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Abstract 

The radial atomic distribution was studied in the amorphous alloy Ag,,.,.,As,&3~,~~, using X-ray diffraction data of samples 
obtained by quenching of the molten material. The short-range order proposed was determined through the interpretation of the 
radial distribution function, using a theoretical expression which takes into account the variation in the atomic scattering factors 
with s (the scattering vector module), and approximating them to polynomic functions. The existence of tetra- and three- 
coordinated silver 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, using the conveniently 
modified Monte Carlo random method. The model obtained exhibits tetrahedral units on silver and arsenic atoms, forming a 
compact network. A comparative analysis of the parameters of this model showed good agreement with the values given in the 
literature for similar alloys. 

1. Introduction 

The study of the structure, properties and behaviour 

of non-crystalline solids is relatively new, although 

man has been using them since ancient times and, in 

some cases, in large quantities. Solid state and crystal- 

linity were traditionally treated as synonyms in texts 

on condensed matter, but since the sixties one of the 
most active research fields in solid state physics has 

been the study of non-crystalline materials, in which 
the atomic distribution has no trace of long-range order. 
These solids do, however, have short-range order in 

their bonds with first neighbours, up to a few atomic 
diameters, showing a characteristic spectrum in the dif- 

fraction diagram. An understanding of the spatial 
atomic distribution (and establishment of the short- 
range order structure of a material are of great interest 
when trying to explain its macroscopic properties. 

The change from the amorphous to the crystalline 

phase means a release of energy, but in order for this 

to happen an energy barrier (activation energy) must 

be overcome; when this is high enough, compared to 

the thermal agitation energy, the non-crystalline solid 

is stable and can maintain its properties at room tem- 

perature for thousands of years [ 11. In the case of 

chalcogenides with polivalent elements, stability is due 

precisely to the presence of this type of element, which 

modifies the properties because of the formation of tri- 

dimensional structural units. The polivalent atoms 

which stabilize the structures of the chalcogenides are 

mainly arsenic and germanium, as they form spatial 

units with chalcogens, breaking their complex struc- 

tural formation and contributing to the establishment 

of more homogeneous structures for the alloys belong- 

ing to this kind of system, a fact which can explain 

some of their properties. 
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This work analyzes the local order of the semicon- 
ducting glassy alloy Ag0.WAs0.38Sec,5s, from data 
obtained from the radial distribution function (RDF) 
determined from X-ray diffraction intensities. The 
experimental value of the area under the first RDF peak 
was compared to that obtained theoretically [2-4] as 
a coordination function of silver and taking into 
account that the functions Rti( s) =X( s)f( s) / 
[ C$J( s) ] 2 depend on the scattering angle [ 51 and 
cannot always be approximated by a constant value 
ZiZjl (C&Z,) 2. Based on the above analysis and on the 
geometrical restrictions imposed by the experimental 
RDF, a spatial atomic distribution model was gener- 
ated, using the Monte Carlo random method. An anal- 
ysis of the parameters of the model (coordinations, 
bond lengths and angles) shows good agreement with 
the values quoted in the literature for similar alloys. 

2. Experimental details 

The bulk samples of the glassy alloy 
Ag,.,Asc,,,Se,,,, were prepared from commercial 
99.999% pure Ag, As and Se, which were pulverized 
to a grain size of less than 40 p,m, and weighted to 
obtain 7 g of the compound. The material was homo- 
geneously mixed and put into quartz tubes which were 
submitted to an iterative process of filling and emptying 
with inert gas (He) to avoid possible oxidation of the 
samples. The capsules were sealed with an oxyacety- 
lene burner, while the residual pressure was less than 
10e3 torr. The resulting ampoules were kept at 800°C 
for 7 days in a rotary furnace, rotating at 1 I3 rpm, and 
then quenched in ice water, which supplied the neces- 
sary cooling rate for obtaining the glass. The density 
of the material was determined from pieces of adequate 
size, using a pycnometric method at a constant temper- 
ature. The average value obtained from series of meas- 
urements carried out was 4.87 g cmm3, with a relative 
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 Siemens 
DSOO powder diffractometer, equipped with a bent 
graphite monochromator and a scintillation detector. 

MO Ko radiation was used (A=0.71069 A). Four 
series of measurements were done in the 5” ~20 
Q 110” range, two for increasing and two for decreasing 
scattering angles, using an angular interval of 0.2” in 
the 5-70” scan and of 0.5” in the 70-l 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 measure- 
ments was taken as the radiation intensity at each obser- 
vation point. 

3. Obtaining the radial distribution function. 
Local order hypotheses 

The observed intensities were corrected, as usual, for 
background, polarization, absorption and multiple scat- 
tering [ 61, in order to eliminate the portion of radiation 
which does not carry structural information. The cor- 
rection 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 [ 61, and 
the normalized intensities were corrected for the Comp- 
ton component, obtaining the spectrum of coherent 
intensities Z,__(s) used to determine the interference 
function 

F(s) =si(s) =s 
zeu(s) -& xif?(s) 

[Cixi.Cf;s)12 ’ 

where Xi andJ( s) are the atomic fraction and the scat- 
tering atomic factor of element i in the alloy. The func- 
tion F(s) was extended up to s_ = 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 described by 
D’ Anjou and Sanz [ 71, based on the one proposed by 
Shevchik [ 81. A Fourier transformation was applied to 
the extended interference function, obtaining the radial 
distribution function 

4&p(r) =4nr’p,+rG(r) , (2) 

where po is the average experimentally measured den- 
sity of the material, p(r) represents the local atomic 
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Fig. 1. Radial distribution function. 

density affected by the Fourier transformation of prod- 
ucts RU( S) , and the function G( I-) is given by 

smax 

G(r) = a I F(s) sin( sr) ds . (3) 
0 

The experimental RDF, shown in Fig. 1, supplied 
the structural information shown in Table 1. The inter- 
val defined by the first RDF peak, corresponding to the 
distances between first neighbours, is such that bonds 
are possible between all pairs of elements in the mate- 
rial. 

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 the 
average coordination number of the material. Bearing 
in mind the physical meaning of this area, and the fact 
that the products Rii( S) are functions of the scattering 
angle, Vazquez and Sanz [ 51, following the method 
described by Warren [ 61, deduced that the area under 
the first RDF peak is related to certain structural para- 
meters, the relative coordination numbers nii, through 
the expression 

(4) 

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

*In 

P,(r) = i 
I 

R&s) cos[s(r-rv)] ds, (5) 
0 

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

experimental RDF, together with the physicalxhemi- 
cal properties of the alloys and of their constituent 
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 
between the different pairs of elements in the material, 
have made it possible for VSzquez et al. [ 41 to deduce 
the following relation from Eq. (4) : 

Area= -& (/I+ pAZ2 -SQ)N+cuAz, 
[ 

+ yQ+P C A,- C A, ati , ( )I i=j#l i,j# 1 

i#j 

(6) 
where h, (Y, /3, y and 6 are parameters that depend on 
the alloy and on the coordination hypotheses, N is the 
coordination attributed to a certain element in the mate- 
rial, P is a parameter equal to 2 when, in the variable 
a+ i = j and equal to - 1 if i # j, and A, is determined 
by: 

(7) 

being 

Table 1 
RDF characteristics 

Maximum 

position (A) 
limits (A) 
averaged angle (deg ) 
area (atoms) 
error 

1 2 

2.43 3.70 
2.01-2.81 2.81424 

99.16 
2.60 7.91 

*0.1 i-o.2 
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Table 2 
Bond lengths and A, parameters 

Pair rti (A) Ref. A, 

l-l 2.68 191 2.9856 
l-2 2.55 1101 2.2810 
l-3 2.50 191 2.3198 
2-2 2.49 [ill I.4144 
2-3 2.38 [91 1.5164 
3-3 2.34 191 1.5673 

Q=8, C Aii+(l-6,) c A, 
i,j#l i=j#l 

i#j 

In order to generate a local order model of the alloy 
Ag0,0QAs0,38Se,,58, it is necessary to establish the aver- 
age coordinations of its constituent elements, which 
implies attributing a certain coordination to the silver. 
This is a relatively complicated question, as there is not 
just one coordination hypothesis in the literature for 
this element in other compounds. Whereas some 
authors [ 12-141 propose tetrahedral coordination for 
silver in ternary alloys with chalcogens, others [ 15,161 
attribute three-coordination to the silver in these types 
of compounds, so both hypotheses must be considered. 

( 8, = Kronecker’ s delta). 
This work evaluates parameters A, by adjusting 

functions Rij( S) by the corresponding straight regres- 
sion lines, thus obtaining the values shown in Table 2, 
which were calculated through the method described 
by V&zquez and Sanz [ 51. 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 
silver atoms in this alloy, the characteristic parameters 
(h = 12.3 192, Q = 3.0328)) and those depending on the 
coordination hypotheses, were calculated [ 41: a = 
-1.17, p= -0.83, y=113.58, S= -2.42 for N=3 
and N = 4. From these data, the tabulated A, and using 
Eq. (6)) the following expressions were obtained: 

Area=2.5338+ 1.1 X 10-4a33, for N=3 ; 

Area=2.6511+ 1.1 X 10-4a33, for N=4, (8) 

and used for postulating the short-range order of the 
alloy. These relations may be observed to be functions 

Bearing in mind that relationship (8) for each value 
of N varies linearly with the number of Se-Se bonds, 
and that the relative coordination numbers n22 and n23 

also depend on N, it is possible to obtain, according to 
the literature [ 171, an adequate coordination of silver, 
by determining the variation interval for u33 in which 
the relative coordination numbers are positive and, at 
the same time, the theoretically 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 silver hypotheses, 
as well as variation intervals for the number of Se-Se 
bonds defined by positive nature of the nij and by the 
margin of error of + 0.1 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 
Se-Se bonds for the two valid silver coordination 
hypotheses in Ag0.04As0,38Se0,58. This figure shows the 
variation intervals of u33 in which the theoretical areas 
are simultaneously compatible with the experimental 
area and with the corresponding coordination numbers. 

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

of the number of Se-Se bonds, us3, a fact which makes 
it possible to limit the variability of the theoretical area. 

N Coordination numbers Variation intervals for parameters a33 Intersection 
nij, i, j# 1 of intervals 

defined by the defined by limits 
nt parameters of error of the 

experimental area 

3 a,=(-19/15+2+,)/38 0.63 ( a33 < 56.94 0(a3s( 1510.9 0.63 Q a33 < 56.94 
n,=(34162/300-2a,)/38 

4 nzz=( -13/10+2a,,)/38 0.65 d as3 < 56.99 0 Q a33 =G 444.55 0.65 < a33 < 56.99 
n,,=(11397/100-2~,,)/38 
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Fig. 2. Areas of the first peak plotted against the number of Se-Se 
bond. 

An analysis of the interval intersections leads to the 
conclusion that in this alloy, the tetra- and tri-coordi- 
nated silver hypotheses are 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 tetrahedrally and three-fold coordi- 
nated around silver and arsenic atoms. 

4. Generation and analysis of a structural model 

The basic aim of determining the structure of glassy 
solids is to build spatial atomic distribution models 
which verify the experimentally obtained structural 
information and, at the same time, agree with the phys- 
ical-chemical properties of the materials. This model 
was generated using a variation of the Monte Carlo 
method, similar to the procedure followed by Rechtin 
et al. [ 181 and described at length by Vazquez et al. 
[ 191, which seems to be the most adequate for describ- 
ing the short-range order of a glassy material obtained 
through quenching. The variations of this procedure 
refer to the geometrical and coordination conditions 
imposed by the experimental RDF, which imply a cer- 
tain semi-randomness in the building of the atomic 
configuration. 

The mathematical space considered suitable for gen- 
erating the possible structural model of the ahoy 

Ago.04Aso.3sSeo.ss is the volume limited by a 10 8, 
radius spherical surface, which is large enough to sta- 
tistically represent the sample, and small enough not to 
require too much calculation time. The number of 
atoms which, according to the experimental density, 
can be located in this volume is 156, distributed as 
follows: 6 silver atoms, 59 arsenic atoms and 91 sele- 
nium atoms. 

The atomic positions were generated by finding their 
Cartesian coordinates from three random numbers 
[ 191 and bearing in mind all the geometrical and coor- 
dination conditions deduced from the analysis of the 
experimental RDF, and which in this case are the fol- 
lowing: 

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

(ii) The bond angle between an atom and two of its 
first neighbours may vary between 60” and 180”, as 
may be deduced [ 201 from the extreme radii of the first 
two coordination spheres represented by the limits of 
the first two RDF peaks. 

(iii) The coordination attributed to each element 
must be such that the average coordination of the model 
agrees with the experimentally obtained coordination. 

Considering the aforementioned geometrical and 
coordination conditions, 250 positions were generated 
and reduced to 156, the number predicted from the 
experimental density, by eliminating those with the 
lowest coordination. The next step was to assign the 
atoms to their positions, placing the silver atoms in the 
positions with maximum coordination, the other ele- 
ments being randomly placed in the rest. The reduced 
RDF of the initial configuration rGmod( r), was deter- 
mined, simulating a diffraction process in the config- 
uration. This function was compared to the rG,,,(r) 
multiplied by the expression proposed by Mason [ 211, 
and the two RDFs were compared by mean-square 
deviation, used as a criterion for deciding on the valid- 
ity of the generated configuration. The initial model 
was considered to be suitable for obtaining a relatively 
speedy adjustament of the theoretical and experimental 
RDFs; so the positions were refined by successive atom 
movements of arbitrary amplitude P and in random 
directions. During the position refining process, the 
model evolved as shown in Table 4 where the mean- 
square deviation refers to the last movement in each 
interval. The position refining process was considered 
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Table 4 
Position refining process 

P(‘b Movement 
intervals 

Squared 
deviation (A) 

0.5 1-271 0.0319 
0.3 272-307 0.0206 
0.1 308-358 0.0167 

finished when the number of rejected movements 
became too high and the mean-square deviation did not 
significantly improve. Fig. 3 shows the experimental 
reduced RDF and the model RDF, after the process of 
refining the positions and the thermal factors was com- 
pleted. 

Fig. 4 is a spatial representation of the generated 
atomic configuration, in which one may observe tetra- 
hedrons centered on silver atoms which coexist with 
other tetrahedrons centered on those arsenic atoms 
whose coordination has increased to four. Both struc- 
tural units are interlinked, forming a network which 
constitutes the possible structure of the alloy. 

Dangling bonds are observed in this spatial distri- 
bution, 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 average bond angle. 

4.00 7 

Fig. 3. Representation of (- - -) calculated and (-_) experimental 
RDFs. 

0 Se 

Fig. 4. Spatial representation of the model of the A&.,AsO,~,&&s 
alloy. 

14% of dangling bonds observed in the model belong 
to atoms which are not in a position allowing them to 
be saturated with possible external neighbours. How- 
ever, 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 analysing the structural 
parameters (bond lengths and angles) obtained 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 acceptably with the 
bibiographical data. 

Another interesting parameter which supplies infor- 
mation on the true structure of a glassy solid is the 
average bond angle between each element and two of 
its first neighbours. The average values of these angles 
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 distortion of the bond 
angle is typical of glassy materials and that, in the most 
unfavourable case, the difference between the bond 
angles in the model and the values quoted in the liter- 
ature was less than 4%. 
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Table 5 
Averaged bonding distances 

Bond 

Ag-As 

Ag-Se 

As-As 

As-Se 

Se-Se 

Material (a’,,> (A) 

A&.,As&%.~s 2.50 
sum of covalent radii 2.55 

Aga,Aso.&%ss 2.46 
sum of covalent radii 2.50 
Ag,AsSe, crystal 2.53 

Aas 2.52 

A~.,A~.w%.,a 2.44 
As,Se., 2.41 

Aso.~&o.d~~.~ 2.41 

Aga,Aa&%ss 2.43 
As-Se system 2.43 

Cuo.26A%.&u.37 2.42 

AgasnAsa.&%.sa 2.42 

Aso.&%.~Teu.~ 2.38 
amorphous Se 2.40 

Ref. 

present work 

[91 

present work 
[91 

1221 
[I51 

present work 
1231 
1241 

present work 

]251 
I261 

present work 
~271 
I281 

Table 6 
Averaged bonding angles 

Type 

Ag 

As 

Se 

(a> (deg) Material 

106.2 A&,,AsoxSeo.~s 
109.5 tetrahedric angle 

109.8 Agu~Aso.&%.ss 
109.9 Aso.&%.x,T%.30 
109.5 Asa.aS%.,T%., 

111.8 A~.~Aso.&eo.ss 
107.7 As~.&%.IoT%A~ 
107.5 Se glass 

Ref. 

present work 

present work 

1271 
1241 

present work 
~291 
I301 

5. Conclusions 

According to the radial atomic distribution function 
of the alloy studied, obtained from X-ray diffraction 
data and by analysing the silver coordination hypoth- 
eses quoted in the literature, both tetrahedral and tri- 
coordinated silver 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 Se-Se bonds 
was found for each of the silver’s coordinations such 
that, while keeping the coordination numbers, nz2 and 

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

Considering the tetra-coordinated silver hypothesis, 
spatial atomic distribution model of the alloy was built, 
using the Metropolis Monte Carlo random method, 
allowing the silver atoms to evolve to three-coordina- 
tion, and bearing in mind the geometric conditions 
deduced from the radial atomic distribution function. 

According to the analysis of the generated model, 
the three-dimensional structure of the studied alloy can 
be described as a network of tetrahedra centered on 
silver atoms, coexisting with other tetrahedra whose 
centres are occupied by tetracoordinated arsenic atoms, 
making the network more compact. 
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