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Anharmonic contributions to the pair potential of near-neighbor interactions of crystalline and
amorphous germanium have been determined by temperature-dependent x-ray absorption fine struc-
ture measurements. The measurements have been carried out at the K edge of Ge in the temperature
range 77-450 K and analyzed by the cumulant method. In c-Ge the temperature dependence of the
first four cumulants has been determined for the first three coordination shells. The radial distribu-
tion function of the nearest-neighbor atoms has been found Gaussian in the examined temperature
range; the second and third shell distance distributions show a symmetric but non-Gaussian be-
havior even below the Debye temperature. Cumulants have been related to the force constants
of the effective pair potential. The harmonic contribution to thermal disorder has been extracted
from the second cumulant for each coordination shell and compared with the mean square relative
displacements calculated by harmonic models of lattice dynamics; experimental results are in good
agreement with theoretical calculations. In amorphous germanium the first shell radial distribution

15 OCTOBER 1995-1

function is asymmetric even at the lowest temperatures.

Static and dynamic effects to the local

disorder have been separately determined and compared with the results of previous studies.

I. INTRODUCTION

Extended x-ray absorption fine structure (EXAFS) is
recognized as a particularly useful tool for studying the
local structure of disordered materials. It provides in-
formation about near-neighbor distances, coordination
numbers, and disorder in bond distances. Moreover,
temperature-dependent measurements of the amplitude
and phase of EXAFS oscillations allow one to separate
thermal from static disorder and to characterize anhar-
monic pair potentials and asymmetric pair distribution
functions.! One of the ways to investigate local disor-
der by EXAFS is the cumulant method. This model-
independent technique is based on the expansion of
EXAFS amplitudes and phases as a series of cumulants
of the interatomic distance distribution.! The first cu-
mulant is related to the centroid of the distribution, the
second one is the variance and corresponds to the mean
square relative displacement (MSRD) o2, and higher or-
der cumulants characterize the deviation of the distribu-
tion of distances from a harmonic Gaussian shape. The
cumulant method is appropriate for systems character-
ized by low or moderate anharmonic disorder.

Remarkable EXAFS works on crystalline and amor-
phous germanium are present in the literature.?'? In most
of them the local structure in c-Ge and a-Ge has been
studied by standard EXAFS analysis. The standard
analysis is based on the harmonic approximation and ac-
counts for local disorder by the EXAFS Debye-Waller
factor exp(—2k202). Some works are concerned with the
temperature dependence of o2 and its interpretation in
terms of simple models of vibrational dynamics. Stern et
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al.® studied the thermal variation of disorder about the
first and second average shell distances in ¢-Ge and found
that first shell 02(7) was adequately represented by an
Einstein model and the second shell o?(T') was fitted by
a Debye model.

Tests for detecting the asymmetry in the distributions
of atoms in Ge were examined by Crozier and Seary* who
carried out EXAFS measurements in the range 7' = 83—
1085 K. They found that in a-Ge the distribution of near-
est neighbors is Gaussian while in ¢-Ge it presents a small
asymmetry at the highest temperatures. Other signifi-
cant EXAFS works on Ge are concerned with the struc-
tural relationship between ¢-Ge and a-Ge and the tran-
sition from amorphous to crystalline phase;>® thin films
of Ge were prepared according to different techniques at
different substrate temperatures.5? A methodical charac-
terization of vacuum deposited amorphous Ge was car-
ried out by Johnson et al.® who investigated crystallinity
in amorphous films by analyzing the Fourier transforms
of the second and third neighbors.

The aim of this work is to study the local structure
and dynamics of c-Ge and a-Ge beyond the harmonic
approximation by exploiting the sensitivity of EXAFS
spectroscopy to anharmonic effects. We present the tem-
perature dependence of the first four cumulants of the
radial distribution functions relative to the first three
coordination shells of c-Ge. By determining the force
constants of the EXAFS pair potentials of near-neighbor
interactions we evaluate the harmonic contribution to the
MSRD and compare it with refined models of vibrational
dynamics. As for a-Ge, we are able to reconstruct the
first shell distance distribution from the first four experi-
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mental cumulants and to separate the thermal and static
contributions to disorder.

The paper is organized as follows. In Sec. II a sum-
mary of the cumulant method is presented. Sections III
and IV describe experimental details concerning sample
preparation, measurements, and data analysis. Sections
V and VI are devoted to the presentation and discus-

sion of results; the summary and conclusions are given in
Sec VIIL.

II. ANALYTICAL METHOD

Single shell structural parameters were determined by
applying the cumulant expansion method:! this nonstan-
dard EXAFS analysis is useful for moderately disordered
systems where the radial distribution is insufficiently ap-
proximated by a Gaussian. The need for an EXAFS the-
ory which took into account systems with non-Gaussian
pair distribution functions was pointed out by Eisen-
berger and Brown.® The capability of EXAFS to de-
termine the details of the nearest-neighbor pair distri-
bution and to study the anharmonic short range pair
interaction potentials was demonstrated by Hayes and
Boyce.!® The expansion of asymmetric pair correlation
functions in terms of cumulants in EXAFS was suggested
by Rehr (see Ref. 11); a detailed description of the cu-
mulant method was given by Bunker;!? the sensitivity of
EXAFS to anharmonic effects and its capability to give
unique information about anharmonic interactions was
exploited by Tranquada and Ingalls.!3 Finally, the topic
has been reviewed by Crozier et al.! and is currently ap-
plied to investigate the structure and dynamics of dis-
ordered systems.!4 716 In terms of the cumulants C; the
EXAFS function is expressed as

x(k) = A(k) sin [ (k)]

with amplitude A(k) and phase ®(k) given by

S3 2
A(k) = E#NF(]C) exp (C() - 202](32 + 504](34 + - ) )
(1)

& (k) = 2kC; — §C3k3 )

where SZ takes into account the intrinsic inelastic effects,
k is the photoelectron wave vector, N the coordination
number of the specific shell, F(k) the backscattering am-
plitude, and ¢(k) the total phase shift between absorb-
ing and backscattering atoms. For narrow distributions
exp(Co) ~ exp(—2C;1/A)/C%,'® where X is the photoelec-
tron mean free path. Even and odd cumulants can be
extracted from Eqgs. (1) by resorting to a standard com-
pound or to theoretical calculations which provide the
parameters SZ, F(k), and ¢(k). In the present analysis
we have referred to internal standards: crystalline and
amorphous germanium at the lowest measured tempera-
ture, i.e., 77 K.
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III. EXPERIMENTAL DETAILS

The c-Ge samples were prepared by powdering a high
purity Ge monocrystal; the powders were deposited, by
the sonication method, on polytetrafluoroethylene filters
in order to get homogeneous samples of uniform thick-
ness, as required by x-ray absorption measurements in
transmission mode. The a-Ge samples were prepared by
thermal evaporation of pure monocrystalline Ge onto a
thin Al foil at 108 Torr; the temperature of the substrate
was 160 £+ 10°C and the deposition rate 5 pm/h. The
amorphicity of the sample was checked by x-ray diffrac-
tion measurements. The average dimensions of the pow-
der grains and thickness of crystalline and amorphous
samples were chosen in such a way as to avoid thickness
effects'” and to maximize the signal to noise ratio. The
absorption edge jump at the K edge of Ge was Aux =1,
where p is the absorption coefficient and x the sample
thickness. Independent sets of EXAFS measurements at
the K edge of c-Ge were performed at both the beamlines
BX1 and BX2-S of the storage ring Adone at the PWA
laboratory in Frascati. The electron beam energy was
1.5 GeV and the maximum injected current 60 mA. The
monochromator was a channel-cut silicon crystal with re-
flecting faces (111) at BX1 and Si (220) at BX2-S. The
a-Ge sample was investigated at the BX2-S beamline in
Frascati and at the EXAFS-3 beamline of the storage
ring DCI at LURE laboratories in Orsay. The beam en-
ergy of DCI was 1.85 GeV and the injected current ~ 300
mA; the monochromator consisted of two parallel flat Si
(311) crystals which could be slightly detuned relative
to each other to minimize the harmonic content of the
x-ray beam. Absorption spectra were recorded by two
ionization chambers filled with krypton at the PWA fa-
cilities, and with air at the LURE beamline. The temper-
ature was changed between 77 and 450 K in nine steps by
temperature controlled nitrogen flow cryostats and elec-
trical heaters; the sample temperature uncertainty was
estimated to be less than 2 K. The availability of sev-
eral measurements carried out on different experimental
apparatuses allowed a more accurate evaluation of the
overall uncertainty.

IV. DATA ANALYSIS

The EXAFS signal was extracted from the experimen-
tal spectrum in the conventional way'® assuming the pho-
toelectron binding energy Fy at the maximum of the first
derivative of the spectrum. The kx(k) signals of c-Ge and
a-Ge are shown in Fig. 1 for some temperatures: ther-
mal damping is evident for both samples. The spectra of
a-Ge [Fig. 1(b)] are less structured than the c-Ge ones
[Fig. 1(a)] indicating that, due to static disorder, the EX-
AFS of a-Ge comes from the contribution of only one co-
ordination shell, unlike c-Ge where kx(k) is the summa-
tion of the contributions of several shells. This situation
is clearly depicted in Fig. 2 where the Fourier transforms
of k3x(k) are shown. In Fig. 2(a) three prominent peaks,
corresponding to the first three coordination shells, are
evident; in Fig. 2(b) only one peak is present confirm-
ing that only the first coordination shell contributes to
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FIG. 1. kx(k) XAFS signals at the K edge of Ge of crys-

talline (a) and amorphous Ge (b) at various temperatures.

the EXAFS signal whereas outer shells are not observed
because of thermal and static disorder and lack of low k&
information.'® EXAFS contributions of the first three co-
ordination shells of c-Ge and the first shell of a-Ge were
singled out by back-transforming each peak in Fig. 2 to
k space (the r-space back-transforming intervals are in-
dicated by horizontal segments in Fig. 2). The Fourier
filtering procedure allows one to separate the EXAFS
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FIG. 2. Fourier transforms of the XAFS signals shown in

Fig. 1 for c-Ge (a) and a-Ge (b). A k® weighting factor and a
10% Hanning window have been used for both ¢-Ge and a-Ge.
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amplitudes A(k) and phases ®(k) of each coordination
shell. The peaks relative to the first three shells of c-Ge
[Fig. 2(a)] are well defined and separated; however, the
second and third peaks are very close to each other. In
this case a mutual interference of the two peaks is ex-
pected; it could reduce the accuracy of the structural pa-
rameters obtained through a separate analysis of the cor-
responding coordination shells. A simulation test, which
will be described in Sec. V when discussing the overall
accuracy of results, has allowed us to verify that the er-
rors induced by the interference between the second and
third shell peaks in Fig. 2(a) are of the same order of
magnitude as the statistical errors of the data analysis,
and in any case do not affect in a sensible way the main
conclusions of this work. As a consequence we back trans-
formed the three main peaks of Fig. 2(a) and separately
analyzed the EXAFS amplitudes A(k) and phases ®(k)
of each coordination shell by the ratio method. In this
way experimental values of backscattering amplitudes,
phase shifts, and inelastic terms were taken, separately
for each coordination shell, from the low temperature ref-
erence spectrum, and the correlation between parameters
was reduced to the one between pairs of cumulants. The
alternative procedure of a nonlinear fit to the overall con-
tribution to EXAFS of the second and third shells was
considered less reliable, in view of (a) the correlation be-
tween a large number of parameters to be simultaneously
determined, and (b) the need to use backscattering am-
plitudes, phase shifts, and anelastic terms calculated or
extracted from the experimental EXAFS of a different
shell (the first one).!

The presence of multiple scattering contributions
could, however, reduce the accuracy of structural param-
eters obtained by amplitude and phase analysis. Mul-
tiple scattering effects are absent in the first shell and
were considered negligible in the second one by Stern et
al.® This result seems to be typical for crystalline com-
pounds with open structures like the diamond or zinc-
blende structure [for instance, GaAs (Ref. 19)]. Anyway
we checked the influence of multiple scattering on the first
three coordination shells of c-Ge by ab initio calculations
on a cluster of five coordination shells of Ge atoms, using
the FEFF code.?’ We found that no multiple scattering
effects are present in the first shell, they are also neg-
ligible in the second one, and a small contribution due
to double and triple scattering, which is less than 10%
of the single scattering, influences the third coordination
shell.

The relative values of the first four cumulants, AC; =
C;(T) — Ci(77), © =1-4, have been determined for each
coordination shell by means of the amplitude ratio and
phase difference methods.'® The cumulant series has been
truncated at the fourth-order term: some tests on model
distributions representing systems affected by disorder
larger than or comparable to that of germanium have
shown that the first four cumulants are enough to ade-
quately reproduce the original distributions.!® The four
polynomial coefficients obtained by the fitting procedure
constitute a good approximation to the exact cumulants
of the effective distance distribution only when the cu-
mulant series is rapidly convergent.'® The validity of this
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working assumption for Ge has been checked by verify-
ing that the values of cumulants were independent of the
chosen k fitting interval.

A. Crystalline germanium

In Fig. 3 we report the logarithm of the amplitude
ratios (solid lines) and the phase differences for the first
shell of c-Ge together with the relative best fitting poly-
nomials (dotted lines); the fit was done in the k range
3-18 A~1. The analogous curves for second and third
shells deviate from linearity with increasing temperature;
this fact is indicative of non-Gaussian distance distribu-
tions in the outer shells as has been already observed
in GaAs.?! Shorter k intervals were used for second and
third shells because of lower signal to noise ratios. In all
three cases the ratio N,/N, was fixed to 1.

B. Amorphous germanium

The logarithm of amplitude ratios and phases differ-
ences, using 77 K c-Ge as reference, are reported in Fig.
4; a pronounced deviation from linearity is evident even
at low temperature. The fitting procedure of the ampli-
tude ratio has been done either setting the ratio N,/N,
equal to 1 or leaving it as a free parameter.

V. RESULTS
A. Crystalline germanium

In Fig. 5 the values of the cumulants of the effective
distribution for the first three coordination shells of c-Ge
are shown vs temperature. From AC; one can obtain
AR [Eq. (7) in Ref. 16] by assuming that the radial
distribution of distances at 77 K is a narrow Gaussian
centered at the crystallographic distance. For the sec-
ond cumulant the absolute value has been obtained by

11 037

shifting the experimental AC, data to match the slope
of the Einstein model which best fits the experimental
data at high temperature.! The difference of MSRD be-
tween effective and real distributions will be discussed
below. We have assumed AC3 = C3 and ACy = Cj.
The theoretical curves AT best fitting the fourth cumu-
lants of the second and third shells are also reported in
the same figure; the coefficients A are shown in Table I.
The standard deviation for each experimental point in
Fig. 5 has been calculated by the error analysis carried
out on the results obtained from different measurements
at the same temperature and by varying the characteris-
tic parameters of the EXAFS data reduction procedure.
As was pointed out in Sec. IV, a possible cause of in-
accuracy is the mutual interference of second and third
shell peaks. To evaluate the influence of this effect on the
final results, we used the following test procedure. Two
pairs of distributions of distances were calculated start-
ing from the experimental cumulants of second and third
shells (Fig. 5) at different temperatures; three different
EXAFS functions were simulated and Fourier trans-
formed for each temperature: two based on the two sep-
arate distributions (case 1) and one based on the sum of
the two distributions (case 2); case 2 corresponds to the
experimental situation of Fig. 2(a), in which the mutual
influence of the two peaks cannot be disentangled. In
both cases 1 and 2 the peaks were isolated, back trans-
formed, and analyzed at the various temperatures by the
ratio method. The difference between the cumulants ob-
tained in case 1 and case 2 is comparable with the error
bars appearing in Fig. 5, in the whole temperature range.
In particular, for the second cumulant the difference at
300 K amounts to 0.8% and 2.4% for the second and third
shell, respectively.

From a comparative analysis of the cumulants of the
first three shells (Fig. 5) we deduce the following. (a)
AC; as well as AR [which is reported in Fig. 6 (crosses)]
are close to zero for all shells; experimental uncertainty is
larger than the thermal expansion effect in the examined
temperature range. (b) The second cumulant, at a given

In [A(T)/A(77K)]

E FIG. 3. First coordination shell of c-Ge:
(a) logarithm of amplitude ratios vs k?; (b)
phase differences vs k (full lines) and relative
best fitting polynomial curves (dashed lines).

200
K* (A?)
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T, increases with increasing interatomic distance. So the
thermal disorder in the first three shells of ¢-Ge shows
significant differences; we will discuss this in the follow-
ing. (c) The third cumulant is zero and temperature
independent for the first shell; it is close to zero also for
the outer shells indicating that the distance distributions
present negligible asymmetry. (d) The fourth cumulant

is zero and temperature independent only for the first
shell. It increases with temperature for the second and
third shells, indicating a symmetric deviation from Gaus-
sian shape; an analogous result was found for the second
and third shells of GaAs.?! This confirms that, beyond
the first shell, anharmonicity effects are not negligible
even in systems with relatively high Debye temperature.

(a) (b) (e)
15! Shell 2"9 shell 3" Shell
— 5 T T T T T T
o AC, ACj AC,
o~
‘o $
Z o EREEEEEEEENE ;iifii O jﬁi'"i ?LT&MM
1)
< _5 1 1 Il 1 1 1
—_— j/
< 2 C. { | Ca2 'i'; - C2 !_,}' T FIG. 5. Temperature dependence of the
“o e ¥ first four cumulants of the first three coor-
X 1+ 4 F Ead 4 F e 4 dination shells of c-Ge (experimental dots).
& o
~ e I -~ e The C>(T) curves (dashed lines) represent
(8] o Lo ® - L L L I the Einstein models best fitting the slope of
P the experimental data in the high temper-
P2 Cs Cs { Cs ature region to which experimental points
< i o }' i have been normalized; the C4(T) curves
E Ofsgo®teeiy - c}‘i - -t 'IE T (dashed lines) represent AT functions best
- fitting the experimental data.
(8
-5 1 s 1 1 1 i
2 :
«_ Ca Ca , C. ¥
< ¥
< II -t b~ 4 —4
'9 1t i - "/ } K
=z ; A 9 {,xf
d o l-----®- -o--9-0--¢--9--§--0. -,.....0-.—.!,‘..':1’._:.. [T erp— ‘—‘—“"-'g'--i::»"“ —
(o) 200 400 O 200 400 O 200 400
T (K)



52 LOCAL DISORDER IN CRYSTALLINE AND AMORPHOUS GERMANIUM

TABLE 1.
to the experimental MSRD, wh®
dependence of Cy follows a AT® behavior.

Einstein frequencies relative to the MSRD’s of c-Ge and c-Ge (w§
to the harmonic contribution to the MSRD). The temperature
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anhar i5 related

c-Ge a-Ge
First Second Third
wirber (THgz) 7.50 £ 0.20 3.90 +0.11 3.48 + 0.22 6.9 +0.2
wheT (THz) 7.50 £+ 0.45 4.27+0.18 3.8440.18
A (10'2 A* K73) 0 1.32 +0.39 1.65 + 0.46

As for the reconstruction of the distance distributions
from cumulants, we have found that within the examined
temperature range the first shell distance distribution
appears Gaussian, whereas the second and third shells
show a non-Gaussian distance distribution with negligi-
ble asymmetry.

B. Amorphous germanium

In Fig. 6 the experimental cumulants of a-Ge, ob-
tained by using 77 K c-Ge as reference compound, are re-
ported: the difference between the first-nearest-neighbor
distances of ¢-Ge and a-Ge and the overall disorder, ther-
mal and static, of a-Ge are evident. AR represents the
first shell distance differences R,-ge(T) — Re-Ge(77) (full
circles) and Re-Ge(T) — Re-ge(77) (crosses): the inter-
atomic distance of amorphous germanium is about 0.02
A larger than that of crystalline germanium. The dif-

reference: c-Ge 77K
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FIG. 6. Temperature dependence of the first four cumu-
lants (circles) of the first coordination shell of a-Ge: analysis
carried out using 77 K c-Ge as reference compound. [AR of
crystalline germanium (crosses) reported for comparison.]

ference between Cy(T) for c-Ge (lower curve) and a-Ge
(upper curve) is mainly due to the static contribution to

- disorder. As for C3 and C4, they are significantly differ-

ent from zero over the whole temperature range. These
results show that the radial distribution of distances is
not Gaussian even at low temperature; the temperature
dependence of C3 and C4 shows a slight increase with
increasing temperature suggesting a slight anharmonic
character of thermal disorder.

VI. DISCUSSION

A. Distribution of distances

In Fig. 7 the real distributions of distances of the first
shell of c-Ge and a-Ge (Refs. 16 and 22) are reported
for some temperatures. The characteristic function was
reconstructed in the range —20-20 A~ with A equal to
8 A (no significant variations were observed on varying
A from 4 to 10 A). The distributions of distances of the
first shell of ¢-Ge, Fig. 7, do not show any evident asym-
metry effect in the temperature range 77-400 K since the
Debye temperature ©p of Ge is 374 K. This result is in
agreement with the experimental result of Crozier and
Seary,® who detected deviations from Gaussian only at
temperatures (1085 K) higher than ©p. A manifest de-
viation from a Gaussian distribution due to thermal and

40 T T T T

30

24 26
R (A)

FIG. 7. The real distribution of distances of the first co-
ordination shell of c-Ge and a-Ge at various temperatures.

28 3

2 22
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static disorder is present in a-Ge (Fig. 7), even at low
temperature. This result is in contrast with theoretical
models which assume a regular tetrahedron as the basic
unit of the amorphous Ge network.?3

B. Thermal disorder in ¢c-Ge

The widths of the distance distributions C3(7') in Figs.
5 and 6 represent the mean square relative displacement
of backscattering atoms with respect to the absorbing
atom. The MSRD is composed of two contributions: the
mean square displacement of atoms from their equilib-
rium positions and the vibrational correlation function.?*
The latter contains integrated information on the pro-
jected density of vibrational states and thus on the phase
relationships between phonon eigenvectors. For cubic
metals the partial density of states has been success-
fully approximated by a Debye distribution taking into
account the motion correlation.?* This model has been
found adequate to interpret the MSRD of the first three
coordination shells of Cu, Pt, and Fe and is equivalent to
more refined force constant models.2®> However, in poly-
atomic lattices, where optical phonons are present, as
in zinc-blende or diamond lattices, the Debye approxi-
mation is no longer adequate to reliably reproduce the
phonon spectrum. In certain cases phenomenological
approaches based on hybrid Debye-Einstein approxima-
tions, with the Einstein model taking into account optic
modes, have been applied.?6 When ab initio calculations
or force constant models exist, one can determine and
compare MSRD’s directly with experiment. As for the
MSRD of Ge, two theoretical calculations have been per-
formed: the first one, by Nielsen and Weber,?? is based
on the adiabatic bond charge model and holds for some
crystalline covalent semiconductors; the second one, by
Filipponi,?® is based on the high temperature expansion
in moments of the projected density of states for the vi-
brational correlation function (VCF) and holds for some
tetravalent crystalline and amorphous solids. Both cal-
culations have been carried out in the harmonic approx-
imation.

In order to compare the theoretical MSRD’s with the
experimental ones, we need to extract from the latter the
harmonic contribution; the detailed procedure to do this
is described in Ref. 22; here we give a brief summary.
The pair potential is extracted by inverting the classi-
cal statistics relationship which relates the interatomic
potentials to the distance distributions?® reconstructed
from the experimental cumulants (data in Figs. 5 and
6); the cumulants are then expanded as a power series of
temperature whose terms depend on the force constants
n.3% For harmonic potentials v, = 0 for n > 2 and C,
depends linearly on temperature. For anharmonic po-
tentials an additional term proportional to 72 must be
considered; at high temperature and for very anharmonic
potentials higher order terms cannot be neglected. As for
Ge, the series expansion of Cy has been truncated at the
second term. The results of this procedure are reported in
Fig. 8 where the C; of the effective and real anharmonic
distributions of the first three shells of c-Ge are shown
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FIG. 8. Temperature dependence of second cumulants of
the first three shells of c-Ge calculated from the force con-
stants of pair potentials: continuous lines refer to effective an-
harmonic distributions, dotted lines to real anharmonic distri-
butions; dashed lines represent the first order harmonic con-
tribution of the real distributions. The experimental points
(data from Fig. 5) are also reported.

(continuous and dotted lines, respectively) together with
the first order harmonic contributions related to the real
distributions (dashed lines) and the experimental points
(data from Fig. 5). The good agreement between second
order contributions to C; related to the effective distribu-
tions and experimental values constitutes an a posterior:
test of the validity of the second order truncation. In
Fig. 8 it is also worth observing the remarkable differ-
ence between the experimental values and the harmonic
contribution to C, for the second and third coordination
shells. This difference is significantly larger than the ex-
perimental uncertainty, including the estimated effects
due to the interference between second and third shell
peaks. The harmonic contributions to Cy (dashed lines
in Fig. 8) are reported in Fig. 9 at some temperatures
(full circles, empty triangles, and squares for first, sec-
ond, and third shells, respectively) to be compared with
the theoretical MSRD calculated by Nielsen and Weber2”
[Fig. 9(2)] and by Filipponi?® [Fig. 9(b)]. In Fig. 9(a)
the lower curves represent bond charge model (BCM)
calculations?” of the correlated relative radial displace-
ments for first and second neighbors in ¢-Ge (dashed and
full lines, respectively); they are in good agreement with
our first and second shell experimental data; not such a
satisfactory agreement was found by the same authors?”
with the results of the correlated Debye model and the
experimental data by Rabe et al.3! The upper curve in
Fig. 9(a) (dotted line) represents the theoretical uncor-
related Debye-Waller factor; its difference with respect
to our third shell results (squares) expresses the resid-
ual correlation of motion between the central atom and
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FIG. 9. Comparison between the harmonic contributions

of the second cumulants of the first three coordination shells
of c-Ge (present work: first shell, full circles; second shell,
empty triangles; third shell, squares) and some theoretical
MSRD’s. (a) Comparison with theoretical data by Nielsen
and Weber (Ref. 27) (first shell, full line; second shell, dashed
line; mean square displacement, dotted line); (b) comparison
with theoretical data by Filipponi (Ref. 28) (first shell, full
line; second shell, at 300 K, full triangle; third shell, at 300
K, cross; mean square displacement, at 300 K, empty circle).

third shell backscattering atoms. The second theoretical
method [Fig. 9(b)] determines the MSRD without solv-
ing the secular problem for the dynamical matrix?® and
calculates first shell MSRD’s in a wide range of temper-
atures (full line) and second and third shell MSRD’s at
300 K (full triangle and cross, respectively); these results
are also in good agreement with our data.
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C. Thermal and static disorder in a-Ge

The disorder parameters of a-Ge are represented in
Fig. 6 and reported in Table II. The thermal dependence
of C5 in a-Ge is very close to that of the c-Ge first shell;
for a-Ge the Einstein frequency is 6.9 £+ 0.2 THz while
for c-Ge it is 7.50+0.20 THz. This means that the local
thermal disorder in a-Ge is slightly smaller than in c-Ge
as already observed by theoretical calculations.2®

At room temperature the sum of the static and dy-
namic contributions to disorder [C3(300) in Fig. 6, here
denoted 0?] is 02 = (6.440.1) x10~3 A~2, which is differ-
ent from the value of 3.6 x 103 A~2 reported by Shevchik
and Paul®? from x-ray diffraction measurements. The
contribution of static disorder to the mean square rela-
tive displacement can be evaluated by extrapolating the
o2 curves of c-Ge and a-Ge in Fig. 6 to very low tem-
perature; the difference 02, = 02 (77) — 02.4.(77) =
(2.2540.17) x 10~ A2 represents a measurement of static
disorder of the evaporated thin film. This value is higher
than the result of 0.9 x 1073 A2 calculated by Polk33
and close to the experimental value of 2.0 x 103 A2 re-
ported by Wakagi et al.3%3% from EXAFS measurements
on samples prepared by sputtering.

Another interesting result of EXAFS amplitude analy-
sis is the coordination number ratio No-ge(T')/Ne-ge(77)
obtained by leaving the ratio N, /N, as a free parameter.
In the whole temperature range Ny-ge(T')/Ne-ce(77) =
1.00 + 0.05, which implies that the first shell aver-
age coordination number of a-Ge is 4.01+0.2; as a test
of accuracy for the determination of the coordination
number by the ratio method, we found that for c-Ge
Ne-Ge(T)/Ne-ge(77) was equal to 1+0.03.

The amorphous germanium structure has been widely
investigate by x-ray and neutron diffraction as well as
by EXAFS (Table II). X-ray diffraction measurements
carried out by Temkin et al.3¢ found that the first shell
distance and coordination number are equal respectively
to R = 247 A and N = 3.79; the corresponding

TABLE II. EXAFS and x-ray and neutron diffraction data about the local structure of a-Ge
samples.
N R C, C, Cs Ca
(A) (static) (thermal) (107* A%) (107® A%)
(1073 A?%) (THz)
c-Ge 4 2.4496 7.5
a-Ge
EXAFS
Crozier and Seary (Ref. 4) 4 2.45 1.8 7.5
Stern et al. (Ref. 6) 4 2.45
Wakagi et al. (Refs. 34, 35) 3.90 2.469 2.0 1.2
Present 4.0 2.468 2.25 6.9 1.07 3.52
+ 0.2 + 0.005 '+ 0.21 + 0.2 +0.42 +0.15
Diffraction
Temkin et al. (Ref. 36) 3.79 2.47
Etherington et al. (Ref. 37)  3.69 2.463
Wright et al. (Ref. 38) 3.67 2.465
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crystallographic data for c-Ge are R = 2.4496 A and
N = 4. Moreover, neutron diffraction measurements car-
ried out by Etherington et al.37 found R = 2.463 A and
N = 3.68; more recently, Wright et al.3® reported the
values R = 2.465 A and N = 3.67. Thus, according
to x-ray and neutron diffraction measurements, the a-Ge
first shell distance is larger than the crystalline one and
the first coordination number is smaller. Several impor-
tant EXAFS works on a-Ge evaporated thin films are
reported in the literature;* 7 as far as structural inves-
tigation is concerned, they are generally based on the
Gaussian approximation. The first shell distance and co-
ordination number obtained by the previous standard
EXAFS analysis are close to the crystalline data and
in disagreement with diffraction results;*® when higher
order moments of the first-nearest-neighbor distribution
have been taken into account, as in the case of a-Ge pre-
pared by sputtering,3%3% it is found that the first shell
distance is longer than that of c-Ge by 0.019 A. There-
fore EXAFS cumulant analysis demonstrates that the
first shell distance distribution is asymmetric, indicates
the presence of a non-negligible static disorder even at
low temperature, and finds that R = 2.468 A in good
agreement with the recent work by Wakagi et al.;3% how-
ever, the coordination number obtained by all the EX-
AFS measurements (Table II) does not agree with the
values less than 4 reported by x-ray and neutron diffrac-
tion data.36:38

VII. CONCLUSIONS

The cumulant analysis of EXAFS allows a refined
study of parameters able to describe the local structure
and dynamics in systems with low or moderate disor-
der. In this work we have reexamined the local order
of germanium, in the crystalline and amorphous phases,
by a temperature-dependent study of the amplitude and
phase of EXAFS oscillations. In ¢-Ge the first three co-
ordination shells, sufficiently well separated in real space
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and little influenced by multiple scattering contributions,
have been Fourier transformed to k space and analyzed
with the cumulant method by using experimental ampli-
tude and phase shift functions. The first four cumulants
allow the reconstruction of the radial distribution func-
tions: a deviation from Gaussian behavior is found for
the outer shells. Harmonic and anharmonic contribu-
tions to the MSRD in the first three shells have been
separated on the basis of experimental data. In the tem-
perature range 77-450 K the first shell EXAFS effective
pair potential is harmonic; anharmonicity is present in
the outer shells also below the Debye temperature. The
agreement between the experimental harmonic MSRD’s
of the first three shells and the theoretical MSRD’s based
on the calculation of the vibrational correlation functions
is a further demonstration of the capability of the EXAFS
technique to give information about phonon eigenvectors.
The complementarity of EXAFS to neutron scattering
techniques to test refined models of vibrational dynam-
ics is confirmed.

In amorphous germanium the distribution of nearest-
neighbor atoms has been determined at various temper-
atures: it is asymmetric even at the lowest tempera-
ture because of the static disorder. The thermal anc
static contributions to local disorder have been separately
evaluated. The relatively larger momentum transfer of
EXAFS with respect to the x-ray diffraction technique
makes EXAFS particularly sensitive to monitor and char-
acterize anharmonicity.
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