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Abstract

The radial atomic distribution of the amorphous alloy Cug3GegTeq s, was studied using the X-ray diffraction
data supplied by samples obtained through quenching. The short-range order was determined by interpreting
the radial distribution function (RDF), using a theoretical expression that takes into account the variation in
the atomic scattering factors with s (the scattering vector module) and approximates them to polynomic functions.
The tetra- and dicoordinated-copper hypotheses, quoted in the literature for glassy alloys containing this element,
were considered. The result of the study is that, for the alloy in question, only the tetracoordinated-copper
hypothesis is compatible with the structural information that was obtained experimentally. A spatial atomic
distribution model was generated in accord with this copper coordination, using a conveniently modified Monte
Carlo (random) method. A comparative analysis of the main structural parameters of this model revealed good
agreement with the values given in the literature for similar alloys.

1. Introduction

Amorphous materials have been used by man
since remote times. Over 3000 years ago, the
Phoenicians developed an important industry based
on the manufacture of glass objects from the quartz-
rich sands of the Lebanese coast. Despite their
long history, the nature, structure and properties
of amorphous solids have remained almost un-
known until recently [1]. Although some studies
were done on this type of material during the first
half of this century, glassy solids have been the
object of detailed studies since the 1960s, owing
to their great fundamental and technological im-
portance [2].

An amorphous solid is one that does not possess
the long-range order (periodicity) characteristic of
crystalline materials, but does have a certain local
order in its bonds with first neighbours. ‘Amor-
phous’ and ‘non-crystalline’ are therefore synon-
ymous terms, whereas ‘glass’ is a non-crystalline
material that exhibits a characteristic transition
temperature [3] from the more energetic glass
phase to the minimal-energy crystalline phase. The
temperature at which the glass—crystal transition
takes place is related to the average coordination
of the material [4], making it very important to
understand its local order, which can be related
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to other physical properties exhibited by the ma-
terial.

This work presents an analysis of the short-
range order of the semiconducting glassy alloy
Cug03Geg0Teg 77, from the X-ray diffraction in-
tensities of samples of this alloy, using the fact
that the scattering atomic factors are functions of
the Bragg angle [5]. After finding the coordination
of copper that best explained the experimentally
obtained structural information, a spatial atomic
distribution model was generated, using a semi-
random method that takes into account the geo-
metric restrictions imposed by the radial distri-
bution function (RDF). Analysis of the parameters
(bond lengths and angles) of the generated model
shows good agreement with the data presented in
the literature for similar alloys.

2. Experimental

2.1. Preparing the samples and obtaining the
diffracted intensities

The samples of glassy alloy Cugg:GegaoTeg s
were prepared in bulk from 99.999% pure copper,
germanium and tellurium, which were pulverized
to a grain size of less than 40 um and added in
the proper amounts to obtain 12 g of the compound.
The material was homogeneously mixed (in order
to obtain the greatest possible contact surface
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between the particles and so encourage the re-
action) and put into quartz tubes, which were
submitted to an iterative process of filling and
emptying with inert gas (He) in order to avoid
possible oxidation of the samples. The capsules
were sealed with an oxy-acetylene burner, while
the residual pressure was less than 10~ torr. The
resulting ampoules were kept at 1100 °C for 72
h in a rotary furnace, rotating at 1/3 rpm, and
then quenched in liquid nitrogen, which supplied
the necessary cooling rate for obtaining the glass.
In order to make ingots for studying other physical
(electric) properties, the material was extracted
by dissolving the quartz in a mixture of hydrofluoric
acid and hydrogen peroxide. The samples were
homogeneous from a macroscopic point of view,
and presented the conchoidal fracture character-
istic of solids with random atomic distribution.
The density was pycnometrically determined using
pieces of the material of adequate size, at constant
temperature; the series of measurements gave an
average value of 5.43 g cm ™7, with a relative error
of less than 3%.

Part of the material was pulverized to a particle
size of less than 40 um and pressed into bricks
of approximately 20 X 20 X 1 mm, X-ray diffraction
showed that the compound did not exhibit the
peaks characteristic of the crystalline phase, thus
confirming the glassy nature of the alloy.

In order to obtain structural information on the
material, the samples were submitted to X-ray
diffraction analysis. The intensity of the diffracted
radiation was measured in an automatic Siemens
D500 powder diffractometer with Bragg-Brentano
geometry by reflection. The proper narrow fre-
quency interval, centred around the frequency of
the radiation used, was selected with a bent graph-
ite monochromator. The device was equipped with
a scintillation detector with a Tl-enriched Nal
photosensitive window.

As the detection system used consists of counting
the number of randomly detected photons, with
the statistical error depending on the number of
photons that reach the detector, the intensities
were measured while fixing the number of counts
and digitally registering the time taken to do them,
thus keeping the error constant throughout the
series. The number of pulses was fixed at 4000,
keeping the relative error under 1.5%. The in-
tensities diffracted by the samples were measured
in the range of s (= (47/A)sin 8) from 0.77 to 14.48
A=, using Mo Ka (A=0.71069 A), and supplying
the generator with a power of 50 kW at 30 mA.
Four series of measurements were carried out:
two ascending and two descending, at the Bragg

angle, using an angular interval of 0.2° in the 5°
to 70° scan, and 0.5° in the 70° to 110° scan. The
average value of the four measurements done for
each angle was taken as the intensity of the
radiation diffracted by the samples.

2.2. Obtaining structural data

The mentioned intensities were corrected for
background, polarization and multiple scattering
[5], in order to eliminate the radiation that does
not carry structural information. Figure 1 shows
these corrected intensities expressed in arbitrary
units.

The intensities were normalized to electronic
units (e.u.) using the high angle technique [5],
according to which, for high values of s, the
experimental intensity curve should oscillate
around the independent scattering curve in de-
creasing amplitude. The normalization method [6]
consisted of fitting, by least squares, the experi-
mental curve I(s) (in arbitrary units) to the in-
dependent scattering curve f(s), minimizing the
function

S =i§[f(s,-) —kI(s;) exp(—ks2)] 1)

where &k, and k, are two adjustment parameters,
and the factor exp(—k,s?) is used for simulating
a damping of the oscillations as the angle increases.
The normalized intensities were corrected for the
Compton effect, resulting in the coherent spectrum
I, .(s) from which the reduced intensities are ob-
tained:

600 [ I

a.u
400 -
-
200 ¢
s(1/a)
] . | $ L
0 5 10 15

Fig. 1. Intensity (arbitrary units) of the radiation diffracted by
the samples, corrected by background, polarization and multiple
scattering.
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which give the interference function F(s) =s Xi(s),
from which the function G(r) is obtained by ap-
plying a Fourier transform and, from this, the
radial atomic distribution function (RDF):

A7r?p(r) = 4mr?py+rG(r) 3)

representing the number of neighbours of an ar-
bitrary atom, at a certain distance. p(r) is the local
atomic density affected by the Fourier transform
of the products of atomic factors, and p, is the
average experimental density.

The spurious oscillations that appear in the
RDF for low values of r, owing to the lack of
experimental data for high values of s, make it
necessary to extend the interference function to
those values of s for which the said function tends
toward zero. The extension was carried out using
the method described in the literature [7], based
on the one proposed by Shevchik [8], according
to which, for high values of s, the experimental
interference function may be approximated by

2
Fomoreal®)= © exp =7 sin(or) @)

where C, r and o are parameters obtained by least-
squares adjustment from the initial values C,, r
and o, which represent the area, the position and
the half-width of the first RDF peak evaluated
up to s =14.48 A~', the maximum value for which
data were obtained with the experimental device
in use. A Fourier transform was applied to the
interference function, extended up to 30 A”l,
giving the RDF shown in Fig. 2, which supplied
the following structural information: positions of
the first two maximum values, 2.75 and 4.25 A;
limits of the first peak, 2.20-3.20 A; area under
the latter, 2.44+0.1 atoms; average bond angle,
101.2°.

3. RDF analysis and copper coordination
hypotheses

Analysis of the structural data supplied by the
radial atomic distribution function shows, among
other things, that the definition interval of the
first peak, corresponding to the first coordination
sphere of alloy Cug:GegagTes (Cu=1, Ge=2,
Te =3), is such that all types of bond are possible
between the different elements in the compound,
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Fig. 2. Experimental radial distribution function of the
Cug03Geg2Teqr; alloy. The parabola corresponds to 4mr’pq.

TABLE 1. Bond lengths

Pair T Ref.
A)
Cu-Cu 2.58 9
Cu—Ge 2.39 10
Cu—Te 2.53 10
Ge—Ge 2.51 11
Ge—Te 2.58 10
Te—Te 2.7 7

as may be observed by comparing the mentioned
interval to the bond lengths r;; of all possible pairs,
quoted in the literature and shown in Table 1.

Bearing in mind that the Te —X bonds (X =Cu,
Ge, Te) ought perhaps to contribute most to the
diffraction spectrum, it seems reasonable to assume
that the first maximum RDF value is within the
values defining the bond lengths of the corre-
sponding pairs, which agrees with the average
weighted value, 2.67 A, of these three types of
bond. Owing to the RDF’s character as a probability
function, the positions of its maximum values can
be interpreted as the average distances between
the different coordination spheres and an arbitrary
reference atom. Specifically, the abscissa of the
first maximum value represents the average dis-
tance between first neighbours.

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 number of atoms which, on average, surround
an arbitrary reference atom — in other words,
the average coordination number of the material.
Bearing in mind the physical meaning of this area,
and the fact that the products of atomic factors,
R(s) =f(s)fi(s)/[Zx.f(s))?, are functions of the scat-
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tering angle, Vazquez and Sanz [12], following the
method described by Warren [5], have come to
the conclusion that the area under the first RDF
peak is related to certain structural parameters,

the relative coordination numbers #n;;, through the

expression
2 b

area= — > x; i frP,-j(r) dr &)
T Ty

r; being the average distance between an i-type
atom and a j-type atom, a and b the limits of the
first RDF peak and P;(r) a function defined as
follows:

Sm

pie)= 5 [Ryfs) coststr—r) as ©

where s,, is the upper measurement limit.

The structural information obtained from the
analysis of the experimental RDF, together with
the physicochemical properties of the alloys and
their constituent elements, allow us to hypothesize
on the local order of glassy materials. These hy-
potheses, reflected in the relative coordination
numbers and therefore in the number of chemical
bonds, a,;, between the different pairs of elements
in the material, led Vazquez et al. [13] to deduce,
from eqn. (5), the following relationship:

arca = _1_ [(h +BA22'—6 ZAU)N+C¥A22

507 ije1

+’)’2Aij+P( 2 Aij_ E Aij)aij]
LA, iA)

ij#1 i=j=1

(7)
where A, «, B, v and 6 are parameters that depend
on the alloy and on the coordination hypothesis,
N is the coordination attributed to a certain element
in the material, P is a parameter equal to 2 when,
in the variable a;;, i=j and equal to —1 if i#}],
and A;; is determined by the following relation:

A= ;1- frP,-j(r) dr ®

ija

A theoretical evaluation of the area under the
first RDF peak according to eqn. (7), as a function
of the coordination N attributed to the copper,
requires calculation of the parameters A; Ac-
cording to the literature [12], the calculation of
these parameters involves establishing the order
of the polynomes in s, which approximate the

functions R;;(s); in this work, the mentioned func-
tions were adjusted to the straight regression lines
of the corresponding pairs of elements in the alloy,
whose equations, Fj(s) =Ag;s +A,;, are shown in
Fig. 3. Parameters A;, given in Table 2, were
calculated according to the literature method [14]
from the bond lengths r; given in Table 1 and
the coefficients 4,; and A;;; of the aforementioned
straight regression lines, given in Table 2.

In order to express the area in question as a
function of the coordination N assigned to the
copper atoms in this alloy, the characteristic pa-
rameter (h=1.8304) and those depending on the
coordination hypotheses were calculated [15]:

a=-71 B=-3 y=151 6=-3
for N=2 and N=4

From these data and the tabulated 4,;, and using
eqn. (7), the following expressions were obtained:

area=1.9323+5.1xX10"%a;;, for N=2
area=2.0141+5.1X10"3%a,; for N=4 ©)

Rij (s)

M ot
0.6 Cu-—Te
Al
0.433
m s
Cu-Ge

0.2 L X ) Cu-Cu
0 5 10 16 20
s (1/4)
Fig. 3. Straight regression lines fitted to values of R;(s) of the
corresponding pairs of elements in the alloy studied.

—

TABLE 2. Coefficients of straight regression lines fitted to values
of Ry(s) and A,; parameters

Pair Ag; Ay Ay

Cu—Cu —-5.96x1073 0.3574 0.5251
Cu—Ge —-6.05x107? 0.3965 0.6412
Cu—Te —5.14x1073 0.6601 1.0819
Ge-Ge —-6.06x 1073 0.4399 0.7410
Ge—-Te ~448x1073 0.7322 1.1367
Te—Te 327%x1073 1.2166 1.9301




which may be used for postulating the short-range
order of the alloy. These relationships are functions
of the number of Te—Te bonds, as,, limiting the
variability field of the theoretical area.

In order to generate a local-order model of
alloy Cug 03GegoTeq s, it is necessary to establish
the average coordination of its constituent ele-
ments, which involves attributing a certain coor-
dination to the copper. This is a relatively difficult
question, as there is no single coordination hy-
pothesis in the literature for this element in other
compounds. Whereas some authors [9, 16] propose
twofold coordination for the copper in similar
compounds, others [17, 18] propose tetrahedral
coordination for copper in ternary alloys with
chalcogens; both hypotheses must be taken into
consideration.

Bearing in mind that, for each value of N, eqns.
(9) vary linearly with the number of Te —Te bonds,
and that the relative coordination numbers n,, and
ny also depend on N, it is possible to obtain,
according to the literature [19], the suitable co-
ordination of the copper by determining the vari-
ation interval of a,; for which the relative coor-
dination pumbers are positive and, at the same
time, the theoretically obtained area is within the
margin of error of the experimental area. In order
to do this, the relative coordination numbers that
contain parameter as; are given [6, 15] by the
expressions

_at [100B +ai(a5—a5)IN/100 + 2a4,
2= ;
a;

—[1006 + a’a5)N/100 — 2a
Fpy= Y [ 0103] / 33 (10)

a;

which allow us to obtain for N=2 an average value
{asz;) =56.5. Considering eqn. (9) with N=2, a
value of 2.22 is obtained for the area under the
first RDF peak; 2.22 atoms, as may be observed,
is considerably less than the value obtained ex-
perimentally, a fact that led to the rejection of
coordination 2 for the Cu in the alloy studied.
In the present work, tetracoordinated copper
(N=4) has been assumed, accepting the necessary
electrons for the sp® hybridization of some tellurium
atoms, which increase their coordination by one
unit [17]. Under this hypothesis, the coordination
numbers n,, and n,; are positive for values of aa;
within the interval [38.08-76.88], and eqns. (9)
give for the area under the first RDF peak an
expression that is in good agreement with the
experimentally determined value, within the +0.1
atom margin of error. This analysis leads us to
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the conclusion that, in the alloy in question, the
most probable short-range order can be described
as a network of tetrahedral units centred on copper
atoms together with other tetrahedrons centred
on germanium atoms. All of these structural units
would be joined by ramified chains, made up of
an excess of tellurium atoms.

4. Generation of the spatial model and
discussion of the results

When determining the structure of a glassy solid,
our main object is to build a spatial atomic dis-
tribution model that verifies the structural infor-
mation obtained experimentally and, at the same
time, agrees with the physicochemical properties
of the material. Of all the different methods for
generating structural models of amorphous solids,
the Monte Carlo method seems to be the most
suitable for describing the short-range order of a
glassy material obtained by quenching, and the
one that best simulates the structural character-
istics of this type of alloy.

A variation of the Monte Carlo method, similar
to the procedure used by Rechtin er al. [20], was
therefore used for building the atomic model of
the alloy Cug43GegaoTeo,. The variations refer to
the geometric and coordination conditions imposed
by the experimental RDF, which imply a certain
semi-randomness in the building of the atomic
configuration.

The process used to generate the model, de-
scribed in depth by Vazquez et al. [21], has two
stages: generation of the initial configuration and
refining of the same. In the first stage, 200 positions
were semi-randomly created in the volume enclosed
by a spherical surface of radius 10 A in which,
according to the experimental density, 124 atoms
must be situated, distributed as follows: 4 Cu
atoms, 25 Ge atoms and 95 Te atoms. This number
of atoms is large enough to represent the material
statistically, and small enough not to take too much
calculating time. The generated positions comply
with the following conditions, imposed by the
structural information supplied by the experimental
RDF:

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

(ii)) The bond angle between an atom and two
of its first neighbours can vary between the values
D, =60° and @, = 180° deduced [22] from the
extreme positions that can be occupied by the two
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atoms which, together with the reference atom,
determine the bond angle.

(iii) The coordination attributed to each ele-
ment must be such that the average weighted
coordination agrees with the experimentally ob-
tained one.

The positions were reduced to a number equal
to the number of atoms compatible with the ex-
perimental density, by eliminating those with the
lowest coordination. The atoms were assigned to
their respective positions, placing the copper atoms
in tetracoordinated positions and the others ran-
domly among the rest of the positions. The reduced
RDF, rG.4(r), of the initial configuration was
determined by simulating a diffraction process.
This function was compared to the rG.,,(r) mul-
tiplied by the expression proposed by Mason [23]:

D(r)= 1.04.5(%) +o.5(é>

which represents the probability of finding a dis-
tance r inside a sphere whose radius is R. The
comparison of the two RDFs was done by mean
square deviation, used as a criterion for deciding
the validity of the generated configuration.

The second stage in building the model is refining
it, using the Metropolis—Monte Carlo technique
[24], which consists of modifying the initial position
of a randomly chosen atom, through movements
of arbitrary amplitude P and in random directions.
These movements must obey all the conditions
imposed by the experimental RDF, and the ad-
ditional restriction of not breaking any copper
bonds, in order to keep the coordination predicted
for this element when postulating the local order
of the alloy. During the refining process, the model
evolved as shown in Table 3, where 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 high and the mean square
deviation did not improve considerably. Figure 4
shows the experimental reduced RDF and the
model RDF, after the process of refining the
positions and the thermal factors was completed.

(11)

TABLE 3. Position-refining process for model

P Movement Squared

(A) intervals deviation
A

0.5 1-263 0.037

0.3 264-302 0.028

0.1 303-360 0.021

r G(r) (atm/4)
=
5
A

1
N

-4 1 1 1 ]

r (4)

Fig. 4. The functions rG.,,(r)D(r) and rG,,.q(r) of the final model
(dashed and solid lines, respectively) once the thermal isotropic
refinement was accomplished.

Fig. 5. Spatial representation of the generated model of the alloy
CugaGegTer -

The poor fit observed in the 0<r<2 A region
between the reduced RDFs (Fig. 4) is explained
by the assumption in the generated model that,
on the basis of the first-neighbour distance obtained
from the experimental RDF, distances of less than
2 A are not possible.

The spatial representation of the generated
atomic distribution is shown in Fig. 5, in which
one may observe tetrahedrons centred on copper
and germanium atoms. Both structural units are



interlinked, forming a network that constitutes the
possible structure of the alloy.

This theoretical model, which is randomly gen-
erated and which takes into consideration the
structural information obtained from the experi-
mental RDF, must be as representative as possible
of the true structure of the alloy in question. One
way of estimating the agreement between this
model and the atomic distribution of the compound
is by analyzing its main structural parameters
(coordinations, average bond lengths, etc.).

An important point to bear in mind when sta-
tistically analyzing the generated model is the
comparison of the resulting coordinations of its
elements and those of the structural units, which,
according to the established hypotheses, can be
postulated from the information supplied by the
experimental data. Table 4 shows the coordinations
of each element in the atomic model of the alloy
and, in parentheses, the coordinations which were
theoretically predicted based on the tetracoordi-
nated-copper hypothesis. Dangling bonds are ob-
served in this spatial distribution, indicating the
presence of atoms with unsaturated bonds; this
can be partly justified by the finite size of the
model. Many of these dangling bonds belong to
atoms that are less than a first-neighbour distance
away from the surface of the sphere, and can be
saturated with possible atoms outside it. In the
case of elements with two or more dangling bonds,
they are admittedly due to the limitation of the
distribution, when the atom in question is less
than 1.1 A away from the surface of the model
This possibility takes into account both the distance
between first neighbours and the average bond
angle. In the generated model 50% of unsaturated
atoms are less than 2 A away from the spherical
surface enclosing it, and cannot therefore be con-
sidered infra-coordinated as they can bond with
external atoms. However, the existence of dangling
bonds is inherent to the method of preparation
of chalcogenide glasses.

Another interesting aspect of the generated
model is the average bond lengths in the different
pairs of elements in the material, and relating

TABLE 4. Model coordinations

Atom Coordination

4 3 2 1 4
Cu 4 (0 0 (0) 0 () 0 ) 0 (0)
Ge 17 (25) 6 (0) 2 (0) 0 (0) 0 (0)
Te 1 (0) 31 (12) 48 (83) 13 (0) 2 (0)
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their values of those quoted in the literature for
similar compounds. Table 5 shows the average
bond lengths between pairs of elements. It is seen
that the values obtained agree with data from the
literature, since, with the exception of the Cu—Ge
bond lengths, which are not considered statistically
significant, all values differ by less than 2% from
those previously reported.

Another parameter that is often used for ob-
taining information on the structure of a glassy
solid is the average bond angle, {(a), of each
element with two of its first neighbours. This is
why the average values of these angles are usually
compared with those given in the literature. Table
6 shows these values for the model, together with
those quoted in the literature for similar alloys;
and Fig. 6 shows the angular distribution histograms
for the different elements in the vertex. In this
table, it may be observed that all the calculated
values can be considered acceptable, if we bear
in mind that a distortion of the bond angle is
typical of glassy solids and that, in the most

TABLE 5. Averaged bond distances

Bond Material dipy Ref.
&)
Cu—-Ge Cuy03GegnTegsr 2.63 this work
sum of covalent radii 2.39 10
Cu—Te Cuy3GegnTeg s 2.59 this work
CupgsAssoTeoas 2.62 17
2.64 a
Ge—Ge Cug03GegapTenss 2.68 this work
Ge crystallized 2.70 26
Ge-Te CugnGegpTess 2.73 this work
Ge Te film 2.75 27
Te—~Te Cuy93GegTeg s 2.73 this work
Geg.10AS020T€070 2.90 28
AlgasTeg 2.71 8

*Estimation by means of Schomacker and Stevenson’s formula
(25}

TABLE 6. Averaged bond angles

Type {a) Material Ref.
(degrees)

Cu 109.4 CUO_O3G eo,one(),')? this work
107.8 Cuyg.20480305€0.50 21
106.6 CugosAspsoTe€o.as 17

Ge 107.8 Cuy 03GegapTeg this work
107.5 GegosAspgTe7s 28
108.0 Geg20A85.405€0.40 11

Te 108.0 Cuy 3Geg g Tes 7 this work
107.0 AsgasSeggoTeqqs 29
106.8 Asga0S€gs0Teq 30 30
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Fig. 6. Bond-angle histograms for the different elements of the alloy.

unfavourable case, the difference between the bond
angles in the model and the values quoted in the
literature is less than 2.5%.

5. Conclusions

According to the radial atomic distribution func-
tion of the alloy in question, obtained from the
X-ray diffraction data, and from the copper co-
ordination hypotheses quoted in the literature, the
tetracoordinated-copper hypothesis was found to
most correctly explain the average number of first
neighbours determined experimentally for this
composition.

By using the most approximate expression of
the area under the first RDF peak, it was possible
to find a number of Te—Te bonds for tetracoor-
dinated copper which, while keeping the coor-
dination numbers n,, and n,; positive, give a the-
oretical area within the margin of error of the
experimental area.

Considering the tetracoordinated-copper hy-
pothesis, a spatial atomic distribution model of
the alloy was built, using the Monte Carlo (random)
method and taking into account the geometric
conditions deduced from the radial atomic dis-
tribution function obtained by X-ray diffraction of
the samples.

According to the analysis of the generated model,
the three-dimensional structure of the studied alloy
can be described as a network of tetrahedrons
centred on copper atoms, coexisting with other
tetrahedrons whose centres are occupied by te-
tracoordinated germanium atoms, making the net-
work more compact. These tetrahedral units can
be joined together either directly or by chains of
tellurium atoms.

120 140 160 180 60 80 t00 120 140 160 180
ANGLE (degree) ANGLE (degree)
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