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Neutron-diffraction study of bulk amorphous Al 32Ge68 alloy
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A neutron-diffraction study was carried out at 100 K on a bulk amorphous Al32Ge68 alloy produced by the
thermobaric technique. Fourier transformation of the measured structure factor and reverse Monte Carlo simu-
lations have been performed to obtain a total radial distribution function and three-dimensional atom configu-
rations. It was found that the effective coordination number (n54.5) is appreciably higher than 4, the char-
acteristic for tetrahedral coordination. The partial atom-atom correlations obtained are analyzed and the results
indicate a well-defined covalent bonding between Ge atoms and rather broad distribution for Al-Ge and Al-Al
nearest neighbors.@S0163-1829~99!02142-6#
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I. INTRODUCTION

As was shown in the set of previous studies,1–4 the meta-
stable high-pressure crystalline phases in some binary
tems ofB elements, recovered at low temperature to amb
pressure, undergo transformation to the amorphous sta
the course of heating. The structure of the resulting b
amorphous alloys was studied by neutron diffraction5–8 and
transmission electron microscopy9,10 for Zn-Sb, Ga-Sb, and
Al-Ge systems. The composition of the amorphous alloy
the Zn-Sb system is Zn41Sb59 ~here and below in atomic
percents, at. %! which is close to that for the equilibrium
equiatomic ZnSb.11 In the case of the Ga-Sb system, amo
phous alloys can be obtained in the composition range 47
52.5 at. % of Sb, thus including the composition of the eq
atomic low-pressure phase.11 The closeness in compositio
of crystalline low-pressure phases and the amorphous a
formed gives rise to a similarity in the short-range ord
observed for these phases.5–8

At normal pressure, the Al-Ge system is a binary syst
with the eutectic point at 424 °C and about 30 at. % of Ge11

Both components have limited solid solubility and there
no intermediate equilibrium phases in Al-Ge alloys. Ho
ever, it is possible to produce various metastable crystal
phases by rapid solidification of the melts or by fast anne
ing of thin amorphous films.12–15The equilibrium phase dia
gram of the Al-Ge system changes by applying high pr
sure. The Ge solubility in Al increases up to 18 at. % a
GPa, and two intermediate phases are observed at hi
pressures for Ge compositions of 68 and 45–50 at. %~Ref.
PRB 600163-1829/99/60~18!/12681~6!/$15.00
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16!. It is possible to obtain these phases in a metastable s
at ambient pressure by means of thermobaric quenching2,17

The recovered high-pressureg phase with 68 at. % Ge has
simple hexagonal structure and it transforms to the am
phous state on heating to 130 °C at normal pressure.10 Pre-
liminary measurements of the electrical properties ha
shown that our amorphous product is a semiconductor.

It is of considerable interest to investigate what chan
are induced by a significantly large amount of trivalent Al
the tetrahedral network of amorphous tetravalent Ge. Be
we present the results of a neutron-diffraction investigat
of the bulk amorphous alloy of Al32Ge68 composition.

II. EXPERIMENTAL DETAILS

The first step in the sample production was to produc
single-phase sample of the high-pressureg phase by submit-
ting a crystalline powder of the Al32Ge68 alloy to 9-GPa
pressure at 320 °C for about 24 h. This was followed
cooling under pressure to liquid-nitrogen temperature an
release of the pressure to atmospheric. The final sample
lets were in the form of discs, 7 mm in diameter and abou
mm thick, and the amorphous state was produced by hea
~20 °C/min) to 130 °C. After production each tablet w
checked for crystalline inclusions by x-ray diffraction an
stored in liquid-nitrogen Dewar.

The neutron-diffraction experiment was carried out on
LAD diffractometer at the ISIS pulsed neutron source, Ru
erford Appleton Laboratory, U.K.18 The data were collected
in a wide range of neutron momentum transferQ, from 0.5 to
12 681 ©1999 The American Physical Society
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12 682 PRB 60A. I. KOLESNIKOV et al.
35 Å21. The ISIS pulsed neutron source produces neutr
with a spread of energies~or wavelengths! that gives an op-
portunity to measure the intensity of neutrons scattered f
the sample into fixed angle detectors as a function of tim
of-flight. The data obtained can be directly transformed
momentum-transfer spectra. The time-of-flight techniq
makes it possible to measure a complete diffraction pat
over the entire momentum-transfer range simultaneously

The pellets of the amorphous Al32Ge68 sample studied
were packed into a cylindrical vanadium container
8.0-mm inner diameter. The measurements were carried
using a standard ‘‘orange’’ cryostat kept at a temperature
100 K. The experiment consisted of four measurements: w
the sample in the container, with the empty container, w
out the sample and container~the background measuremen!,
and with a vanadium rod. The vanadium neutron cross s
tion is almost entirely incoherent, and the latter measurem
was used for normalization of the sample data. The meas
time-of-flight spectra were transformed to structure fact
S(Q) by using the ATLAS correction program package19

The total radial distribution function,G(r ), was calculated
by the Fourier transformation of theS(Q) spectra~with
Qmax535 Å21) using the standard transformation tec
niques,

G~r !511
1

2p2r0r
E

0

Qmax
Q@S~Q!21#sin~Qr !

sina~Q!

a~Q!
dQ,

~1!

where r0 is the average atomic density (r050.0458
atom/Å3, which corresponds to 4.4160.06 g/cm3) and the
modification functiona(Q) is given bya(Q)5pQ/Qmax.

III. NEUTRON-DIFFRACTION RESULTS

The aluminum and germanium nuclei are predominan
coherent scatterers of neutrons. The corresponding scatt
cross sections aresAl

coh51.495 b andsGe
coh58.42 b. As the

sample is a two-component alloy it is essential to know
magnitude of the different structural correlations that ma
up the total scattering intensity. The contribution of the p
tial structure factorsSi j (Q) to the corresponding totalS(Q)
is given by the expression:

S~Q!5(
i , j

Axixjs i
cohs j

cohSi j ~Q!. ~2!

The sum is over all different types of atom pairs (i , j ), xi is
the concentration of atom of typei, and a partial structure
factor Si j (Q) is defined in Ref. 20 as

Si j ~Q!5d i j 14pr0AxixjE
0

`

@G~r !21#
sin~Qr !

Qr
r 2dr.

~3!

The relative weights of the oscillating part of Al-Al, Al-Ge
and Ge-Ge partial structure factors of the totalS(Q) are
0.03, 0.16, and 0.81, respectively.

Figures 1 and 2 show the experimental structure fac
S(Q) obtained and the corresponding total radial distribut
function G(r ) for the amorphous Al32Ge68 sample. The
weight coefficients above indicate that the curves in the
s
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ures are mainly represented by Ge-Ge and Al-Ge atomic
relations, while the Al-Al correlations are hardly discernib

The experimental data in Fig. 1 clearly show that t
sample studied was a good quality amorphous material.
diffraction peaks, characteristic of crystalline inclusion
were observed in the diffraction pattern recorded at the la
est diffraction angle~150°!, which has the best resolutio
~0.5% DQ/Q). The maximum of the first and the secon
peaks in theS(Q) curve are at about 1.96 and 3.35 Å21 and
oscillations are clearly seen up to 30 Å21.

TheG(r ) function of amorphous Al32Ge68, shown in Fig.
2, exhibits a distinct and narrow first peak atr 152.478 Å.
There is no sign of a prepeak indicating some kind of che
cal ordering. The first peak is very well separated from
remainder ofG(r ) and this, in principle, makes it possible t
accurately calculate the coordination numbern, i.e., the av-
erage number of atoms in the nearest-neighbor shell.
forming the appropriate integration of the total radial dist
bution function up to 3 Å the valuen54.560.1 is obtained.
This is significantly larger than 4, which indicates that
well-developed tetrahedral bonding network does not exis
amorphous Al32Ge68. It should though be noted that the rat
of the positions of the second and the first peaks inG(r ),
r 2 /r 1'4.03/2.48'1.625 is close to the tetrahedral valu
1.633. However, in order to understand the structure

FIG. 1. Total experimental structure factor for amorpho
Al32Ge68 alloy at 100 K.

FIG. 2. The total radial distribution function,G(r ), for amor-
phous Al32Ge68 obtained by Fourier transformation ofS(Q).
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amorphous Al32Ge68 it is important to realize that the firs
peak exhibits a very distinct shoulder above 2.6 Å. Fo
quantitative description of the first peak it was fitted by
least-squares method with a sum of three Gaussians.
parameters of the fit are given in Table I. The origin of th
shoulder which, together with a tail, persists up to 3.1 Å c
be explained as follows: from the composition of the alloy
can be evaluated that the probability for an Al atom to ha
another one or even two Al atoms as nearest neighbor
relatively high because the average number of Al atoms n
Al atom is about 0.3234.551.44. If it is assumed that A
and Ge atoms do not form any covalent bonds, it may, fr
a geometrical point of view, be easily anticipated that arou
an Al-Al dimer ~or trimer! there will be a larger number o
Ge atoms than would have been the case if only cova
bonds with tetrahedral coordination were possible. T
would result in a coordination number for noncovalen
bonded Al-Ge pairs greater than 4. Accordingly, the shoul
and the tail for the right-hand side of the first peak in t
G(r ) ranging up to 3.1 Å may correspond to Al-Ge an
Al-Al nearest-neighbor arrangements.

IV. REVERSE MONTE CARLO SIMULATIONS

To elucidate the partial atom-atom correlations in t
amorphous alloy studied a reverse Monte Carlo~RMC!
method was applied. This technique is described thoroug
in Refs. 21–23 and it has been already used, with differ
degrees of success, for simulations of tetrahedrally coo
nated amorphous Si~Refs. 24 and 25!, Ge~Refs. 25 and 26!,
and C ~Refs. 25, 27–29!. In the present RMC calculation
1000 atoms of aluminum and germanium were random
generated in the cubic box of size of 27.95 Å with prop
concentration and average atomic density. Closest at
atom distance constraints were applied to prevent at
from being closer than 2.25 Å for any of Al-Al, Al-Ge, an
Ge-Ge pairs; the use of a larger value in the RMC simu
tions resulted in an abrupt vertical cutoff on the left-ha
side of the first peak of the partialG(r ) functions~the details
of the RMC technique could be found in Refs. 21–23!. The
structure factorScal(Q) was calculated for this atomic ar
rangement, assuming periodic boundary conditions. The
terion relevant to the agreement between the calculated
experimental structure factors was calculated by using
equation:

x25(
i 51

m

@Scal~Qi !2Sexp~Qi !#
2/s~Qi !

2, ~4!

TABLE I. Parameters obtained from a fit of the first peak
G(r ) for amorphous Al32Ge68 alloy by a sum of three Gaussia
functions.

Gaussian
peak number

Position of
peak~Å!

Width of
peak~Å!

Coordination
number

1 2.46760.006 0.132 2.93
2 2.6060.08 0.20 1.02
3 2.8060.15 0.33 0.54
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where the sum is over allm experimental data points, eac
having an errors(Qi). A randomly chosen atom was the
moved randomly~with a maximum step of 0.05 Å, and obey
ing the constraints conditions!. If the new calculatedx2 was
smaller than the previous one, this atomic move was
cepted, otherwise the move was accepted with probab
exp@2(xnew

2 2xold
2 )/2#. Another atom was then randoml

chosen to move and the above procedure was repeated
convergence was reached, i.e., when the obtained th
dimensional atomic configuration produces a calcula
structure factor, which satisfactorily describes the expe
mental data.

As can be seen from Fig. 3~a! the agreement between th
calculated and experimental structure factors is excellent~re-
duced structure factorsQ@S(Q)21# are shown in the figure
for better comparison at higherQ values!. All features of the
experimental curve are well reproduced over the wholeQ
range. Figures 3~b!–3~e! show the partial radial distribution
functions, which give new and complementary informati
on the atom-atom correlations. It is clear from the figure t
the shoulder at the right-hand side of the first peak in
total G(r ) in Fig. 2 is really due to Al-Ge and Al-Al corre-
lations. The first peak in these two radial distribution fun
tions is rather broad, with the tail at the right-hand side e

FIG. 3. ~a! Total experimental~points! and RMC fit ~dashed
line! reduced structure factorsQ@S(Q)21# for amorphous
Al32Ge68. Partial radial distribution functions for amorphou
Al32Ge68 obtained by RMC modeling:~b! GGeGe(r ), ~c! GAlGe(r ),
~d! GAlAl (r ); ~e! the partialGi j (r )plotted in a largerr scale for
Al-Al, Al-Ge, and Ge-Ge pairs by solid line with points, dashe
line, and solid line, respectively.
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tending above 3 Å. Very small correlations are seen up to
Å for Al-Al pairs and up to 7 Å for Al-Ge pairs. As for the
Ge-Ge pair-correlation function, it exhibits a very sharp fi
peak, with a maximum at 2.48 Å, which is slightly larg
than the covalent diameter for a Ge atom~2.44 Å!, and the
first peak is well isolated from the second one. The inten
of the curve between these two peaks is close to zero, w
means that the atoms in Ge-Ge pairs are connected by r
well-defined covalent bonds.

The interesting feature of the atomic distribution obtain
by RMC calculation should be mentioned. Thus, the smal
distance between the Al-Ge atoms appears to be the sho
interatomic distance in the system@see Figs. 3~c! and 3~e!#.
This means that the closest Al-Ge pairs surely cannot
described by a common hard-spheres model.

Using the three-dimensional atomic coordinates obtain
the probability functions for atoms of typei having atoms of
type j as nearest neighbors were calculated. The corresp
ing curves are shown in Fig. 4. The average coordina
numbers~number of atoms in the first coordination sphere
radius 3.1 Å! calculated are: 1.37 for Al-Al, 4.16 for Al-Ge
1.96 for Ge-Al, and 2.88 for Ge-Ge pairs. One can conclu
that most Ge-Ge nearest neighbors do not form tetrahe
units. The more probable elementary unit around a Ge a
consists of 2.88 other~covalently bonded! Ge atoms and 1.96
Al atoms, which means a Ge atom has 4.84 nearest ne
bors in average. This is not seen from the analysis of the t
radial distribution functionG(r ) discussed above because
represents the sum of partialGi j (r ) weighted by the coeffi-
cients, which are small for Al-containing correlations due
the small coherent neutron-scattering cross section for
atoms,~see Sec. III!. The total coordination number for A
atoms~due to Al-Al and Al-Ge correlations! is 5.53 and it
was expected to be large due to supposed noncovalent b
ing between them. For Al-Al pairs the average coordinat
number is 1.37. Aluminum atoms are consequently c
nected mainly in groups of two or three atoms and do
construct a continuous network through the sample—ther
no percolation of aluminum atoms in the sample.

It is known that the orientational correlations in diso
dered structures could be well represented by the distribu

FIG. 4. The distribution of the number of neighbors within t
first coordination shell for Al-Al~top, left!, Al-Ge ~bottom left!,
Ge-Al ~top right!, and Ge-Ge~bottom right!.
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of the cosine of the bond angles,B@cos(u)#. For this reason
the bond-angle distributions for Ge-Ge-Ge, Ge-Ge-Al, A
Ge-Al, Ge-Al-Ge, Al-Al-Ge, and Al-Al-Al were calculated
by using the results of the RMC simulations for amorpho
Al32Ge68 and the results are shown in Fig. 5. Bonds we
defined by neighbors within the first coordination shellr
,3.1 Å!. The curve for Al-Al-Al cosine bond-angles distri
bution shows very poor statistics because, as seen from
4~a!, the probability for Al atom to have two or more othe
Al atoms as the nearest neighbors is relatively small. T
bond-angles distribution for ‘‘ideal’’ tetrahedral networ
should show only one maximum corresponding to the te
hedral angleu5109.5°. Figure 5 clearly shows that Ge
Ge-Ge cosine bond-angles distribution exhibits a broad p
around cos(u)520.3 ~corresponding tou5107.5°, which is
close to tetrahedral angle! and a sharp peak at cos(u)>0.5
~corresponding tou>60°). These features indicate a pre
ence of large amount of tetrahedral arrangement of the
Ge-Ge atoms in the alloy and, in addition, ‘‘triangular’’ con
figurations of the atoms in amount of about 19%@an
integrated area under the peak at cos(u)>0.5]. This angle
(u560°) is characteristic of close packing in the syste
and, actually, the ‘‘triangular’’ atomic configurations@corre-
sponding to cos(u)50.5# are very common for the liquid
state of Si and Ge samples.30 The observed effect correlate
well with the results of recent RMC studies25 of structure of
amorphous Ge, Si, and C that have identified a presenc
covalent bonding with corresponding local tetrahedral ord
ing and a rather large portion of ‘‘triangular’’ atomic a
rangements in these systems. The distribution for Ge-Ge
cosine bond angles looks very similar to Ge-Ge-Ge~see Fig.
5!, but with a larger amount of ‘‘triangular’’ atomic configu
rations,;24%. The distributions involving two Al and on
Ge atoms do not show a well-defined peak correspondin
tetrahedral atomic arrangement. The peak at cos(u)>0.5 for
these distributions is rather large, 36% for Al-Al-Ge an
38% for Al-Ge-Al, indicating their ‘‘triangular’’ close-
packed atomic configurations and, therefore, predomina
nontetrahedral arrangements in these units. The bond-an

FIG. 5. Distribution of the cosine of the bond angles,B@cos(u)#,
for Ge-Ge-Ge, Ge-Ge-Al, Al-Ge-Al, Ge-Al-Ge, Al-Al-Ge, and Al
Al-Al, calculated by using the results of the RMC simulations f
amorphous Al32Ge68.
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distribution for Ge-Al-Ge has poor-defined structure, whi
has to be a consequence of their very broad bond-an
distribution.

V. DISCUSSION

It is interesting to compare theS(Q) and G(r ) data for
the amorphous Al32Ge68 alloy studied and for pure amor
phous Ge produced by deposition technique.31 At first sight
the spectra appear very similar, but the quantitative val
are completely different. The amorphous Ge is less de
(r050.03975 at./Å3) compared to the Al32Ge68 alloy (r0
50.0458 at./Å3), but the peaks in theG(r ) spectrum in the
present study are slightly shifted to larger distances@the po-
sition of the first peak inG(r ) for amorphous Ge is at 2.46
Å ~Ref. 32!#. This results in the principal difference that th
first coordination number for amorphous Al32Ge68 is 4.5
~with a contribution of only 2.88 due to Ge-Ge correlation!
while it is 3.68 for amorphous Ge.

Reference should be made to the recent studies of am
phous Al-Ge alloys by Yvon and coworkers,32 Degtyareva
et al.,33 and Barkalovet al..34 The authors of Ref. 32 pro
duced two types of amorphous Al-Ge alloy by the pressu
induced solid-state reaction and studied their structure
transmission electron microscopy at ambient conditions.
high-pressure treatments Al-Ge alloys of 20–60 at. %
were prepared by mechanical alloying. The state, ca
amorphous AlGe-I, was produced by applying a pressure
tween 2.5 and 8 GPa at room temperature and then relea
the pressure to ambient. The stability range of AlGe-I w
located within 60–100 at. % Ge interval. Another sta
amorphous AlGe-II, was obtained at pressures above 8 G
It had a higher density and was described as a metallic
phase with a coordination number close to 12.

In Ref. 33 energy dispersive x-ray diffraction was appli
to study the structural transformations under pressure
room temperature in amorphous Al30Ge70 alloy produced by
the method described in Ref. 17. Amorphous sample crys
lized to the phase with a simple hexagonal structure~g
phase! at pressures between 4.3 and 5.5 GPa. Theg phase
was stable up to 47 GPa~similar results were obtained i
Ref. 34 for the Al32Ge68 amorphous alloy!. This is 5 times
higher than reported in Ref. 32 pressure of 8 GPa for form
tion of the amorphous AlGe-II. When the pressure was
leased theg phase underwent reverse transformation to
starting amorphous state.33,34

Thus, formation of the amorphous state like AlGe-II r
ported in Ref. 32 was not observed in Refs. 33 and 34. T
can be attributed to the different compositions of the start
alloys and also to the different initial states of the samp
t
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~the starting material in Ref. 32 was fine mixture of fcc A
and diamond-type Ge prepared by mechanical alloying of
elemental powders!. Further in situ structure investigations
using synchrotron radiation are necessary in order to obs
formation of the amorphous AlGe-II under pressure.

The position of the first two halos for AlGe-I observed
the electron-diffraction pattern32 had values of 1.96 and 3.2
Å 21. The first coincides with the present data but the va
for the second peak is smaller than the 3.35 Å21 observed
here. In Ref. 32 the diamondlike structure of amorpho
AlGe-I was postulated and the nearest-neighbor distanc
amorphous AlGe-I was calculated to be about 2.4 Å~com-
pared with 2.48 Å determined in the present investigat
from the partial Ge-Ge radial distribution function!. So, it
seems that the amorphous AlGe-I sample obtained in Ref
has common features with the sample investigated in
present paper.

VI. CONCLUSIONS

It is shown that for the amorphous Al32Ge68 alloy pro-
duced by heating of the quenched high-pressure phas
ambient pressure the effective coordination numbern
54.5) is appreciably higher than 4, which is characteris
for a tetrahedral coordination. The first peak of the total
dial distribution function has a pronounced right-hand sho
der visible up to 3.1 Å. The RMC calculations for amo
phous Al32Ge68 have shown that the partial radia
distribution function for Ge-Ge correlations exhibits a sha
peak at a distance close to the value for the Ge-Ge cova
bond, but Ge atoms do not form a tetrahedral arrangem
~the corresponding first coordination number isn52.88). It
was found that the Al-Ge and Al-Al correlations~with total
n55.53) increase the effective coordination number to
observed value of 4.5 and result in the formation of the bro
right-hand shoulder of the first peak in the totalG(r ) func-
tion. It was concluded also that aluminum atoms (n51.37)
do not construct a continuous network through the samp
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