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An X-ray radial atomic distribution (RDF) study of the amorphous alloy Aso,zoSeo 40Teo 40 was performed. Short-range order 

information was obtained by interpreting the RDF data using a theoretical expression which takes into account the variation of 

the atomic scattering factors with s, the scattering vector modulus. The existence of tetra- and tri-coordinated arsenic atoms, 

suggested in the literature for glassy alloys containing this element, was found to be compatible with the experimentally obtained 

structural information. A spatial atomic distribution model was generated according to these two possible coordinations for ar- 

senic, using the conveniently modified Metropolis Monte Carlo method. The model obtained exhibits tetrahedral units on arsenic 

atoms. forming a network with triangular pyramids with an arsenic atom at some vertices. A comparative analysis of the param- 

eters of this model showed good agreement with the values given in the literature for similar alloys. 

1. Introduction 

The nature, structure and properties of amor- 
phous solids have remained virtually unknown. Al- 
though some studies were done on this class of ma- 
terial in the first half of this century, glassy 

semiconductors have been the object of intense stud- 
ies in recent years, thanks to revised fundamental and 
technological interest since the sixties [ 11. Among 

the glassy semiconductors, chalcogenides are of im- 
portance from a technological point of view, due to 
their electrical behaviour. They exhibit switching and 
memory effects [ 21, as well as photostructural 

changes and optical memory [ 3 1, among other dif- 
ferential properties. These materials lack long-range 
order in their structure, although they do exhibit 
short-range order in their bonds with first neigh- 
bours, up to a few atomic diameters. The lack of 
structural periodicity in glassy solids implies a meta- 

stable state of greater energy than that of the cor- 
responding crystalline material, a fact which justifies 
glass-crystal phase transitions that can be related to 
the observed electrical and optical properties. It is 
well known that the temperature at which this tran- 
sition takes place is proportional to the average co- 

ordination of the material [4] and this is of impor- 

tance to the understanding of local order, as well as 
other macroscopic properties, which are largely de- 

termined by the short-range structure present in all 
glassy materials. 

This work analyzes the local order of the semi- 

conducting glassy alloy As, z$eO.,,Te,,,, from data 
obtained from the radial distribution function 
(RDF) determined from X-ray diffraction intensi- 
ties. The experimental value of the area under the 
first RDF peak was compared to the one obtained 
theoretically [ 5,6] as a coordination function of the 
arsenic and taking into account that the functions 

depend on the scattering angle [ 71 and cannot al- 
ways be approximated by a constant value Z,Z,/ 
(x,x,Z,)*. Based on the abovementioned analysis and 
on the geometrical restrictions imposed by the ex- 
perimental RDF, a spatial atomic distribution model 
was generated, using the Metropolis Monte Carlo 
random method. An analysis of the main parameters 
of the model (coordinations, bond lengths and an- 
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gles) shows good agreement with the values quoted 
in the literature for similar alloys. 

2. Experimental procedure 

The bulk samples of the glassy alloy 

As,,$eo.40Te0.,0 were prepared from commercial 

99.999% pure As, Se and Te, as described in ref. [ 8 1. 
The density of the material was determined from 

pieces of adequate size, using a pycnometric method 
at a constant temperature. The average value ob- 

tained from the series of measurements carried out 
was 5.2 1 g cme3, with a reIative error of less than 3%. 

Part of the alloy was pulverized to a particle size 
of less than 40 pm, and pressed into 20 x 20 x 1 mm3 
bricks. The absence of crystalline peaks was checked 
by X-ray diffraction, confirming the glassy nature of 
the solid. The intensities of the radiation diffracted 
by the sample were measured in an automatic Sie- 

mens D500 powder diffractometer, equipped with a 
bent graphite monochromator and a scintillation de- 
tector. MO Ka radiation was used (1-0.7 1069 A). 

Four series of measurements were done in the 
5 ’ 5 81110” range, two for increasing and two for 
decreasing scattering angles, using an angular inter- 

val of 0.2” in the 5-70” scan and of 0.5” in the 70- 
1 10’ scan. These measurements were done fixing the 
number of counts at 4000, and digitally registering 

the time it took to detect them. The average value of 
the four measurements was taken as the radiation in- 

tensity at each observation point. 

3. Obtaining the radial distribution function. Local 
order hypotheses 

The observed intensities were corrected, as usual, 
for background, polarization, absorption and mul- 
tiple scattering [ 9 1, in order to eliminate the portion 
of radiation which does not carry structural infor- 
mation. The correction of incoherent intensities and 
the determination of the interference function make 
it necessary to express the experimental intensities in 
electronic units (eu), as the atomic factors and 
Compton intensities are tabulated in these units. The 
normalization to electronic units was done using the 
high angle technique [ 9 1, and the normalized inten- 
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sities were corrected for the Compton component, 
obtaining the spectrum of coherent intensities I,,(s) 

used to determine the interference function 

F(s)=si(s)=sl”“(S)-C,x,f:(S) 
fCiXif;(S) I* ’ 

(1) 

where Xi and f;(s) are the atomic fraction and the 
scattering atomic factor of element i in the alloy. The 

function F(s) was extended up to smax= 30 A-‘, 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 method de- 
scribed by D’Anjou and Sanz [ lo], based on the one 

proposed by Shevchik [ 111. A Fourier transforma- 
tion was applied to the extended interference func- 
tion, obtaining the radial distribution function 

4m-2p(r)=4nr2po+rG(r), (2) 

where pa is the average experimentally measured 
density of the material, p(r) represents the local 

atomic density affected by the Fourier transforma- 
tion of products I?,( s ) , and the function G(Y) is given 

by 
SrnU 

G(r)=; 
s 

F(s) sin sr ds . (3) 
0 

The experimental RDF, shown in fig. 1, supplied the 
stt uctural information shown in table 1. The general 
characteristics exhibited by the RDF of glassy alloy 
Aso20Seo.~oTeo.so (As= I, Se=2, Te= 3) are very 
similar to those found in the analysis of the radial 

dist~bution of amo~hous alloys belon~ng to the As- 
Se and As-Te systems [ 12,13 1. The interval defined 
by the first RDF peak, corresponding to the dis- 
tances 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 en- 
closed under the first RDF peak, as it represents the 
average coordination number of the material. Bear- 
ing in mind the physical meaning of this area, and 
the fact that the products R&s) are functions of the 
scattering angle, Vazquez and Sanz [ 71, following 
the method described by Warren 191, deduced that 
the area under the first RDF peak is related to cer- 
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Fig. 1. Radial distribution function. 

Table I 
RDF characteristics 

maximum 

position (A) 
limits (.A) 

averaged angle (deg ) 
area (atoms) 

eiT0r 

_. 

1 2 

2.60 3.95 

2.20-2.95 3.20-4.45 

98.86 

2.21 6.92 

kO.1 kO.2 

tain structural parameters, the relative coordination 

numbers n,,, through the expression 
h 

area=izx,: 
s rP,,(r) dr > (4) 
Cl 

where T,, is the average distance between an i-type 
atom and a j-type atom, a and b are the limits of the 
first RDF peak, and P,,(r) is a function defined by 

P,,(r)= ; JR,,(s) cos[s(r-v,)] ds, (5) 
0 

where s, is the upper limit of the measurement. 
The structural information obtained by analyzing 

the experimental RDF, together with the physical- 
chemical properties of the alloys 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 co- 

ordination numbers and, therefore, in the number of 
chemical bonds between the different pairs of ele- 

ments in the material, have made it possible for 

Vazquez et al. [6] to deduce the following relation 
from eq. (4): 

c A,,- C ,4,, a,, . >I (6) I=,* I i.,+ I 
If, 

where h, a, j3, y and 6 are parameters which depend 
on the alloy and on the coordination hypotheses, N 
is the coordination attributed to a certain element in 
the material, P is a parameter worth 2 when, in vari- 

able a,, i=j, and - 1 if i#j, and A,, is determined by 
h 

I_ 

A,,= f rP,,(r) dr. s 
” (I 

(7) 

This work evaluates parameters A,, by adjusting 
functions R,,(s) by the corresponding straight 
regression lines, thus obtaining the values shown in 

table 2, which were calculated through the method 
described by Vazquez and Sanz [ 7 1. 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 As atoms in this alloy, the characteristic param- 
eter of the alloy h = 24.27 15, and those depending on 

Table 2 

Bond lengths and A,, parameters 

Pair YI, (A ) Ref. A ,; 

1-I 2.49 I141 0.9 120 
l-2 2.38 1151 I .0675 

l-3 2.62 [I61 I .7294 

2-2 2.34 [I51 1.1425 

2-3 2.54 [I51 I .5079 

3-3 2.7 I [lOI 2.9329 

363 



Volume 10, number 7,s MATERIALS LETTERS January 1991 

Table 3 
Theoretical results obtained for the coordination hypotheses of the arsenic atom 

N Coordination numbers Variation intervals for parameter as3 Intersection 
n,,, i,jZ 1 of intervals 

defined by the defined by limits 
n, parameters of error of the 

experimental area 

3 n*z=0.05a~, OIa3,<28 8.19<a,,<23 8.19<~,,~23 
n*,=1.4-o.o5a,3 

4 nz2 = 0.05a3, Oi;a& 19 10.961aJ,125.78 10.96Gz,I 19 
n2,=0.95-0.05@ 

the coordination hypothesis, were calculated with the 
following results [ 6 ] : 

cy=O, p=O, y=80, 6=0, for N=3 ; 

a--O, /3=0, ~~110, 6= 10, forN=4. 

From these data, the tabulated A,, and using eq. (6), 
the following expressions were obtained: 

area= 1.9995+0.0135~~~, forN=3 ; 

area= 1.9620+0.0135~~~, for N=4 (8) 

and used for postulating the short-range order of the 
alloy. These relations may be observed to be func- 
tions of the number of Te-Te bonds, u33, a fact which 

makes it possible to limit the variability field of the 
theoretical area. 

In order to generate a local order model of the al- 
loy Aso.zoSe0,40Te0.~o, it is necessary to establish the 
average coordinations of its constituent elements, 
which implies attributing a certain coordination to 
the arsenic. This is a relatively complicated ques- 
tion, as there is not just one coordination hypothesis 
in the literature for this element in other com- 

pounds. Whereas some authors [ 17,181 propose te- 
trahedral coordination for arsenic or similar ele- 
ments in binary and ternary alloys with chalcogens, 
others [ 19,201 attribute three-coordination to the 
arsenic in these types of compounds, so both hy- 
potheses must be considered. 

Bearing in mind that relationship (8) for each 
value of N varies linearly with the number of Te-Te 
bonds, and that the relative coordination numbers 
nz2 and ~23 also depend on N, it is possible to obtain, 
according to the literature [ 2 1 ] , an adequate coor- 
dination for arsenic, by determining the variation in- 
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terval for a33 in which the relative coordination 

numbers are positive and, at the same time, the the- 
oretically obtained area within the margin of error of 
the experimental area. Table 3 shows the expressions 
for n,-, i, j# 1, as functions of u33 for the tetra- and 
tri-coordinated arsenic hypotheses, as well as the 
variation intervals for the number of Te-Te bonds 

defined by the positive nature of the n,l and by the 
margin of error of 20.1 atoms in the experimental 
area, together with the intersection of these intervals. 

In order to illustrate our calculations, fig. 2 shows 

the theoretically calculated areas versus the number 
of Te-Te bonds for the two valid As coordination 

hypotheses in AsO.zoSe,-,.~oTe,.,,. This figure shows the 
variation intervals of uj3 in which the theoretical 

areas are simultaneously compatible with the exper- 
imental area and with the corresponding coordina- 

tion numbers. 
An analysis of the interval intersections leads to 

the conclusion that in this alloy, the tetra- and tri- 

coordinated arsenic hypotheses are compatible with 
the structural information obtained from the exper- 

imental data. Therefore, the most probable short- 
range order may be a network of tetrahedral units 
centered on arsenic atoms, coexisting with others in 
which this element occupies one of the vertices of 
triangular pyramids, while the rest are taken by any 
of the other kinds of atoms which make up the 

material. 

4. Generation and analysis of the spatial atomic 
dis~ibution model 

One’s main object, when determining the struc- 
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Fig. 2. Areas of first peak plotted against number of Te-Te bonds. 

ture of glassy solids, is to build spatial atomic dis- 
tribution models which verify the experimentally ob- 
tained structural information and, at the same time, 

agree with the physical-chemical properties of the 
materials. The Metropolis Monte Carlo method 
seems to be the most adequate for describing the 

short-range order of a glassy material obtained by 
quenching. 

The process used for building the model. de- 
scribed at length by VBzquez et al. [22], comprises 

two stages: generating the initial configuration and 
refining it. During the first stage, 200 positions were 
semi-randomly created in the volume limited by a 10 
A radius spherical surface, in which, according to the 
experimental density, 135 atoms were to be located, 
as follows: 27 As atoms, 54 Se atoms and 54 Te at- 
oms. This number of atoms is large enough to sta- 
tistically represent the material, and small enough 
not to require too much calculating time. The gen- 
erated positions meet the following requirements 
imposed by the information supplied by the exper- 
imental RDF: 

( i ) The distance between two first neighbours must 
be wjthin the interval defined by the first RDF peak. 

(ii) The bond angle must be within the 66-180” 
range obtained, according to the literature [ 23 1, from 

the extreme radii of the first two coordination 
spheres. 

(iii) The number of atoms of each kind in the first 
coordination sphere, which is given as a maximum 
acceptable coordination for each one of them. In the 
case of the alloy AsO,zoSeO.~oTeO.~o, bearing in mind 
the postulated local order, a maximum coordination 
of four was considered for the arsenic, allowing it to 
evolve to three-coordination. 

The positions obtained were reduced to a number 
equal to the number of atoms compatibIe with the 

experimental density by eliminating those with low- 
est coordination; the different kinds of atom were 
semi-randomly assigned to the corresponding posi- 
tions. The reduced RDF of the initial configuration, 
rGmod( r), was determined, simulating a diffraction 
process in the configuration. This’function was com- 
pared to the YG,,~(T) multiplied by the expression 
proposed by Mason [24] and the iwo RDFs were 
compared by mean-square deviation, t2, used as a 
criterion for deciding on the validity of the generated 
~on~guration. 
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The second stage in the building of the model IS 

the refining stage, which was done using the Me- 

tropolis Monte Carlo method [ 25 ] and consisted of 

modifying the initial position of a randomly chosen 

atom, by movements of arbitrary amplitude, P, and 

in random directions. These movements must meet 

all the conditions imposed by the experimental RDF, 

plus the additional restriction of only breaking one 

bond, at the most, in each arsenic atom, in order to 

keep the coordinations which were predicted for this 

element when the local order of the alloy was pos- 

tulated. During the position refining process, the 

model evolved as shown in table 4, in which the 

mean-square deviation refers to the last movement 

in each interval. The position refining process was 

considered finished when the number of rejected 

movements was too large, and the mean-square de- 

viation did not considerably improve. Fig. 3 shows 

the reduced RDF of the model and the experimental 

Table 4 

Position refining process 

P(A) Movement 

intervals 

Squared 

deviation (A) 

0.5 l-240 0.0257 

0.3 241-279 0.0170 

0.1 280-335 0.0122 

RDF after refining the positions and the thermal fac- 
tors of the alloy under study. 

Fig. 4 shows a spatial representation of the gen- 

erated atomic configuration, in which one may ob- 
serve tetrahedrons centred on arsenic atoms, and tri- 

angular pyramids with this element in one of their 
vertices. Both structural units are interlinked, form- 

ing a network which constitutes the possible struc- 
ture of the alloy. 

Dangling bonds are observed in this spatial dis- 
tribution, as is frequent in amorphous materials. 

Many of these dangling bonds belong to atoms which 
are less than a first neighbour’s distance away from 

the surface of the sphere, and may be saturated with 
atoms situated outside it. In the case of elements with 

two or more dangling bonds, they may be due to the 
finite size of the model, when the atom in question 
is less than 1.1 A away from the surface limiting the 

configuration. This possibility takes into account both 
the distance between first neighbours and the aver- 

age bond angle. Thirty percent of the dangling bonds 
observed in the model belong to atoms which are not 
in a position allowing them to be saturated with pos- 

sible external neighbours. However, the existence of 
dangling bonds is a consequence inherent to the 
preparation of chalcogenide glasses. 

One way of estimating the concordance between 

the generated atomic configuration and the actual 
structure of the alloy under study, is by analyzing the 

I - Expwimontal 
---__ _ - -1 

-4.0 ’ 1 4 I 

r(A) 

6 8 10 I 

Fig. 3. Representation of model and experimental RDFs. 
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Fig. 4. Spatial representation of the modei of alloy ASO zoSeo.40Teo.40. 

structural parameters (bond lengths and angles) ob- 
tained from the model, and relating their values to 

those quoted in the literature for similar compounds. 
Table 5 shows the average bond lengths between the 

different pairs of elements. The values calculated for 
the bond lengths may be observed to agree very ac- 
ceptably with the bibliographical data. 

Another interesting parameter which supplies in- 
formation on the true structure of a glassy solid is the 

average bond angle between eath element and two of 
its first neighbours. The average values of these an- 
gles are therefore usually compared to those given in 
the literature. Table 6 shows these values for the 
model, together with those quoted in the literature 
for similar alloys. All the calculated values can be 
considered acceptable, bearing in mind that a dis- 
tortion of the bond angle is typical of glassy mate- 
rials and that, in the most unfavourable case, the dif- 
ference between the bond angles in the model and 

the values quoted in the literature was less than 2.2%. 

Table 5 
.Averaged bonding distances (A ) 

Bond Material ( d, > Ref. 

As-As .As0 20% aOTeo 4O 2.59 a) 
Aso &eo soTen 2O 1.59 1161 
AS,& 1.59 1271 

A-Se AsO &% 40Teo 40 1.53 a) 
A% &eO.soT% 10 2.52 1261 
As0 .&e0.23Tc0 30 7.55 I81 

.A-Te As0 zOSe0.40Tceo.40 2.55 a) 
.Aso.z&o.soTeo 10 2.55 LZ61 
sum of covalent radii 2.58 iI51 

Se-Se .As0.20Seo.aoTe0 4O 2.47 a) 
.+h2&eo 7 soTeo 3. 2.47 1261 
.As, .&0 loTc0.4i 2.44 [‘81 

Se-Te Iso zoSeo 40Teeo 4O 1.56 a) 
ASO &% zOTeo.30 2.55 [81 
4% &% 10TeO 45 2.58 [zsl 

Te-Te ASO r&o 4~T~~.4~ 2.6 I a) 
GeO i4A%j sJTeO G 2.62 [231 
Ai0 z3Te0 77 2.62 I291 

a) This work. 
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Table 6 

Averaged bonding angles (deg) 

Type (a> Material Ref. 

As 110.2 AsO.&O.+,TeO 40 a) 
109.9 As0.&ea.3eTea.,a 181 
109.5 Aso.zoSeo.soTeo.so [261 

Se 108.7 AsO.zoSeO.~oTeO.10 a) 
107.7 Asu.asScO. 10Te0.45 1281 
106.7 Asa.&e.saTea 30 [81 
107.5 Se glass [301 

Te 109.3 As0.-&o.40Teo.40 a) 
107.0 A%.&a.raTea.45 [281 
102.0-109.5 Te Ge glass [311 

” This work. 

5. Conclusions 

According to the radial atomic distribution func- 

tion of the alloy studied, obtained from X-ray dif- 
fraction data and by analyzing the arsenic coordi- 
nation hypotheses quoted in the literature, both 
tetrahedral and tri-coordinated arsenic were found 
to be possible in this alloy, as they correctly explain 

the experimentally determined average number of 
first neighbours. 

By using the most approximate expression of the 
area under the first RDF peak, a number of Te-Te 
bonds was found for each of the arsenic’s coordi- 
nations such that, while keeping coordination num- 

bers nzz and n23 positive, the theoretical area is within 
the margin of error of the experimental area. 

Considering the tetrahedral arsenic hypothesis, a 
spatial atomic distribution model of the alloy was 
built, using the Metropolis Monte Carlo random 

method, allowing the arsenic atoms to evolve to three- 
coordination, and bearing in mind the geometrical 

conditions deduced from the experimental radial 

distribution function. 
According to the analysis of the model, the struc- 

ture of the material may be described as a three-di- 
mensional network of covalent bonds, arranged te- 
trahedrally around arsenic atoms, or else as triangular 
pyramids with atoms of this element in one of their 
vertices. Both basic structural units may be joined 
together either directly (by one atom linked to more 
than one arsenic atom), or by chains of Se and Te 
atoms. 
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