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High-resolution (+0.02 cm™*) Raman and infrared transmission {ir) measurements
were used to study the effect of isotopic disorder on the vibrational properties of Ge
crystals. Calculations using the coherent potential and the self-consistent Born ap-
proximations ‘were performed and compared with the experiment. The linewidih
of the Raman modes is predominantly determined by the anharmonic decay of
the optical phonens into lower-energy phonons, with a characteristic decay time of
6.1(£0.1) ps in natural Ge. The phonon energies of the Raman active phonon and
the transverse optical it modes at the Brillouin zone boundary (L, K, W, X —critical
point) are shifted by the isotopic disorder in the material. The frequency shifts and
the line broadenings are in good agreement with the theoretical calculations.

Introduction Results
Many physical properties of a solid are influenced by its The preparation of the Ge samples and the details of the
isotopic composition.[1] The phonon spectra in partic- experimental setups have been described elsewhere.[3,4]
ular are very sensitive to isotopic substitution, because The use of a 2.12-m SOPRA double monochromator al-
the avergge isolopic mass vn as well as the isotopic dis- lowed us to obtain high resolution {£0.02cm™!). The
order of the vibrating atomic cores is directly correlated Raman spectra of Fig. 1 exhibit some interesting fea-
with the energy and broadening of phonon modes. For tures:
a monatomic crystal the phonon frequency is propor- (12 Natural Ge does not show the individual vibrations
tional to Mm~Y? in the harmonic approximation, but of the various isotopes (local vibrations), as one might
in a real crystal anharmonicity and defects have to be expect.
taken into account. Natural Ge is an ideal object to (1i§) The spectra of natural Ge are not broadened over
study isotopic disorder-effects because it is composed the whole range of vibrational frequencies correspond-
of five different isotopes and can be obtained in such ing to the isotopic mass distribution in the sample.
high quality that isotopic disarder is the-only relevant (iii) A careful analysis of the linewidths of the Raman
defect. High-quality isotopically enriched crystals are spectra according to Ref. 2 reveals a dependence on the
also available.. average isotopic mass. in the material. Figure 2 shows
We have recently reported on Raman experiments of the experimental half-width at half-maximum (T} as a
Ge and ®Ge and infrared transmission (ir) spectra of function of the average isotopic mass after deconvolu-
"8Ge.[2-4]This work is complemented by the present ir tion of the instrumental hroadening.
and Raman spectroscopy of isotopically enriched ™Ge (iv) The Raman frequency of natural Ge does not fol%ow
(95.9%), ™Ge (96.5%), and natural Ge. The experi- the harmonic fm~*/* behavior compared with the iso-
mental results are compared to calculations performed topically enriched samples, but is shifted towards higher
with the coherent potential approximation (CPA) and energy due to isotopic disorder in the material. This ad-
the self-consisitent Born approximation (SCBA). . ditional energy shift was measured to be 0.78cm™'and

1Present address: Division of Applied Sciences,

0.7cm™ with respect to °Ge and "4Ge, respectively.

Complementary to Raman spectroscopy we have per:
Harvard University, Cambridge, MA 02138 formed ir transmission measurements with the same Ge
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Fig. | TFirst-order Raman spectra of isotopically «

enriched and natural Ge. The data were

taken at 80 K with an excitation energy of
E.=2.41eV. High resolution {£0.02cm ™)

was achieved by measuring in tenth diffrac-
tion order of the grating (316 lines/mm)

of a 2.12-m SOPRA double monodhro-

mator. The data for ®Ge is taken from

Ref. 3.

samples at 10, 100, and 300 K (Fig. 3). In ir spec-
troscopy the parity selection rule aliows for the obser-
vation of only two-phonon (and higher-order) absorp-
tion in Ge.[5] Because a photon can convert into two
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Fig. 2 Linewidths (half-width at half-maximum,
T') of the spectra in Fig. 1. The dashed
line represents the contribution due to an-
harmonic decay (A/m) whereas the dif-
ference between this line and the experi-
mental data points is the isotopic- disor-
der induced broadening (¢;C). The data
for (e is taken from Ref. 4.
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Fig. 3 Infrared transimission spectra of isotopi-
cally enriched and natural Ge at 100 K.
The curves are shifted vertically for clar-
ity.

phonens with opposite §, wave vector conservation does
not testrict the investigation to phonons at the Brillouin
zone center {§=0), as in Raman experiments. The ir
absorption is therefore dominated by two-phonon pre-
cesses at Brillouin zone. points with high two-phonon
density of states (Fig- 3). The assignment of the ir
bands was done with the help of neutron scattering data
for the phonon dispersion,[6] following Ref. 4.

By cormparing the ir spectra of °Ge and "*Ge with
those of natural Ge and subtracting the trivial m~'/?
shift of the phonon energy, we were able to determine
the isotopic-disorder-induced energy shift of the § #0-
phonons (Fig. 4). Note that this shift depends on the
phonon wave vector and can be negative or positive, in
good agreement with theory, discussed in the next sec-
tion.

Discussion

The reason why the Raman spectrum of natural Ge
in Fig. 1 does not show the local modes of the indi-
vidual isotopes is that the scattering potentials for the
phonons due to the mass-defects (mass fluctuations) are
too small to induce bound states (i.e. Anderson local-
ization of the phonons). A difference of the isotopic
masses of at least 60% would be necessary for local
modes in bulk Ge.[7] Because the actual variation of
the isotope masses in Ge is only 8.6%, the phonons can
not be localized at the position of the individual iso-
topes, and their frequencies therefore correspond to the
average isotopic mass.

The lifetime of phonons, and as a result the phonon
line broadening T', is determined by (i) the anharmonic
decay of optical phonons into lower-energy phonons

Tecay) 2nd (ii) elastic scattering from defects (Tigotope)-
ne could expect the Raman line of natural Ge to
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be strongly broadened because of a reduction of the
phenon lifetime due to scattering from the mass fluc-
tuations. As can be seen mn Fig. } this is not the
case. In second-order perturbation theory the isotapic
diserder-induced line broadening [,otope () a4 a phonon
frequency w is proportional to the p?}onon density of
states NMy(w):

Filo!opc(w) & Nd(w) (1)

Since Ny of optical phonons vanishes at the center of

.the Brillouin zone (§=0) and Raman phonons have very

small §, the contribution of isotopic disorder to the
linewidth according to Eq. 1 is zero. A more accurate
description is given by the self-consistent Barn approx-
imation. Solving Lthe equatien

I‘imtapc(w) o« Re [Nd(_ipﬁccuv - ’.l—‘uotopt ((“")} (2)

self-consitently yields T, oo =0.0085cm ™2, which is con-
siderably less than the observed line widih.{2] The con-
clusion is that the main contribution to the phonon
linewidth arises from the anharmonic decay of the pho-
nons.

To extract the contributions due to the anharmonic
decay and isotopic disorder {rom the experimental data,
we made use of the fact that disorder scattering is inde-
pendent of M but depends on the isotopic composition,
whereas the anharmonic decay time is proporticnal Lo
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Fig. 4 Phonon self-energies of natural Ge indu-
ced by isotopic diserder. The solid line is
the result of calculations using the coher-
ent potential approximation. The experi-
mental data were obtained by compar-
ing the vibrational spectra of isotopically
enriched and natural Ge and subtracting
the trivial energy dependence on the av-
erage isotopic mass. The data for "Ge is
taken from Ref. 4.
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ri~!. This is illustrated in Fig. 2, where the dashed

line represents the mass-dependent part of I' due to an-
harminic decay (A/m; A is a fit parameter), while the
difference between this line and the experimental data
points is the isotopic disorder-induced scatiering con-
tribution (g,C; C is a fit parameter). Here the isotopic
disorder is expressed in terms of m;, the mass of isotope
1 with concentration z;:

I

+

Converting the A/m-contribution to the corresponding
time, we obtain the anharmonic decay time for natu-
ral Ge: Tieeay = 6.1{£0.1) ps.[3] The experimental iso-
topic disorder-induced line broadening in natural Ge is
Livotope = 20 = 0.012&:!:0.01]cm'1. An analysis of the
linewidths of the ir modes is not performed here because
the structure in the ir transmission spectra is a map-
ping of the the two-phonon density of states, with seme
modulation related to matrix elerm:nl.s.[8,91| From a the-
oretical point of view, however, the § # 0-phonons could
have a significant isotopic disorder-broadening since /V;
of optical phonons only vanishes for ¢ = 0.

The phenon energies in the various Ge samples are
shifted as a result of Lthe different average isolopic mass,
but in natural Ge the transverse oplical Raman and
ir phonons show additional energy shifts, depending
on their wavevector (see Fig. 4). This energy shift 1s
induced by isotopic disorder and can be described in
terms of the real part of the disorder-induced phonon
self-energy. Results of calculations using the CPA[2.3
are shown as the solid line in Fig. 4 and agree wel
with the experimental data. Note that the zone cen-
ter phonons observed in Raman spectroscopy display
an upward shift in energy induced by isotopic disorder
eventhough their line broadening is nearly unaffected.

Anharmonic effects are the main contribution te the
linewidths but their influence on the phonon energy is
negligible. The phonon self-energy due to anharmonic-
ity is proportional to i and amounts to 0.1em™?, which
is small compared to the observed energy shifts. [t
should also be mentioned that the theoretical calcu-
lations give the energy shifts as a function of phonon
energy and not of wave vector, whereas the experimen-
tal data are analyzed in terms of specific points in the
Brillouin zone. The results of the CPA should not differ
significantly if it were possible to consider the phonon
branches individually since the mass defects are local-
ized perturbations scattering isotropically into all pos-
sible phonon states, which makes the disorder-induced

self-energy approximately isotrapic in E-space.

Conclusion

High-resolution Raman and infrared transmission mea-
surements of ™CGe, ™Ge, and natural Ge have been per-
formed, and the experimental results were compared
to calculations using the coherent potential approxima-
tion and the self-consistent Born approximation. The
linewidth of the Raman modes was found to be predom-
inantly caused by the anharmonic decay of the optical
phonons into lower-energy phonons. From the linewidth
the anharmonic decay time in natural Ge was deter-
mined to be 6.1 ps £0.1. The isotopic disorder-induced
phonon self energy was found to be strongly dependent
on the phonon wavevector and is only significant for
the Raman active phonon and the ir active transverse
optical vibrations at the zone boundary (L, K, W, X -
critical points). The frequency shifts as well as the line




228 ISOTOPIC DISORDER EFFECTS Vol. 82, No. 4
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