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Short-range order in crystalline, amorphous, liquid, and supercooled germanium
probed by x-ray-absorption spectroscopy
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A detailed experimental investigation of the short-range structural properties in condensed phases
of germanium is presented. X-ray-absorption measurements at the Ge K edge have been collected in
a wide temperature range for different samples. Polycrystalline c-Ge was measured at 77, 296, 450,
620, 782, 920, and at 1100 K, close to the Ge melting-point temperature T = 1210.4 K. Evaporated
amorphous Ge was measured at 297 K. Eight independent measurements for liquid germanium have
been collected from about 950 K in highly supercooled conditions up to about 1600 K. The spectra
show a remarkable temperature trend. By comparison, previous diffraction measurements on l-Ge
were limited to two narrow temperature regions only, either above T or around 1500 K, and no
measurements in the supercooled liquid region existed. Data analysis has been performed with
the GNXAS approach and account has been taken for the presence of double-excitation channels
involving 3d and 3p electrons in addition to the ls. The c-Ge structural results are found in excellent
agreement with the known properties. The expansion of the average bond length B is in agreement
with thermal expansion data. Mean-square vibrational amplitudes are in excellent agreement with
both previous measurements and calculations in the harmonic approximation. The analysis of the
signal in liquid Ge has been performed using a technique that allows to extract information on the
radial distribution function g(r) directly comparable with molecular dynamics (MD) simulations or
previous diff'raction determinations. A regular trend is observed in the intensity of the first g(r)
peak that decreases from 2.3 at 950 K to about 1.8 at 1610 K. At the same time a widening of
the peak and a shift of the rising short distance edge is clearly detected. The data are in excellent
agreement with diffraction measurements and recent ab initio MD results by Kresse and Hafner
[Phys. Rev. B 49, 14251 (1994)]. The general relevance of these findings, in connection with the
possibility to obtain structural information for liquid systems complementary to that contained in
diffraction measurements, is addressed.

I. INTRQDUCTIGN

Structural investigations on condensed phases of Ge
are of fundamental interest due to the interplay between
the covalent and metallic characters of the bonding. Re-
search in this field is also relevant to several applied
physics problems and semiconductor technology.

Ge manifests a large degree of polymorphism in its
solid phases. The stable crystalline phase at ambient
pressure is the diamond structure where each Ge atom
is surrounded by four covalently bonded first neighbors
in a tetrahedral symmetry. This form of Ge is semicon-
ducting with an indirect gap of about 0.7 eV. The dia-
mond structure has a very low density with respect to
close packing. Upon application of pressure the tetra-
hedral bonding network is broken and the number of
neighbors and the density increase. Around 100 kbar
a phase transition to the metallic P-Sn structure oc-
curs, and at even higher pressures an hexagonal phase
and a close-packed phase are produced. On releasing

the pressure from the P-Sn phase two semiconducting
metastable phases denominated ST12 (Ref. 3) and BC8
(Ref. 4) are sometimes observed. These phases are denser
than the diamond structure still preserving fourfold co-
ordination; they have been the subject of several recent
experimental and theoretical works.

At standard pressure the melting-point temperature
for c-Ge is T = 1210.4 K, a value that decreases on in-
creasing pressure. At the melting transition the tetrahe-
dral network is also broken, and a semiconductor —liquid-
metal transition occurs. The electrical resistivity de-
creases by a factor of about 11 and, at the same time,
the density increases by about 5', while the average
coordination number increases from 4 to about 7.

Molten germanium (l-Ge) can be supercooled to a high
degree; ' however, it cannot be quenched in the glassy
state even with the fastest cooling rates obtainable under
laboratory conditions. Qn the other hand, solid germa-
nium can be directly deposited in an amorphous form by
evaporation or sputtering techniques. Amorphous ger-

0163-1829/95/51(18)/12322(15)/$06. 00 51 12 322 1995 The American Physical Society



SHORT-RANGE ORDER IN CRYSTALLINE, AMORPHOUS, . . . 12 323

manium (a-Ge) is an amorphous semiconductor made of
a continuous random network of slightly distorted tetra-
hedral units with a certain percentage of defects. Dif-
ferences in the fine structural details have been found
depending on the deposition method and parameters. If
the a-Ge films are heated above about 200 'C, they start
to crystallize around nucleation centers.

A very similar phenomenology for what concerns the
solid polymorphism, liquid metallic phase, and amor-
phous structure, is observed for silicon.

The theoretical understanding of the complex inter-
play between covalent and metallic bonding character has
been the subject of several investigations. ' Molecu-
lar dynamics (MD) simulations of l-Ge (and l-Si) have
been performed using several schemes including empiri-
cal (Stillinger-Weber) potentials, pair interactions de-
rived from the pseudopotential theory, and ab initio
MD schemes. ' The role of the complex electronic in-
teraction has been largely emphasized. Calculated pair
correlation properties for the liquid phase are usually
found to be in reasonable agreement with the experi-
ments and differ only slightly between different compu-
tational schemes. However, an accurate description of
the interplay between metallic and covalent characters
in molten germanium or silicon can only be provided by
a6 initio MD simulations. The Car-Parrinello method
was first used to perform an ab initio MD simulation
on Lt-Si. An improved ab initio MD scheme has been
recently used. to simulate condensed phases of Ge, and
a deep insight into the structural and electronic prob-
lems was provided. Another recent ab initio MD simu-
lation at 1500 K was performed using the Car-Parrinello
method.

Several experiments on liquid Ge have been per-
formed with either x-ray; or neutron-diffraction
(ND) techniques2s and various detection methods. An
updated list of the available measurements was recently
reported. The measurements are concentrated in two
temperatures regions: just above the melting point and
around 1500 K. From the measurements available in an
extended k range radial distribution functions g(r) have
been derived. An expanded plot of the g(r)'s determined
in various diffraction experiments is reproduced in Fig. 1.
There is a certain spread in the available data especially
for what concerns the peak intensity, indicating in some
cases the existence of significant experimental uncertain-
ties. Open questions are the establishment of the present
accuracy of the diffraction measurements, also in con-
nection with the comparison between neutron and x-ray
results.

In this context the role of an alternative struc-
tural technique can be large. Recent advances in
the theory and interpretation of the extended x-
ray absorption fine structure (EXAFS) and the de-

velopment of the GNXAS [acronym composed of
g„, n-body distribution functions and XAS (x-ray-
absorption spectroscopy) j method for data analysis
have shown that XAS can be a powerful local struc-
tural probe, also for liquid systems, and that it
can nicely complement the S(k) information. s The
EXAFS signal is known to be sensitive to local triplet
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g(r) of liquid germanium in the 940—1000 'C temperature
range. Curve (a) (Ref. 24, XRD), curve (b) (Ref. 25, ND),
curve (c) (Ref. 28, ND), and curve (d) (Ref. 23, XRD). Only
the detail of the erst-peak region is shown; remarkable diKer-
ences are found.

correlations through the presence of strong multiple-
scattering (MS) effects. The GNXAS data-analysis
methodology proved capable to derive quantitative infor-
mation on the three-body correlations in molecular and
crystalline, but also amorphous and liquid systems.
Recent successful applications in different contexts re-
garded liquid and supercooled Ga (Refs. 34,35) and the
hydration shell of aquaions.

One of the most interesting characteristics of XAS in
the study of liquid systems is that exactly the same ex-
periment and data analysis can be performed on the same
sample in liquid and crystalline phases. The interpreta-
tion of the EXAFS of Ge samples can yield an excellent
determination of the Ge-Ge first-neighbor peak profile in
the solid, as a function of temperature, as well as in the
liquid. The availability of the c-Ge measurements allows
one to calibrate the distance scale to a high degree of ac-
curacy and potentially to obtain a high precision in the
distance determination.

Crystalline and amorphous germanium have been
widely investigated by EXAFS. Pioneering EXAFS in-
vestigations have been performed on c-Ge and a-Ge.
Crozier and Scary studied c-Ge up to 1085 K and
found only a slight asymmetry of the first-shell peak
profile at high temperature. Several papers were de-
voted to study the ordering preceding crystallization
in a-Ge, either annealed or deposited at different sub-
strate temperatures. ' Measurements of a-Ge have
been also performed under high-pressure conditions.
Another group performed accurate measurements in the
77—400 K range and determined the structural param-
eters for the first three shells in the cumulant expansion
formalism. All these previous measurements have ei-
ther been performed at relatively low temperature or the
analysis was limited to the first-shell signal. An EXAFS
measurement of liquid Ge was previously reported, but
very little insight was provided.
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Further progress was recently made in the experimen-
tal setups for high-temperature x-ray absorption mea-
surements. A design for high-temperature oven and a
sample preparation technique suitable to reach tempera-
tures in the 3000 K range were developed by us. These
methodologies proved to be suitable to study several liq-
uid systems and in particular solid and liquid Ge at high
temperatures.

With the present experimental setup and the ad-
vanced GNXAS data-analysis method, we started a wide
research project to determine the short-range struc-
tural properties of condensed phases of Ge, as seen by
EXAFS. This includes (a) an improved analysis of the
c-Ge spectrum up to the third shell possibly accounting
for MS effects, from 77 K up to the melting point; (b) the
measurement and the structural analysis of the liquid Ge
EXAFS spectra, as a function of temperature, rang-
ing from highly supercooled conditions (that cannot be
reached by diKraction experiments) to the evaporation
threshold; and (c) the understanding of the short-range
structural properties in the various phases and the com-
parison with previous diffraction measurements and sim-
ulations. This project is widely justified by the interest in
the systems being investigated and by the improvements
with respect to previous studies.

In the present paper we will present most of the ex-
perimental results and a complete analysis of the short-
range structural properties in c-Ge, a-Ge, l-Ge, and su-
percooled l-Ge. The interpretation of the signal be-
yond the pair correlation properties has been addressed
elsewhere.

The paper is organized as follows. Section II contains
details on the sample preparation technique and XAS
measurements, Sec. III contains the description of the
data-analysis methods and the results divided into c-Ge
(a-Ge) and l-Ge spectra, and finally concluding remarks
are reported in Sec. IV.

thickness of 0.5—1 mm. This sample preparation pro-
cedure guarantees that the sample is not affected by Ge
thickness inhomogeneities. The optimal sample thickness
for absorption measurements at the Ge K edge is about
11 pm and therefore in order to avoid well-known nonlin-
ear effects in the absorption detection the powdered
starting material has to be very fine (& 1 pm in size)
and also homogeneously dispersed in the matrix mate-
rial (there is no advantage in operating a fine fragmenta-
tion if the powder coalesces in larger grains in the final
mixture) .

Powdered c-Ge samples can be affected by oxygen con-
tamination. Even for a 1 pm cubic particle with a sur-
face oxide layer of 100 A. a macroscopic volume fraction
= 6/100, which is observable with x-ray-absorption tech-
niques, would result in being contaminated. The contam-
ination efFect is reduced if the particle size is increased,
but then nonlinear problems in the absorption detection
are likely to be present.

Our strategy has been to purify the sample in situ,
following well-established procedures. It is well known
that Ge02 can be easily reduced to Ge, and also that
GeO is an extremely volatile specimen at temperatures
above 710 C. When Ge is heated in vacuum, close to
or above T, the oxidized part evaporates and the mate-
rial left in the sample container is progressively reduced.
The purification of the sample can be further verified in
situ with an EXAFS experiment and checked following
successive melting and recrystallization cycles. This will
be described in detail below.

The a-Ge sample with a total thickness of about 10 pm
has been evaporated from commercial Ge 99.999'%%uo lumps
on a BN substrate. The substrate temperature during
the deposition was below the threshold for depositing a
microcrystalline specimen.

B. Beam lines and oven

II. EXPERIMENTAL DETAILS

A. Sample preparation

The c-Ge samples were prepared starting from com-
mercial c-Ge (99.99% purity) powder. The powder was
finely ground in a mortar, suspended in CH3OH, and
poured into a cylinder. The suspension was allowed to
settle for several hours and only the smallest particles
filtered through a polycarbonate membrane. Electron
microscope photographs of the powder reveals c-Ge crys-
tallites with an average size around 0.2—0.4 pm. Notice
that this is still large enough to probe bulk properties
with a transmission experiment. Weighted amounts of
this finely ground powder and of an inert matrix powder
(in this case either BN or graphite powders were used),
typically in a weight ratio 1:10-1:20,were then mixed in
a CH3OH suspension and finely dispersed using an ultra-
sonic bath. In. this way an homogeneous mixture of iso-
lated Ge and matrix particles was obtained. The mixture
was then filtered through a polycarbonate membrane and
dried. Finally it was pressed into a pellet of a typical

The experiment was performed during several ded-
icated runs at LURE (Orsay, France) at the D42
(EXAFS 1) beam line, equipped with a Si (331) channel-
cut monochromator. Preliminary measurements were
also obtained at the D44 beam line equipped with a
double-crystal Si (311) monochromator. The DCI stor-
age ring was operating at 1.85 GeV with typical currents
of about 300 mA.

The high-temperature x-ray-absorption measurements
have been performed with a recently developed high-
temperature oven. The oven operates in vacuum and
the sample is placed in an electrically heated crucible
made of a folded graphite sheet. The temperature in this
case was controlled by a Chromel-Alumel thermocouple
placed directly in contact with the sample, through the
crucible. The homogeneity of the temperature within the
sample area can be estimated, from finite element ther-
mal analysis, to be within 5 C. Errors quoted in the
measured temperatures, indicated in the tables reported
below, include the effects of temperature gradients in-
duced by the nonideal crucible geometries. An indepen-
dent temperature check was also given by the Ge melting
point.
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tainties. Instead the recrystallization occurs systemat-
ically about 50 K below T, demonstrating the possi-
bility to produce supercooled liquid Ge samples. The
experiment shown in Fig. 3 can be performed after hours
of measurements on the liquid sample, indicating that
there is no progressive contamination in our experimen-
tal setup.

The melting-crystallization experiment was performed
in an identical way with the BN matrix samples. In this
case an exceptional supercooling efFect was observed, and
recrystallization was found to occur only when the sam-
ple temperature was lowered below 900 K. A macroscopic
percentage of the sample droplets was observed to grad-
ually recrystallize during 20 min of observation at 910
K.

Therefore a remarkably difFerent behavior has been ob-
served between Ge droplets in BN and graphite matrices.
For the samples in the graphite matrix a supercooling
of only about 50 K could be achieved, and the crystal-
lization usually occurred around 1150+50 K (the error
includes the dispersion among the various samples). For
the samples in the BN matrix instead, exceptional su-
percooling rates down to 900+50 K were found. This
is a clear indication that a certain form of interaction
between Ge particles and inert matrix occurs. The ex-
perimental findings suggest that graphite particles are
wetted by liquid Ge and are able to stimulate crystal-
lization of the Ge droplets whereas BN particles are less
efFective in this respect.

After the experiment, the recrystallized sample can be
cooled down to room temperature in vacuum and the
spectrum compared with the known c-Ge spectrum. This
comparison for both Ge in BN and graphite matrices
confirms the identity of the sample nature before and
after prolonged high-temperature exposition.

E. XAS measurements

Measurements of purified c-Ge have been recorded at
77, 297, 450, 620, 780, 920, and 1100 K. The tempera-
ture error is indicated in Table I. The a-Ge sample was
measured at room temperature only. Examples of raw
absorption data for c-Ge and a-Ge are reported in Fig. 4.

The c-Ge EXAFS signals weighted by k are reported
in Fig. 5. The quality of the measurements is very good
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FIG. 4. Raw x-ray-absorption spectra for c-Ge at 77 and
920 K, and for a-Ge at RT. The energy scales for the c-Ge
spectra are shifted by 25 and 50 eV, respectively. The absence
of any feature associated with oxide contamination is evident.

as can be observed.
Measurements of molten Ge have been performed cov-

ering a wide range of temperatures from highly super-
cooled liquid conditions at 950 K to the hot liquid just be-
low the evaporation threshold around 1610 K. The com-
plete list of measurements with indication of the sample
matrix is reported in Table II.

The raw ky(k) data for the liquid Ge are reported
in Fig. 6, for the various temperatures, as well as the
previous c-Ge spectrum at 1100 K for comparison. The
dramatic difFerences of the EXAFS between c-Ge and &-

Ge are evident; they are a direct manifestation of the
increased width of the first-shell peak and increased av-
erage distance. There is also a remarkable trend in the in-
tensity and profile of the l-Ge spectra on increasing tem-
perature. This trend is evidenced in Fig. 7 where three
significant spectra are compared on the same base line. A
clear phase shift and amplitude reduction of about 50%%uo

are observed from 950 to 1610 K.

TABLE I. Summary of the structural results for the Grst-shell bond length distribution in c-Ge
as a function of temperature and comparison with a-Ge at RT.

T (K)
77(+10)
297(2)
450(10)
620(20)
780(20)
920(20)
1100(20)

a-Ge at 297 K
297(2) K

p(A ')
0.04431
0.04418
0.04406
0.04391
0.04377
0.04363
0.04345

m = 3.9(1)
0.044

.~3y4 (A)
2.4474
2.4498
2.4520
2.4548
2.4573
2.4600
2.4634

a (A)
2.449(2)
2.449(2)
2.451(2)
2.456 (2)
2.460(3)
2.462(3)
2.466(3)

2.464(2)

a' (A. )
0.0023(2)
0.0036(1)
0.0048(1)
0.0067(1)
0.0087(2)
0.0102(2)
o.o13o(2)

0.0054(1)

0. (f)
0. (f)

0.00(10)
0.10(10)
0.15(10)
0.16(10)
0.16(10)

0.21(10)
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has been performed using standard criteria.
Empirical parameters have been calibrated on the

room-temperature c-Ge spectrum. In particular the over-
all amplitude reduction factor So was found to be 0.90(3)
and has been fixed to 0.9 in the present analysis. The
position for the zero of the theoretical energy scale was
found to be (in our energy calibration) Eo ——11107.6 eV,
corresponding to the vertical arrow in Fig. 3. With this
calibration a very accurate relative comparison can be
performed among the various spectra. The transferabil-
ity of these values to different condensed phases of Ge is
very high and is not a source of systematic errors.

A. Double-electron excitation

The importance of accounting for double-electron ex-
citation effects in the atomic background, especially in
the case of highly disordered solids or liquids, where the
structural signal is intrinsically weak, has been widely
emphasized elsewhere.

Heavy fourth-period atoms are known to be affected by
double-electron excitations of the 1s and either 3d or 3p
electrons to unoccupied states. These transitions have
been widely studied in Kr (Ref. 54) and Br (Ref. 55),
but are clearly present also in lighter elements (as, for
example, in the Ga case ). In Ge the additional binding
energy of the 3d and 3p electrons in the presence of a 1s
hole can be estimated looking at the binding energies for
the As atom. These are 42 and 142 ev, respectively.

In Fig. 8 raw absorption spectra of Ge samples are re-

I I I

]
I I I I

)
I I I $

(
I I I I

0.02

0
~ M

C4

0

!
[&lsd]

I I I I I I I I I I I I I

11000 11200 11400 11600 11800

E(eV)

FIG. 8. Magni6ed absorption spectra for l-Ge at 1230 K
and c-Ge at 1100 K. In both spectra the rise of the absorption
associated with the onset of [ls3d] channels, around ll 140
eV, is evident. A weaker feature is clearly visible in the l-Ge
spectrum around 11240 eV, magni6ed in the inset, that is
associated with the onset of [ls3p] channels. Both effects
can be accounted for using an empirical background model
reported as a thin solid line on the corresponding base lines
for c-Ge and l-Ge spectra.

ported after the subtraction of an average linear decay.
In this way the fine structure can be magnified without
adding any spurious curvature. The upper spectrum is
the raw absorption of L-Ge at 1230 K; the lower one is
for c-Ge at 1100 K. In both cases the expected structural
signal is a regular damped sinusoidal oscillation. Instead,
it is clear that both spectra present evident anomalies.
The first one is the relatively sudden rise of the whole
spectrum base line around 11150 eV. This is a typical
feature for Ge K-edge spectra and usually the EXAFS
analysis is performed beyond this point. The second fea-
ture, mainly visible in /-Ge, is a doubly peaked relatively
low second maximum of the fine structure (magnified in-
set in Fig. 8). While the full analysis of the EXAFS oscil-
lation will be reported below, it can be anticipated that
after suppression of the stronger first-shell contribution
the same feature becomes visible in the c-Ge spectrum.
Both features are clearly associated with an underlying
double-step background quite similar to the one observed
in HBr. ' In particular the dip in the second maximum
of the t'-Ge EXAFS is associated with the onset of the
[1s3pj channels.

Following previous guidelines and criteria, well estab-
lished within the GNXAS methodology, we modeled
the atomic background introducing two steps accounting
for the two double excitations, using widely tested empir-
ical models. The model background optimized on the
the L-Ge and c-Ge spectra are the smooth curves with
two rounded steps reported in Fig. 8 on the correspond-
ing base lines. This nonstructural background is real and
is not an artifact of the analysis; the shape is consistent
with the shape of the same excitations in bromine,
and the energies are consistent with the Z + 1 onset es-
timates. The only adjustable parameter is, in practice,
the intensity that in this case turns out to be reasonable
in terms of previous findings.

The present model background may introduce some
uncertainty in the region of the two cusps, around 3.0

and 6.0 A i, due to the possible presence of res-
onance peaks that are not accounted for; however, it
certainly reproduces the main behavior of the shakeup
and shakeoff contributions. Apart from the two narrow
double-excitation threshold regions, the empirical back-
ground model does not add any spurious high-frequency
component to the spectrum.

As apparent from Fig. 8 an account for the double-
electron excitation background is essential for the inter-
pretation of the l-Ge spectra and strongly recommended
for the high-temperature c-Ge spectra, but certainly
less important for the analysis of the room-temperature
data. This explains why in all of the previous investi-
gations these features have been neglected. When high-
temperature spectra are taken or when data are com-
pared with theoretical model signals, their inclusion is,
however, necessary. The fact that the double-excitation
background generates a fine structure of comparable in-
tensity with the structural contribution does not pre-
vent us from performing an accurate EXAFS analysis.
The developments of advanced methods for EXAFS data
analysis, like the GNXAS approach, already enabled us
to tackle a wide range of complex structural problems.
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bond with distance r and its shape can be varied contin-
uously from positive to negative asymmetry through the
Gaussian limit P = 0. The EXAFS signal is averaged
over p(r) and is multiplied by the coordination number
parameter ¹ N was fixed to 4 for c-Ge and floated
around 4 for a-Ge. If % is floated, the asymmetric model
depends on a total of four parameters. The peak profile
in the radial distribution function g(r) scale is given by

Np(r)
4mpr2

2.48

2.47

2.46

R (A)

2.45

I I I

I

I I I I

I

I I I I

Strictly speaking the profile shapes are not the same
in the two representations; EXAFS measures the %p(r)
function and our parameters refer to that one. In order
to calculate the g(r) an external input of the density p
of the material is required.

Other authors have interpreted the c-Ge (and a-Ge)
EXAFS spectra in terms of the cumulant expansion
method. This method is based on a power-law fitting
of the logarithm of amplitude ratio and of the phase dif-
ference with respect to a reference spectrum, possibly
recorded at low temperature. Usually, estimates for the
third K3 and fourth K4 cumulants of the bond distri-
bution can be obtained. This procedure can be used
only for small deviations from Gaussianity; otherwise, it
is likely that the fitted functions actually depend on a
larger number of K coefFicients or, even, that the cumu-
lant expansion is not convergent at all.

We believe that there are some advantages using our
procedure even if it is model dependent. We point out
that the knowledge of the first four cumulants does not
allow one to retrieve the distribution shape; for instance,
no distribution exists with Ks g 0 and K4 P 0 but
K &4

——0, because the integral inverse Fourier transform
of the characteristic function would become negative in
some regions or even is not convergent at all if K4 ) 0.
Moreover, for small deviations from the Gaussian limit
the K4 parameter is estimated with a large statistical
error.

In Table I the successive columns report the sample
temperature, the corresponding c-Ge density and crys-
tallographic average bond length aov 3/4 (ao being the
cubic cell size) obtained from thermal expansion data
and the room-temperature lattice parameter, and fi-

nally the EXAFS average bond length B, the variance
cr, and skewness P parameters.

The evident expansion of the average bond length is
reported in Fig. 11. The solid line refers to co~3/4, and
is compared with the experimental determination of B.
Strictly speaking R and co~3/4 are different quantities,
the former being also sensitive to the positive contribu-
tions from the perpendicular vibrations. This eKect has
been previously discussed in an EXAFS investigation of
P-AgI. s To lowest order B is approximately given by

2.44

I I I I I I I 1 I I I I

500 1000 1500

I"IG. 11. Average of the first-shell bond length for c-Ge, as
a function of temperature, compared with the average crys-
tallographic bond length (solid line). The slightly higher ex-
pansion in the EXAFS parameter is due to the effect of the
vibrations orthogonal to the bond direction.
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tion. The difFerence of 0.004 A. at 1100 K can be obtained
with cr& 0.01 A. which is a reasonable value.

The temperature variation of the variance-of the bond
length distribution o is reported in Fig. 12. Our
measurements are found to be in excellent agreement
with the pioneering EXAFS experiment by Crozier and
Scary. Our experimental points are found to be in
very good agreement also with previous calculations per-
formed in the harmonic approximation using the bond-
charge model or a Keating potential adjusted on the

2

R a ~3/4+ (3)

where o& ——([(r;—r~).v~j ) is the vibrational variance of
the instantaneous first-neighbor distance projected along
any direction 6~ orthogonal to the bond average direc-

FIG. 12. Variance of the bond length distribution in c-Ge
from the EXAFS data (points) compared with the calcula-
tions of harmonic force models (solid line) and previous data
(Ref. 38) (x symbols).
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FIG. 13. First-shell g(r) peak profiles of c-Ge at the same
temperatures as in Fig. 5 compared with the a-Ge RT data
(dashed line) as determined by the present analysis.

second and fourth moments of the vibrational density of
states. The 0 of the first-shell of c-Ge closely follows
a harmonic behavior and very little deviations from the
high-temperature linear classical limit are found.

The temperature dependence of the skewness parame-
ter P is reported in Table I. In line with previous results,
only a little asymmetry is measured at high temperature.
Due to the small values of P the assumptions on the peak
profile are not a limiting factor in our analysis.

The results for a-Ge at RT, reported on the bottom
line of Table I, are consistent with previous EXAFS and
diffraction investigations.

From the values of R, o2, and P, the I' model distri-
bution, and the calculated densities reported in Table I,
peak profiles for the first-shell distribution in c-Ge at var-
ious temperatures have been calculated. The profiles in
the g(r) scale [Eq. (2)] for the various temperatures are
compared in Fig. 13. The progressive broadening and
the onset of the asymmetry are apparent. For compar-
ison the a-Ge peak profile at RT is also reported as a
dashed curve. The density in this case was assumed to
be 0.044 A. . The peak reaches the height of 6.4 and
the parameters are in perfect agreement with previous
neutron-diffraction data.

These results epitomize the sensitivity of the EXAFS
technique to the first-shell peak profile and even to very
small variations in its shape and position. A main ad-
vantage of the EXAFS is that the same physical quantity
can be measured and compared between crystalline and
disordered specimens.

D. l-Ge data analysis

The diKculties in interpreting EXAFS data from liquid
systems have been widely emphasized in the literature,
the problem mainly arises from the strong asymmetry of
the first g(r) peak that continuously merges into the long
distance tail. Although not directly affecting the EXAFS

signal the tail prevents one from performing a single-shell
fitting in a consistent way. In a previous investigation
on liquid lead it was clearly shown that a standard
EXAFS analysis yielded coordination numbers lower
than those expected from the known g(r). More recently
the use of a careful analysis on EXAFS spectra of liquid
and supercooled Ga (Ref. 35) allowed us to derive short-
range g(r) properties in good agreement with diffraction
results and to detect MS effects associated with three-
body configurations.

In our opinion the EXAFS data analysis cannot ig-
nore the information on the g(r) functions obtained from
diffraction experiments. A method to analyze spectra of
liquid systems combining previous long-range informa-
tion on the g(r), possibly from difFraction data or simu-
lation, with the short-range sensitivity of the EXAFS has
been described in a previous paper. The method that
is going to be used in the present investigatioi' on /-Ge is
able to provide refined g(r) models directly comparable
with previous experiments or computer simulations.

A preliminary insight into the interpretation of the
EXAFS from liquid matter can be given by the calcula-
tion of the EXAFS associated with different g(r) models.
This can be done in a straightforward manner using the
equation

47rr p g2(r) p( I(r, k) dr,

where the function p(2l(r, k) is the EXAFS signal associ-
ated with the presence of a single atom at distance r from
the photoabsorber. Previous applications of Eq. (4) can
be found elsewhere. ' In the Ge case, the few empirical
parameters required to model the signal can be reliably
calibrated on the c-Ge spectrum.

Using Eq. (4) we calculated several y(k) signals asso-
ciated with previously reported g(r) data. The results
are compared with the experimental spectrum at 1230 K
on the ky(k) scale in Fig. 14. We emphasize that due
to the large short-range sensitivity of the EXAFS very
subtle differences between the spectra may be amplified.
Because of the poor resolution of the g(r) distributions,
especially on the first rise, the actual calculated spectra
should be taken with caution. In any case the compari-
son indicates an excellent agreement of the experimental
EXAFS with both calculated signals from the ND g(r) by
Salmon and from ab initio MD g(r) results by Kresse
and Hafner. While it is still early to make any evalua-
tion of the present data, it is clear that XAS can provide
fruitful information in understanding the short-range or-
der in liquids, and that there is a wide complementarity
between EXAFS and diffraction data.

Further progress in the understanding of the l-Ge
EXAFS is obtained by the application of the peak fitting
procedure to refine the short-range shape of a starting
g(r) model. s2 The method, 2 in practice, provides con-
straints on the coordination number parameters in the
fitting procedure.

As a starting g(r) model we used a smoothed version of
the MD simulation results by Kresse and Hafner. At a
successive stage also different starting models will be used
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FIG. 14. Comparison between the experimental EXAFS
spectra at 1230 K (dotted lines) and calculated ky(k) signals
for g(r) functions previously reported in the literature (solid
lines). Calculation from neutron diffraction g(r) (Ref. 28)
(top curve), calculation from recent energy-dispersive x-ray
diffraction g(r) (Ref. 24) (middle curve), calculation from ab
initio MD siinulation (Ref. 20) (bottom curve).

to investigate the effects on the final refined g(r). The
g(r) ivas decomposed into a first asymmetric peak plus a
long-distance tail. The tail contribution was calculated
using Eq. (4) and kept fixed in the refinement. The peak
contribution was instead fitted to the available EXAFS
data, with a coordination number constraint, and only
three free parameters. It has been demonstrated that
this procedure guarantees that the compressibility limit
k —+ 0 of the structure factor S(k) associated vrith the
model g(r) is not altered in the refinement.

An optimized fit of the l-Ge signal at 1230 K is re-
ported in Fig. 15. The difFerence residual spectrum is
also reported for comparison. While the overall agree-
ment is acceptable, there are several discrepancies in the
low- and high-k regions well above the noise level. In
the high-k region it is possible to observe a dephasing
of the experimental oscillation with respect to the sim-
ulated one. Because of the freedom in the parameters,
any asymmetric peak with a I' distribution shape could
have been generated. The discrepancy indicates that a
more Hexible model function is required. The next logical
step is to allow the existence of two I'-function compo-
nents in the 6rst-shell peak. By doing this, in addition to
the coordination number constraint a further constraint
on the second moment of the total two-peak distribution
was imposed. It has been shown that this corresponds
to the requirement

c)2AS(k)
lim 2

= 0,
k —+0

vrhere AS(k) stands for the difFerence of the S(k) be-
tween the original model and refinement. In practice
this procedure is very effective in reducing the number
of structural parameters. In this case the two peaks de-

FIG. 15. Analysis of the 1230 K /-Ge ky(k) spectrum using

a model g(r) made of a single I'-distribution peak plus a tail
contribution. The experimental signal is compared with the
calculated total signal (solid curve). There is a clear mismatch
in the amplitude and also in the phase, indicating that a more

Qexible first-peak pro61e is required. The bottom curve is the
residual di8'erence spectrum.

pend on a total of six parameters only. We point out that
the constraint on the total coordination number of the
two short-range peaks does not impose a real coordina-
tion number constraint on the first-neighbor distribution,
since the second peak can distribute the excess atoms at
larger distances ln the tail region.

The best-fit analysis is reported in Fig. 16 where the
partial first peak, second peak, and tail components are
also shown. The interference between the two main sig-
nals is now able to reproduce the high-k region of the
spectrum in a perfect manner. This excellent explanation
of the phase behavior in the high-k region obtained with
the two-peak fitting and the improvement with respect
to the single-peak model indicates that there is enough

Residual

I I I I I I I I I I I I I I I I

4 6 8 i0 i2
1& (A )

FIG. 16. Analysis of the 1230 K I-Ge ky(k) spectrum us-

ing a model g(r) composed of tivo I'-distribution peaks plus a
tail contribution. The ky(k) signals associated vrith the three
separate contributions are reported as well as the comparison
between the experimental signal and the total theoretical sig-
nal and the residual, similarly to Fig. 15. The quality of the
6t is signi6cantly improved.
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structural information in the y(k) to fit six parameters
to reproduce the signal associated with the short-range
g(r) shape.

E. l-Ge results
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FIG. 17. Analysis of the structural oscillations in all of
the available l-Ge spectra. The best-fit (solid line) ky(k)
functions for each experimental spectrum (dotted lines) are
reported on the corresponding base lines. The spectra are
shifted by 0.05 A on the ordinate scale for clarity.

The information on the g(r) of liquid Ge contained in
the y(k) is very valuable and the purpose of the present
analysis is to understand the differences among the sig-
nals at the various temperatures as well as the overall
oscillatory content. The entire set of data available for
l Ge w-as fitted with similar criteria [starting from the
MD model g(r)]. The corresponding results on the ky(k)
scale are reported in Fig. 17. Similarly the magnitudes of
the Fourier transforms for experiment, theory, and resid-
ual are reported in Fig. 18. The capability of the model
to explain the observed signal in the whole temperature
range is evident.

The fitting allowed us to derive refined short-range g(r)
functions at the various temperatures. In order to check
the influence of the starting model and associated long-
range tail on the final results and to assess the reliability
of the method, the entire analysis was repeated using, as
a starting model, the g(r) obtained from the Salmon's
ND measurement. A compilation of the r space results
is reported in Fig. 19. On each temperature base line the
two solid curves refer to the EXAFS-optimized g(r) 's ob-
tained from the two different initial models, and compar-
ison is made with the ND data. The two total reined
g(r)'s difFer slightly around 3.5 A. but are substantially
indistinguishable in the first-peak region. This is a clear
demonstration that the results obtained with the present
method are largely independent of the initial model. For
each g(r) plot the profiles for the two I' distributions and

Q)

0

0 1 2 3

R (A)

FIG. 18. Magnitudes of the Fourier transforms (FT's) of all
of the available l-Ge spectra, calculated in the range 2.8—12.0

with a k weight. For each temperature, the FT's of the
experimental data (solid line), the FT's of the model signal
(dashed line), and the FT's of the residual difference spectrum
(dot-dashed line) are reported. On this scale the agreement
between theory and experiment is excellent.

the tail components, obtained in the MD data refinement,
are also reported.

The interpretation of the two-peak model in terms of
the appearance of the two coexisting populations of cova-
lentlike and metalliclike bonds is very tempting. The two
peaks account for about 1.8 and 5.0 atoms, respectively.
However, since the two distributions strongly overlap,
this separation is not based on any physical evidence.
The double-peak model should be regarded just as a
data-analysis device. Nevertheless, the requirement of a
relatively structured model profile certainly reflects the
complexity of the bonding nature in /-Ge.

A summary of the present measurements for l-Ge is
reported in Table II. Since the signal coming from each
component has no physical meaning, the numerical pa-
rameters for each shell are not reported. Instead physical
meaning is contained in the total contribution that rep-
resents the refined g(r) measured by EXAFS. The height
of the maximum of the g(r) and the distance for which
the value g(r) = 0.5 is reached ro s are reported in Ta-
ble II. The uncertainty in the EXAFS parameters induces
an uncertainty in the g(r) shape, which is probably less
than 0.05 units in the first-peak rise, maximum included,
and increases to 0.1 units in the successive descent. In the
tail region the uncertainty depends on the reliability of
the original model but eventually the correct asymptotic
behavior is guaranteed. The accuracy of the method in
the first-peak region is demonstrated by the similarity of
the refined g(r) functions starting from difFerent models.
The advantages of our data analysis method for disor-
dered systems is that proper account is taken for the sig-
nal generated by the atoms in the intermediate-distance
region corresponding to the first minimum of the g(r).
The only input from the original model is the g(r) tail
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sition time and the possibility to repeat the experiment
several times, (2) the higher effective k range reachable
with present experimental setups, (3) the possibility to
perform the same experiment and data analysis on the
same sample in the crystalline and liquid phases, and
(4) the absence of any background contribution &om the
"container. "

Disadvantages of EXAFS are connected with the com-
plex background subtraction that, at present, cannot be
calculated theoretically. However, in several cases, Ge
included, the subtraction can be done using empirical
shapes with accurate results and can be calibrated on
spectra of model systems. The reliability of the present
background subtraction scheme is also supported by the
high quality of the fitting and the excellent agreement of
the structural results with the known properties of L-Ge.
Thus time is probably mature for a critical evaluation
of the available structural data on l-Ge, to which the
present EXAFS investigation can certainly give a large
contribution.

The present results are based. on EXAFS refinements
involving only low-frequency components of the spectra.
The residual spectrum, shown in Fig. 16, reveals the pres-
ence of a high-frequency component in the low-k region.
This residual has an intensity comparable with the tail
contribution, but certainly cannot be ascribed to errors
in the evaluation of the signal associated with the g(r).
We anticipate here that attempts to include MS contri-
butions associated with short-range three-body config-
urations were successful. In particular we were able to
demonstrate the existence of a signal from equilateral tri-
angular configurations among first neighbors. These con-
figurations are characteristic of the close-packed metallic
liquid structures and are associated with the principal
feature of the triplet distribution function.

IV. CONCLUSION

A complete investigation has been carried out cover-
ing all ambient pressure phases of Ge in a wide tem-
perature range from 77 to about 1600 K. Results have
been also reported on metastable condensed. states like
a-Ge and, in particular, supercooled liquid Ge studied
up to about 300 K below T . These latter measure-
ments are of particular importance since they are the
first available structural measurements on this nonequi-
librium state. This achievement was possible by means of
a newly developed technique for high-temperature XAS
investigations that allows one to study droplet samples
well suited to reach supercooling conditions.

The whole analysis has been carried out with the ad.—

vanced GNXAS methodology and. precise structural in-
formation has been obtained. The results are compared

with theoretical calculations and simulations. Complete
radial distribution functions were derived for the various
cases.

Five main results represent an improvement with re-
spect to previous investigations on these systems.

(1) The effect of two double-electron excitation chan-
nels has been clearly evidenced. and included in the
EXAFS d.ata analysis.

(2) Structural parameters for the first-shell of c-Ge,
in particular R, cr2, and P, have been determined as a
function of temperature from 77 to 1100 K. We point out
that absolute 0 values can be derived from our analysis
instead of differences with respect to model compounds.

(3) Structural measurements of supercooled liquid Ge
were performed for the Grst time.

(4) EXAFS measurements for t-Ge are reported in a
wide temperature range and a meaningful trend in the
spectra and in the results was found. This represents a
major advance with respect to the only previously at-
tempted EXAFS experiment, but also represents an
amount of information comparable, if not bigger, than
the whole set of existing difFraction experiments on L-Ge.

(5) The results on the g(r) of t-Ge, and in particular
the peak positions, are found in perfect agreement with
previous neutron-difFraction determinations and with re-
cent ab initio MD results.

All of the results reported in this paper clearly indi-
cate that the potential of the EXAFS technique in prob-
ing the short-range order in highly disordered solids, or
even liquid systems, is very high. The access to the
extremely-high-temperature range and the possibility
to prepare stable liquid samples using recently devel-
oped techniques, together with advanced method for data
analysis, open a completely new Geld of investiga-
tion in the physics of condensed liquid matter. XAS is in
fact nowadays able to provide quantitative information
on the radial distribution function that can be directly
compared with computer simulations or diKraction re-
sults. The strong complementarity between XAS and
diKraction has been widely emphasized. As a result it
appears advisable for future projects always to combine
complex neutron-diKraction experiments with XAS ex-
periments.
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