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Neutron diffraction and reverse Monte Carlo study of bulk amorphous Ga38Sb38Ge24 alloys
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The structure of bulk amorphous Ga38Sb38Ge24 alloy produced by thermobaric treatment was studied at 100
K by neutron diffraction. The Fourier transformation of the measured structure factor clearly shows that two
nearest-neighbor distances exist in the alloy. The results are compared to the ones obtained for the similarly
produced amorphous GaSb, studied earlier. The analysis of the data reveals that the amorphous Ga38Sb38Ge24

alloy is homogenous. The average nearest-neighbor coordination number obtained, 4.25, is greater than 4,
indicating that the tetrahedral arrangements in the sample are distorted. Reverse Monte Carlo simulations were
carried out using the measured structure factor of both alloys. It is shown that the degree of chemical disorder
in both amorphous alloys is large.
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I. INTRODUCTION

A process employing spontaneous amorphization o
quenched high-pressure phase in the course of heating
liquid nitrogen to ambient temperature at atmospheric p
sure has recently been developed.1 A series of bulk amor-
phous alloys were produced by this thermobaric method.
structure factorS(Q) for some of them (Zn41Sb59, GaSb,
and Al32Ge68) was determined by the neutron-diffractio
~ND! technique.2–6 In the present work the structure of bu
amorphous Ga38Sb38Ge24 alloy is investigated by ND and th
results are analyzed using reverse Monte Carlo~RMC!
simulations.7,8 RMC simulations have also been perform
using the previously measuredS(Q) for the similarly pro-
duced amorphous GaSb alloy5 and the influence of Ge ad
mixture on the structure of the sample will be discussed.

The pseudobinary GaSb-Ge system has a simple equ
rium phase diagram with eutectic and two phase equilibria
the solid state, GaSb1Ge. Quenching from the melt resul
in the formation of a metastable solid solution over the en
concentration region.9 The electrical resistivity of the solid
solution produced has a typical semiconductor behavior.
long-range parameter of chemical ordering as a function
Ge concentration in the metastable solid solution decre
from 1 for pure GaSb to zero at 40 at. % Ge. From
variation of the electrical resistance in theT-P region it was
supposed10 that a homogeneous metallic phase is formed
P.8 – 9 GPa andT.400 °C in the whole concentratio
range from pure GaSb to pure Ge. By x-ray examination
the quenched high-pressure phases it was shown11 that a me-
tallic phase with ab-Sn-type crystal structure was formed
GaSb-Ge alloys subjected to 7.0 GPa and 250 °C at Ge
centrations less than 30 at. % Ge. Thus, in order to have
initial single phase for the high-pressure crystalline state
a 100% amorphized sample after the solid-state amorph
tion, an alloy containing 24 at. % Ge was selected for furt
investigation.

II. EXPERIMENTAL DETAILS

To prepare the sample a crystalline powder of
GaSb-Ge alloy was first subjected to 7.7 GPa and 250 °C
PRB 620163-1829/2000/62~14!/9372~6!/$15.00
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about 24 h. This was subsequently followed by cooling u
der pressure to liquid-nitrogen temperature and a releas
the pressure to atmospheric. The final amorphous pellet
the form of discs, 7 mm in diameter and about 2 mm thi
were produced by slow heating at about 20 K/min
;150 °C. After production, each tablet was checked for cr
talline inclusions by x-ray diffraction and subsequen
stored in a Dewar containing liquid nitrogen.

The ND experiment was carried out on the LAD diffra
tometer at the ISIS pulsed neutron source at the Ruther
Appleton Laboratory, UK.12 The data were collected in
very wide range of neutron momentum transferQ, from 0.5
to 35 Å21. The ISIS pulsed neutron source produces neutr
with a spread of energies~or wavelengths! so that the inten-
sity of neutrons scattered from the sample is measure
fixed angle detectors as a function of time-of-flight. T
spectra obtained can be directly transformed to momen
transfer spectra. The time-of-flight technique makes it th
possible to measure a complete ND pattern over the en
momentum transfer range simultaneously.

The pellets of the Ga38Sb38Ge24 alloy studied were packed
into a cylindrical vanadium can of 8 mm inner diameter. T
ND experiment was carried out at 100 K by using a stand
helium cryostat. Measurements were done with the samp
the can, with the empty can and without the sample and
~the background measurement!. The ND from an 8 mm di-
ameter vanadium rod was also measured, for normaliza
purposes. The time-of-flight spectrum obtained was tra
formed to the structure factorS(Q) by using theATLAS cor-
rection program package.13 The pair distribution function
G(r ) was then calculated by Fourier transformation of t
S(Q) spectrum ~with Qmax535 Å21) using the standard
transformation technique

G~r !511
1

2p2r0r E0

Qmax
Q@S~Q!21#

3sin~Qr !
sina~Q!

a~Q!
dQ, ~1!
9372 ©2000 The American Physical Society
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PRB 62 9373NEUTRON DIFFRACTION AND REVERSE MONTE CARLO . . .
r0 is the average atomic density~0.03693 at./Å3 correspond-
ing to 5.5360.05 g/cm3) and the modification functiona(Q)
is given bya(Q)5pQ/Qmax.

III. DATA ANALYSIS AND RESULTS

The gallium, antimony, and germanium nuclei are p
dominantly coherent scatterers of neutrons. The corresp
ing scattering cross sections aresGa

coh56.675 barn, sSb
coh

53.90 barn, andsGe
coh58.42 barn.14 Because the sampl

studied is a three-component system, it is essential to k
the magnitude of the different structural correlations wh
contribute to the total scattering intensity. This is equival
to estimating the contribution of the partial structure fact
Si j (Q) to the totalS(Q) and the partial atom-atom pair dis
tribution functions toG(r ). These contributions are given b
the following expression:

S~Q!5(
i j

Axixjs i
cohs j

cohSi j ~Q!, ~2!

where the sum is over all the different types of atomic pa
( i , j ), xi being the concentration of atom of typei. The par-
tial structure factorSi j (Q) is related to the partial atom-atom
pair distribution functionGi j (r ) by15

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

`

@Gi j ~r !21#
sin~Qr !

Qr
r 2dr.

~3!

The relative weights of the oscillating part of the part
structure factors are given in Table I. From Table I it can
seen that all the different atom-atom correlations contrib
to the total functions; none is negligible. Figures 1 and 2~a!
show the experimentally obtained structure factorS(Q) and

TABLE I. The relative weights of different atomic pairs contrib
uting to the total structure factor and the total radial distribut
function for amorphous Ga38Sb38Ge24 sample.

Ga-Ga Ga-Ge Ga-Sb Ge-Ge Ge-Sb Sb-S

0.25 0.17 0.19 0.12 0.13 0.14

FIG. 1. The structure factorS(Q) for amorphous Ga38Sb38Ge24

at 100 K.
-
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the total radial distribution function calculated from the e
pression RDF(r )54pr 2r0G(r ) for the amorphous
Ga38Sb38Ge24. The experimental data clearly show that t
sample studied is a good quality amorphous material.
diffraction peaks, characteristic of crystalline inclusions, a
observed in the ND patterns even at large scattering an
~where the resolutionDQ/Q50.6%). There was a possibil
ity that the Ga38Sb38Ge24 sample was not a homogeneo
amorphous material and that it might consist of a mixture
two kinds of clusters, amorphous GaSb and amorphous
This possibility was checked by small-angle neutro
scattering on an amorphous sample of the same compos
as the present one.16 No strong signal was recorded whic
would have been the case if the sample had been consi
of two components, GaSb and Ge,~the amorphous Ge ha
higher coherent neutron scattering per unit volume compa
to the average value for Ga38Sb38Ge24). Thus, from the
small-angle neutron scattering and the ND data it can
concluded that the Ga38Sb38Ge24 sample studied is not only
amorphous but also homogeneous.

The comparison of the presentS(Q) data for
Ga38Sb38Ge24 with that for the similarly produced amor
phous GaSb~Ref. 5! and pure amorphous Ge produced
the deposition technique17 shows that the spectra are ve
similar in shape, which indicates that the three amorph
materials have a similar structure, of the tetrahedral ty
However, the peak positions are different. The number d
sity of the amorphous Ga38Sb38Ge24 (r050.036 93 at./Å3) is
between the values for Ge (r050.039 75 at./Å3) and GaSb
(r050.0343 at./Å3). The difference in sample density itse
is reflected in the different positions for the peaks in t
structure factorS(Q); they are shifted to higherQ for larger
sample densities. Table II gives the position and the
width at half maximum~FWHM! as determined for the firs
two peaks ofS(Q) for Ge, GaSb, and Ga38Sb38Ge24. The
values of FWHM of the first two peaks are related to t
correlation lengths in the amorphous sample by the exp
sions xCC52p/DQ1 and xNN52p/DQ2 for the chemical
and density fluctuations, respectively. For the Ga38Sb38Ge24
alloy the correlation lengths are found to be similar to tho
for amorphous Ge,xCC515 Å and xNN511 Å, compared
with xCC519 Å andxNN510 Å for amorphous GaSb. Thi

FIG. 2. The total radial distribution function, RDF(r )
54pr 2r0G(r ), for amorphous~a! Ga38Sb38Ge24 and ~b! GaSb
~Ref. 5! alloys at 100 K. The inset shows the RDF(r ) around the
first peak for Ga38Sb38Ge24 in a largerr scale.
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9374 PRB 62A. I. KOLESNIKOV et al.
indicates that the chemical order in Ga38Sb38Ge24 is slightly
lower than in amorphous GaSb~due to admixture of Ge!, but
the density fluctuations are about the same. The differenc
the position of the second~the so-called ‘‘principal’’! peak
for the three compounds and their similar widths support
above conclusion, that the Ga38Sb38Ge24 sample is homoge
neous. In the case of a mixture of two amorphous allo
GaSb and Ge, the FWHM of the second peak inS(Q) would
be much larger or even split.

The RDF(r ) function for amorphous Ga38Sb38Ge24,
shown in Fig. 2~a!, is very different from that obtained fo
bulk amorphous GaSb@see Fig. 2~b!# in that it exhibits a
very distinct split of the first peak. The positions of the tw
maxima are at 2.46 and 2.66 Å. The splitting of the first pe
reflects the existence of two different nearest-neighbor c
relations. For quantitative purposes the first peak was fi
by a sum of three Gaussian functions and the results
listed in Table III. The covalent radiir cov for Ga, Sb, and Ge
atoms are equal to 1.26, 1.38, and 1.22 Å, respectively.
first maximum in RDF(r ) (r 52.46 Å) is close to 2r Ge

cov and
to r Ge

cov1r Ga
cov, and is thus obviously related to Ge-Ge a

Ge-Ga correlations. The second maximum atr 52.66 Å cor-
responds tor Ga

cov1r Sb
cov and r Ge

cov1r Sb
cov and may thus be as

signed to Ga-Sb and Ge-Sb correlations. The shoulder
served on the right-hand side~the third Gaussian peak, se
Table III! at 2.86 Å reveals the presence of Sb-Sb pairs. T
Ga-Ga pair correlations, with 2r Ga

cov52.52 Å, if they exist,
are probably more spread over longer distances and may
give contributions in between the above mentioned t
maxima. It follows from Table III that the total average c
ordination number for the nearest neighbors in amorph
Ga38Sb38Ge24 is 4.25, which indicates that the atomic a
rangement in this alloy deviates from that of a regular te
hedral network. However, the ratio between the position
the second peak~at ;4.19 Å! in RDF(r ) and the average
position for the first one~;2.59 Å! is close to the idea
tetrahedral value, 1.633.

TABLE II. Parameters obtained from a Gaussian fit of the fi
two peaks ofS(Q) for amorphous Ge~Ref. 17!, GaSb~Ref. 5!, and
Ga38Sb38Ge24. All values are in Å21.

Sample

The first peak The second peak

Position FWHM Position FWHM

Ge 1.88 0.43 3.38 0.56
GaSb 1.80 0.33 3.14 0.60
Ga38Sb38Ge24 1.86 0.42 3.24 0.56

TABLE III. Parameters obtained from a fit of the first peak
the RDF~r! for Ga38Sb38Ge24 by a sum of three Gaussian function

Gaussian
number

Position of
peak~Å!

Width of
peak~Å!

Average coordination
number

1 2.46 0.14 1.36
2 2.66 0.17 2.66
3 2.86 0.11 0.23
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IV. REVERSE MONTE CARLO SIMULATION

Because the neutron-scattering cross sections for diffe
atoms in the alloy studied are different~see Sec. III above!, it
is in principle possible to get more information on the part
atomic correlations by analyzing the experimental data w
the RMC technique.7,8 In this computer model, a box is filled
with atoms and, using the usual periodic boundary con
tions, the pair-distribution functionG(r ) and the structure
factor S(Q) are calculated for the particular atomic config
ration. The atoms are then allowed to move until the cal
latedS(Q) agrees with the experimental data within the e
perimental errors. The final atomic configuration is stored
a three-dimensional structure which can be used for phys
estimates of the structure of the real system.

RMC calculations were made for Ga38Sb38Ge24 and GaSb
alloys in a cubic box of size 60.058 and 61.556 Å, resp
tively, containing in total 8000 atoms, randomly distribut
with an atomic composition according to the actual chemi
composition and density. The calculatedS(Q) for both

FIG. 3. The experimental reduced structure factorQ@S(Q)
21# ~points! and the RMC fit ~solid line! for amorphous
Ga38Sb38Ge24. Verticaly shifted short dashed line shows the r
duced structure factor simulated at largeQ values by using Eq.~4!.

FIG. 4. The experimental reduced structure factorQ@S(Q)
21# ~dashed line with points! and the RMC fit~solid line! for
amorphous GaSb with~a! no constraints on the chemical order
the alloy, and~b! with constraints, allowing only 10% of the neare
neighbors to be the atoms of the same type~see the text!. The left
and the righty axis are for~a! and ~b! curves, respectively.
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samples fit the experimental data very well as shown in F
3 and 4~top curve!. The partial radial distribution function
Gi j (r ) obtained are plotted in Figs. 5 and 6. The atom
correlations were analyzed using the three-dimensio
atomic coordinates, and the average partial coordina
numbersni j obtained from the results of the RMC simul
tions for the different atomic pairs are presented in Table
The distributions of atom-atom nearest neighbors are sh
in Figs. 7 and 8 for amorphous Ga38Sb38Ge24 and GaSb al-
loys, respectively.

The RMC results for amorphous GaSb~Fig. 6! show the
existence of a large amount of nearest-neighbor pairs of
same kind of atoms, with a rather narrow distance distri
tion @the first peaks inGi j (r ) functions for Ga-Ga and Sb
Sb#. Their contributions to the second peak inG(r ) are defi-
nitely the dominating ones. The intensity under the sec
peak for Ga-Sb correlations is small but not negligible~see
Fig. 6! as should be the case for a tetrahedrally coordina
network with ideal chemical order. As for the results
RMC simulations for Ga38Sb38Ge24 ~Fig. 5!, the first peaks in
the partial Gi j (r )s exhibit a complicated behavior. The
have two main maxima, one at smaller distance for G
containing pairs, and another one for other pairs. The p
tions of the maxima correspond to the values for t
maxima in the radial distribution function obtained by Fo
rier transformation of the experimental structure factor. T
Ga-Sb, Ga-Ga, and Sb-Sb correlations are similar to th
obtained in RMC simulations for amorphous GaSb, but w
broader distributions for pair correlations of atoms of t
same type.

The existence of two nearest-neighbor correlations for

FIG. 5. Partial radial distribution functionsGi j (r ) for amor-
phous Ga38Sb38Ge24 obtained by RMC modeling plotted in a whol
simulated area~a!, and in a largerr scale for the first peak only~b!.
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sample studied results in an interesting behavior of the st
ture factor at large neutron momentum transfers. It is clea
seen in Fig. 3 that the reduced structure factorQ@S(Q)
21# oscillates around zero, but while the amplitude of t
oscillations gradually decreases for the GaSb sample@see
Fig. 4~a!#, at first it decreases withQ ~up to 15 Å21!, then
increases with a maximum around 23–24 Å21, and finally
decreases again at higherQ for Ga38Sb38Ge24. The similar
modulation was recently observed in the structure factor
vitreous P2O5 ~Ref. 17!. This behavior can be understood b
assuming that at highQ values the main contributions t
S(Q) are determined by the short-range orders. To interp
qualitatively this modulation the following approximatio
was used for the reduced structure factor at high momen
transfers18

Q@S~Q!21#5(
i

ni

sin~Qri !

Qri
exp~2Q2s i

2!. ~4!

Herer i represents the first and the second nearest atom-a
distances, andni ands i are the coordination number and th
spread of the corresponding atom-atom distribution, resp
tively. The vertically shifted dashed line in Fig. 3 shows t
fit to the experimental data by the above expression, wh
two first-nearest-neighbor distances,r 1152.46 Å and r 12
52.66 Å, and the value ofr 254.19 Å were used, in accor
dance with the discussion on RDF(r ) above, andni ands i
being adjustable parameters. It is clear from Fig. 3, that
modulation observed in the spectrum for Ga38Sb38Ge24 is due
to the difference in the periods of the corresponding osci
tions which, of course, in turn is due to the differentr 11 and
r 12 values.

FIG. 6. The same as in the Fig. 5, for GaSb.
e
TABLE IV. The partial average coordination numbersni j for different atomic pairs obtained from th
results of RMC simulations for GaSb and Ga38Sb38Ge24 amorphous alloys.

Sample Partial average coordination number,ni j
(

j
nij

Ga38Sb38Ge24 nGaGa51.30 nGaSb51.80 nGaGe51.01 nGa54.11
nSbGa51.80 nSbSb51.26 nSbGe51.14 nSb54.20
nGeGa51.60 nGeSb51.80 nGeGe50.75 nGe54.15

GaSb nGaGa51.40 nGaSb52.98 nGa54.38
nSbGa52.98 nSbSb51.48 nSb54.46
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9376 PRB 62A. I. KOLESNIKOV et al.
It follows from Table IV and Fig. 7 that the Ge atoms d
not construct a significant amount of amorphous clusters
tetrahedrally coordinated network because the aver
Ge-Ge coordination number, 0.75, is much smaller than
which is required for this situation. Actually, the value f
nGeGe is the smallest, which is easy to understand if o
assumes a random distribution of Ge atoms and takes the
Ge concentration in the sample into account. Thus, it can
concluded that in the amorphous alloy studied the Ge at
randomly substitute the Ga and Sb atoms in the corresp
ing GaSb alloy, but in doing so the nearest-neighbor d
tances between Ge and Ga/Sb atoms are modified in ord
be closer to the value corresponding to the sum of their
valent radii. Note that the intensity of the second peak in
RMC simulated partialGi j (r ) for Ge-Ge is higher compare
to others~see Fig. 5!, indicating some kind of ordering of G
atoms on the apexes of tetrahedral units.

The partial Gi j (r ) curves for both GaSb an
Ga38Sb38Ge24 show rather large chemical disorder. The ne
est neighbors are expected to be the atoms predominant
different kind, especially in the case of GaSb. The degree
chemical disorder in an amorphous GaSb alloy, produced
solid-state amorphization, was analyzed by extended x-
absorption fine-structure~EXAFS! measurements.19 The av-
erage number of nearest neighbors~at 78 K! in the first shell
of the Ga-Ga pairs was found to be 0.760.5, while it was
close to zero for crystalline GaSb sample. The correlation
Sb-Sb pairs in the amorphous sample were found to be
ligibly small. The errors in the determination of the avera
nearest-neighbor numbers were relatively large~e.g., ranging
from 0.5 to 0.7–0.8 for Ga-Ga!. The chemical disorder in
amorphous GaSb was furthermore analyzed from the dis
tion of the shape the first peak in a Fourier transform of
EXAFS signal and from temperature variation of the Deb
Waller broadening, compared to that of a crystalli
sample.19 The authors19 concluded that the degree of chem
cal disorder in the material is below the accuracy of
EXAFS technique. Contrary to these results, the pres

FIG. 7. The distribution of the number of neighborsni j within
the first coordination shell for different atomic pairs in amorpho
Ga38Sb38Ge24 obtained from the RMC simulations.
of
ge
4,

e
w
e
s

d-
-
to
-

e

-
of

of
y

y-

of
g-

e

r-
e
-

e
nt

RMC simulations~see Table IV! show that the values for the
average nearest-neighbor correlations for the atoms of
same type, Ga-Ga and Sb-Sb pairs, in both amorphous
loys, GaSb and Ga38Sb38Ge24, are rather large~about 30%!.
Note, that the crystalline analog of bulk amorphous Ga
GaSb-I, has a completely chemically ordered structure, w
the nearest-neighbor pairs constructed exclusively from
ferent atoms, Ga and Sb.

It should be noted that the RMC modeling is a mathem
cal method to derive a structure describing the measu
S(Q) and no special restrictions are imposed~especially en-
ergy minimization!. When using RMC, one can get sever
different atomic structures that fit the experimentalS(Q)
spectrum equally well, but generally one arrives at the m
disordered one. In order to check for any other possible s
tial arrangement of atoms in amorphous GaSb, further R
simulations were made. They were started from an orde
structure, corresponding to the crystal structure for GaS
and included constraints restricting the existence of nea
neighbors of the same type of atoms at distances smaller
3 Å ~i.e., in the first coordination shell!. It was impossible to
fit the experimental data with these constraints. Changing
constraints to allow 10% of the atoms of the same kind to
nearest neighbors, did not improve the quality of the fit. T
example of one of the ‘‘best’’ fits with this kind of con
straints is shown in Fig. 4~b!. These calculations strongl
support the RMC results obtained: that a large chemical
order exists in both bulk amorphous Ga38Sb38Ge24 and GaSb
alloys.

To understand this very large chemical disorder in
amorphous alloys it is worth while to remember that bo
Ga38Sb38Ge24 and GaSb were produced by solid-state am
phization in the course of slow heating of the quenched hi
pressure phases. The high-pressure GaSb-II phase has
described as having a disorderedb-tin structure20–22 and as
well as having a disordered orthorhombic structure with
space groupImma.23 This difference in the structural inter
pretation of the GaSb-II phase is discussed in Ref. 5, but h
it should only be emphasized that all results indicate a v
large degree of chemical disorder in the high-pressure ph
The amorphization process which takes place on heatin
150 °C probably involves changes mainly in the local
rangements of atoms without any long distance displacem
which is required to create chemical order in the sample

FIG. 8. The same as in the Fig. 7, for amorphous GaSb.
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V. CONCLUSIONS

From the discussion above the following conclusions c
be made:

~a! The Ga38Sb38Ge24 alloy produced by solid-state amo
phization of the quenched high-pressure phase can be
garded as a homogenous bulk amorphous compound.

~b! The short-range order in the amorphous Ga38Sb38Ge24
alloy is different from that for amorphous GaSb. The avera
nearest-neighbor atomic coordination number obtained, 4
is greater than 4, indicating a distortion of an ideal tetra
dral arrangement in the alloy. Furthermore, there are
rather well defined nearest-neighbor distances.

~c! The analyses of the results of the RMC simulatio
show a random distribution of Ge atoms in amorpho
Ga38Sb38Ge24 alloy. The Ge atoms do not form any cluste
with tetrahedrally coordinated arrangements, but rando
substitute the Ga and Sb atoms as compared to amorp
GaSb. Some degree of ordering of Ge atoms on the apex
s
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tetrahedral units in Ga38Sb38Ge24 can nevertheless be antic
pated from the analyses of the RMC simulated partialG(r )
functions.

~d! According to the results of RMC simulations a larg
chemical disorder was found to exist in amorpho
Ga38Sb38Ge24 and GaSb alloys. About 30% of the neare
neighbors in the alloys are formed from atoms of the sa
kind ~Ga-Ga and Sb-Sb pairs!.
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