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EXAFS measurements around the Ge-K edge have been carried out
for liquid Ge-Si alloys for the first time to investigate the local stru-
cure around a Ge atom. To perform the EXAFS measurements for
the liquid alloys with high melting temperatures, a new sapphire
cell have been developed. The measurements were carried out for
the liquid alloys from 10% to 60% of Si and the crystalline ones
from 10% to 70% of Si as a reference. EXAFS oscillations,x(k), are
observed even at 1480ÆC for liquid Ge0:4Si0:6. The position of the
first peak in the radial distribution function obtained from Fourier
transform ofx(k) is shifted towards smaller distance for liquid and
crystalline alloys with increasing Si concentration. The results of
a curve-fit analysis in a harmonic approximation show that Ge-Ge
and Ge-Si bonds in the liquid alloys become long with increasing
Si concentration while those become slightly short in the crystaline
ones.
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1. Introduction
Recent electronics is greatly advanced by utilizing various prop-
erties of semiconducting compounds. To research and develope
them, structural information at atomic level is quite important. Tra-
ditional diffraction measurements give information on the average
structure and it is known that the lattice constant of many com-
pounds varies according to Vegard’s law. However it is difficult to
extract information on partial structure from the diffraction mea-
surements in general. EXAFS spectroscopy has an advantage that
it observes the partial structure around a selected atom directly for
crystalline and amorphous materials. Since the structural study on
random solid solutions of Ga-In-As by Mikkelsen, Jr. and Boyce
(1983), many compounds including III-V and II-VI compounds
were investigated by means of EXAFS and the results suggest that
the covalent bonds in the compound have the lengths almost keep-
ing each atomic radii though the lengths have slight concentration
dependence.

Ge and Si are fundamental elements for electronics and their
properties are well known. Ge and Si are miscible in the liquid
state and the alloys form random solid solutions in the entire con-
centration region. The lattice constant of the alloys is known to
obey Vegard’s law (Hansen, 1958). Kajiyamaet al (1992) mea-
sured EXAFS for crystalline Ge-Si alloys about the Ge-K absorp-
tion edge to investigate the bond-length relaxation in the solid so-
lution. Their results show little composition dependence of Ge-Ge
and Ge-Si bond lengths compared to those in III-V and II-VI com-
pounds. Mousseau and Thorpe (1993) have discussed the EXAFS

results based on a topological rigidity model. In the model, when
the network of the bonds is floppy, each bond keeps its own natural
length. To introduce such extreme case in the alloy, they pointed
out the possibility of a large density of planar cracks in the sam-
ple of Kajiyamaet al. EXAFS results carried out by Aldrichet al
(1994) show a slight composition dependence of the Ge-Ge bond
expected by the topological rigidity model.

When Ge and Si are melted, their dc conductivities increase up
to 104(Ω�cm)�1 and undergo semiconductor-metal transition on
melting. Recent neutron diffraction measurements for liquid (l-)
Ge confirm that the coordination number of about 6 as the near-
est neighbors is much smaller than that of typical liquid metals
(Salmon, 1988). Ab initio molecular dynamics simulations for l-Si
(S̆tichet al, 1991) and l-Ge (Kresse & Hafner, 1994) were carried
out to investigate the semiconductor-metal transition on melting.
Their results suggest that covalent bonds remain in the liquid and
it keeps open structure compared to the closed packing of liquid
metals.

EXAFS results of Ge fine droplets in carbon powder up to
1340ÆC have first reported by Filipponi and Di Cicco (1995). They
analyzed the data using the pair distribution function deduced from
the diffraction measuremets and obtained information on the local
structure of l-Ge. However their sample is not bulky l-Ge. It is in-
teresting to study whether the spectra of bulky sample is the same
as their fine droplets. This prompts us to measure EXAFS of l-Ge
using our own method. In addition, when Ge and Si are mixed, the
covalent bonds are expected to be modified by the effects such as
charge transfer, which may be contrasted with the unusual results
of crystalline alloys. In this article the first results of EXAFS mea-
surements for l-Ge-Si alloys are presented together with crystalline
ones as a reference.

2. Experimental procedure
The EXAFS measurements were carried out using the spectrom-
eter installed at BL10B at Photon Factory. A Si (311) channel-
cut monochromator was used for the measurements on Ge-K ab-
sorption edges. The X-ray intensities before and after transmis-
sion were measured using ionization chambers with flowing N2 and
N285%Ar15% gases, respectively. Sample cells made of polycrys-
talline sapphire were newly designed for materials with the melting
points higher than 1200ÆC. Figure 1 shows the cell and the heating
assemblys. The sample reservoir is located above the sample space
with 40�m in thickness and these are heated by the Mo heater. The
temperature is measured by two PtRh6%-PtRh30% thermocouples.

Ge-Si alloys (99.999 %) were prepared by Rare Metallic Co.
Ltd. The measurements of l-Ge1�xSix were performed from tem-
peratures about 50 degree higher than the melting points to 1480ÆC
at the maximum. Those of the crystalline powder were measured
at room temperature as references.

3. Results
Figure 2 shows normalized XAFS oscillations,�(k), of l-Ge1�xSix
alloys near the melting temperatures and at the maximum tempera-
ture for each alloy. Clear oscillations are observed even at 1480ÆC.
The spectrum of l-Ge0:5Si0:5 is noisy because the sample is about
half thinner than the best thickness. With increasing Si concentra-
tion, x, the amplitude of the oscillations in smallerk region be-
comes small up tox = 0:4 and becomes large inx�0:5. This be-
havior will show the interference effect between Ge-Ge and Ge-Si
bonds and it suggests that Si atoms around a central Ge atom in-
creases with increasingx.
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Figure 1
Polycrystalline sapphire cell and heating assembly for EXAFS mea-
surements.
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Figure 2
XAFS oscillations,�(k), of l-Ge1�xSix alloys at temperatures indicated
in the figure.

Figure 3 shows the radial distribution functions deduced from
Fourier transform of k times�(k) shown in Fig. 2. There remains
the first peak at around 2.1Å in l-Ge and the position is shifted to
smaller r with increasing temperature. The peak position is shifted
to smaller r with increasingx. There appears the second peak
around 3̊A in Ge-rich region. The larger second peak in l-Ge0:5Si0:5

will come from the large noise in the�(k).

4. Discussion
It is known that the analysis on the assumption of a Gaussian dis-
tribution function is not proper for the sysytem with large diorder.
However it is not easy to analyze our data taking account of an-
harmonicity because of binary alloys. To obtain partial structure
parameters around a central Ge atom for l–Ge1�xSix alloys at the
first step, we carried out a curve fit analysis using the following
formula based on the Gaussian model.

k�(k) = Nc

�
(1� x)B1(k1) exp(�2r1=�1(k1)� 2�2k2

1)

� sin(2k1r1 + �1(k1))=r2
1

+xB2(k2) exp(�2r2=�2(k2)� 2�2k2
2)

� sin(2k2r2 + �2(k2))=r2
2

	

+n3B3(k3) exp(�2r3=�2(k3)� 2�2k2
3)

� sin(2k3r3 + �3(k3))=r2
3;

(1)
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Figure 3
jF(r)j obtained from Fourier transformk�(k), of l-Ge1�xSix alloys
shown in Fig. 2.

ki =
p

k2 � ∆E0i=3:81; (2)

whereBi(ki), �i(ki), �i(ki) are the backscattering amplitude multi-
plied by a reduction factor, the photoelectron mean free path and
the scattering phase shift, respectively, which are given by the
FEFF software (Rehr, 1991). Here the suffixes of 1 and 2 denote
Ge-Ge and Ge-Si pairs, respectively.∆E0i is a variable parameter
adjusting the experimentally and theoretically determined thresh-
old energy. The total coordination number of a central Ge atom is
represented byNc. We assume that Ge and Si atoms are randomly
distributed in the liquid alloys and neighboring Ge and Si atoms
around a central Ge atom are coordinated in proportion to 1� x
andx, respectively. In this analysis the third shell is included for
the liquid alloys because the first and second peaks injF(r)j are
not separated well. The parameters ofn3 and r3 denote the coor-
dination number and the interatomic distance, respectively. As the
third shell, we assume a Ge atom forx � 0:5 and a Si atom for
x = 0:6. Since the asignment of the third shell is ambiguous, we
do not discuss the results. To reduce parameters, we assume com-
mon Debye-Waller factor,�, for the three shells and the constraint
of the bond length,r2 = 0:98r1. The second assumption will be
supported by the fact that the bond lengths of the crystalline al-
loys obtained by a curve fit analysis without the constraint almost
keep the condition.∆E01 and ∆E02 are fixed to be -13.07eV and
16.15eV, respectively. These are average values of the ones which
were obtained from the curve-fitting without the constraint of∆E0i

for liquid alloys. The error of the optimized bond length is�0:02
Å. The obtained parameters are listed in Table I.

The obtained bond length of l-Ge is about 0.2Å short compared
with the peak position of the pair distribution function obtained
from the neutron diffraction measurement by Salmon (1988). The
coordination number of about 1 from our EXAFS measurements is
also much smaller than about 6 from the diffraction measurements.
These facts may suggest that the analysis based on the Gaussian
model is not proper. In practice, Filipponi and Di Cicco have suc-
ceeded in obtaining a reasonable results from their EXAFS spectra
of l-Ge with their own method. However our analysis may give in-
formation on the covalent bonds in the liquid alloys. The results of
ab initio molecular dynamics computer simulations of l-Si byS̆tich
et al (1991), and l-Ge by Kresse and Hafner (1994) suggest the ex-
istence of covalent bonds.S̆tich et al show that the covalent bonds
in l-Si almost always form between pairs separated by a distance
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less than 2.5̊A. Kresse and Hafner show that the percentage of near-
est neighbors with 3- and 4-fold coordination is 12.4%. About 17%
of atoms in l-Ge is estimated to have covalent bonds from the op-
timized coordination number of 1 when the average coordination
number is assumed to be 6. This rough estimation seems consistent
with the ratio of covalent bonds obtained from the simulation.

Table 1
Results of curve fitting for l-Ge1�xSix. rGe�Si is fixed to be 0.98rGe�Ge

and the error ofrGe�Si is�0:02Å.

x T[ÆC] Nc rGe�Ge � n3 r3

0.0 960 0.858 2.40 0.128
0.0 1000 0.988 2.39 0.134
0.0 1050 1.457 2.37 0.156
0.0 1100 1.021 2.38 0.142
0.0 1200 1.038 2.37 0.145
0.0 1300 0.963 2.36 0.146
0.0 1400 1.107 2.35 0.153
0.1 1100 0.663 2.41 0.143 0.640 2.91
0.1 1150 0.626 2.40 0.138 0.501 2.90
0.1 1200 0.629 2.39 0.145 0.579 2.91
0.1 1250 0.653 2.38 0.144 0.562 2.89
0.1 1300 0.802 2.39 0.160 0.954 2.90
0.2 1150 0.256 2.44 0.0836 0.0114 3.17
0.2 1200 0.260 2.44 0.0810 0.0115 3.16
0.2 1250 0.207 2.43 0.0797 0.0592 2.94
0.2 1300 0.248 2.42 0.0924 0.0107 2.50
0.2 1350 0.195 2.42 0.0820 0.0733 2.96
0.2 1400 0.173 2.42 0.0820 0.0499 2.95
0.3 1200 0.321 2.44 0.0883 0.159 3.19
0.3 1250 0.297 2.45 0.0819 0.158 3.18
0.3 1300 0.269 2.45 0.0916 0.190 3.18
0.3 1350 0.242 2.45 0.0843 0.176 3.22
0.3 1400 0.246 2.44 0.0961 0.130 3.21
0.3 1450 0.271 2.44 0.0916 0.180 3.19
0.4 1260 0.231 2.47 0.0809 0.142 3.18
0.4 1300 0.223 2.47 0.0884 0.176 3.17
0.4 1350 0.223 2.47 0.0898 0.192 3.17
0.4 1400 0.235 2.45 0.0946 0.165 3.18
0.4 1450 0.226 2.45 0.0938 0.227 3.18
0.5 1300 0.353 2.48 0.100 0.580 3.20
0.5 1350 0.330 2.48 0.100 0.727 3.20
0.5 1400 0.267 2.48 2.62E-05 0.345 3.22
0.5 1450 0.380 2.49 0.107 0.465 3.25
0.6 1350 0.348 2.51 0.0792 0.344 2.71
0.6 1400 0.328 2.50 0.0748 0.345 2.70
0.6 1430 0.348 2.51 0.0804 0.343 2.71
0.6 1480 0.342 2.50 0.0795 0.306 2.71

As shown in Table I, the bonds become short with increasing
temperature inx�0:4. The variation of the bond length inx � 0:5
is little due to smaller temperature variation. Such EXAFS results
inconsistent with the behavior of thermal expansion are discussed
by Crozier and Seary (1980) in solid and liquid zinc with large
anharmonicity. Our results can also be explained by increaing an-
harmonicity with increasing temperature.

Figure 4 shows the obtained Ge-Ge (closed circles) and Ge-Si
(closed squares) bond lengths of the liquid alloys shown in Fig.3 as
a function ofx. Open symbols denote the bond lengths of the crys-
talline alloys obtained from the curve fitting without the constraint
of r2 = 0:98r1 and withx as a free parameter. For the crystalline
alloys, the term of the third shell is deleted and∆E01 and∆E02 are
fixed to be 6.73eV and 7.13eV, respectively. The defference in the
electronic state between solid and liquid may reflect the different
values of∆E0i. The optimizedx’s in the crystals are consistent with

the Si concentration within�0.03. As shown in the figure, the Ge-
Ge and Ge-Si bonds of the crystalline alloys becomes slightly short
with increasingx. The behavior of the Ge-Ge bond are consistent
with the results by Aldrich et al (1994). In addition, our results
show that the Ge-Si bond becomes slightly short with increasing
x. These concentration dependence are expected by the topologi-
cal rigidity model for the crystalline alloys. On the other hand, it
should be noticed that the bonds in the liquid alloys become long
with increasingx and the variation is larger than that of the crys-
talline bonds. It is difficult to explain this result from the atomic
level at the present stage, including the possibility that our model
gives misleading results for the liquid alloys. However it may be
correlated with the metallic behavior of the liquid alloy. A com-
puter simulation such as ab initio molecular dynamics for liquid
Ge-Si alloys will be helpful to understand the EXAFS results.
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Figure 4
Concentration dependence of Ge-Ge (circles) and Ge-Si (squares) bond
length for liquid (closed symbols) and crystalline (open symbols)
Ge1�xSix.

5. Conclusion
We have carried out EXAFS measurements about Ge-K absorp-
tion edge for liquid Ge-Si alloys as well as the crystalline alloys.
The observed EXAFS spectra are analyzed based on the Gaus-
sian model. The concentration dependence of the Ge-Ge and Ge-Si
bond lengths for the crystalline alloys is consistent with that pre-
dicted by the topological rigidity model. The bonds in the liquid
alloys show the dependence defferent from the crystalline ones.

The authors are grateful to Professor M. Nomura for valuable
discussions and indebted to Mr. T. Muranaka for the technical sup-
port. X. Hong would like to thank the JSPS foundation for the sup-
port. This work is partly supported by the Grant-in-Aid for Scien-
tific Research Fund from the Ministry of Education, Science and
Culture of Japan.

References
Aldrich, D.B., Nemanich, R.J. & Sayers, D.E. (1994).Phys. Rev. B50,

15026–15033.
Crozier, E.D. & Seary, A. J. (1980).Can. J. Phys.58, 1388–1399.
Filipponi, A. & Di Cicco, A. (1995).Phys. Rev. B51, 12322–12336.
Hansen, M. (1958).Constitution of Binary Alloys (McGRAW-HILL), 774.
Kajiyama, H., Muramatsu, S., Shimada, T. & Nishino, Y., (1992).Phys.

Rev. B45, 14005–14010.
Kresse, G. & Hafner, J. (1994).Phys. Rev. B49, 14251–14269.
Mikkelsen, Jr., J.C & Boyce, J.B. (1983).Phys. Rev. B28, 7130–7140.
Mousseau, N. & Thorpe, M.F. (1993).Phys. Rev. B48, 5172–5178.
Rehr, J.J., Mustre de Leon, J., Zabinsky, S. I. & Albers, R.C. (1991).J. Am.

Chem. Soc.113, 5135–5140.
Salmon, P. S. (1988).J. Phys. F18, 2345–2352.

S̆tich, Car, R. & Parrinello, M. (1991).Phys. Rev. B44, 4262–4274.


