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Extended x-ray absorption fine structure �EXAFS� spectroscopy was applied to probe the vibrational pro-
perties of bulk crystalline Ge �c-Ge� and Ge nanocrystals �Ge NCs� of 4.4 nm mean diameter produced by ion
implantation in SiO2 followed by thermal annealing. EXAFS measurements around the Ge K edge were carried
out in the temperature range from 8 to 300 K at beam line 10-2 of the Stanford Synchrotron Radiation
Laboratory �SSRL�. Original information about thermal and static disorder, thermal expansion, and anharmo-
nicity effects have been obtained for c-Ge and Ge NCs from temperature dependent EXAFS measurements
using a correlated anharmonic Einstein model and thermodynamic perturbation theory. It was observed that the
Ge NCs were stiffer �showed a stronger bond force constant� than both amorphous Ge �a-Ge� and c-Ge. Also,
the values of the linear thermal expansion �thermal evolution of the mean interatomic distance� obtained for the
Ge NCs were smaller than the ones obtained for c-Ge. These results were compared to the ones obtained for
other nanocrystalline systems. They suggest that the increased surface to volume ratio of the nanocrystalline
form and the presence of the surrounding SiO2 matrix might be responsible for the different vibrational
properties of c-Ge and Ge NCs.
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I. INTRODUCTION

Nanocrystalline particles are interesting subjects for ma-
terials science since their properties can deviate from those
of bulk materials, making them attractive for a variety of
potential applications. For example, semiconductor nano-
crystals in a dielectric medium have attracted attention due to
their unique optical properties which are not observed in
their bulk counterparts.1 Given that the optical properties are
governed by the structural properties, characterization of the
latter for Ge nanocrystals �Ge NCs� has recently been per-
formed with the EXAFS technique2 to attain a better under-
standing of the behavior of such particles. The study of Ge
nanocrystals is further developed in this contribution, where
EXAFS was applied to determine the short-range order vi-
brational properties of Ge nanocrystals synthetized in SiO2
by ion implantation and thermal annealing.

The use of EXAFS as a vibrational probe was first sug-
gested in the seventies3,4 and has been explored in several
ways by many research groups since that time.5–7 Informa-
tion about thermal and static disorder, thermal expansion and
anharmonicity effects have been obtained for several mate-
rial systems from temperature dependent EXAFS measure-
ments. In particular, the analysis of temperature dependent
data through the cumulant expansion method8 for moderately
disordered systems has proven to yield reliable information
about the distribution of interatomic distances probed by
EXAFS and its evolution with temperature.5,6,9 The first
three cumulants measure the average value, the variance, and
the asymmetry of the distance distribution for a given coor-

dination shell, and their variation with temperature can yield
information on the linear thermal expansion, thermal disor-
der, and potential anharmonicity, respectively. The second
and third cumulants can be related to the force constants of a
one-dimensional effective pair potential from which the vi-
brational frequency or bond strength of the atoms in that
shell can be estimated, as well as the thermal variation of the
potential asymmetry. For more disordered systems it is also
important to take into account the fourth term in the cumu-
lant expansion series, called the fourth cumulant. This term
accounts for symmetric deviations from a Gaussian form in
the distribution of interatomic distances. The direct extrac-
tion of the thermal expansion from EXAFS data, however, is
not straightforward. Care must be taken to consider effects
such as the spherical nature of the photoelectron wave, the
mean free path of the photoelectron and an effect that can be
explained as due to the influence of vibrations perpendicular
to the bond direction, as defined in Refs. 6, 9, and 10. Due to
the latter, the variation of the first cumulant measured by
EXAFS is different from the one calculated only from the
asymmetry of the one-dimensional effective pair potential.
This effect can be isolated by combining EXAFS and XRD
�x-ray diffraction� results for the same system.6,9

Bulk crystalline Ge �c-Ge� has been thoroughly studied
by EXAFS and other techniques �such as XRD�.2,11–13 Re-
garding temperature dependent EXAFS experiments, Dalba
et al..6,14,15 performed systematic measurements for c-Ge and
amorphous Ge �a-Ge� at temperatures from 10 to 600 K.
Data were analyzed by the ratio method and results for the

PHYSICAL REVIEW B 74, 184102 �2006�

1098-0121/2006/74�18�/184102�8� ©2006 The American Physical Society184102-1

http://dx.doi.org/10.1103/PhysRevB.74.184102


first four cumulants of the distance distribution were ob-
tained. Relative values of the cumulants were first deter-
mined �comparing low and high temperature data� and then
absolute values were calculated from the relative values by
fitting the high temperature data using the perturbative quan-
tum approach of Frenkel and Rehr.16 Low temperature quan-
tum effects in the third cumulant and the ratio between the
perpendicular and radial correlation terms were evaluated for
the first shell of c-Ge.6

Moreover, Filipponi and Di Cicco performed temperature
dependent EXAFS experiments for c-Ge at temperatures
from 77 to 1100 K.7 Data were analyzed using the GNXAS
�Ref. 13� approach instead of using the cumulant expansion
method and absolute values for the bond lengths and Debye-
Waller factors were obtained. Other EXAFS studies of the
Ge thermal expansion can be found cited within Refs. 6, 7,
14, 15, and 17.

In this work we will present results for c-Ge obtained by
fitting experimental data with the theoretical standards given
by the FEFF8.102 code,18 which allows us to directly obtain
values for the interatomic distance distributions, their vari-
ance and their asymmetry. Such values are absolute under the
condition that the FEFF standard well reproduces flawless
c-Ge. We will show that a very good agreement is found
between our c-Ge results and those from the ratio method
analysis for the first three cumulants of the first shell distance
distribution. This reinforces the validity of our approach,
which will then be extended to the more complex system of
Ge nanocrystals embedded in a SiO2 matrix. The study of
nanoparticle systems is complicated by the superposition of
surface and bulk behavior, and an EXAFS thermal expansion
study should be, in principle, affected by the differences be-
tween the vibrational properties of atoms on the surface and
in the core of the nanoparticles. Our comparison of bulk and
nanocrystalline data should highlight the influences of size
effects and the surrounding matrix on the nanocrystal vibra-
tional properties.

There are very few temperature dependent EXAFS stud-
ies for semiconductor nanoparticle systems reported in the
literature. Results obtained for Mercaptoethanol-coated ZnS
nanoparticles of diameter 3.4 nm �Ref. 19� indicate that they
are strained and stiffer than bulk ZnS, presenting a higher
Einstein temperature. Thiol-capped CdS nanoparticles from
1.3 to 4.0 nm were also observed to show higher Einstein
temperatures than bulk CdS, although the difference was
higher than 5% only for the smaller nanoparticles.20 The
stiffening of the CdS bonds in the nanoparticles was assigned
to their increased surface-to-volume ratio. The same effect
was also observed for Thiol-capped CdTe nanocrystals.21

In this contribution we will present original results for the
short-range order vibrational properties of an elemental
semiconductor in a nanocrystalline state. The differences ob-
served for such properties of the Ge NCs relative to the ones
from bulk c-Ge reveal further differences between both
states and allow us to get a deeper insight about size effects
and the influence of a surrounding matrix of SiO2 on the Ge
NCs.

II. EXPERIMENTAL

Ge nanocrystals were formed in a 2 �m thick SiO2 matrix
by ion implantation, at liquid nitrogen temperature, of 1

�1017 Ge/cm2 at 2 MeV. The implantation was followed by
thermal annealing for 1 h of the samples at 1100 °C under
forming gas �95% N2+5% H2� flow. Further details are de-
scribed in Ref. 2. The Ge peak concentration of 3 at. % was
verified to be centered at a depth of 1.2 �m inside the SiO2
layer by RBS �Rutherford backscattering spectrometry� and
TEM �transmission electron microscopy� measurements.

Polycrystalline Ge standards of thickness 200 nm sand-
wiched between 2 �m thick SiO2 layers were also produced
as described in Ref. 2, for direct comparison with the nano-
crystalline samples. This way, the fluorescence EXAFS mea-
surements were carried out in similar conditions for both
c-Ge and Ge NCs samples.

Cross section transmission electron microscopy �XTEM�
results show that the nanocrystals are spherical in shape and
present crystallinity similar to bulk c-Ge. Figure 1 presents
two XTEM images of the Ge NCs as grown into the SiO2
layer; Fig. 1�a� shows the nanocrystal distribution inside the
SiO2 layer and Fig. 1�b� shows a high resolution image of
one Ge NC. Small angle x-ray scattering �SAXS� measure-
ments �not shown here� were employed to determine the size
distribution of Ge NCs. It was observed to have a mean
value of 4.4 nm with a full width at half maximum of
1.5 nm.

EXAFS measurements at the Ge K edge �11.103 keV�
were performed at temperatures from 8 to 300 K, at beam
line 10-2 of the Stanford Synchrotron Radiation Laboratory,
USA. Fluorescence spectra were recorded with a 30 element
solid-state Ge detector and the Si �220� monochromator de-
tuned by 50% for harmonic rejection.

The raw EXAFS data were analyzed according to the
standard procedure described in Ref. 22, followed by a mul-
tiple data set fit, as will be explained below. EXAFS spectra
were energy calibrated, aligned, and isolated from raw absor-
bance by background subtraction via the AUTOBK algo-
rithm, as implemented in the code ATHENA.23 Structural
parameters were then determined using ARTEMIS �Ref. 23�
with photoelectron momentum k and nonphase-corrected ra-
dial distance r ranges of 4.8–14.8 Å−1 and 1.7–2.6 Å, re-
spectively. ATHENA and ARTEMIS are GUIs �graphical
user interfaces� for the IFEFFIT code. Phases and amplitudes
were calculated ab initio with the FEFF8.102 code.18 The
amplitude reduction factor S0

2 and threshold energy E0 were

FIG. 1. XTEM images of the Ge NCs grown in SiO2. The left
frame shows the Ge NCs distributed inside the SiO2 matrix and the
right frame shows a high resolution image of one Ge NC.
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determined from the polycrystalline standard and held con-
stant thereafter at the values of 0.988 and 9.68, respectively.
These are the mean values for the given temperature range,
calculated from the individual values for each temperature.
The coordination number was kept constant at the bulk value
of 4.0 during the c-Ge analysis and determined for the Ge
NCs as 3.2 from the lowest temperature NC spectrum. It is
expected to be smaller for the nanocrystalline phase due to
lower-coordinated atoms at the surface. A given data set was
fitted simultaneously with multiple k weightings of 1–4, in
order to reduce correlations between the fitting parameters.

III. THEORY AND DATA ANALYSIS

The information extracted from experimental spectra will
be written as a series of cumulants of the distance
distribution8 for the first shell of Ge. The analysis of EXAFS
data via the cumulant expansion method, as well as the
relationship between the cumulants and the local dynamics
in crystalline materials, has recently been reviewed by
Fornasini et al.9

The EXAFS second cumulant, MSRD �mean square rela-
tive displacement� or Debye-Waller factor �2 is sensitive to
both structural and thermal disorder. As the structural com-
ponent is considered not to vary with temperature, it is pos-
sible to separate both contributions by performing tempera-
ture dependent EXAFS measurements and fitting the
resultant Debye-Waller factors with a Debye or Einstein
model.24 For the �2 of the first shell of Ge, in particular, the
correlated Einstein model is considered a suitable choice.25,26

The EXAFS �2 can yield information on the vibrational dy-
namics of both crystalline and noncrystalline materials.24 It
contains effects of correlation between the atomic motion of
absorber and backscatterer atoms, differing from the XRD
MSD �mean square displacement� by the DCF �displacement
correlation function�.3 On more general grounds, the tem-
perature dependence of the �2 provides a measure of the
effective bond-stretching force constant between absorber
and backscatterer atoms and can be used to study the
strength of chemical bonds.

The third cumulant of the distance distribution C3 mea-
sures its asymmetry. C3 can be different from zero even for a
harmonic crystal at very low temperatures due to the effect
of zero-point atomic vibrations.9 In samples that are not
flawless crystals, further asymmetry in the distribution of
distances may be observed. But this static contribution is not
supposed to increase with temperature, so that the variation
of C3 with temperature can be ascribed to asymmetry in the
distance distribution generated by anharmonicity of the ef-
fective interaction potential.

A. Relationship between thermal expansion and EXAFS
cumulants

A relationship between a linear thermal expansion factor a
and the EXAFS cumulants in the quantum limit was derived
by Frenkel and Rehr using a correlated anharmonic Einstein
model and thermodynamic perturbation theory.16 In this
model, a one-dimensional anharmonic effective pair potential
of the form

V�r − r0� = ke�r − r0�2 − k3�r − r0�3 + ¯ �1�

was assumed, where r0 is the minimum of the effective pair
potential, ke is the effective harmonic spring constant, and k3
is the cubic anharmonicity constant. The following relation-
ships were then derived for the temperature dependence, to
leading order in k3, of the second cumulant �2, third cumu-
lant C3, and linear thermal expansion factor a �connected to
the thermal variation of the first cumulant C1�,
respectively5,16

C2�T� = �2�T� =
��E

2ke

1 + z

1 − z
+ �static

2 , �2�

C3�T� =
k3���E�2

2ke
3

1 + 10z + z2

�1 − z�2 + C3static, �3�

a�T� =
3

2

�k3

�2�E
3

1 + z

1 − z
, �4�

where T is the temperature, �E is the Einstein frequency
�ke=��E

2�, � is the reduced mass �in this case, for a Ge-Ge
absorber-scatterer pair�, and z�exp�−�E /T�. The Einstein
temperature is given by �E=��E /kB, where kB is the Boltz-
mann constant. �static

2 and C3static are the static or structural
�temperature independent� contributions to the total disorder
and asymmetry, respectively. These terms have been added
here to the temperature dependent ones in order to account
for the effects of static disorder, expected to be different for
c-Ge and Ge NCs.2,22

This one-dimensional model can be used as a reference to
analyze the thermal behavior of the cumulants of the distance
distribution obtained from experimental EXAFS data. It can
be considered as the effective potential of the one-
dimensional distribution of distances sampled by the EXAFS
analysis of a given shell of a three-dimensional crystalline
�or nanocrystalline� material.

B. EXAFS effective and real distance distributions

In an experimental measurement the EXAFS photoelec-
trons �with mean free path �� probe an effective distance
distribution P�r , ��=	�r�* exp�−2r /��*r−2, due to the weak-
ening of the photoelectron wave with distance, the spherical
nature of such a wave and the finite mean free path.8 On the
other hand, the instantaneous interatomic distances r are dis-
tributed according to the real unidimensional distribution
	�r�. For systems with low to moderate disorder, the differ-
ence between the cumulants of both distributions is consid-
ered non-negligible only for the first cumulant �interatomic
distance�,6,8 and this difference must be kept in mind when a
thermal expansion study is undertaken.

As the analysis of EXAFS experimental data by compari-
son with FEFF generated standards using the IFEFFIT code
accounts for the effects of the weakening of the photoelec-
tron wave with distance, the spherical nature of such a wave
and the finite mean free path, the values obtained from such
method are the real cumulants of the distance distribution.

VIBRATIONAL PROPERTIES OF Ge NANOCRYSTALS… PHYSICAL REVIEW B 74, 184102 �2006�

184102-3



Thus, they can be directly applied in a thermal expansion
study.

C. Effective pair potential and distance distributions

The use of an effective pair potential to describe the dis-
tribution of distances probed by EXAFS must be applied
with care in order to take into account some of its limita-
tions. The effective pair potential can be, in principle, tem-
perature dependent, both in position and shape.27 In particu-
lar, a positive shift of the minimum of the effective pair
potential was assigned to the effect of vibrations perpendicu-
lar to the bond direction, among other causes.9,27 This sug-
gests that the thermal expansion probed by EXAFS depends
not only on the asymmetry of the effective potential �given
by the second and third cumulants, �2 and C3�, as implied in
Frenkel and Rehr’s model, but also on its rigid shift. Stern
�Ref. 10� also points out the importance of the vibrations
perpendicular to the bond direction and explains the rigid
shift as a consequence of the difference in the minimum of
the effective and real potentials, i.e., the difference between
the maximum of the effective and real distributions of inter-
atomic distances. Furthermore, for bulk AgI and CdSe, a
variation of the minimum of the effective potential with tem-
perature has been reported,28,29 shifting to lower values as
the temperature increased; such an effect was not observed
for Ge.9

As a result, the temperature variation of the EXAFS real
first cumulant and the linear thermal expansion factor a as
given above cannot be considered equivalent. In order to
avoid misinterpretations due to differences in both quantities,
here the quantity a as defined in Ref. 16 �reproduced in Eq.
�4� above� will be called the anharmonic contribution to the
thermal expansion, since it is related to the anharmonicity of
the effective potential only. The variation of our first cumu-
lant with temperature, 
C1, will be called the EXAFS ther-
mal expansion and will include contributions not only due to
the anharmonicity but also due to the shift of the effective
potential. The difference between the EXAFS 
C1 and XRD

R thermal expansions will be connected to the shift of the
effective potential �perpendicular vibrations�, rather than to
its asymmetry.

D. Data analysis

Theoretical spectra were simulated by the FEFF 8.102
code �Ref. 18� and the values of the cumulants of the dis-
tance distribution for the first shell of Ge were obtained
through a nonlinear best fit to experimental spectra using
ARTEMIS.23,30

The analysis of experimental spectra was carried out in
two steps. In the first one, each spectrum was fitted at once,
giving separate values of C1, �2, C3. The presence of a fourth
cumulant C4 was also considered in the fits, but it was ob-
served to be negligible for all measurements. This confirmed
the validity of deriving the cumulant equations from �4� to
leading order in k3.

Although the �2 values obtained this way were insensitive
to small variations in the fitting conditions and presented
small error bars, the same was not observed for the C1 and

C3 values, due to the correlation between these quantities. A
similar result was observed by Fornasini et al. when analyz-
ing the EXAFS data for the thermal expansion of bulk Cu.27

We then fitted our obtained �2 results as a function of tem-
perature according to Eq. �2�, obtaining the Einstein tem-
perature �and consequently �E and ke�.

In the second step, the variation of the second and third
cumulants �2 and C3 with temperatures were restrained to
follow Eqs. �2� and �3� and all spectra from 8 to 300 K were
fitted simultaneously, in a similar way to the methods de-
scribed in Refs. 20 and 31. Representing the evolution of the
second cumulant by the correlated Einstein model and of the
third cumulant by Eq. �3� is appropriate since both quantities
have shown to be well described by these models in the
literature. The thermal variation of the first cumulant C1, on
the other hand, was not restrained to follow Eq. �4� since it
is, in principle, not well represented by its variation with the
asymmetry of the potential only. Thus, the first cumulant for
each temperature was simply written as r0+drT, where r0 is
the value of the first cumulant for the lowest temperature
data. During the multiple data set fit, ke was fixed to the
value obtained from the fit to the �2 from the first step, so
that k3, the structural contribution to C3, r0, and the drT for
each temperature were the only fitting parameters. By doing
this, the number of free parameters was reduced and the C3
values and variation were linked to the ones of the second
cumulant, helping to decrease the errors in its determination
and to break the correlation between C3 and C1.

IV. RESULTS AND DISCUSSION

Figure 2 shows the Fourier transforms of a selection of
the temperature dependant k3-weighted EXAFS spectra as a
function of the radial distance �without phase corrections�
obtained in this work. Figure 2�a� shows spectra measured at
8, 100, and 300 K for c-Ge, while Fig. 2�b� shows spectra
measured at the same temperatures for Ge NCs. Comparing
the data for the two systems, some characteristic features of

FIG. 2. Fourier transforms of k3-weighted EXAFS spectra as a
function of the nonphase-corrected radial distance measured at
different temperatures for �a� polycrystalline Ge and �b� Ge
nanocrystals.
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nanocrystalline materials become readily apparent. For ex-
ample, at any given temperature the magnitude of the Fourier
transforms is lower for the Ge NCs due to their higher sur-
face to volume ratio, which causes a reduction of the overall
coordination number and an increase in the variance of the
distance distributions compared to the bulk c-Ge ones. Also,
the second and third neighbor shells are less pronounced for
the Ge NCs since they are more sensitive to variations in
bond angles, which is also a result of the increased surface to
volume ratio. Furthermore, the damping of the amplitude of
the EXAFS signal with increasing temperature for both sys-
tems can be verified from the graphs.

A. Debye-Waller factors and Einstein temperatures

The Debye-Waller factor values obtained for both c-Ge
and Ge NCs from our experimental spectra are shown as a
function of the measurement temperatures in Fig. 3. Also
plotted for comparison are the data for crystalline and amor-
phous Ge published previously in Ref. 14. The lines are the
respective fits with the correlated Einstein model as given by
Eq. �2� for each data set. The values obtained from such fits
for the static contribution to the total disorder and for the
thermal one �given in terms of the Einstein temperatures� are
shown in Table I.

As it can be seen, our temperature dependent Debye-
Waller factor data for crystalline Ge show the same tempera-
ture evolution as the data from Ref. 14, but their absolute
values differ by a constant offset. This offset could corre-
spond to a static disorder contribution, which in principle is
not expected for bulk c-Ge. But the offset can also be the
result of experiment artifacts in fluorescence EXAFS mea-
surements. In order to evaluate such effects we have consid-
ered normalization, I0 chamber and self-absorption correc-
tions. They were calculated using the program TkATOMS
�Ref. 32� with the Elam tables for x-ray absorption cross
sections.33 The normalization correction accounts for the

energy-dependent attenuation of the amplitude of the EX-
AFS signal introduced by the edge-step normalization. It was
estimated as 0.000 05 Å2 in our experiments. The I0 correc-
tion accounts for the fact that the energy dependence to I0 is
disregarded when the absorption cross section is calculated
as a function of the incident and fluorescence emitted pho-
tons. The I0 chamber used in the experiments was 15 cm
long and filled with N2, yielding a correction of 0.000 27 Å2.
Finally, the self-absorption correction accounts for the appar-
ent amplitude reduction due to the self-absorption of the
fluorescing photons by the sample before they reach the de-
tector. This contribution is negligible for our samples as they
are much thinner than one absorption length for the K edge
of Ge.2 The absorption length is 9.5 �m while the c-Ge
samples are 0.2 �m thick, which amounts to 2.1% of an
absorption length. The Ge NCs samples have even smaller
amounts of Ge so that this contribution is even smaller for
them. Adding up these corrections it becomes apparent that
the offset between the crystalline Ge data corresponds to
experiment induced effects rather than to static contribution
to the disorder present in the sample. When this offset is
subtracted from our data, an excellent agreement is found for
both crystalline Ge datasets. Strauch et al. have used ab ini-
tio phonon dynamics calculations to compute Debye-Waller
factors for the first three shells of c-Ge in the harmonic
approximation.34 Their results, which do not include static
contributions to the second cumulant, are also shown in Fig.
3. We can see a non-negligible difference between the calcu-
lations and the experimental data which indicates that some
anharmonicity is present even for the first shell above T
�150 K.

The Debye-Waller factors for two a-Ge samples prepared
by different techniques showed a similar trend with a slight
difference in absolute values.14,17 For clarity, only the data
from Ref. 14 is plotted in Fig. 3. The sample prepared by
thermal evaporation exhibited higher static disorder than the
sample prepared by sputter deposition, as listed in Table I.
These results were compared in Ref. 17, where the effect of
hydrogenation of a-Ge samples �not shown here� was also
discussed. We will concentrate on the fact that both samples
show higher static contribution to �2 and lower Einstein tem-
peratures than both the c-Ge and Ge NCs samples.

The static contribution to the Debye-Waller factor for Ge
NCs grown by ion-implantation inside a SiO2 matrix lies
between that of c-Ge and a-Ge. This indicates that the nano-
crystals are in a state of higher configurational energy than
the crystalline samples, but are not in a state as disordered as

TABLE I. Einstein temperatures and static components of the
Debye-Waller factors obtained from best fits of the correlated Ein-
stein model to the experimental temperature dependent data.

SYSTEM �E �K� �2
static �X10−3Å2�

c-Ge, Ref. 14 355.3±5.7 0 �set�
c-Ge, this work 351.1±7.2 0.34±0.05

Ge NCs, this work 391.4±11.2 1.70±0.07

a-Ge �sputtering�, Ref. 17 344.9±3.3 1.98±0.04

a-Ge �evaporation�, Ref. 14 323.3±4.7 2.13±0.10

FIG. 3. Debye-Waller factor �2 values for several Ge systems
�symbols, see figure legend� as a function of the measurement tem-
peratures, with the respective correlated Einstein model fits �dashed
lines�. The solid line shows the ab initio harmonic calculation for
the thermal contribution to �2 for a c-Ge system.
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the amorphous phase. The higher static disorder in the NCs
when compared to c-Ge originates from both the reconstruc-
tion of the NCs surface due to the presence of under-
coordinated atoms and the internal strain in the crystalline
core.19

Furthermore, the thermal evolution of the Debye-Waller
factor for the nanocrystals is slower than the ones for both
c-Ge and a-Ge, as can be observed by the smaller slope of
the curve best fitting the data. It must be pointed out that the
same corrections estimated for c-Ge �normalization, I0 and
self-absorption� also apply to the case of Ge NCs.

As for the Einstein temperatures, it was observed that the
value best fitting the Debye-Waller factor data is higher in
the c-Ge samples than in both a-Ge samples, suggesting a
softening of the compression modes in the amorphous phase.
On the other hand, the Einstein temperature best fitting the
NC data �391 K� is higher than the c-Ge ones �351 and
355 K�, indicating that the nanocrystals are stiffer than the
bulk �have stiffer bonds�. This finding is in agreement with
the results obtained for ZnS nanoparticles,19 which were re-
ported to be strained and stiffer than the bulk ZnS. The stiff-
ening of ZnS nanoparticles could not be explained only by
the radial compression of the nanoparticles, nor by simple
models such as linear strain or surface-weighted radial strain,
and was assigned to inhomogeneous internal strain caused by
competing relaxations at the surface. On the contrary, most
metallic nanoparticles appear to behave the opposite way,
showing Einstein temperatures lower than the ones observed
for the bulk, as reported in Refs. 35–41. Since the binding
characteristics �electronic structure� of metals and semicon-
ductors are fundamentally different in their bulk form, it is
not surprising to observe differences between them in the
nanocrystalline form. While covalent bonds tend to be stiffer
and very directional, metallic bonds are softer and less direc-
tional, what gives more freedom to surface atoms to move in
metallic nanocrystals, hence the differences between metallic
and semiconductor nanocrystals.

The harmonic spring constants ke of the effective pair
potential obtained from the Einstein temperatures of Table I
amount to 8.1 eV/Å2 for our c-Ge, which is in good agree-
ment with the value obtained for c-Ge in Ref. 6, 8.5 eV/Å2.
The value of 10.1 eV/Å2 obtained for our Ge NCs corre-
sponds to the higher Einstein temperature obtained from the
fits for this system.

B. Third cumulants

The results obtained in the present work for the third cu-
mulant C3 are shown in Fig. 4. They were obtained restrain-
ing the temperature dependent C3 values to follow Eq. �3�
during the multiple data set fits. Also, the results for c-Ge
from Ref. 6 and a-Ge from Ref. 17 are plotted for compari-
son. The C3 values for both crystalline samples are in very
good agreement. At temperatures below 150 K they are very
small, but different from zero due to low temperature quan-
tum effects and the zero point motion.6 From 150 K on-
wards, the C3 values show a parabolic raise that is consistent
with the classical approximation.

The same trend can be observed for the a-Ge data with a
constant offset which shifts the data to higher total values,
probably due to a static contribution to C3.

For the Ge NCs, however, the picture is somewhat differ-
ent. Even at low temperatures, the total values of C3 are
considerably higher than for c-Ge and a-Ge. This is caused
by the higher asymmetry in the distribution of distances for
the NCs, giving rise to a static contribution of 12�10−5 Å3

to C3 in all the temperature range. Depending on the ratio
between surface and core atoms and the strain induced in the
crystalline core, the asymmetry in the distribution of dis-
tances can be significant for the NCs, even at low tempera-
tures. Thus, we ascribe this difference to static asymmetry
due to the relaxation/reconstruction of the surface atoms and
the internal strain existing in the Ge NCs.

The thermal only contribution to the C3 of the NCs, also
plotted in Fig. 4, evolves with temperature only at a slightly
higher rate than for the crystalline sample. This indicates that
the temperature induced asymmetry is of similar magnitude
for the nanocrystals and bulk Ge in the temperature range
under consideration.

C. First cumulants and linear thermal expansion

The mean interatomic distances obtained from the fits to
the experimental spectra correspond to our first cumulant C1,
whose values are shown in Fig. 5 for c-Ge and Ge NCs.
Their variation with temperature gives the local linear ther-
mal expansion for the first shell. Comparing the EXAFS
thermal expansion to the crystallographic or XRD thermal
expansion �from Ref. 42� for c-Ge, we can see that their
difference increases with temperature. This behavior can be
assigned to the effect of perpendicular vibrations, as men-
tioned earlier.6,9,10 By comparing both data, it is possible to
calculate the perpendicular MSRD for c-Ge, as it has been
done in Ref. 6.

As for the Ge NCs, the thermal increase of the mean
interatomic distance was verified to evolve slower with the
increase of temperature when compared to c-Ge. The higher
value of C1 for the Ge NCs at 8 K is assigned to structural
differences between the crystalline and nanocrystalline
phases.

FIG. 4. Values of the third cumulant of the distance distributions
C3 for c-Ge, a-Ge, and Ge NCs. The thermal contribution to C3 of
the Ge NCs is also plotted individually for comparison.
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In order to compare our first cumulant C1 obtained for
c-Ge with the real first cumulant C1

* obtained through the
ratio method analysis in Ref. 6, we calculated the �C1 values
shown in Fig. 6, where � means the variation relative to the
lowest temperature data, i.e., �C1�T�=C1�T�−C1�8 K�. This
is necessary because the ratio method provides only relative
values for the effective first cumulant, which are taken with
the lowest temperature data as the reference value. The rela-
tive values of the real first cumulant �C1

* are then calculated
from the effective ones, as described in Refs. 6 and 15. It can
be seen that the relative values of our first cumulant �C1 and
the ones from the real first cumulant �C1

* �calculated in Ref.
6 considering �=6 Å� are in good agreement at lower tem-
peratures, where the values are really small, but at higher
temperatures there is a disagreement of about 0.002 Å. Such
a disagreement might originate from the different way of
treating the k dependence of the mean free path � and of
handling the conjugate variable to the distance r in both ap-
proaches. While in the ratio method analysis applied in Ref.
6 a constant value for � was used to convert effective to real
interatomic distances, here the k dependence of � is calcu-
lated from the imaginary part of the interaction potential dur-
ing the data analysis.

V. CONCLUSIONS

We have verified that the thermal properties of Ge NCs
differ significantly from the ones observed for both c-Ge and
a-Ge. Using our approach, we were able to reproduce the
thermal behavior of the EXAFS cumulants previously ob-
tained for the first shell of bulk c-Ge through the ratio
method6 and also obtain original results for Ge NCs.

Our results for Ge NCs show that they exhibit a higher
Einstein temperature than both a-Ge and c-Ge, indicating
stiffer bonds. It was also verified that the linear thermal ex-

pansion for Ge NCs is smaller than for c-Ge. These findings
are in good agreement with existing data for other nanocrys-
talline semiconductor systems.19–21 The fact that the thermal
evolution of the first cumulant is lower for the NCs than for
the bulk while the thermal evolution of the third cumulant is
slightly higher strengthens the argument that the variation of
the EXAFS first cumulant should not be considered as given
only by the quantity a from the Frenkel-Rehr model.16 In
other words, it supports the assumption that the variation of
the third cumulant should not be used to estimate the thermal
expansion or variation with the temperature of the inter-
atomic distances measured by EXAFS.

In a recent work,43 it was shown that Ge NCs produced in
SiO2 by ion implantation are subject to a strong compressive
stress in their as-grown state. This could be one of the rea-
sons for the observed damping in the thermal expansion for
Ge NCs when compared to the ones for c-Ge. If the interac-
tion between the SiO2 matrix and the Ge atoms on the sur-
face of the nanocrystals is not negligible, the matrix may
suppress the movement of such atoms, increasing their stiff-
ness. Furthermore, the stronger this matrix-surface atoms in-
teraction is, the higher the static disorder could be.

A new study is being carried out in order to further clarify
the influence of the SiO2 matrix over the vibrational proper-
ties of the Ge NCs.
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FIG. 5. Thermal evolution of the interatomic distances for
c-Ge and Ge NCs as given by the variation of the first cumulant or
mean interatomic distance, symbols. The full line is the thermal
evolution of the distance between the equilibrium positions of the
atoms as given by XRD.42

FIG. 6. Relative values of the first cumulant of the distance
distribution for the first shell of Ge.
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