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Abstract

Ž .The radial distribution function RDF of the semiconducting glassy alloy Sb As Se was obtained by X-ray0.05 0.45 0.50

diffraction. Once the hypotheses on the local order of the alloy had been formulated, the RDF analysis made it possible to
evaluate them, referring specifically to the coordination of the antimony. On this basis, and using the semi-random Monte
Carlo method, a structural model was generated whose calculated RDF would agree with the experimental RDF. From this
model, structural parameters, such as atomic distances and bond angles between the different possible pairs of atoms were
deduced and are proposed as a good statistical description of the glass under study. q 1998 Elsevier Science B.V. All rights
reserved.
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1. Introduction

In the last decades, liquid and amorphous semi-
conductors have been the subject of intense study
prompted by fundamental and technological interest
w x1 . Despite substantial progress, one of the basic
problems remains—a quantitative characterization of

w xthe atomic disorder 2 . Experimentally, the presence
of disorder means that one can measure only aver-
aged properties and an accurate determination of the
individual atomic coordinates is impossible. Theoret-
ically, non-crystalline semiconductors are particu-
larly difficult to model, since the interatomic interac-

) Corresponding author.

Ž .tions that are responsible for short-range order SRO ,
depend strongly on atomic and chemical environ-
ment. This is crucial in understanding impurity in-
corporation and alloying, but, even in the case of
pure elemental systems, the atomic environment may
change dramatically from one disordered form to
another.

Chalcogenide glasses with polyvalent elements
exhibit properties which are the result of the forma-
tion of three-dimensional structural units. These
polyvalent atoms, which stabilize the chalcogenide
structures, are preferably arsenic and germanium,
which form space units with the chalcogen elements,
break their characteristic complex structural forma-
tions and contribute to the establishment of more
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homogeneous structures for the glassy alloys belong-
ing to this type of system, a fact which explains
some of their properties.

This work analyses the local order of the semi-
conducting glassy alloy Sb As Se from the0.05 0.45 0.50

Ž .radial distribution function RDF determined through
X-ray diffraction. The experimental value of the area
under the first RDF peak was compared to that

w xobtained theoretically 3–5 as a function of the
coordination number of antimony and taking into
account that the products of the atomic scattering

Ž . Ž . Ž . w Ž .x2factors R s s f s f s r Ý x f s , depend oni j i j i i
w xthe scattering angle 6 and cannot always be approx-

Ž .2imated by a constant value Z Z r Ý x Z . Based oni j i i

the above analysis and on the geometrical restric-
tions imposed by the experimental RDF, a spatial
atomic distribution model was generated, using the
Monte Carlo random method. An analysis of the

Žmain parameters of the model coordinations, bond
.lengths and angles shows good agreement with the

values quoted in the literature for similar alloys.

2. Manufacturing the alloy and preparing the
samples for measurement

The alloy to be studied was prepared in bulk,
Ž .from its highly pure 99.999% constituent elements,

which were mixed homogeneously in adequate pro-
portions, after being pulverized in an agate mortar to
grains less than 64 mm in diameter. The powder
obtained was introduced into a quartz ampoule, and
submitted for 2 days to an alternating He filling and
emptying process, in order to ensure the absence of
oxygen inside the ampoule. After the last emptying

y4 Ž y2 y2 .in which a value of 10 Torr 10 N m was
reached, the capsule was sealed with an oxyacetylene
burner, and put into a furnace at 9508C for 24 h,
submitted to a longitudinal rotation of 1r3 rpm in
order to ensure the homogeneity of the molten mate-
rial. It was then immersed in a receptacle containing
water, in order to solidify the material quickly, at an
estimated quench rate of 102 K s y1, avoiding the
crystallization of the compound. The ampoule was
attacked with hydrofluoridic acid until the quartz
walls were weak enough to be broken with a slight
pressure without affecting the material inside, a bright
grey cylindrical ingot was thus obtained, which pre-

sented a large concoidal fracture, typical of amor-
phous materials. The obtained product later proved
to be fragile, thus endorsing the method used to
extract the sample from the ampoule. If the hammer-
and-anvil method, widely used for more resistant
alloys, had been used, it would have been impossible
to extract the material intact, or even pieces large
enough to carry out trustworthy measurements of its
density or to make suitable bricks for doing electrical
measurements.

Although the material was relatively fragile, a
little piece of the alloy was carefully cut, using a
diamond saw, without breaking the rest of the ingot,
in order to measure its density using a pycnometric
method, a value of 4.6"0.1 g cmy3 was obtained,

Žwhich is slightly under the theoretical value 5.3 g
y3 .cm calculated for the alloy from its composition,

this difference is justified by the manufacturing
method, which favours the formation of microcavi-
ties inside the material. The dimensions of the cavi-
ties observed by electron microscopy range from
0.15 mm to 0.25 mm. Another piece of the ingot was
reduced to powder and sifted to grains under 64 mm
in diameter, and a 20=20=1 mm3 brick was made,
using a hydraulic press which compressed the mate-
rial for 10 h, progressively, up to 105 N cmy2 . This
brick was treated with MoK radiation in an auto-a

matic Siemens D-500 X-ray diffractometer, in a scan
at a constant angular rate, in order to confirm the
amorphous nature of the material. The intensities of
the radiation diffracted by the sample were obtained
through four series of measurements carried out in
the 68F2uF1108 range, two for increasing and two
for decreasing scattering angles, using an angular
interval of 0.28 in the 6–708 scan and of 0.58 in the
70–1108 scan. These measurements were done fixing
the number of counts at 4000, and digitally register-
ing the time it took to detect them. The average
value of the four measurements was taken as the
radiation intensity at each observation point.

3. Obtaining the radial distribution function. Lo-
cal order hypothesis

The observed intensities were corrected, as usual,
for background, polarization, absorption and multiple

w xscattering 7 , in order to eliminate the portion of
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radiation which does not carry structural information.
The correction of incoherent intensities and the de-
termination of the interference function make it nec-
essary to express the experimental intensities in elec-

Ž .tron units e.u. , as the atomic factors and Compton
intensities are tabulated in these units. The normal-
ization to electron units was done using the high

w xangle technique 7 , and the normalized intensities
were corrected for the Compton component, obtain-

Ž .ing the spectrum of coherent intensities I s usede.u.

to determine the interference function

2I s y x f sŽ . Ž .Ýe.u . i i
iF s ssP i s ss 1Ž . Ž . Ž .2

x f sŽ .Ý i i
i

Ž .where x and f s are the atomic fraction and thei i

scattering atomic factor of element i in the alloy.
Ž .The function F s was extended up to s s30max

˚ y1A , in order to avoid the spurious oscillations
which appear in the RDF when small values of r are
considered, due to the lack of experimental data for
high values of s. The extension was done using the

w xmethod described by d’Anjou and Sanz 8 , based on
w xthe one proposed by Shevchik 9 . A Fourier trans-

formation was applied to the extended interference
function, obtaining the radial distribution function

4p r 2r r s4p r 2r qrG r 2Ž . Ž . Ž .o

where r is the average experimentally measuredo
Ž .density of the material, r r represents the local

atomic density affected by the Fourier transformation
Ž . Ž .of products R s , and the function G r is giveni j

by

2 Smax
G r s F s sin sr d s 3Ž . Ž . Ž . Ž .H

p 0

The experimental RDF, shown in Fig. 1, supplied
the structural information given in Table 1. The
interval defined by the first RDF peak, correspond-
ing to the distances between first neighbours, is such
that bonds are possible between all pairs of elements
in the material.

A parameter of great interest, when postulating
short-range models of a glassy solid, is the area
enclosed under the first RDF peak, as it represents

Fig. 1. Radial distribution function.

the average coordination number of the material.
Bearing in mind the physical meaning of this area,

Ž .and the fact that the products R s are functions ofi j
w xthe scattering angle, Vazquez and Sanz 6 , following´

w xthe method described by Warren 7 , deduced that
the area under the first RDF peak is related to certain
structural parameters, the relative coordination num-
bers n , through the expressioni j

2 n bi j
Areas x rP r d r 4Ž . Ž .Ý Ý Hi i j

p r ai ji j

where r is the average distance between an i-typei j

atom and a j-type atom, a and b are the limits of the
Ž .first RDF peak, and P r is a function defined byi j

s1 m

P r s R s cos s ryr d s 5Ž . Ž . Ž . Ž .Hi j i j i j2 0

where s is the upper limit of the measurement.m

The structural information obtained by analyzing
the experimental RDF, together with the physical–
chemical properties of the alloy and of their con-
stituent elements, make it possible to postulate the
nature of the local order of the glassy materials.
These hypotheses, which are reflected in the relative
coordination numbers and, therefore, in the number
of chemical bonds, a , between the different pairs ofi j

elements in the material, have made it possible for
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Table 1
RDF characteristics

Maximum

1 2

˚Ž .Position A 2.45 3.75
˚Ž .Limits A 2.05–2.90 3.05–4.35

Ž .Averaged angle deg. 99.8
Ž .Area atoms 2.57 7.23

Error "0.1 "0.2

w xVazquez el al. 5 to deduce the following relation´
Ž .from Eq. 4 :

1
Areas hqb A yd Q Nqa A qg QŽ .22 2250p

qP A y A a 6Ž .Ý Ýi j i j i jž /
isj/1 ij/1, i/j

w xwhere h, a , b , g and d 5 are parameters that
depend on the alloy and on the coordination hy-
potheses, N is the coordination attributed to a certain
element in the material, P is a parameter equal to 2
when, in the variable a , is j and equal to y1 ifi j

i/ j, and A is determined by:i j

1 b
A s rP r d r 7Ž . Ž .Hi j i jr ai j

being

Qsd A q 1yd AŽ .Ý Ýi j i j i j i j
isj/1ij/1

i/j

Ž .d sKronecker’s delta .i j

This work evaluates parameters A by adjustingi j
Ž .functions R s by the corresponding straight re-i j

gression lines thus obtaining the values shown in
Table 2, which were calculated through the method

w xdescribed by Vazquez and Sanz 6 . The distances´
between the different pairs used are also shown in
Table 2, together with the corresponding references.

In order to express the area under the first RDF
peak as a function of the coordination, N, assigned
to the antimony atoms in this alloy, the characteristic

Ž .parameters hs16.5447, Qs2.9808 where calcu-
w xlated according to literature 5 . The generation of

local order models of the alloy Sb As Se0.05 0.45 0.50

involves the establishment of the average coordina-
tions of its constituent elements, which implies at-
tributing a certain coordination to the antimony. This
element may be three-fold-coordinated in the alloy
under study, according to the behaviour proposed for

w xthe considered element in the literature 12,13 . In
this case, the parameters, which depend on the coor-

Ž .dination hypotheses as35, bs0, gs100, ds0
w xwhere obtained 5 . From these data, the tabulated
Ž .A and using Eq. 6 , the following expression wasi j

obtained.

Areas2.5251q10y4a 8Ž .33

and used for postulating the short-range order of the
alloy. This relation may be observed to be function
of the number of Se–Se bonds, a . In addition, the33

Ž .relative coordinations n , i, j, /1 were deter-i j
w xmined according to the number of Se–Se bonds 5 ,

resulting in the following expressions:

n s 35.75q2 a r45Ž .22 33

n s 92.5y2 a r45Ž .23 33

which also depend of the quantity a .33

The theoretically calculated relative coordinations
n and n must obviously be positive, a fact which22 23

restricts the number of Se–Se bonds present in the
alloy for the formulated coordination hypothesis. In
the case Sb three-coordinated, the interval of values
in which a may oscillate is 0Fa F46.25. On33 33

the other hand, the theoretical area consequently
Ž .deduced through the formulated hypothesis, Eq. 8 ,

must be compatible with the experimental value of
the abovementioned area of the first RDF peak,
considering the estimated margin of error. This co-
herence implies a second restriction in the acceptable
values of a . In the present case, the experimental33

area was obtained as 2.57"0.1 atoms.

Table 2
Bond lengths and A parametersi j

˚Ž .Pair r A Reference Ai j i j

w xSb–Sb 2.80 10 3.3369
w xSb–As 2.60 10 2.4130
w xSb–Se 2.56 10 2.3909
w xAs–As 2.49 11 1.3980
w xAs–Se 2.38 10 1.4904
w xSe–Se 2.34 10 1.5924
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Fig. 2. Theoretical area of the first RDF peak vs. the number of
Se–Se bonds for the glassy alloy Sb As Se .0.05 0.45 0.50

The superposition of both restrictive conditions
for a finally leads to the conclusion that the varia-33

tion interval for the number of Se–Se bonds, in
three-coordination hypothesis for the element Sb is

w xprecisely, 0–46.25 .
In order to illustrate our calculations, Fig. 2 shows

the theoretically calculated area vs. the number of
Se–Se bonds for the antimony coordination hypothe-
sis in glassy alloy Sb As Se . This figure0.05 0.45 0.50

shows the variation interval of a in which the33

theoretical area is simultaneously compatible with
the experimental area and with the corresponding
coordination numbers.

An analysis of the variation interval leads to the
conclusion that in this alloy, the three-coordinated
antimony hypothesis is compatible with the struc-
tural information obtained from the experimental
data. Therefore, the most probable short-range order
may be described as a three-dimensional network of
covalent bonds, arranged three-fold-coordinated
around antimony and arsenic atoms.

4. Structural model

There are several random methods for generating
w xstructural models of glassy materials 14–17 , whose

results depend on the manufacturing process used. In

w xthis work, a Monte Carlo method 18,19 , described
w xat length by Vazquez et al. 20 , based on a random´

statistical process, was used, as it has proven to be
the most suitable for glasses obtained by quenching
liquids.

An initial model is taken as a starting point a
spherical volume inside which the corresponding
number of atoms, derived from the experimental
density measured for the sample, are placed. The
positions of these atoms are totally random, apart
from the restrictions deduced from the experimental
RDF analysis, such as the number of atoms in the
first coordination sphere, the bond angle between the
atoms, or the probability of bonds forming which are
compatible with the formulated hypotheses, for the
different elements in the alloy. Once the initial con-
figuration is thus obtained, it is possible to calculate
its RDF, taking an arbitrary atom as reference, mea-
suring the number of atoms of each king at predeter-
mined distances from the first, and repeating the
process until all the atoms present in the adopted
volume have been taken as a reference. In this way,
a distance distribution function is obtained, in which
the atoms occupy stationary positions, which is in-
correct, as the atoms vibrate around such positions.
In order to consider this fact, each averaged distance
was substituted by a Gaussian distance distribution.

On the other hand, the RDF thus calculated corre-
sponds to a spherical sample, whereas the experi-
mental RDF was obtained by irradiating a flat sam-
ple. In order to make both functions converge, the
experimental RDF was modified as proposed by

w xMason 21 , making both RDFs comparable.
The RDF calculated for the initial model will

obviously not satisfactorily approach the experimen-
tal RDF, so we proceeded to the model refining
process, which basically consists of eliciting a posi-
tional variation in a given module, in a randomly
chosen direction and a randomly chosen atom. The
new position is accepted if, respecting the restric-
tions imposed in the initial configuration, derived
from the RDF analysis, the new calculated RDF
improves its approximation to the experimental RDF,
for example through an evaluation of the mean square
deviation between them. The displacement module is
determined by taking into account its physical mean-
ing, and it is modified throughout the refining pro-
cess when, for a given value, the mean square devia-
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Ž .Fig. 3. Representation of experimental and calcu-
Ž .lated - - - reduced RDFs.

tion between the two RDFs does not noticeably
diminish.

The structural model obtained after the refining
process supposes, in any case, a static atomic distri-
bution, and the positions found for the atoms after
refining must be considered as average positions
around which the corresponding atoms oscillate in
amplitudes depending on temperature. The thermal
agitation effect is taken into account, according to
the Debye–Waller model, including the thermal fac-
tor in the intensity in electron units.

For the alloy Sb As Se , 200 positions0.05 0.45 0.50
˚were generated, included in a 10 A radius spherical

volume, then eliminating the positions with the low-
est coordination, leaving the exact number of atoms
of each element, compatible with the formulated
hypotheses. The elements Sb and As were assigned
coordination three, and Se was assigned coordination
two.

The model refining process was begun with
˚movements of 0.5 A and after 258 valid movements,

the square deviation between the RDF of the model
and the experimental RDF was 0.0423; the move-

˚ments were then reduced to an amplitude of 0.3 A.
After 103 movements, the square deviation was
0.0317, and practically constant in the last 10, so it
was decided to reduce the atomic movements to 0.1
Å. Once 98 movements were done, the square devia-
tion was 0.0172, and the time used to find a valid
movement was very long, so it was decided to go on
to refining the thermal factors, after which the square
deviation was reduced to 0.0170.

Fig. 3 shows the experimental and model-reduced
radial distribution function, and Table 3 shows the
initial atomic configuration and the final configura-
tion of the generated model.

Fig. 4 shows a spatial view of the proposed
model, from which the bond distances between the
different atoms were deduced as shown in Table 4,
as well as the average bond angles for each element
in the alloy, as shown in Table 5.

It is important to note that, as is typical of the
glass manufacturing methods, obvious dangling
bonds appear in the proposed model. This fact re-
veals the presence of atoms with unsaturated bonds,
and which can be partly explained by the finite

Table 3
Initial and final atomic configuration of the generated model

Element Coordination Number of atoms

Initial configuration Final configuration Total

Sb 3 7 7 7
As 3 66 39 66

2 0 19
1 0 7
0 0 1

Se 3 0 4 74
2 74 51
1 0 17
0 0 2
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Fig. 4. Spatial representation of the model of glassy alloy Sb As Se .0.05 0.45 0.50

nature of the model. In this case, 65% of unsaturated
˚atoms are less than 2 A away from the spherical

surface, and cannot therefore be considered infraco-
ordinated, as they can bond with external atoms.

Table 4
˚Ž .Averaged bonding distances A

Pair Bond length

This work Literature

w xSb–Sb 2.72 2.80 10
w xSb–As 2.53 2.60 10
w xSb–Se 2.48 2.56 10
w xAs–As 2.45 2.47 22
w xAs–Se 2.44 2.42 23
w xSe–Se 2.45 2.43 24

As to the bond distances deduced from the model,
a good agreement is observed with those quoted in
the literature for the same atomic pairs, in alloys
similar to the one under study, as reported in
Table 4.

Table 5
Ž .Averaged bonding angles degrees

Element Bond angle

This work Literature

w xSb 110.39 111.01 25
w xAs 108.32 109.81 20
w xSe 108.20 108.82 25
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5. Conclusions

The percentage of infra-coordinated atoms which
are near the spherical surface of the model and
which may be saturated with atoms outside it, as
well as the average bond angles and the average
bond distances deduced for the different pairs of
atoms, in relation to the values quoted for them in
the literature, in analogous glassy alloys, allow us to
state that the generated model is a good statistical
representation of the analyzed sample, thus confirm-
ing the validity of the Monte Carlo method for the
generation of atomic structure models in alloys of
chalcogenide glasses.

According to the radial atomic distribution func-
tion of the alloy studied, obtained from X-ray
diffraction data, and with the consideration of three-
coordinated antimony, quoted in the literature, it was
possible to correctly explain the average number of
first neighbours experimentally determined for the
compound in question.

By using the most approximate expression of the
area under the first RDF peak, it was possible to find
a number of Se–Se bonds for three-coordinated anti-
mony, which, while keeping the coordination num-
bers n and n positive, gives a theoretical area22 23

within the margin of error of the experimental area.
The hypothesis of three-coordinated antimony is

confirmed by the structural model obtained, in which
one may observe basic units made up of triangular
pyramids, in one of whose vertices there is an anti-
mony atom. These basic units are joined together
directly, or by lateral chains, made up of di-coordi-
nated selenium atoms.
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