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Structure of bulk amorphous GaSb: A temperature-dependent EXAFS study
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We have studied the structure of bulk amorphous GaSb using the extended x-ray-absorption fine-structure
~EXAFS! technique over the temperature range from 80 K to 293 K. The possibility of the presence of
chemical disorder has been explored throughout the temperature range. The configurational~static! contribu-
tion to the Debye-Waller broadening of the distances has been extracted from EXAFS data. The bond-angle
distribution fora-GaSb was calculated from the results of EXAFS analysis. The mean bond angle has been
calculated from SbK-edge data and found to be 108.9°.@S0163-1829~97!02141-3#
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The problem of understanding the structure of amorph
materials still attracts a lot of attention in the field of so
state physics both due to the general character of the p
lem, requiring the development of advanced theoreti
computational, and experimental approaches for studie
disordered matter~see, for example Refs. 1–3!, and its tech-
nological importance.4,5 The unambiguous determination o
the structure of materials is also of great importance si
this defines their main macroscopic~i.e., electrical and ther-
mal conductivity, elasticity, etc.! and electronic properties
On the other hand, it becomes impossible to build a struc
of an amorphous solid in the way that is done for cryst
because of the loss of periodicity in amorphous materi
and, as a consequence, the loss of the relationship betw
structure and symmetry~which allows the building of the
structure of a crystalline material from diffraction studie!.
As a result there are still debates about the structure of w
studied materials such asa-Si and a-Ge.6–8 The question
also posed is whether it is possible to obtain a unique st
tural solution using results of diffraction experiments.7

The most widely used methods of direct structural stud
of disordered solids are neutron, x-ray diffraction, and
tended x-ray-absorption fine structure~EXAFS!. The former
provides information on long-range correlations, howe
the procedure of extraction of the information is somew
complicated for materials with more than one type of atom
species, since diffraction yields the environment of an ‘‘a
eraged’’ atom. Although the analysis can be done for cr
talline materials, it is very complicated for disordered soli
In particular the complications arise from the fact that t
disorder in an amorphous solid can be either configuratio
~spread in bond lengths and bond angles! or chemical
~cation-cation or anion-anion bonding! or both. In contrast to
amorphous group-IV elements~i.e., a-Ge, a-Si!, which can
only have configurational disorder, amorphous III-V com
pounds, being binary solids, can also contain wrong bo
560163-1829/97/56~18!/11531~5!/$10.00
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~bonds between ‘‘like’’ atoms, i.e., Ga-Ga or Sb-Sb in GaS!
and therefore can be also chemically disordered. Continu
random network models~originally developed by Polk9! are
usually applied to describe the structure of amorphous
valently bonded materials such asa-Si anda-Ge. The key
feature of such models is the significant extent of chem
disorder.10 This, in turn, would result in the increase of in
ternal energy, reducing the stability of such materials. C
tinuous random network models with a high degree
chemical order have been developed by Connell a
Temkin,11 and are considered to be most appropriate
III-V compounds. In fact, it has been demonstrated recent12

that a Connell-Temkin-like structural model can be cons
ered superior, from both structural and energetic points
view, to those calculated using, for example, tight-bindi
potentials or molecular dynamics. The experimental deter
nation of chemical disorder in amorphous materials is ha
pered significantly by either the quality of experimental da
or difficulties in extraction of such information intrinsic t
diffraction. We have used temperature-dependent EXA
measurements on Sb- and Ga-K absorption edges to stud
the local structure in bulk amorphous GaSb. EXAFS is p
ticularly useful as a probe for short-range structure aroun
specific type of atom. In this paper we explore the possibi
of chemical disorder in bulk amorphous GaSb prepared
solid-state amorphization under high pressure. We will a
show how the use of the technique of EXAFS can prov
valuable and accurate information on the structure of b
amorphous GaSb~a-GaSb!.

Amorphous GaSb was prepared by the high-pressure s
state amorphization technique described earlier.13,14 Samples
were finely ground, and the powder was mixed with bor
nitride to ensure the homogeneity of samples for transm
sion EXAFS experiments. Temperature-dependent EXA
experiments have been carried out on stations 7.1~Ga-K
edge! and 9.2~Sb-K edge! at CCLRC Daresbury Laborator
11 531 © 1997 The American Physical Society
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11 532 56SAPELKIN, BAYLISS, LYAPIN, BRAZHKIN, AND DENT
synchrotron radiation source, using an Oxford Instrume
variable temperature cryostat. The postedgex(k) parts of the
EXAFS spectra were extracted using SPLINE, the inter
tive program for background subtraction.15 The program fits
splines to smoothly varying background absorption. It a
allows one to check interactively the influence of fitting
the Fourier transform, and thus very effectively minimiz
the distortions in the Fourier transform related to the cur
ture of background absorption. The method of analysis
the quality of the original data are two main standpoints
the treatment of EXAFS data which separate semiquan
tive and fully quantitative results. The S/N ratio and the
fore maximumk range accessible define the accuracy a
amount of information which can be extracted from
EXAFS spectrum. The use of bulk material allowed us
employ the well-established and most accurate EXAFS te
nique, transmission, and easily maximize the absorption
Dmx (m is the absorption coefficient,x is the sample thick-
ness! at both Sb- and Ga-Kedges. The analysis of chemic
ordering was also simplified due to the significant differen
in scattering amplitudes of Ga and Sb atoms. Analysis
EXAFS spectra has been done by use of the EXCURV
program.16 EXAFS analysis using EXCURV92 consists
least-squares fitting of a theoretical model to the experim
tal data until the best fit is produced. The scattering ph
shifts and atomic potentials were calculated within the p
gram by use of the von Barth-Hedin–Hedin-Lundqvist p
tential set. Crystalline GaSb~99.991%! was used as a refer
ence material to set amplitude factors.16 The structural
parameters extracted from an EXAFS spectrum are usu
the following: R̄ ~average interatomic distance!, N̄ ~average
coordination number!, s2 ~mean square variation~MSD! of
bond length or relative Debye-Waller~DW! broadening! and
the type of atomic species around the central atom. The e
determination is an important part of EXAFS analysis. T
procedure ideally has to be done for every spectrum us
methods of statistical analysis17 ~included in EXCURV92! to
access the correlation between parameters during fitting
therefore, statistical errors. We always quote the limits of
95% confidence region, i.e., the62e uncertainties, wheree
is the standard deviation. However there also exists a pa
the error which is related to the experimental conditions a
the theory used to calculate EXAFS spectra. Here we h
usedc-GaSb to quantify such errors.

The resultingk3x(k) dependencies with their magnitude
of Fourier transforms and theoretical fittings for both G
and Sb-K edges fora-GaSb atT580 K are presented in Fig
ts
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1. The structural parameters mentioned above corresponding
to the best fit obtained are listed in Table I. For comparison
the results forc-GaSb are presented in Fig. 2, and parameters
listed in Table II. All calculations were made in the single
scattering approximation and the assumption of no chemical
disorder. The question of chemical disorder will be discussed
later in this paper. We can see from Tables I and II that the
number of nearest neighbors and distances ina-GaSb are
very close to those in the crystal~lower just by'0.2 in the
former!. This agrees with the fact that the densities of bulk
a-GaSb andc-GaSb are within'3%. The most important
point we would like to stress is that it was possible to obtain
the position (R̄) of the second nearest neighbors~see Fig. 1!
at T580 K for the Sb-K edge. Another feature of EXAFS is
that DW broadening for the first shell is generally lower than
that for higher shells. This is due to significant correlation in
atomic oscillations for nearest neighbors.

We have looked for the presence of wrong bonds~Ga-Ga
and Sb-Sb! throughout the temperature range at both Ga- and
Sb-K edges by direct introduction of such disorder in the
fitting parameters. As a result we have found a systematic
difference between the amorphous and crystalline EXAFS
data. For amorphous GaSb from the Ga-K edge data atT
578 K the number of nearest neighbors in the first shellNGa

FIG. 1. Thek3x(k) functions and magnitudes of their Fourier
transforms fora-GaSb for Ga- and Sb-K edges (T580 K!. Dotted
lines are the calculated spectra.
s.
TABLE I. The results of EXAFS analysis ofa-GaSb from Ga- and Sb-K edges at different temperature

Ga-K edge Sb-K edge
T, K Shell N~Sb! R, Å 2s2, Å2 T, K Shell N~Ga! R, Å 2s2, Å2

78 1 3.4~3! 2.640~5! 0.0072~7! 80 1 3.8~2! 2.649~5! 0.0084~6!

2 12~fixed!~Sb! 4.31~1! 0.024~1!

130 1 3.6~2! 2.635~5! 0.0082~6! 100 1 3.9~3! 2.647~5! 0.0088~7!

180 1 3.5~3! 2.637~5! 0.0086~8! 140 1 3.8~3! 2.648~5! 0.0092~8!

240 1 3.5~3! 2.637~5! 0.0098~7! 190 1 4.1~4! 2.651~5! 0.010~4!

293 1 3.7~6! 2.633~5! 0.012~1! 250 1 4.0~6! 2.652~5! 0.011~1!

290 1 3.9~5! 2.649~5! 0.013~1!
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was found to be 0.7~5! and the MSD of bond lengthsGa-Ga
2

50.009(8), while for c-GaSb theNGa is around zero. It was
also found that error in determination ofNGa increases from
60.5 to60.720.8. Thus it becomes impossible to use b
NGa andsGa-Ga

2 as free parameters~as has been pointed out
Ref. 18!. Although the observation of systematic differenc
in crystalline and amorphous spectra suggests the presen
wrong bonds it should be noted that uncertainties are r
tively large. The fit withNSb andsSb-Sb

2 as free parameters a
Sb-K edge showed thatNSb remained constant and close
zero. This result puts serious doubts on the presenc
Sb-Sb type wrong bonds, though it should be noted that
analysis is complicated due to the similar values ofRSb-Ga
~2.64 Å! ~Ref. 19! and the covalent bond lengthRSb-Sb~2.65
Å!.19 From the point of view of EXAFS, chemical disord
can also be detected as a distortion of the shape of the
peak in a Fourier transform of the EXAFS signal. We ha
used a cumulant20 expansion to study any non-Gaussi
character of the first peak in the Fourier transform atT580
K. The results have shown that the third and the fourth
mulants for amorphous~and crystalline! GaSb are close to
zero and do not affect the main structural parameters at
Ga- and Sb-K edges. One of the ways of getting informati

FIG. 2. Thek3x(k) functions and magnitudes of their Fouri
transforms forc-GaSb for Ga- and Sb-K edges (T580 K!. Dotted
lines are the calculated spectra.
s
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on chemical disorder is the study of Debye-Waller broaden-
ing versus temperature. If there is a significant proportion of
wrong bonds one expects to observe the nonlinearity of this
dependence, due to different temperature dependencies of the
MSD of different atomic species. The result of the compari-
son of temperature dependencies of DW broadening for crys-
talline and amorphous GaSb are presented in Fig. 3. All de-
pendencies can be considered to be linear versus
temperature, as predicted by lattice dynamics~within a De-
bye model! in this range of temperatures.10 All the above
suggests that the degree of chemical disorder in the material
~if there is any! is below the accuracy of the EXAFS tech-
nique. This agrees qualitatively with the estimation made
using the ordering criteria for binary amorphous alloys de-
veloped by Gurman. In his model21 the parameter governing
the formation of ordered/disordered alloys isDE/kT, where
DE is the bond ordering energyas defined in Ref. 21. The
bond ordering energy is related to the electronegativities of
elements in a Pauling22 representation as

DE5C~xi2xj !
2,

wherexi and xj are electronegativities of elementsi and j
which compose the alloy andC is a constant which is almost
exactly 1.0 eV.22 It has been shown21 that between the lim-

FIG. 3. The Debye-Waller broadening 2s2 versus temperature
for c-GaSb Ga-K edge~open squares!, Sb-K edge~open circles!
and for a-GaSb Ga-K edge~solid squares! and Sb-K edge~solid
circles!.
s.
TABLE II. The results of EXAFS analysis ofc-GaSb from Ga- and Sb-K edges at different temperature

Ga-K edge Sb-K edge
T, K Shell No. N~Sb! R, Å 2s2, Å2 T, K Shell No. N~Ga! R, Å 2s2, Å2

78 1 4.1~2! 2.636~5! 0.0036~3! 80 1 4.0~2! 2.626~5! 0.0044~3!

2 12 ~Ga! 4.305~8! 0.0122~6! 2 12~Sb! 4.306~5! 0.0090~1!

130 1 4.0~2! 2.634~5! 0.0052~3! 100 1 4.0~2! 2.633~5! 0.0046~3!

180 1 4.0~2! 2.639~5! 0.0068~3! 140 1 4.0~2! 2.631~5! 0.0050~3!

240 1 4.0~2! 2.633~5! 0.0072~3! 190 1 4.0~2! 2.631~5! 0.0062~3!

293 1 4.0~2! 2.628~5! 0.0084~3! 250 1 4.0~2! 2.632~5! 0.0076~3!

290 1 3.9~2! 2.638~5! 0.0090~3!
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iting cases ofDE/kT→0 ~random order! and DE/kT→`
~total order!, the special valueDE/kT'2.0 can be distin-
guished such that only alloys withDE/kT,2.0 can be sepa
rated from the totally ordered case. Taking electronegati
values for Ga and Sb from Ref. 22~1.6 and 1.9, respectively!
we obtainDE/kT'1.7 for the sample under question~prepa-
ration temperatureTsyn5700 K!. This shows that the deter
mination of chemical disorder can indeed be ambiguo
though the tendency for chemical disorder can be expecte
this case.

The presence of a second peak in the Fourier transform
the Sb-K edge EXAFS signal froma-GaSb means that w
can extract the value of partial mean bond angle which
uSb-Ga-Sb5108.9(9)° (u5109.47° for c-GaSb and ū
5108.6° for bulka-GaSb from neutron studies23!. However,
due to strong correlation betweenN ands2 for this shell, it
appeared to be difficult to obtain unambiguous informat
on values of these parameters. Fitting with all parameters
free resulted in the best fit produced, but gave too low
value for N252.3~1.2!, while sSb-Sb

2 50.006~3! Å2 @whereas
N2512 andsSb-Sb

2 50.006(1) in crystal#. Therefore we de-
cided to fix the number of the Sb neighborsN2512 since it
was found that the number of nearest neighbors in am
phous material is close to that for the crystal~Table I!. This
procedure is also acceptable because the error in the d
mination of the numbers of nearest neighbors is usu
.10% for second shell. With the number of neighbors be
fixed the fitting resulted ins2

25 0.012~1! Å2. The value of
second shell distance was found to be independent of
fitting process used~within error! and can be found in Table
I.

Having obtained this information we can also calcula
the angle distribution function ina-GaSb ~considering the
distributions of two distances being of Gaussian form! re-
lated to amorphous nature of samples. Unfortunately EXA
can only provide the relative values of MSD of atoms fro
their positions~expressed as bond length variation! and to
calculate angle distribution we, of course, require the ab
lute values. However we can obtain the necessary infor
tion if we consider thatsam

2 5scr
2 1scon

2 ~wherescr
2 is solely

due to the finite temperature, andscon
2 is the configurational

part related to bond angle and bond length variations!. This
implies the similarity of the temperature-dependent contri
tions for the first shell in both amorphous and crystalli
materials, and is valid because of the similarity of loc
structure. Then from the results for the first shell at the SbK
edge in a-GaSb andc-GaSb we obtainscon

2 50.0020(6)
@0.0036~10! at Ga-K edge#, and for the second peak at Sb-K
edgescon

2 50.0075(4). The above values are necessary p
rameters for the two distributions of distances (RGa-Sb and
RSb-Sb), and these in turn allow the calculation of angle d
tribution. A gaussian distribution of bond lengths and th
statistical independence were assumed for calculati
These initial conditions result in a unique solution.

The analytical derivation of the angle distribution in que
tion is a rather difficult task but computer calculations can
done in a straightforward manner. The resulting angle dis
bution for 53104 atoms~iterations! is centered atuSb-Ga-Sb5
108.9° and has a standard deviation of 3.8°. We can
estimate the total spread in bond angle related to both c
y
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figurational and thermal disorder. The contribution of te
perature to the Debye-Waller factor can be calculated us
for example, a Debye approximation. The calculated val
of Debye-Waller broadening atT580 K are then the follow-
ing: sGa-Sb

2 '0.012 Å2, sGa-Ga
2 '0.007 Å2, and sSb-Sb

2

'0.005 Å2. Therefore the total absolute mean square dev
tion of atoms from their positions is 0.014 Å2 for the Ga-Sb
bonds ina-GaSb. We obtain in a similar way the value
0.013 Å2 for Sb-Sb distance. This results in a standard
viation of 6.9° for the Sb-Ga-Sb bond angle ina-GaSb. The
above values are the lower limits for bond angle distortio
in a-GaSb. The absence of a second shell at the Ga-K edge
implies a higher degree of disorder in the Ga-Ga distan
We can estimate this disorder by introducing a second s
in the fitting of the Ga-K edge data. The fit withNGa512 and
RGa-Ga54.31 Å resulted insGa-Ga'0.025 Å2 which can
serve as a lowest possible value of broadening. Using
value and those from Tables I and II in the procedure
scribed above we obtain the values of standard deviat
5.8° and 8.5° for configurational and total angle distortio
respectively, of the Ga-Sb-Ga bond angle. The value of m
bond angle is 109.7°.

The result for the values ofu agrees with those reporte
on the value of bond angle in thin film GaP, GaAs, a
InP,24–26 a-Si, a-Ge, a-C,6–8 and bulk a-GaSb,23 where it
was suggested that the mean angle is most likely to be c
to its tetrahedral value.

We have thus shown how the EXAFS technique can p
vide access to very important structural information~bond
length and angle distributions, chemical disorder! for an
amorphous material. A harmonic approximation and sin
scattering approach can be used to adequately describ
local structure~first shell! in a-GaSb. We conclude tha
chemical disorder can hardly contribute significantly in t
topology of the amorphous network of bulka-GaSb. The
temperature dependence of the MSD for bond lengths
values of standard deviations both due to the amorphous
ture of samples and finite temperatures have been prese
The results suggest that the degree of angle disorder is hi
for Ga-Sb-Ga bond angle then that for Sb-Ga-Sb, althoug
T580 K we still have not reached the lower limit saturatio
for DW broadening predicted by the Debye model@s2(T)
5const#. This leaves an opportunity to obtain accurate info
mation on second shell structural parameters from GaK
edge EXAFS atT,80 K. We have also shown that calcula
tions of partial bond angle distributions (u i - j - i and/oru j - i - j )
can be done as a result of low temperature EXAFS exp
ments in an amorphous material. The averaging of inform
tion obtained by diffraction experiment makes possible
existence of nonunique structural solutions. The informat
on partial correlations~distance, angle, and DW broadenin!
in EXAFS allows one to obtain more constraints for sub
quent modeling without involving the complex, and not a
ways possible, procedure of isotopic substitution. The qu
tion is still unresolved however of what kind of informatio
we require to describe fully the structure of a disorder
material. The ultimate representation of an amorphous m
rial will be of course the coordinates of every particular ato
in the material. However, until this information is accessib
one has to use computer modeling for calculations of, e
EDOS, elastical properties, etc. An essential feature of
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such calculations is the number of constraints one can ob
prior to simulation. Using all the experimental informatio
we have obtained to date ona-GaSb such modeling can b
very promising indeed.
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