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We report Raman- and neutron-scattering, infrared-transmission, and photoluminescence ex-
periments in a series of isotopically enriched samples of Ge, including natural Ge and an alloy

"Geo.5 "*Geo.s.

Emphasis is put on the study of disorder-induced effects on the phonon spec-

tra. Results are compared to exhaustive theoretical calculations using the coherent-potential and
self-consistent Born approximations. Reasonably good agreement is found between theory and ex-
periment for the former. Data for the dependence of the energy of the E; interband electronic gap

on isotopic mass are also presented.

I. INTRODUCTION AND OVERVIEW

An intense study of the optical properties of isotopi-
cally enriched Ge samples was triggered recently® by the
ability to separate and alloy the different isotopes of Ge,
producing either isotopically pure or intentionally dis-
ordered high purity single crystals. The five different
stable isotopes of germanium allow innumerable possi-
bilities to grow pure or disordered crystals in terms of
the isotopic content. The study of the disorder-induced
features in the phonon or electron states of the crystal via
isotopes addresses questions such as the applicability of
the coherent-potential approximation (CPA), as a mean-
field theory, for weak forms of disorder. Unlike topolog-
ical or structural disorder (such as in amorphous solids
or in liquids), isotopic disorder falls within the classifica-
tion of substitutional disorder (sometimes called “cellular
or chemical disorder,” i.e., the same as in binary alloys,
mixed crystals,? etc.), but with the advantage of being
the simplest form of disorder within this category. The
comparison of experimental findings to theoretical pre-
dictions in the case of disordered systems is most of the
time hampered by the approximations involved in the
theory. Simple forms of disorder are useful in that sense;
they yield a unique opportunity of testing the validity
and applicability of different theoretical approaches. Ger-
manium crystals are ideally suited for that purpose and
might be taken as a criterion to analyze similar cases.

In this paper we investigate the phonon spectra of two
different isotopically disordered samples, i.e., natural Ge
and the alloy °Gegs "®Geg.s using as a reference the
spectra of isotopically enriched samples of "°Ge, "*Ge,
and 7Ge that have already been discussed in the litera-
ture. Our experimental survey includes optical measure-
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ments [Raman scattering, infrared (IR) transmittance,
and photoluminescence (PL)] as well as measurements of
the TO and LO optical phonon branches using inelastic
neutron scattering. The experiments are analyzed in the
light of CPA calculations®* and the self-consistent Born
approximation (SCBA).

An historical account of the study of the isotope effect
in Ge must start with the pioneering work of Geballe
and Hull,> who demonstrated the importance of isotopic
scattering in controlling the thermal conductivity above
2 K, and might end with the recent work on disorder-
induced features in the Raman spectra of Ge.?* General
as well as specific references to this problem from both
experimental and theoretical points of view are given in
Refs. 1, 2, and 5-32.

The structure of the present paper is as follows: Sec-
tion II provides a brief description of the experimental
techniques and sample characteristics. An outline of the
procedure followed in the CPA and SCBA calculations
is given in Sec. III. Section IV presents the experimental
results, data evaluation, and comparison between theory
and experiment. Finally, Sec. V presents the conclusions.

II. EXPERIMENT
A. Samples

All samples, except for the "°Geg 5 "®Geg 5, have been
described elsewhere.!3:14:20,21,23,24 The details of the
growth technique have been reported in Ref. 32. The
sample ("°Geg s "®Geg.5) has been grown intentionally
to maximize the effects of isotopic disorder. The exact
isotopic composition of this sample, as determined by
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secondary-ion-mass spectroscopy (SIMS), is "°Ge (50%
"2Ge (2.1%), Ge (0%), ™*Ge (6.7%), and "®Ge (41.2%
The sample had a rather high Cu contamination?®
(~ 2 x 10 cm™!) of no relevance in the evaluation of
our experiments. The donor and acceptor concentrations
are estimated to be well below ~ 10 cm™3.

The dimensionless isotopic-disorder parameter (g)
(Refs. 13, 14, 20, and 23, 24) is defined as

7=Sa1- 2] Q0

(2

)’
)

where z; is the concentration of the isotope 7 with mass
m; (3; ; = 1), and 7 is the average mass. For natural
Ge gnat = 5.874 x 1074, while for the "°Geg.5 "6Geg s
sample g79/76 = 1.556 X 1073, The latter is roughly 50
times the g parameter of one of the isotopically enriched
samples (for example in °Ge, g7o = 2.976 x 1075).

For the optical experiments the crystals were me-
chanically polished and etched following standard
procedures.33:34

B. Experimental techniques

The high-resolution and multichanel Raman experi-
ments as well as the Fourier transform far-IR transmit-
tance and the edge photoluminescence were performed
under the same experimental conditions of Refs. 13, 14,
20, 21, 23, and 24. Inelastic neutron-scattering was mea-
sured with a triple axis spectrometer at the ORPHEE
reactor in Saclay. Cu[111] and pyrolithic graphite [002]
were used as monochromator and analyzer, respectively.
The measurements were performed on a natural and
an enriched 7®Ge crystal of identical shape (~20x20x3
mm?). The "°Geg 5 "®Geg.s sample was too small to be
studied with sufficient accuracy within available time.
The LO[100], TO[100], and TO[111] branches were in-
vestigated from the Brillouin zone center to the zone
boundary. Several series of scans were performed with
alternately the natural Ge sample and the isotopically
enriched one to check reproducibility.

III. THEORY

A. Self-consistent Born approximation (SCBA)

The SCBA is based on second-order self-consistent per-
turbation theory, where the self-consistency is expected
to include ladder diagrams beyond second order. The
complex self-energy ¥(w) of phonons with frequency w
reads
wig [P 2Qp(Q)dQ

B(w) = (02— w? — 205 (@)’ @)

T 24N J,

where g is given by (1), N is the number of units cells in
the crystal, p(w) the one-phonon density of states, and
Qmax the cutoff frequency. Approximate expressions for
real and imaginary parts of the self-energy of the zone-
center optical phonons have been given in Ref. 14. Equa-
tion (2) is solved numerically by iterating a first guess
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for ¥(w) (usually the non-self-consistent Born approxi-
mation). The convergence is fast (typically 50 iterations,
depending on g) but the final result is very sensitive to
the details of the one-phonon density of states (DOS) be-
ing used for the numerical evaluation of the integral. In
Ref. 13 calculations were performed using the theoretical
DOS of °Ge from the bond-charge model (BCM). The
resulting density of states for "°Ge, and that obtained
for natural Ge using the CPA (see next subsection), to-
gether with the experimental determination from neutron
scattering!” are plotted in Fig. 1. The different DOS’s
are normalized so that the total number of states is the
same (6 per unit cell). Note the differences in the region
of the optical branches (~ 250-320 cm™?!). In particular,
Weber’s BCM (Refs. 15 and 16) is ill suited for obtaining
the p(w) ~ 1/(Q2max — w) behavior near the zone-center
optical phonons. To avoid this problem, we used the ex-
perimental DOS (Ref. 17) (from neutron scattering; see
Fig. 1) in Eq. (2). The real and imaginary parts of the
self-consistent (w) calculated with the SCBA [Eq. (2)]
are shown in Figs. 2(a—d) and compared with the experi-
mental disorder-induced self-energies in the next section.

B. Coherent-potential approximation (CPA)

The CPA treats incorrectly multiple scattering associ-
ated with clusters.3. In mixed alloys the appearance of
such states requires further improvements such as the
cluster expansion.? Computational complications from
the point of view of Raman scattering arise from the
microscopic models for the electric susceptibility. The
case of isotopic substitution in Ge is particularly simple
in several ways. First, it simplifies the problem of the
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FIG. 1. Vibrational DOS of Ge. The experimental results

were obtained from inelastic neutron-scattering data in natu-
ral Ge (Ref. 17). The curve labeled "°Ge represents the DOS
from the BCM calculated in Ref. 13 as well as the correspond-
ing result for natural Ge provided the multiple-scattering cor-
rections predicted by the CPA are added (Ref. 13). The fre-
quencies in the case of °Ge have been scaled (~ 1/4/m) to
take into account the difference in mass with respect to the
average 7 of natural Ge. Instead of using the BCM output
for the calculations we employed the result of Nilsson and
Nelin (Ref. 17) (neutron scattering) to calculate £(w) in both
Eqgs. (2) and (3).
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polarizability since the replacement is being done with
the same atomic species; i.e., the electronic structure is,
to first order, unperturbed. Thus, the isotopically disor-
dered lattice constitutes a medium in which, to a very
good approximation, the electrons are unperturbed and
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FIG. 2. SCBA results, (a) and (b) are the real and imag-
inary parts of X(w) (self-energy and FWHM, respectively) in
the region of the acoustic phonons (see Fig. 1), for natural Ge
and "°Geo.s "®Geo.s. In (c) and (d), &(w) is shown in the op-
tical phonon region. Note that Re [E£(w)] scales like g for the
phonons at I' (~ 310 cm™ '), which are observable with Ra-
man spectroscopy. The latter does not hold in regions where
Im [Z(w)] # 0. All values are given with respect to a zero de-
fined by the virtual crystal approximation (VCA) of average
mass m.
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the phonons experience “diagonal-disorder.”3% This sug-
gests the applicability of the simplest ansatz for the po-
larizability: a bond-polarizability model. Further sim-
plification comes from the absence of localization effects.
Roughly speaking, localization is an interplay between
the strength of the potential and the bandwidth and, in
this case, cannot take place; thus CPA is expected to
work reasonably well. At the same time, it is possible to
show that CPA constitutes the best single-site approxi-
mation that takes into account all essentially single-site
diagrams.*

In Fig. 3 we show the real and imaginary parts of X (w)
for natural Ge and "°Geg 5 "®Geg.5. In the region of the
acoustic and optical phonons. The calculation has been
performed by solving the fifth-order complex equation for
the zero average scattering,*

i xT; {Mvcwz [1-—é&(w)]— miwz}

1 —{Mvcw? |1 — é(w)] — miw?} G(w?,&(w))

:0’

(3)

where Myc = Zle z;m; is the mass of the virtual
crystal formed by the five different isotopes z;, &(w)
the “dimensionless self-energy,” and G(w?, £(w)) the one-
particle Green function given by

, _ 1 max p(2)d2
G(w ,5(‘”))—NMVC/O w? [l —&(w)] — Q%

(4)
Equations (3) and (4) are solved self-consistently using
the DOS from neutron scattering in (4) and a first guess
for £(w). The only physical root of (3) is easy to distin-
guish because the others tend to diverge as the number of
iterations is increased. The energy shift (Re [Zcpa(w)])
and the disorder-induced full width at half maximum
(FWHM) (Im [Ecpa(w)]) are related to £(w) by

Re[Scea()] ~ hw {1/ (I-ReE@D -1} ()

and

Im [Ycpa(w)] = —hw Im[§(w)], (6)

where hw are phonon frequencies of the virtual crystal.
Note the similarities between Figs. 3(a—b) (CPA) and
Figs. 2(a~b) (SCBA) for the acoustic phonon branches
except for some differences in the absolute amplitude of
the peaks. The region ~ 260-320 cm™!, correspond-
ing to the optical branches, is more involved and the
SCBA presents substantial qualitative differences when
compared with the CPA output. We shall show that CPA
is in better agreement with the experiment in the next
section. Equivalent results for the CPA self-energy of di-
amond can be found in Ref. 12. Note the appearance of
“oscillations” in both the real and imaginary parts of the
Ycpa(w) denoting the appearance of strong resonances
in the continuum.?"2® We used the CPA Green function
to calculate not only the self-energies of the phonons but
also to compute the disorder-induced first-order Raman
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scattering in the region of the acoustic phonons. The
latter complements the results for the TO phonons pre-
sented in Ref. 24. The comparison with experiments as
well as further discussion of both theoretical approaches
are given in Sec. IV.
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FIG. 3. CPA results in the phonon energy region of Fig. 2.
All values are given with respect to the VCA. The optical
phonon region shows strong differences with respect to the
SCBA of Fig. 2. The appearance of band modes close to the
sharp edges of the DOS (see Fig. 1) is appropiatelly labeled.
These states are responsible for disorder-induced Raman ac-
tivity as shown in Ref. 24.
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IV. EXPERIMENTS
A. Results

(i) Inelastic neutron scattering: In Fig. 4(a) we show
the .LO optical phonon branch from I' to X obtained
for a "®Ge enriched crystal and a natural one. Measure-
ments of the TO branch are shown in Fig. 4(b). The
latter include the mapping of the branches along two dif-
ferent lines in the reciprocal space with a different ori-
entation of the resolution ellipsoid with respect to the
dispersion surface (focusing and defocusing conditions).
The frequencies of the "®Ge crystal have been multiplied
by 1.0208, thus eliminating the trivial proportionality to
1/y/m. The differences that are left should be solely
due to disorder. Although these differences are small,
it is possible to discern systematic deviations between
the experimental values of the enriched and natural sam-
ples. The change in the broadening of the peaks can
also be evaluated. Particular attention has been paid
to the self-energy and broadening of the TO phonons at
T = (0,0,0), L = 2r/a(0.5,0.5,0.5), W = 27 /a(1,0.5,0),
and X = 27 /a(1,0,0). The neutron results are discussed,
together with those from other experiments, in the next
subsection. The numerical values for the energy shift of
the TO phonons at the above mentioned points are sum-
marized in Table 1.

(ii) Photoluminescence: The edge PL data at T = 1.8
K and 4.2 K for the complete set of isotopically enriched
samples and a natural one are displayed in Figs. 5(a—
b). The luminescence of the electron-hole liquid®® (EHL)
droplets, mediated by LA, TA, and TO phonon emis-
sion, dominates at the lowest temperature in Fig. 5(a).
The LA-phonon-assisted recombination of the free exci-
ton is visible at 7' = 1.8 K in Fig. 5(a). The zero-phonon
recombination of excitons bound to neutral impurities
is also observed (BENF). The "°Geg 5 "®Geg.5 sample in
Fig. 5(a) exhibits an additional peak close to the BEN?
due to the presence of copper.3¢:37 The latter represents
the zero-phonon recombination of an exciton bound to
copper (which we know to exist in the 0Geg.5 "®Geg 5
sample). Note dependence of the peaks on the aver-
age mass which can be observed with the naked eye. In
Fig. 5(b) the luminescences of a pure sample ("®Ge), nat-
ural Ge , and "°Geg 5 "°Geg 5 are shown at 7' = 4.2 K.
In ®Ge and natural Ge the TO- and LA-phonon-assisted
recombination of the free exciton coexists with rests of
the luminescence due to the EHL. This is due to the par-
ticular laser power used. In the °Geg 5 "®Geg 5, however,
under the same experimental conditions, the EHL lumi-
nescence vanishes possibly due to the lifetime reduction
introduced by the rather high amount of Cu deep lev-
els. Phonon-assisted recombination from the free exciton
and from excitons bound to either neutral impurities or
Cu can be observed. The PL data can be used for eval-
uating phonon self-energies as follows: From Figs. 3(a—
d) LA and TA phonons are expected to have a negli-
gible disorder-induced self-energy; thus, by evaluating
the difference between the phonon-assisted luminescences
through LA and TO phonons the shifts of the latter can
be obtained. This procedure eliminates automatically
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the electronic part of the shifts due to e-ph interaction
(see Refs. 22 and 23 for details). These experiments can
be compared with results in Ref. 25.

(iii) IR transmittance: The infrared transmission of
the most disordered sample °Geq.5 ®Geo.5 at T = 100
K is compared to that of the enriched "®Ge sample in
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FIG. 4. [Inelastic neutron-scattering results. In (a), the
LO phonon branch is displayed. The frequencies of the iso-
topically enriched sample "®Ge were multiplied by 1.0208 so
as to eliminate the trivial mass dependence of the phonon
frequencies. Differences between the two measurements are
due to the isotopic disorder. In (b) results for the LO phonon
branch are shown. Two sets of measurements are displayed,
for an incident focused or defocused neutron beam (see text
for details). Results for TO phonons at particular points of
the Brillouin zone are summarized in Table I.
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TABLE I. Disorder-induced changes in the frequencies of
TO phonons in natural Ge at different points of the Brillouin
zone obtained from inelastic neutron scattering.

Phonon wpn (cm™1) Re[Z] (cm™1)
TOr 303 0.4+0.2
TOL 290 —-0.2 £0.07
TOw 278 0.1 +0.15
TOx 275 —0.2 £0.07

Fig. 6. The labels indicate the assignments to the two-
phonon absorption spectra of natural Ge, as given by
Nilsson and Nelin,'” and are a guide to the eye. Quali-
tative results can be easily obtained from the IR experi-
ments to compare with calculations. However, as in the
case of second-order Raman scattering (see below), the
quantitative shifts obtained from two-phonon structures
are not very trustworthy. Further comments are given in
Sec. IVB.

(iv) First- and second-order Raman scattering:
The high-resolution (~0.06 cm™!) off-resonance (laser
energy=FE7=2.41 eV) first-order Raman spectra of the
TO phonons at T' = 80 K are shown in Fig. 7 for three
different samples: a pure one ("*Ge), natural Ge, and
the 7°Geg.s "®Geo.5s alloy. The phonon frequencies are
scaled so that the trivial square root of the mass de-
pendence and the disorder-induced shifts are eliminated.
The small changes in frequency due to the isotopic dis-
order are of the order of ~1 cm™! for optical zone-center
phonons [see Figs. 2(c) and 3(c)]. The changes in width
(FWHM) are also small. Nevertheless, differences among
the three samples can be observed. Both the frequency
shifts and broadenings obtained from Lorentzian fits of
the Raman peaks are summarized with the rest of the
experiments in the next subsection. The second-order
Raman spectra at T' = 80 K (taken in resonance with
the E; gap) in the region corresponding to the overtone
DOS of the optical branches is shown in Fig. 8 for nat-
ural Ge and "°Geg 5 "®Geg.s. The extraction of a ¥ (w)
from the measured structures is difficult in this case since
different critical points are not well resolved. However,
the changes in broadening on account of disorder are ev-
ident in the figure. The rest of the second-order Raman
spectra (for the acoustic branches) is shown in the next
subsection.

B. Comparison with theory

The quality of the calculations is judged in terms of (i)
the self-energies of the phonons for the two disordered
samples (natural Ge and "°Geg 5 ®Gey s), (ii) the abil-
ity to reproduce the second-order Raman spectra, which
for the special case of tetrahedraly bonded semiconduc-
tors resembles the density of states in units of 2w (over-
tone DOS) (Ref. 38) and therefore can be compared to
the imaginary part of the CPA Green function and, fi-
nally, (iii) the capability of predicting disorder-induced
first- and second-order Raman-scattering features as in
Ref. 24. The latter can be experimentally observed after
long integration times in particular regions of the spectra
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FIG. 5. (a) Edge photoluminescence at T' = 1.8 K show-
ing the EHL recombination due to TA, LA, and TO phonons,
as well as small signs of the phonon-assisted recombination
of the free exciton by LA phonons (FE**). The bound exci-
ton recombination with zero-phonon emission can also be ob-
served (BENF). The "°Geo.5 "®Geo.s sample shows and addi-
tional peak close to its BENF line produced by the presence of
copper impurities (Refs. 23 and 25. The weak peaks are mul-
tiplied by an arbitrary factor and plotted on top of each curve.
(b) PL signal at T' = 4.2 K. The luminescence of natural Ge
and "®Ge is dominated by phonon-assisted recombination of
free excitons and EHL, while the data for "°Geg 5 "®Geg.5 show
signs of recombination by free excitons as well as by excitons
bound to Cu impurities (see text for details).
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FIG. 6. IR transmittance at T = 100 K of the disordered
alloy 0Geo.s "®Geo.5 as compared to that of the isotopically
enriched "®Ge sample under the same conditions. The labels
corresponds to the two-phonon emission frequencies in natural
Ge according to Ref. 17 and are a guide to the eye.
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FIG. 7. First order Raman scattering of the TO phonon

at T = 80 K for °Geo s 76Ge0,5, 74Ge, and natural Ge. The
resolution is indicated in the plot. The frequencies are shifted
(taking natural Ge as a reference) so that the trivial depen-
dence on 7 and the disorder-induced shift are eliminated.
The small changes in the widths can in this way be compared.
The inset shows the broadenings of the peaks for the com-
plete set of samples (see Sec. IT) as obtained from Lorentzian
fits. The dashed line represents the 1/,/m mass dependence.
Deviations from this line are due to isotopic disorder. The
experimental frequencies are listed together with the other
experimental determinations in Fig. 9.
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as explained below.

We analyze first the disorder-induced experimental
data for the self-energies of natural Ge which are more
extensive than those for "°Geg 5 "®Geg 5. The results of
neutron scattering (Table I), Raman (Fig. 7), and PL
[Figs. 5(a—b)], plus the IR and PL data of Refs. 20 and
25 are plotted together with the calculations of Figs. 2(c—
d) and 3(c-d) for natural Ge in Fig. 9 in the optical
phonon region (see Fig. 1). Several conclusions can be
reached. First of all, it is clear from Fig. 9 that the SCBA
fails to reproduce the experimental Re[X(w)] in the re-
gion ~270-310 cm™! where the TO density of states has
its substantial contribution (see Fig. 1). The SCBA re-
produces roughly the average behavior, but CPA is far
superior. The general agreement of the four experimen-
tal techniques with CPA is quite good for both real and
imaginary parts of the self-energy. However, a problem
concerning the frequency shift of the TO; phonon at
~290 cm™! persists. While neutron scattering predicts
a negative shift (see Table I) the optical data give ei-
ther a positive number (like in our PL experiments or
those of Ref. 25) or a negative one (IR transmittance
in Ref. 20), much larger than that from neutron scat-
tering (~ 1 cm™!). Neutron scattering and PL provide
probably the most reliable data, while IR data (based on
the two-phonon spectra) are questionable. In any case,
PL and neutron scattering give manifestly opposite re-
sults for the self-energy of TOr. On the other hand, the
proximity of a sharp edge in the real part of the CPA
self-energy [Fig. 9(a)] at ~ 290 cm™! makes a definitive
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FIG. 8. Second-order Raman spectra in the region of the

overtone density of states for optical branches. The data were
recorded at 7' = 80 K with the laser in resonance with the E,
gap of Ge. A broadening is seen in going from natural Ge to
"®Geo.s "®Geo.s as can be predicted from Figs. 2(d) or 3(d).
The frequencies are corrected for the trivial mass dependence
as in Fig. 7.
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FIG. 9. Disorder-induced complex self-energies of
phonons in natural Ge found from neutron- and Raman-
scattering, PL, and IR transmittance data. The calculated
curves were obtained with the SCBA and CPA methods
[Egs. (2) and (3)], respectively.

answer as to which result is more reliable impossible.3?
We detected that the multiple oscillations of the real part
of ¥(w) are quite sensitive to the the assumed steepness
of the DOS in the region of the optical branches. The
CPA is in that region rather questionable. Nevertheless,
the general quality of the comparison between the 30 ex-
perimental points obtained from four different techniques
and the parameter-free CPA output is judged to be satis-
factory in Fig. 9. The off-resonance second-order Raman
scattering for natural Ge is compared with the density
of states [overtone DOS in units of 2w (Ref. 38)] of neu-
tron scattering,!” a theoretical estimate by means of the
BCM,!? and our CPA output (from the imaginary part
of the CPA Green function) in Fig. 10. Our calculation,
from which the self-energy of Figs. 3(a—d) and 9 has been
obtained, reproduces quite well the experimental over-
tone DOS of our Raman experiments.%® Furthermore, we
had used a similar CPA calculation to demonstrate the
existence of disorder-induced Raman scattering in Ref. 24
in the low-energy tail of the TO zone-center phonon, and
we extend here the same argument to the weaker, but
observable, features around ~75 cm™!. Essentially, if
disorder is present, and defining a Raman polarizability
proportional to the displacement of the atom u;.24:3% The
average of the squared displacements is done with the
formalism of Refs. 27 and 28 but using the CPA Green
function. The disorder-activated Raman scattering ap-
pears especially in those regions where the one-phonon
DOS has sharp edges (see Fig. 1) and may overlap with
second-order Raman scattering proportional to the over-
tone CPA density of states,
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of natural Ge with the overtone DOS obtained from the BCM
(Ref. 13), neutron scattering (Ref. 17), and our CPA results in
the optical phonon region. Note that our CPA output repro-
duces quite well the second-order Raman scattering. Similar
results for diamond have been presented in Ref. 12
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in some energy range. In Fig. 11 we display the
second-order Raman spectra of "°Ge, natural Ge, and
Geg.5 "*Geg.5 in the region ~ 50-250 cm ! (correspond-
ing to the DOS overtone frequencies of the acoustic
branches in Fig. 1). The experiments were performed at
T=80 K under resonant excitation [Awjaser = 2.18 €V],
and employing long integration times (~ 8 h). In the
same figure we display the overtone DOS [Eq. (7)] ob-
tained from the CPA for natural Ge and "°Geg 5 "6Geg 5.
In the region ~ 120-250 cm™! both calculations are es-
sentially identical meaning that isotopic disorder has very
little effect on the acoustic branches, as mentioned be-
fore. The Raman experiments for "°Geg s "®Geg s and
natural Ge between 120 and 250 cm ™! support this con-
clusion. Below 120 cm™! the one-phonon DOS struc-
ture of the acoustic branches (see Fig. 1) gives rise to
disorder-induced Raman scattering superimposed on the
second-order contribution, producing an additional weak
structure centered around ~ 75 cm™!. This effect be-
comes evident if the spectra of the isotopically mixed Ge
are compared with that of °Ge in the region under dis-
cussion. The structure calculated between 50 and 120
cm~?! for "°Geg.5 "®Geg s is labeled “disorder induced”
in Fig. 11. The predictions of the calculation are rea-
sonably well reproduced by the experiments. Finally, in
Table II, the self energies of the critical points of the
0Gep.5 "Geg.5 sample are compared with the calcula-

Raman Shift [em™']

FIG. 11. Second-order Raman scattering in the region of
the overtone DOS of TA phonons (all frequencies are normal-
ized to natural Ge as in Figs. 7 and 8). Experimental data
are given for "0Ge, natural Ge, and "0Geo.5 "®Geq.s. The CPA
overtone DOS for °Geo.5s "®Geo.s and natural Ge are also
shown. In the region ~ 50-120 cm™' the disorder-induced
Raman signal is plotted for °Geo s ®Geo.s (with some ar-
bitrary offset). Note the appearance of structure at about
~ 75 cm™! as the disorder is increased, and the presence of
increasing “background” in this region.

tions. Quantitative comparison can be performed with
the PL and Raman data while the IR-transmittance re-
sults must be reported as only qualitative. In Fig. 6 it is
possible to observe that if the two-phonon emission con-
tains one or two optical phonons the structure is broad-
ened or shifted appreciably, as expected from Figs. 3(c—
d) [see for example the two-phonon frequencies of 2TO x
or (TO+TA.)k as compared to that of (LA+TA) or

TABLE II. Self-energies in 0Geo.5 "®Geo.5 of phonons ob-
servable with Raman spectroscopy or PL. The experimental
values include the PL data of Ref. 25 and are compared with
CPA calculations.

Phonon Experiment (cm™?) CPA (cm™1)
TOL 1.12 +0.24* 1.4
1.2 £0.3°
LAL —0.4 +0.2% -0.1
TAL 0+ 0.2* —0.04
TOr 0.98¢ 1.48

2PL of Cu impurities from Ref. 25.
PPL, present work.
‘Raman scattering, present work.
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(L+TA)z]. The general qualitative result is in agreement
with the theoretical estimate but the numerical values of
broadenings and shifts can be extracted with an accuracy
not better than + 1.5 cm™! (which is of the order of the
expected effects). The problem is particularly acute for
0Geg.5 ®Geg.5 in the region ~ 450-600 cm ™! (emission
of two optical phonons), as might be anticipated from
Figs. 3(c—d).
number to the corresponding self-energies.

V. DISCUSSION AND CONCLUSIONS

Notwithstanding some experimental problems, the
overall agreement between the disorder-induced self-
energies of the phonons obtained from four different ex-
perimental techniques and the CPA calculations make
us feel confident that the effects of isotopic disorder on
the vibrational properties of Ge are basically understood.
The details of the first- and second-order Raman spectra
can be predicted quite accurately giving further support
to the theory. We thus summarize the facts that either
deserve more work or are not understood so far. The
real part of £(w) for the TOf phonons is still controver-
sial and the Raman background observed in the TA re-
gion of the isotopically disordered samples does not follow
the calculations (see Fig. 11). We were unable to decide
whether that background is as a non-k-conserving scat-
tering or an experimental artifact. Neutron scattering
measurements on a "°Geg 5 "8Geg 5 sample would help to
understand the former question.

Two more interesting facts were not discussed so far.
First, the disorder induced Raman scattering reported in
Ref. 24, in the "°Geg 5 "®Geg 5 and natural samples, at
the low-energy edge of the TO phonon at I', presents
interesting selection rules. In Fig. 12 we summarize
the experimental results that complement those given
in Ref. 24. In Fig. 12(a), the bottom part of the LOr
Raman peak is plotted for three samples: "°Ge, natural
Ge, and °Geg 5 "®Geg 5. The additional features at the
low-energy side of the peak come from disorder-induced
first-order Raman scattering.?* In Figs. 12(b—c) we show
the polarization dependence of this structure for a (100)
surface of "°Geg.5 "®Geg.5. To observe only the disorder-
induced part we subtracted a Lorentzian fit to the main
LOr peak, as in Ref. 24. In Fig. 12(b), (||) refers to a mea-
surement performed with incident polarization éy, || [011]
and scattered és || [011], while (]—) means é, || [011]
but és || [011]. In Fig. 12(c) the correspondence is (||):
ez || 1010], és | [010); and (-): &z | [010], és || [001],
respectively. From Ref. 38 it follows that the Raman

intensities for these cases are I[[glllll] ~ la|® + || + |d|?,

Iiord ~ 3[b[2, Ti030) ~ |al?+4]b|2, and Ilop] ~ |d|?, where
sub- and superindexes indicate the direction of é; and
és, respectively, and a,b,d are three complex numbers
denoting the only nonzero components of the symmetric
Raman tensors for the I'y,I';2, and ', irreducible rep-
resentations of the Oy point group, respectively. These
results imply that the I';5 component of the tensor yields
the most important contribution to the (||) scattering in
Fig. 12(b) and to (|]—) in Fig. 12(c). The two other pos-

We do not feel confident in assigning a .
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sibilities (|]—) and (||) of Figs. 12(b) and (c), respectively,
suggest that they are produced mainly by the I'y2 com-
ponent and present roughly the correct intensity ratio
~ 4/3, i.e., thus is negligible the I'y component. In or-
der to obtain Raman tensors transforming like 'y, one
must have inequivalent tetrahedral directions, produced
by the random isotope distribution. Note that the I'y
component is also negligible in highly disordered systems
such as amorphous GeQ;.%° It is easy to show that the I'y
component should be zero for phonons along [001], [111],
and [110] directions. It should therefore remain very
small for intermediate low symmetry directions. This
makes contact with the second interesting fact that we
want to point out. That is the relation, at least from
a formal point of view, between isotopic disorder and a
“site-percolation” problem. A lattice with isotopic dis-
order can be thought of as a typical problem of site
percolation,”® and has some interesting consequences.

(b)
70/7%Ge (100)
0 =) [011]
(=) =) [011]

Intensity [arb. units]

(c)

79/7%Ge (100)

(h =) [010]
(=) =) [001]
| L L 1
280 300 320

Raman Shift [em™]

FIG. 12. Selection rules for the disorder-induced first-
order Raman scattering at the low-energy edge of the Ra-
man phonon peak (Ref. 24). In (a) we show the raw data.
The peaks are scaled to the frequency of natural Ge in or-
der to correct the trivial mass dependence. The bottom part
of the LOr Raman phonon peak is shown for three samples:
°Geo.5 "®Geg.5, nat. Ge, and "°Ge. The additional features in
the natural and "°Geo.5 "®Geo.s samples are due to disorder-
induced Raman scattering (Ref. 24). In (b) and (c) the po-
larization dependence is shown. We subtract a Lorentzian fit
to the phonon peak in order to isolate these structures and to
study the polarization dependence for a (100) surface. The
relative intensity scales of (b) and (c) are the same. Details
are given in the text.
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In terms of the CPA this is completely analogous to the
problem of classical conduction through mixtures, known
as effective medium theory, introduced by Bruggeman.>®
The effective medium theory is equivalent to the CPA
presented here and has been extensively discussed.517%%
The effective medium model for a binary system has a
percolation threshold of 1/3, regardless of the real topol-
ogy of the lattice. The concept of percolation for an
isotopically disordered lattice has, in some cases, physi-
cal consequences for the dynamics of the modes and has
already been studied for simple lattices in two and three
dimensions by means of direct diagonalization of large
random matrices,>® with emphasis on the behavior of
acoustic phonons. We performed calculations based on
Eq. (3) for a two-isotope crystal as a function of the con-
centration and found that the CPA convergence becomes
poor at the percolation threshold in the region of the op-
tical phonon branches,?” as expected. We are currently
studying samples with the appropiate mass content to
study experimentally this effect, as well as performing
calculations to clarify (i) the lattice dynamics in the per-
colation region where the CPA is expected to fail, (ii) pos-
sible effects on optical phonons observable with Raman
spectroscopy, and (iii) the selection rules involved in the
disorder-induced Raman scattering shown in Fig. 12.57

Last but not least, we mention that the related prob-
lem of the dependence of electronic gaps of Ge on isotopic
mass still presents some complications. These phenom-
ena are complementary of those discussed so far. The
electronic bands are renormalized through the first order
(e-ph) Hamiltonian in second-order (self-energy term)
and also the second-order electron—two-phonon interac-
tion taken in first order (Debye-Waller terms).!841744
The disorder-induced self-energy of the phonons is ex-
pected to have negligible effect on the mass depen-
dence of the gaps: The shifts are governed by the av-
erage mass. This produces the E ~ 1/v/m behav-
ior reported for bound excitons in Refs. 18, 22, and
23. However, the mass dependence of the E; (Ref. 34)
gap at low temperatures (determined by spectroscopic
ellipsometry?%) is larger than that predicted in the one-
electron calculation.'® In Ref. 18 this was attributed to
the poor quality of the then available °Ge sample. How-
ever, we have obtained new experimental data with im-
proved statistics as well as sample quality. In Fig. 13 we
show the energy of the E; gap of Ge obtained at T = 10 K
vs mass for the five available samples. The results, which
agree with the less accurate ones reported in Ref. 18; are
still larger that the theoretical expectations. Excitonic
effects*® may have to be included in the calculations to
obtain the correct shift with isotopic mass. More details
will be published elsewhere.%8

Further interesting effects of isotopic substitution
should result from investigations of low dimensional
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FIG. 13. The E; electronic gap of Ge at T = 10 K ob-

tained for several values of 7 from conventional fitting proce-
dures of ellipsometric data (Ref. 59). The mass dependence
of the gap is somewhat larger than that expected from the
one-electron plus (e-ph) interaction picture (Ref. 43). The
different experimental points at each mass represent differ-
ent measurements with different alignments so as to check for
reproducibility (Ref. 45).

structures. The possibility of growing isotopic superlat-
tices, quantum wires, or quantum dots has been proposed
and analyzed recently.®? Band folding effects have been
predicted for phonons in isotopic superlattices®! and lo-
calization phenomena should appear (based on the re-
duced dimensionality) in single plane structures, quan-
tum wires and dots.%® Those features, when observed,
should provide textbooklike examples of localization in
lattice dynamics and yield additional information on
force constants and bond polarizabilities.

Note added in proof. In Ref. 24 only the incoherent
part of the disorder-induced scattering was calculated.
There is also a coherent part which is obtained from the
spectral function of the k = 0 phonons and was not in-
cluded in Ref. 24. We have recently found that inclusion
of this component improves the agreement between the-
ory and the data of Fig. 12. .
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