.10, .10, 0 295.5 0.96 0
a=(ay.qy,9,) Veorr [CM Y] Sv(As(0)) [cm ] ST (A5(0)) [cm™ ]
(1.0, 0, 02 270.9 0.32 1.73
(07,0, 0 272.0 0.31 1.73
(0.6,0,0 273.9 0.66 2.05
(0.5,0,0 2765 1.23 2.22
(0.4,0,0 280.9 1.41 1.36
03,0,0 286.4 1.56 1.19
0.2,0,0 292.2 1.77 0.91
0.1,0,0 296.6 1.47 0
(0.0,0,0 297.8 1.03 0

&This row denotes the average of measurements at seﬁ/cﬂtaihts: d:(1,0,0),(.9,0,0,(.8,0,0). A com-
parison of these spectra is shown in Fig. 3.

along the (011 direction]. Contributions from A;(O) wave-vector-dependent contribution from the anharmonicity.
phonons did not lead to noticeable distortions of hgO)  Since we cannot model this additional anharmonic broaden-
phonon peaks. For this reason, we fitted all these lines with ang, we deduced the dashed line from the data as the
single Gaussian. On the other hand, some ofth@) pho-  smoothed variation of the linewidth. Following this proce-
non lines were obviously distorted by contributions fromdure, we define the additional broadening arising from iso-
2,1(0) phonons. These peaks were fitted with two Gausstope disorder as the difference between the linewidths ob-
ians, whereby the energy separation of the two peaks wasined from fits of Gaussians to the experimental spectra
fixed according to the data of Nilsson and Néifheir rela- [T =I'("""%Ge)—-T'("°Ge)]. In this manner, we are able to
tive amplitude according to the calculated scattering crosextract the disorder-induced broadening with an overall ac-
sections, and the width taken to be the same as that of theuracy of about 0.4 cit. The disorder-induced broadenings
main line. When the contribution of the;(O) phonons was ST are listed in Table Il. The choice of the above procedure
subtracted from the raw data, the corrected data points wemoes not imply that the disorder-induced broadening has a
well described by a single Gaussian. Gaussian line shape. On the contrary, we will find in Sec. V
The scans were simulated on the basis of the calculatetthat the disorder-broadened phongmsthout experimental
four-dimensional resolution in energy and momentum transbroadening have line shapes which can vary from being
fer as well as the lattice dynamics of Ge modeled by aGaussian-like to being Lorentzian-like, depending on the
valence-force model. The instrumental parameters enterinigngth of the baseline obtained in the measurement. In addi-
into the resolution calculation were slightly adjusted so as tdion to these, and for certain energy regimes, we also find
reproduce the observed linewidth of about 13 énat the  very asymmetric profiles. We thus emphasize, that this pro-
zone centel’. The solid curves in Fig. 2 correspond to the cedure is solely applied, so that we obtain a numbextfue
expected linewidths as a function of reduced wave vectorsize of the disorder-induced broadening from the data in a
For the "°Ge sample the observed linewidths for the(O) manner that can be consistently applied to the theoretical
phonons, which have a transverse optic character, are wealkesults. Furthermore, it is important to notice that we have
described by the solid line, whereas the corresponding lineincluded the anharmonic contribution to the phonon line-
widths of theX ;(O) phonons are systematically larger for width in the experimental resolution and consequently
g>0.1 r.l.u. Presumably, the excess linewidth is due to sslightly overestimated the latter. Although the intrinsic pho-
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FIG. 2. Phonon linewidths obtained from a fit of a Gaussian
profile for the isotopically ordere@x< symbo) and for the disor-
dered(Q symbob germanium s?mples along two optical branches'phonon was divided by 1.0227, so that the remaining difference in
The So.“d lines represent_thm(q) dependence of th_e (_axperlmentgl energy is disorder-induced(A) Spectra were obtained at
resolution. The dashed lines are a smoothed variation of the line- ) 1 .
widths observed on th&;(0) branch of the’’Ge sample. The qzz(gél’o’gl’ théng_S(Od)):_l(.jM Cdml'. bAt dth'.s _frequelr_lc_)k/Jl
jump at(i=(0,0.22,0.22) is caused by the change in the fitting( cm ) the disorder-induced line broadening is negligible.

strategy from one Gaussian to two Gaussians needed to take coﬂ?-’). For both samples the spectra are the_ average obtained qt the
tributions from other branches into account. points:(1,0,0, (0.9, 0, 0, and(0.8, 0, Q, which are observed at the

same energy. In the case of the isotopically pltée sample
non linewidth in an ordered germanium crystal of about(X symbo) we used a Gaussian to fit the dddashed line,
2 cm ! (Ref. 26 at room temperature is not negligible, its I'=11.4 cni* (FWHM)]. In the case of the isotopic allof?"%Ge
mass dependence is already small at low tempeﬂétarm (O symbo) a Voigt profile was usedull line), where the Gaussian
becomes even smaller with increasing temperature. The sangéntribution to the linewidth was set to 11.4 th corresponding
holds for the mass dependence of the anharmonic 13Hf}t. to the resolution obtained for th®Ge sample. The additional
As a result, we can safely ignore these effects since they afe@rentzian-ike broadening was found to bE =35 cm*
much smaller than the disorder-induced shift and broaderFWHM).

ing. Finally, we point out that in evaluating the disorder-

induced linewidth we made allowance for the energy depen- B. Acoustic branches

dence of the instrumental resolution, thus taking into e have performed neutron scattering measurements of
con5|derat!0n the fact that the phonon energies of the tw@coustic phonons along thB;(A), As(A), and As(A)
samples differed by 2.27%. A branches. The ideal focusing conditions achieved using elas-
Phonon peaks at two differemt points and frequency tically bent perfect Si crystals as monochromator and ana-
regimes are shown in Fig. 3. While the disorder-inducedyzer allowed us to observe very narrow phonon lines for
broadening in Fig. @) is practically zero, a disorder-induced which the number of data points on the line was limited by
shift is clearly observed at this frequency 298 cmi'). In the minimum step size of the instrument drives. In Fig. 4 we
contrast, the phonons in the vicinity of th& point  show phonon profiles that were obtained at an energy trans-
(~272 cmY) exhibit a substantial broadening for the fer of AE=80 cm ! along theX3(A) branch. In order to
disordered’?"®Ge sample. This phonon peak is shown inunderstand the origin of the asymmetric shapes of the
Fig. 3(b) compared with the corresponding phonon of thescanned profiles we have calculated a 4D convolution of a
isotopically pure sample. The spectrum shows evidence fomodel phonon dispersion for germanium with the instrumen-
a Voigt profile (i.e., a convolution of a Lorentzian with tal resolution ellipsoid using the ResTrax progréhwhile
a Gaussiaf{); we will discuss in how far the assumption of these calculations reproduced rather closely the shapes of the
a symmetric Lorentzian disorder-induced broadening ibserved profiles and their evolution with energy transfer,
justified in Sec. VI. they were not well suited for direct data fitting. Therefore,

FIG. 3. Averaged and normalized phonon spectra obtained at
room temperature from th&;(O) branch. The energy of th€Ge
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but with different propagation directions and polarizations.
Both the magnitude and the frequency dependence of the
observed effect are in conflict with the theoretical predictions
and we suspect that they are due to systematic experimental
errors hitherto not understood.

IV. THEORY

In an earlier publication, the isotope disorder in germa-
nium was treated with the CPA as well as a SCBA. Surpris-
ingly, the predictions of the two theories differed qualita-
tively from each other. Moreover, the SCBA results, but not
the CPA results for Ge, are similar to those of recent CPA
calculations for a similar system, i.e., isotopically disordered
a-Sn?® This motivated us to repeat the CPA calculations for
Ge, which indeed showed that earlier CPA redlitontain
numerical errors.

L In addition to the CPA calculations, we thought it worth-
029 030 031 032 033 while to apply a fundamentally different approach to the
Wave vectorq[0.58] problem of isotope disorder, i.e., by modeling our neutron-

FIG. 4. Phonon lines obtained in constant energy scais ( scattering experimgnts _by means of SC's. This approach in-
=80 cnY). The data, which correspond ¥o,(A) phonons, are not volves less approximations than the CPA and t'herefore can
corrected for the harmonic mass dependence. The solid and tfR€ €xpected to model the effects of isotope disorder more
dashed line represent fits of Gaussians to the main part of the phéealistically provided the size of the unit cell of the SC is
non peaks obtained for tHéGe and™"%Ge samples, respectively. Sufficiently large.

Counts [10°] / [ 300sec ]

we have fitted the main part of the phonon lines with two A. Coherent potential approximation
Gaussians(compare Fig. 4 The total width of about

73 . .
5.6(3)x10 “rlu. observed for the isotopically pure ooy systems in a coherent fasHidif. The basic idea
sample, corresponds to 1.26(7) chon the energy scale. . g .
is to let the periodic crystal potential be an unknosemplex

This width will be convoluted with the Lorentzian contribu- . . . ) .

. . . . ; . function, which one determines self-consistently in such a
tion of the isotope disorder whose width is predicted to beWa that the average scattering produced bv real scatterers
about one order of magnitude smaller (0.1°&n In such a Y g gp y

case the disorder-induced lifetime would broaden the Ob'gambedded in the effective material is zero. Isotope disorder

served profile by about seven percent, an effect just at s @ particularly simple case, since the force constants do not

edge of what might be detectable in our experiment. HOW_Sepend on the kind of atom located at a specific &ltago-

ever, within the experimental error our data exhibit nearlyrlall disordey, i.e., we assume that the lattice relaxation
the same profile widths for both samples. Possibly, thearound isotopémpuritieshas a negligible effect on the force

disorder-induced broadening was masked by a slight chan constants. Therefore, one can check the validity of the CPA
; . ng . oy 9 g{%r materials that have a high degree of substitutional disor-

of the instrumental linewidth associated with the change o . g . ;
der but a small perturbing potential. In the single-site CPA

the slope of the dispersion due to the trivial harmonic MaS¥ne considers a fictitious crystal in which the masses are

Sh'ﬂ'. Simulations ShO.Wed that this .char!ge of the slope MaY ssumed to be complex and frequency dependent. One can
entail changes of the instrumental linewidth of the same size

. . write the CPA mass in terms of the dimensionless self-
as that of the expected disorder effect and thus might en- ~ — o~ ] )
hance or cancel the disorder-induced broadening. As a resiff?€r9y €(@?) asmepa=m[1—e(w)]. This self-energy is

we have not been able to experimentally determine disordePtained self-consistently from the requirement that the av-
induced line broadenings for the acoustic branches. erage scattering vanishes, a condition that can be writtén as

In order to evaluate the positions of the phonon peaks we

The CPA was developed in order to treat scattering in

have fitted them with a superposition of two Gaussians that (2 :E _ _X‘ri _ ,
were constrained to approximately the same widths for both T 1+[e(w?) —r1Imw®Gy{ 01— €e(w?)]}
samples at a given energy transfer, and used the center of the (1)

Gaussian that d(iscribes the lpyy edge of the peak to define wherex; is the fraction of the isotope andm the average
its position. Theg values were then converted into energieSmass. The Green’s functio®, and the dimensionless mass
and corrected for the trivial mass dependence. As a resulgeviationsr; are defined by
the frequencies obtained for the disordered sample were up

to 1 cm ! higher than for the ordered one with the difference 1 f plo)

rising monotonically withq| from zero at the lower end to Go(w?)== | ———mdo’, r=—=— (2
the maximum value at the upper end of the investigated

range. A similar behavior was observed in different energyHere the one-phonon density of stajeg$DOS) of the or-
ranges on the other branches. Consequently, we have obered crystal is assumed to be normalized to 1. Equéfipn
tained different energy shifts for phonons of similar energiesan be solved by iteration.
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For the comparison of the CPA with SC results and with 60 100 140 180 220 260 300
the experimental data, we need the spectral density function o2 F
A(q,w) defined as the imaginary part of tiedependent
phonon Green’s function
ol
> E
- 1 2w(q) ]
AlQw)=—1m| ———— — . (3 > {\
T o~ 0%(q) - 2e(q)Il(q,0) =00
. M AN
The phonon self-energ¥l(q,) is related to the reduced
self-energye(w?) used in the CPA formalism by 03 [ Lo Lo L Joo LY A
1 2
(g, 0)=5 —= e(w?). @)
2 w(q) —o2t scale 2
For cubic symmetr¥? and if Im{TI(q,w)]<w(q) the spec- —
tral density functiorA((i,w) simplifies to % 01 F 41
[—‘0
- 1 1
A(q,w) = ; Im ey 1 1 1 1 1 Il
o= o(0) = I(w) 0050 oo 140 180 220 260 300°
1 T cpa( @) Phonon Energy [ cm™' ]
= — - , 5
T [w—w(q) —ACPA(CU)]2+ F(Z:pA(w) © FIG. 5. Real and imaginary part of the disorder-induced phonon

self-energy obtained from CPA calculations. We have used the
with TI(w)= %w”é(wz)_ If the phonon density of states does VFM for the case of an isotopically disordered alloy having the

not vary appreciably within the range of the main intensity ofS2Me Mass variance as our real sanfléte s> oe s, g=1.52
- o X 10" °). Note that the scales to the left and to the right differ by a
A(g,w), the quantities

factor of 10.

B. Supercell calculations

1 ~
_ - 2
Acpa(@)= 50 Re e(0%)], and This approach is nonperturbative and exact within the as-

sumptions made by using harmonic and phenomenological

1 force constants as well as finite cell sizes. Assuming that
Tepa(@)=— 5o IM[e(w?)]. (6)  isotope substitution leaves the lattice dynamical force con-

2 stants unchanged, then the random filling of 50% of the lat-
tice sites in a supercell with the lighté¥Ge isotope and the
ccupation of the remaining sites with the heaviéGe
ields a perfect isotopic alloy. Using phenomenological
odels, like a valence force modé€VFM) or the bond
Ccharge modéf (BCM), to describe the lattice dynamics
) ) i . SWithin the harmonic approximation, we obtain the eigenfre-
sible to characterize the spectral density funcidn,») by quencies and the eigenvectors through a diagonalization of
just two parameters. the dynamical matrix of the supercells. This procedure yields

The_ph(_)nonb(;l;%nsny of states of the disordered SySte%e spectral density of stat@s(d,w), i.e., the distribution of
pei(w) s given the number of phonon states per frequency channel at a cer-

tain wave vectoﬁ. In order to simulate the data obtained in
w'. (7) an inelastic neutron scattering experiment, we weigh the

spectral density of stateB(d,w) with the dynamical struc-
ture factoro of the respective mode, whereis calculated

In Fig. 5 we show the calculated real and imaginary parfrom the momentum transfer and the eigenvectors obtained
of the the disorder-induced phonon self-energy in the acousn the diagonalization.
tic and optical energy regime of Ge. These results prove that Results obtained from the supercells of finite size depend
the oscillations seen in earlier CPA results are spurf8lis.  on the particular mass configuration when filling the super-
the optical regime, the real pakicpa(@) changes from being cell with °Ge and’®Ge atoms. In order to reduce the effects
negative (1 cm %) at 280 cmi* to being positive (2 cm')  of the finite cell size, we averaged the spectra for several
at 295 cm. The imaginary parl cpa(w) attains a maxi- isotope configurations. Comparing the results for supercells
mum value of 2.2 cm' in the optical band. In the acoustic of 64 and 216 atoms, respectively, and for different numbers
region (w=240 cm 1) we find the self-energy effects to be of configurations, we came to the following conclusions: In
about ten times smaller than in the optical region. the energy region of the optic branches, supercells of 64

describe the shift and width, respectively, of a phonon pea
having a Lorentzian shape. In Sec. V we shall show that in
Ge this applies well to the acoustic regime, whereas in th
optical branches strong deviations from the symmetri

B p(w’)w’2
perl @)= 25 1M f L]
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atoms and about 30 isotope configurations are sufficient for
our purposes, since larger supercells yield practically the
same results. In the energy region of the acoustic branches,
however, a large computational effort was necessary to ar-
rive at reliable results, e.g., using supercells of 216 atoms or
even more and many different configurations.

We checked in how far the calculated results for the pro-

jected spectral density of statesD(a,w) depend on which

of the equivalent crystallographic directions is chosenc?or
and on the polarization of the phonon branch that is implic-
itly contained ino. We found that the energy of the phonon
under consideration seems to be the only relevant parameter,
a result that is implicit in the CPA approach. We also
checked to which extent the results depend on the underlying
lattice dynamical model by using a VFM model and a bond
charge modef® On average, both models give an equally
good description of the data reported by Nilsson and Nélin,
but differ in detail as to how well particular phonon branches
are described. Both models yield very similar results for the

ch((i,w) spectra; the differences can be largely understood
on the basis of the slightly different description of the pho-
non dispersion and the resulting shapes of the DOS. The
calculations presented in this paper are based on an extended
valence force model with two angular forces and Born-von
Karman parameters reaching beyond the first-nearest
neighbor’? Compared to the commonly used BQRef. 33

it gives a somewhat better reproduction of the optic
branches, allows the use of larger supercells in our program
and the calculations are much faster. Using our VFM the
dynamical matrix of the supercells were explicitly con-

A (0,9) [ arb. units ]

A (o,q) [ arb. units ]

A (o,q) [ arb. units ]

0.0

structed for each respective SC size and geometry. Unless 75 > 90
specified differently, we used a cubic SC with, Phonon Energy [ om ]

=16.971 A containing 216 atomic sites and 30 isotope con-
figurations.

FIG. 6. Comparison of the spectral density functions obtained
from supercell calculationéx, O, + symbols and those obtained
within the CPA framework(solid lines. (A) Calculated forw(q)

V. COMPARISON OF CPA AND SC =276.$, 287.5, ar'ld 292.2 crhand(B,C) spectra for a number of
acoustic frequencies.

In order to compare the two different theoretical ap-
proaches that we have employed, we show examples of t

spectral density function for the optical regime in Figa)6 n?smg an orthorhombic supercell of dimension 11.314

: R . _ X 16.971x 28.285 A containing 240 atomic sites. This
The full lines depictA(q,») obtained in the CPA frame- cpice provides an improved sampling and allows the aver-

work, while the symbols show the results of our supercell
aging over three equivalent phonons. In Figh)we show
calculations. In both cases we have modeled the lattice dy- ging a b %)

namics with the VFM while the area underneath each curvé1® Spectral density functioA(q,«) calculated within the
has been normalized. Obviously, the spectral density funcCPA in the acoustic regime as full lines and compare it to the
tions obtained from these fundamentally different ap-result of the SC forw(q) 195 cm ! shown as theD sym-
proaches agree extremely well with each other. The lindol. Both approaches agree well with each other. For even
shapes and positions are similar and the respective amplmaller frequencies the supercell results showed too much
tudes are in agreement, so that from the inspection ofoise for a meaningful comparison. In order to allow a com-

A(q,w) we cannot discern a systematic difference betweearison between CPA and SC in the whole range of the ex-
the two approaches at |east not for the mass dlsorder Of Olp{el‘lmental Stud|es we ha.Ve Car”ed out Ca|Cu|atI0nS for a
70/76 sampled=1.52x10"3). 67/79 isotopic alloy, again with the orthorhombic cell con-
According to Fig. 5, the self-energy in the acoustic reg|meta|n|ng 240 sites. In these calculations we have studied LA
(0=240 cmY) is an order of magnitude smaller than thosephonons in theq (£,0,0) and(¢,£,0) directions at 80 cm*
in the optical branches. Therefore, supercell calculations reand 86.7 cm?, which lie below and above the prominent
quire the use of larger cells and averages over severgleak of the acoustic DOS. The results are shown in Kig). 6
phonons with the same energy in order to achieve results diVe find that the phonon profiles are well approximated by
sufficient accuracy in the acoustic regime. The most favoriorentzians but some asymmetry in the wings is clearly vis-
able condition is met in the vicinity of the peak in the DOS ible, both in the CPA and the SC results. From the good
near 195 cm®. Calculations at this energy were carried outagreement between CPA and SC we infer that the CPA pro-
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FIG. 7. The density of states in the region of the TO phonons Mass Variance g [ 10™°]

obtained from our VFM model for the case of a perfect crystal
(VCA) is depicted by the solid line. Th& symbols display the FIG. 8. Variance of the frequency of the spectral density func-
DOS obtained from the SC, while the dashed line shows the DOgqp, A(d.w) as a function of mass variangecalculated with the

which resultg from the CPA. The projections of the SC DOS on thecp (O) and the SAA). The solid line represents the proportion-
heavy and light masses are represented by/thend [ symbols, ality to the mass variancg found for g<3x 10~2 extended to
respectively. Here, we used the root sampling method at about 12519rger values ofy.

(i points in the irreducible part of the Brillouin zone to calculate the
DOS ofﬁa1 tetragonal SC containing 96 atoms. The chapnel width iS5 lculations employing the VFM lattice dynamical model.
0.16 cm =. The results shown are the average of 15 isotope conz . - . -
figurations The investigated supercells were 50/50 mixtures ranging
' from 73/73 to 67/79 isotopes, which corresponds to a mass
_ _ variance of up to 6.75810 3. We have chosen the variance
vides reliable results also for the low energy range of thesf the frequency w?)—(w)? for the characterization of the

70/76 isotopic alloy. width of the spectral density function, a quantity that is in-

As can be seen in Fig.(8), A(ﬁ,aj) can exhibit strongly  dependent of the individual shape A(q, »). This quantity
asymmetric line shapes. In facd(q,w) for w(gq)=276.5 is plotted in Fig. 8 versus the mass variamgcéor a phonon

and 292.2 cm? show long tails towards the energy range of of w(a) =276.5 cm ! with a strongly asymmetric line shape
a higher DOScompare Fig. ¥. The most pronounced asym- [see Fig. €a)] and is compared to the predictions of the
metries occur when the unperturbed phonon freques@)  CPA. We observe a deviation from linearity aboge 3
lies in a region in which the real and imaginary part of the x 102 and excellent agreement between the results from
self-energyAcpa andI" cpa, respectively, vary strongly as a CPA and SC in the whole range of the figure. Upgte 3
function of frequency. A constant (I') can be directly in- X102 good agreement is also found for the spectral density
terpreted as a shiftwidth) of a Lorentzian. However, from functions, whereas characteristic deviations show up beyond
the asymmetric shapes of the peaks it is clear that this iderthis value. This is demonstrated at the bottom of Fig. 9 where
tification is not straightforward in those regions that encom-we find indications of a three peak structure in the SC results
pass precipitous drops in the flanks of the phonon density ofmarked by arrowsthat are not well reproduced by the CPA.
states. With increasing mass variances these structures become
We show the DOS(w) in the frequency range of the more pronounced and for very large valuegothey corre-
optical branches as the solid line in Fig. 7 obtained from outate with a three peak structure observed in Raman studies on
VFM for the case of a perfect crystd/CA). Calculating the ~ Si-Ge alloys®* A more detailed discussion of this topic is
density of states for these two methods of treating disordeteyond the scope of the present work.
we find some difference between the results of the two ap- We would like to note that the use of the terdisorder-
proaches: In Fig. 7 we show the DOS of the disordered sysinduced shift and broadeningpuld be misleading within the
tem obtained from the SC and CPA a5 symbols and a supercell approach. These expressions tend to be used in the
dashed line, respectively. We note that the small differenceBamework of perturbational calculations, where they denote
in the energy range from 282—294 cirbecome more pro- corrections due to phonon-phonon interactions, which are in-
nounced for larger mass variances, for which the SC DOSluced by the mass defects. In contrast, however, the dynami-
starts to exhibit pronounced peaks, while the CPA DOS reeal matrices occurring in the framework of the supercell cal-
mains unstructured. For mass differences corresponding feulations can be diagonalized with a high precision. These
Si-Ge alloys, we found that the SC DOS shows three rathedfa|cu|ations y|e|d a manifold of phonon Sta@@iw) hav-
sharp peaks, while the CPA DOS does not. ing a zero width. In this approach the isotope disorder-
We have checked in how far the width of the isotopeinduced broadening, which is clearly observed in Figh)3
disorder-induced scattering, i.e., the width Afq,w), de- appears to be due to the scatter of th¢ &igenfrequencies
pends on the size of the mass variamcén our supercell (N is the number of atoms in the supergelbbtained for
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260 270 280 290 300 the convolution of the spectral density function with the Gaussian
Phonon Energy [ cm™ ] experimental resolutiotil e, =11 cm'*, FWHM). The solid line
. . ) . depicts the results of the supercell calculations and the dashed line
FIG. 9. Comparison of the spectral density function obtainedy,qe ghtained within the CPA. In both cases we used the VFM for
from a SC with CPA results fow(q)=276.5 cm™. (A) ®*"'Ge,  the lattice dynamics. The calculations were performed for the case
g=3.002<10"°, average of four phonongB) ®""Ge, g=6.755  of an isotopically disordered alloy having the same mass variance
X 1072, average of six phonons. as our real samplé€’®%e,.5%%e) s, g=1.52x 10" 3). The squares
show the disorder-induced effects measured o) branch,
each isotope occupation of the supercell around the singlghich has longitudinal character. The diamonds show those ob-
frequencies of the respective branches obtained from the dyained on theAs(O) branch, which has transverse character. The
namical matrix in the VCA. Therefore, the width of the spec-experimental errors i and & are smaller than 0.4 cm.

tral density functionaD(ci,w) obtained within the SC pic-
ture does not stem from a reduced lifetime resulting fromthe VCA results were determined.
disorder scatteringhomogeneous broadenindout from a We have analyzed our experimental and theoretical re-
broad spectral density of discrete states that is ensemble agults in the above manner and compare them in Fig. 10. We
eraged over many different isotope distributions. In the saméind good agreement between them for the excess width,
way the shift does not occur in the sense of a correspondinghereby the supercell calculations reproduce the data points
real part of a self-energy but is determined by the exackomewhat better. The agreement is not quite as good for the
shape of the spectral density function together with the parshift: The experimental points appear to lie systematically
ticular experimental resolution. above the theoretical curves. Again, the supercell calcula-
tions seem to reproduce the data points better than the CPA.
A further improvement can be obtained if we apply to the
experimental data a constant frequency shift of about
When comparing our experimental results with theoretical- 0.3 cni . Such a systematic error in the experimental data
predictions, we are confronted with the difficulty that the may arise from geometrical effects associated with the some-
spectral density functions cannot be described by a universathat different shape of the samples or from uncertainties in
function like a Gaussian or a Lorentzian and that the experitheir isotopic composition. Assuming that the disordered
mental resolution(“slit width™ ) is larger than the intrinsic sample contained 1% moréGe than listed in Table | and,
widths of the spectral density functions. The latter effectconsequently, that the crystal lacked 1% %@e we find that,
tends to smear out details in the line shapes and will, irwithin the virtual crystal approximation, its optical phonon
general, allow us to compare only integral quantities characfrequencies should increase by about 0.15tm Our ex-
terizing the width and the average frequency of a spectrunperimental data for the two branches and two high symmetry
In order to put the analysis on a common footing with thedirections in the optical region show no indication of a de-
analysis of the experimental data, we proceeded as followgiendence of disorder-induced effects on the polarization nor
We convoluted the spectral density functions obtained fronpn the particular reduced wave vecwprof the phonon, in
either CPA or SC with a Gaussian profile whose width isagreement with the theoretical analysis.
given by the experimental resolutiécompare Fig. 2 From The results of Fig. 10 are related to the real and imaginary
a Gaussian fit of this result an excess widtioadening, parts of the disorder-induced self-energy displayed in Fig. 5.
OI'=T'— ey and a shiff §v=vs—v(q)] with respectto  The convolution of the strongly asymmetric line profiles,

VI. COMPARISON OF THEORY AND EXPERIMENT
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From the present study and additional SCBA calculations we
007 | come to the conclusion that the theoretical results presented
0.06 in Ref. 20 are incorrect. Especially, the[Bgpa(w)] results
i of Figs. 3 and 9 of Ref. 20 in the region270—310 cm*
g 005 are qualitatively in error, so that the preference given to the
= : CPA over the SCBA in Ref. 20 must have been based on
g 004 computational errors.
S I Comparing the experimental results presented in Fig. 9 of
g 00 Ref. 20 to SC and CPA results calculated by us for natural
2 0.02 Ge, we found good agreement between theory and experi-
-7 ment for the disorder-induced line broadening. Hereby, we
0.01 note that our recalculatedps(w) does not differ strongly
from those shown in Fig. 9 of Ref. 20. Regarding the shifts,
0.00 we now understand why only small effects were seen in the
earlier neutron experiments of a natural germanium crystal,

248 255Ph 265E 275 285 295 since our present simulations yield shifig.pa(w) that are
onon Energy [em™ ] about three times smaller than those expected from the the-
FIG. 11. The spectral density functigk(q, ) calculated with oretical results of Ref. 20. At t.hE point, the shift observed

the CPA for a phonon at the X point compared to the correspondin@y Neutrons was about two times smaller than the Raman

neutron result{O symbo). Dotted line: CPA result; solid line: ~ V@lue of Ref. 20. However, the smdllpoint shift was con-

after  convolution ~ with the experimental resolution firmed by the most recent dé?aobtamed from our ?Ge

[Texp=11.7 cm'?, see Fig. 2)]; dashed line: fit of a Gaussian to sample using Raman scattering at 10 K. A disorder-induced

the solid line. shift of sv=+1.06(4) cm* was found that compares fa-

vorably with our present neutron result and reflects the high
which result from Eq(5), with a Gaussian leads to a smear- 2CCuracy achieved in the neutron measurements. With hind-

ing of the structures and a reduction of the amplitudes of th§/9Nt, it was practically hopeless to extract shifts from the
curves plotted in Fig. 5. In particular, the pronounced negaformer neutron data for natural germanium with sufficient
tive real part in Fig. 5 near 275 cfhis strongly reduced. accuracy to test different theories. As for the shifts deduced

Having shown that the experimental data and the theoref/OM optical experiments, we found that the photolumines-

ical predictions are in good agreement for quantities such aS€Nce data are in reasonable agreement with theory. The val-

the average shift and broadening, we next consider the prél€S évaluated from IR transmittance, however, show a be-
dicted asymmetry of the spectral density function. This"@vior that is not consistent with the present theories. In

asymmetry is resolved for thé point phonon spectra of the conclusion, not toolmuch can be Ieamed from the previous
disordered 7°7%Ge sample with a rather good statistics. data of Ref. 20, mainly because the disorder-induced effects

~ . N . are so small in natural Ge.
A(q'“’l is shawn in Fig. 11 as the i1arrow pﬁe(ajotte.d ling In Ref. 36 Fuchs and co-workers report additional very
for w(q)=274 cm'*. The convolution ofA(q,) with the  |ow-intensity features between 270 and 295 érim the Ra-
Gaussian spectrometer resolution yields the solid line in Figman spectra of isotopically disordered germanium, so-called
11 (Pep=11.7 cm'!, compare Fig. R It is clear from Fig.  phand modes. Similar resuits were obtainedvitin.2® In Fig.
11 that the properly convoluted spectral density function re4 of Ref. 36, the experimental results are compared to calcu-
produces the small shoulder on the high-energy side oKthe |ations of incoherent scattering based on earlier CPA calcu-
point spectrum rather convincingly. In contrast, a fit of ajations, which clearly cannot account for the data, since the
Symmetric GaUSSiamdaShed ||n¢ describes the data less latter predict a Vanishing intensity aroune282 Cm_l_ Ear-
well. We have shifted the experimental d#&€a symbo) by  |ier calculations of the coherent scattering intensity of the
1.1cm' since our VFM model was fitted to low- hand modes yielded negligible intensities and thus were not
temperature neutron data. presented in Ref. 36. Our present CPA results improve the
situation.

In Fig. 12 we show the Raman signal stemming from the
disorder-induced band modes together with the CPA calcu-

A number of earlier publications deal with the isotope lation from Ref. 36 as the solid and dotted lines, respectively.
disorder effects in germaniuf:1®2°353¢|n particular, the The Raman intensity was obtained by subtracting a symmet-
energy dependence of the disorder-induced self-energy waie Lorentzian that represented the Raman signal of an iso-
investigated both theoretically and experimentally in Ref. 20topically pure sample from that of an isotopically disordered
On the experimental side, Raman and neutron scattering, d%Ge, s "°Ge, s sample(compare Fig. 2 in Ref. 36 Here, it
well as infrared transmission and photoluminescence experiieeds to be pointed out that the finite resolution of the
ments, were carried out. On the theoretical side, calculation®ILOR Raman spectrometer used in Ref. 36 was neglected
were performed using the CPA and the SCBA. Etchegoirin the analysis. We have checked that a Gaussian resolution
et al. report that there is reasonably good agreement betwedretween 0 cm' (ideal casgand 2.5 cm?, that corresponds
theory and experiment for the CPA, whereas the SCBA waso the typical resolution of this DILOR spectrometer,
found not to reproduce the energy dependence of thehanges the amplitude of the band modes%i%Ge from

disorder-induced shifts in the region270-310 cm®.?°  ~0.002 to~0.012, when the maximum of the main line is

VII. EARLIER RESULTS
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0.0050 Frrrrprrrrrrer RARAARAY ARARARARY AR that the strong intensity of the incoherent scattering pre-
sented in Ref. 36 might have arisen from the numerical prob-
lems of Ref. 20.

. From Refs. 22 it is expected that the disorder-induced
broadenings T should be proportional to the one-phonon
density of state§é I'~ 7 1~gw?p(w)]. However, the SC

i calculations of5I" for optical phonons having different wave
vectors, polarizations, and frequencies deviate by as much as
a factor of 2 from this relation, revealing that the above
formula, based on second order perturbation theory, is only a
crude approximation that neglects the potential asymmetry of

A(q,w).

I —— Raman exp.
- Ref, 36

0.0040 |-

0.0030

0.0020

Normalized Intensity

0.0010

VIIl. CONCLUSION

We have presented a comprehensive study of the influ-
70 250 200 200 ence of isotope disorder on the phonons in Ge by means of
Raman Shift [ cm™ ] inelastic neutron scattering and corresponding lattice dy-
namical calculations using either the CPA or superd&i(s.
FIG. 12. Comparison of our CPA results with earlier RamanGermanium is particularly well suited for such a study due to
experiments and CPA calculations by Fudfisal. The intensity  the existence of stable isotopes with differences of up to 9%

scale is obtained by setting the maximum of the main Raman line 9 their atomic masses and a strongly peaked phonon density
one. The solid and dotted lines are reproduced from Fig. 4 of Ref ¢ <ioiac in the optical region of TO phonons, exhibiting
36 and represent the Raman signal of disorder-induced band mod '

in "9Ge,.7%Ge, . and their CPA calculation, respectively. The §teep flanks on both sides of the peak, its rather harmonic

dashed line depicts our CPA simulation of the Raman band mOdla}SIC:rsﬁ)g;ecgﬂiic?:dV?/g i)g:vee”el?steznc;\évele%g;Aoggz F;hgngn_
signal[w(a) =302.2 cm]. Its intensity was divided by a factor of P ) > . P
2 proaches to calculaté&\(q,w) for a sample containing a
50/50 mixture of the°Ge and’®Ge isotopes. In the acoustic

. . .regime the resulting disorder leads to symmetric profiles and
normalized to one. Furthermore, the subtraction of the mau?hgJ shifts and widtﬁs are determined b);/ the realpand imagi-
Raman I|ne(W|thou.t havmg It convolute(_j W'th th? spectral nary parts of the phonon self-energy. In the optical branches
resolution results in additional uncertainties which render steep flanks in the phonon density of states lead to pro-

. . _1 .
the band mode intensity above-294 cm~ unreliable. ounced asymmetries in the spectral density functions which

Therefore, we cannot reconstruct the .absolute bgnd MOGGe observed in the phonon scans. These asymmetries of
intensity and can only make a qualitative comparison. De-

spite these quantitative uncertainties we find a very good\(q"") are reproduced by .th? CPA as well as by the_ SC
qualitative agreement of our new CPA results with the Ra_calculatlons and the association of the real and imaginary

man data between 270 and 294 chin the following way: part of the self-energy with a shift and broadening, respec-
From Eq.(3) and using Eq(6), i.e. tively, does not longer hold. Experiment and SC results fur-

ther confirm the assumption of the single-site CPA that in a
cubic structure the phonon profiles do not depend on the
direction of propagation nor on the polarization of the pho-

' non. Our analysis demonstrates that for this composition, i.e.,
this particular mass variance, the CPA accounts very well for
) ) ) - the isotope disorder effects in the phonon profiles. The
we obtain the spectral density functioA(q,»). The  present CPA calculation improves previous results of Ref. 20
0.3cm* in the imaginary part of[I(w) represent a that probably suffered from convergence problems in the it-
frequency-independent anharmonic broadening and corrsation process.
spond to the 0.6 ciit FWHM of an isotopically pure Ge When comparing the results of the theoretical approaches
crystal at low temperaturé§.To account for the spectrom-  to the experimental data, we find that, within the experimen-
eter resolution we convoluted(q,w) with a Gaussian of tal uncertainty, the latter are well described by both theoret-
2.0 cm ' FWHM. Then we subtracted the convolution of a ical methods. However, we find small, albeit systematic, dif-
Lorentzian (0.6 cm* FWHM) with a Gaussian(2.0 cm ™t ferences between the shifts and broadenings obtained from
FWHM), i.e., the simulation of the symmetric optical zone the two calculations. Moreover, the experimental data for the
center phonon obtained in an ordered crystal. The result idisorder-induced shift seem to be better reproduced by the
shown as the dashed line in Fig. 12 after it was divided bySC approach rather than the CPA. Further evidence for pos-
two. This adjustment reflects the uncertainty in reconstructsible limitations of the elegant CPA are differences in the
ing the absolute intensity of the band modes. Comparing th®OS calculated for the disordered solid when compared to
dashed line with the Raman line we conclude that the propeBC results. Furthermore, for larger differences in the isotope
CPA calculation of the coherent scattering intensity togethemasses characteristic structures in the spectral density func-
with the experimental resolution effects are able to predictions of optical phonons are calculated within the SC ap-
the frequency dependence of the band mode intensity argroach, which are not well reproduced by the CPA, although

0.0000 “

1 ~ ] 1 ~
(0)= 7w Re e(w?)]+i — 50 Im[€(w?)]+0.3 cnmt
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for an average quantity such as the variance of the frequend®PA, a limitation that might be resolved when using a CPA
the agreement between CPA and SC is still perfect. Based dhat is extended to clusters, as proposed in Refs. 37-40.
this work we cannot predict if similar results are to be ex-
pected for all systems. It might be that the shortcomings of
the CPA are particularly pronounced in the case of Ge be- We are indebted to K. Kunc for a critical reading of the
cause of the low coordination number in the diamond strucinanuscript. A.G. gratefully acknowledges stimulating dis-
ture and the extreme dominance of the first-neighbor intercussions with Bert Koopmans and Thomas Strohm. Thanks

action. Because of the low coordination number there will be-- <. due fo V. |. Ozhogin, at the Kurchatov Institute, for the

j . . eisotopic separation, and A. Schmeding for an accurate deter-
many clusters where one ligttieavy atom is surrounded by pination of the isotopic composition of the alloyed sample.
light (heavy atoms only and because of the short range ofrhis work was supported in part by the US NSF through
the atomic interactions in germanium the vibrational specGrant No. DMR-94 17763 and in part by the Director, Office
trum of the central atom of such clusters will closely re-of Energy Research, Office of Basic Energy Sciences, Divi-
semble that of a solid consisting of ligtiteavy atoms only.  sion of Materials Sciences, of the U.S. Department of Energy
This situation will not be properly described by the standardunder Contract No. DE-AC03-76SF00098.
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