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Abstract—The first neutron diffraction radial distribution functions (RDF) of ternary Cu-As-Te chalcogenide
glasses with general formula Cu,Asg4s..Teq.ss are presented. The average coordination numbers, derived from the
area under the first RDF peak, indicate that there is a critical composition x. = 0.06, below which the incorporation
of copper does not practically change the Te coordination. Above this value the Te coordination starts to increase
linearly from 2 to 4 with increasing x. This behaviour is confirmed by the compositional dependence of the mass
density. A linear correlation, T(K) = 371 + 15.5 CN, between the average coordination number CN, commonly
associated with the rigidity of the network, and the glass transition temperature T is established, which indicates
that the thermal stability of the glasses increases with increasing copper content. © 1997 Elsevier Science Ltd. All

rights reserved
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1. INTRODUCTION

Ternary Cu-As-Te glasses are formed in a narrow com-
positional range adjacent to the binary AsgsoT€qso com-
position which is elongated in the direction of the Cu-Te
tie line in such a way that above 55 atm.% Te glasses are
formed only when the copper content exceeds 10-15 atm.%
[1]. The glass formation region in the Cu-As-Se system is
very similar to that for Cu-As-Te [1]. However, while the
Cu-As-Se glasses with composition Cu ,As sp..S€q.s0, Where
0.05 < x < 0.20, exhibit a strong first sharp diffraction peak
(FSDP), the intensity of which decreases with increasing
x [2], the existing diffraction data on Cu-As-Te glasses
with similar compositions do not indicate the presence of
FSDP [3-6]. The FSDP is commonly regarded as a
signature of the medium-range order [7, 8] and therefore
the substitution of Te for Se seems to introduce significant
changes in the structure of these chalcogenide glasses.
Besides that, while Cu-As-Se is one of the most studied
systems by X-ray diffraction [9-11], extended X-ray
absorption fine structure (EXAFS) spectroscopy [12-14],
Nuclear Quadrupol Resonance (NQR) spectroscopy [15)
and neutron diffraction [16], structural data for the Cu-As-
Te glasses are very scarce.

The local structure and the crystallization of binary
As,Te, glasses, where 0.35 < y < 0.80, were reported in
the comprehensive study of Corner and Rossier [17] and
latter by Feigel er al. [18). Electron diffraction radial
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distribution functions (RDF) of amorphous As,Te;
thin films has been published in Ref. [19] (and older
references therein). The structure of several ternary
Cu,Asgs..Tegs chalcogenide glasses, where x = 0.05,
0.10, 0.15, 0.20 and 0.25, was studied by X-ray diffrac-
tion and structural models, consistent with the experi-
mental X-ray RDFs, were constructed using the Metropolis
Monte Carlo algorithm [3-6]. However, the number of
atoms in these simulations (typically 100-150 atoms) was
relatively small for statistical analysis of the bond length
and bond angle distributions and especially for the inves-
tigation of the medium-range order in the Cu- As-Te glasses.
Therefore, we have decided to reexamine the structure
of the Cu-As-Te glasses using both neutron and X-ray
diffraction in order to take advantage of the different
atomic scattering cross-sections of X-rays and neutrons. In
the present paper we report the results from the first neutron
diffraction experiments on Cu-As-Te glasses and compare
them with density and glass transition temperature measure-
ments. The neutron diffraction results together with new
X-ray diffraction measurements (in progress) will be used
later in combined Reverse Monte Carlo [20] simulations in
order to produce realistic three-dimensional models of the
structure and analyse in detail the medium-range order.

2. EXPERIMENTAL

2.1. Sample preparation and characterization

Four Cu-As-Te glasses with general formula
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Cu,Asg4s..Teoss were prepared for the present study.
Pure copper (99.999% Aldrich), arsenic (99.9999%
Aldrich) and tellurium (99.9999% Aldrich) powders
were ground in an agate mortar, sewed through a 45 um
mesh and mixed together to obtain about 9 g of the
corresponding composition. For each sample the
powder was put into a quartz tube of 6 mm inner diameter
and repeatedly evacuated—refilled with He. The tube was
then sealed with an oxyacetylene bumner while the residual
gas pressure was about 8102 Torr. The ampoules were kept
at 900°C for 24 h in a furnace and then quenched in ice
water. In order to obtain good homogeneity of the
samples, the ampoules were rotating at about 12 rmp.
The composition of the final glassy alloys was deter-
mined using a Jeol JSM 820 SEM with EDAX X-ray
dispersive analyser. The glass transition temperatures
(T,) were measured by a Perkin Elmer DSC 7 thermal
analyser. The samples consisted of about 20 mg powder
in crimped (but not hermetically sealed) Al sample pans.
All measurements were carried out in a dynamic atmos-
phere of dry N, gas at a heating rate 10 K/min referenced
to an empty Al pan. The density of each sample was
measured picknometrically five times in distilled water
and the results averaged.

2.2. Neutron diffraction experiments

The samples with high copper content (x = 0.15 and
x = 0.20) were measured at the neutron spallation source
ISIS, UK. The samples with low copper content (x = 0.05
and x = 0.10) were measured at the neutron reactor
BENSC, Berlin, Germany.

2.2.1. ISIS experiments. The diffraction measure-
ments were performed using the LAD time-of-flight
diffractometer, operating on the methane moderator.
The powder samples (about 7 g) were loaded in cylind-
rical vanadium cans with inner radius 3.885 mm and wall
thickness 0.085 mm. Data was collected by 88 detectors
grouped into seven banks of detectors at mean 2@ values
of 4.937, 9.704, 20.562, 35.183, 58.103, 90.131 and
148.164°, respectively. Diffraction patterns were taken
for: (i) the two samples; (ii) the empty vanadium can; (iii)
the instrumental background and (iv) a vanadium rod
with 8.34 mm diameter. The samples were measured for
about 20 h, the V can and the V rod for about 8 h.

The analysis of the data was made using the ATLAS
suite of programs [21]. The data was first corrected for
time-independent background. Then, the intensity for each
group of detectors was rebinned from time-of-flight to O
units (Q = 4xsin(®)/\) with spacing AQ = 0.02 A™! and
normalized by the incident monitor count. The data for
each group of detectors were then corrected for instru-
mental background, placed on an absolute scale by
dividing by the vanadium counts, corrected for multiple
scattering and absorption in the sample plus can to obtain
the differential cross-sections for all groups of detectors.
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The self-scattering term, i(Q), was then subtracted to
obtain the distinct scattering curves, i(Q). The i(Q) curves
for all groups of detectors were then combined in the Q
range from 0.5 A" t0 23 A~ to give the total distinct
scattering curve for each sample. Finally the low-Q part of
the i(Q) curves was extrapolated to Q = 0.0,

2.2.2. BENSC experiments. The diffraction measure-
ments were performed at the E2 flat-cone diffractometer
[22], equipped with a position sensitive detector (PSD)
covering 80° 20 and radial collimator, using a Cu(200)
monochromator. The powder samples were loaded in
cylindrical vanadium cans with inner radius 3.9 mm,
wall thickness 0.1 mm, 50 mm height (40 mm in the
beam). Diffraction patterns were taken for: (i) the two
samples; (ii) the empty vanadium can; (iii) the instrumental
background; (iv) vanadium rod with 8.25 * 0.05 mm
diameter; and (v) a-Fe powder standard. The diffraction
patterns (except for the Fe standard and the instrumental
background) were measured five times relative to an
incident beam monitor from 7 to 87° 20 and from 27 to
107°20.

The intensities for each measurement were first cor-
rected for the different efficiency of the channels of the
PSD. At this step it was necessary to exclude the first 10
and the last 20 channels due to their anomalously high
intensity. The data from the five measurements were then
averaged, the background was subtracted and the
averaged data was Fourier smoothed. The data from the
two ranges were then scaled and merged together to give
the final scattering curve for each sample, the V can and
the V rod. The actual wavelength and the zero shift of the
diffractometer were determined from refinements of the
«-Fe pattern using the Rietveld method [23]. The wave-
length determined, A = 0.916 = 0.005 A, was used in the
subsequent analysis.

The data were then corrected for muitiple scattering
using the method of Blech and Averbach [24]. Correc-
tions for absorption in the sample and the can were then
applied using the algorithms of Paalman and Pings [25].
The scattering and the absorption cross-sections of the
samples, necessary for the multiple and absorption cor-
rections, were calculated for A = 0.916 A using the data
published by Sears [26] and the measured packing
densities. The corrected data /(Q) were placed on an
absolute scale by dividing with the V rod counts.

The distinct scattering, i(Q), for each sample was then
calculated by subtracting the i;y{Q) term from /(Q). In
this case i (Q) was calculated as

isa(Q) = 2531 + PAQ)

where b; is the isotopically averaged coherent scattering
length and P,(Q) is the inelasticity Placzek correction for
nucleus j and the summation is over all atoms in the
structural unit. The P/Q) terms were calculated accord-
ing to Ref. [27] assuming that the detector efficiency for
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Fig. 1. Dependence of the bulk density of Cu-As-Te chalcogen-
ide glasses on the copper content x: (A) Borissova [1], ()
Cu,Asq4s.Teqss-present study, (W) Cu,Asgso.Tegso [3-6].
The inset shows the dependence of the glass transition tempera-
ture T, on x. The dashed lines are only guide for the eyes.

neutrons with wavelength A = 0.91 A is 24% and
approximating further the mean kinetic energy of the
different atoms by 3kg7/2, where kp is Boltzmann’s
constant.

2.3. Radial distribution function analysis

Fourier transform of the reduced interference function
Qi(Q) gives the total pair correlation function

1) =4700( 31, + 2| QicOM(@rsincr) @
M

where pg is the total number density of atoms in the glass
and M(Q) is the so-called modification function which
downweights the termination ripples due to the finite
experimentally measured Q range. In the present study,
M(Q) = sin(aQ)/aQ [28], was used with o = 0.157 for all
samples. « was determined from the condition M(Q 4 =
23 A‘l) =0.01. The statistical noise for the samples with
x=0.05 and x = 0.10 is slightly larger in this way but the
corresponding T(r) functions can be compared using one
and the same r-space resolution. All RDF calculations
including the error analysis of the coordination numbers
were performed with the program RADIF [29].

3. RESULTS AND DISCUSSION

The density of the glasses increases linearly for x > 0.05
with increasing copper content (see Fig. 1) in accordance
with the previous data for the Cu,Asg so., Teo 5o Series [3-6].
However, the comparison of the experimentally measured
densities of the Cu-As-Te glasses with the density of
As-Te binary alloys around the AsgsTeys composition,

1627

12 : — -

i(Q) (bamns)

-0.3 - |

| I 4 4

0 5 10 15 20
ait)

Fig. 2. Distinct scattering curves i(Q) for the investigated Cu-As-

Te chalcogenide glasses. The curves for the glasses with

x =0.10, 0.15 and 0.20 are shifted along the y axis by multiples
of 0.3 barns for clarity.

545 * 0.05 g/cm® [1, 17], indicates that there is a non-
linear change of the compactness of the glasses going
from low copper contents (x < 0.05) to high copper
content (x > 0.05), while the glass transition temperature
increases linearly in the whole compositional range
studied.

The distinct scattering curves for the four samples,
given in Fig. 2, are very similar in the range 1.5-11 A
which is further evidence of the consistency of the data
measured on different instruments. The curves for the
samples with x = 0.15 and x = 0.20, measured with high
resolution in reciprocal space, show significant structural
oscillations up to 23 A" and a weak but well defined
FSDPat about 0.98 A™'. The slope of the i(Q) curve at low
Q for the sample with x = 0.05 suggests that there is no
FSDP in this composition but it was not possible to
measure with this experimental setup i(Q) below 1.08 Al

The corresponding total pair correlation functions 7(r)
are given in Fig. 3. The total pair correlation functions
are very similar with 3 strong peaks at about 2.61, 4.0 and
6.1 A. The intensity of the 6.1 A peak and the additional
structural correlations up to 15 A increases slightly with
increasing x.

The position of the first RDF peak remains practically
constant while the second and the third peaks shift
linearly to higher r values with increasing copper content
(Fig. 3). Evidently the structure expands and becomes
more open with the addition of copper. The extrapolated
value of the second 7(r) peak at x = 0.0, 3.84 + 0.02 A, is
close to the distance 3.9 * 0.03 A observed in the As-Te
binary alloys around the AsgsTeqs composition [17, 19].
Comparison of the average nearest neighbour distances in
several compositionally related crystalline and amorphous
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Table 1. Average nearest neighbour distances in Cu-As-Te

compounds
Bond Bond length A Compound References
Cu-Cu 2.63 CuTe [301
2.70 Cu, 4Te [31]
2.64 Cu,As {331
Cu-As 2.55 Cu,As (33}
Cu-Te 2.68 CuTe [30]
2.66 Cu,4Te [31]
As-As 244 c-As [32]
As-Te 2.62 a-AsTe* {171
278 As,Te; [35]
Te-Te 2.83 Te [36]

* Amorphous As-Te alloy.

compounds [30-36] (see Table 1) indicates that all type of
bonds between different atom pairs are possible in the
range of the first 7(r) peak between 2.2 and 3.1 A. This fact
accounts well for the observed compositional inde-
pendence of the position of the first RDF peak and
suggests that models with random bonding rather than
with chemical short range ordering (CSRO) might
describe better the structure of Cu-As-Te glasses.

The increase of the copper content leads to a systematic
increase of the average coordination number, determined
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Fig. 3. Real space total correlation functions 7(r) for the inves-

tigated Cu,Asg4s.,Teoss chalcogenide glasses. The curves for the

glasses with x = 0.10, 0.15 and 0.20 are shifted along the y axis

by multiples of 1.0 bams/A® for clarity. The inset shows the

dependence of the position of the second ( © ) and the third (+)

T{(r) peaks on compostion. The dashed lines are linear fit through
the data points.
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Fig. 4. Dependence of the average coordination number of Cu-

As-Te chalcogenide glasses on the copper content x: (%)

CuxAso,45.,Teo,55-present study, (-) CUXAS(),”.XTEQ” [3—6]

The full line is a fit to all data points of the.equation 2.45 +

(1 + 0.55kx), derived on the basis of the Formal Valence Shell

model {37]. The dashed lines are calculated by eqns (2) and (3),
respectively.

from the area under the first peak in the total radial
distribution function r7{r) (Fig. 4). The average coordi-
nation numbers determined in the previous X-ray diffrac-
tion studies of several Cu,Asgso.Teqso chalcogenide
glasses [3—6] show a similar behaviour.

It is interesting to compare these results with the
predictions of the Formal Valence Shell (FVS) model,
proposed by Liu and Taylor [37] for multi-component
chalcogenide glassy systems. According to the FVS
model, based on the ideas of covalency and no doping,
the copper should be four-coordinated. If we assume
further, in the fashion of the FVS model, that: (i) As is
three-fold coordinated; (ii) the coordination number of
As does not change as Cu is added until all chalogen
atoms are fourfold coordinated [37]; and (iii) the coordi-
nation number of Te, ny,, is two in the As-Te binary and
increases linearly with the copper content (x), #y. = 2 + kx,
then the average coordination number < CN > can be
written in the form < CN > =245 + (1 + 0.55k)x. We
have fitted this equation to the experimentally determined
coordination numbers, taking into account also the well
established value < CN > = 24 * 0.1 for the As-Te
binary composition. The fit, shown as a full line on Fig. 4
does not describe the data well and indicates that the
mechanism of incorporation of copper in the As-Te
binary glassy matrix depends on the composition. The
simplest possible scenario can be the following.

At low copper contents the substitution of copper for
arsenic practically does not change the Te coordination
(k = 0), so the average coordination number will be

<CN> =245+4+x, x<x (0]

and only after some critical value, x., the average Te
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Fig. 5. Dependence of the glass transition temperatures T, of the

investigated Cu,Asg4s..Teoss chalcogenide glasses (@) on the

average coordination number ( < CN > ). The dashed line is a
regression curve with equation 7y(K) = 371 + 15.5CN.

coordination starts linearly to increase, so
< CN> =(2.45 - 0.55kx. )+ 0.55kx, x> x. (3)

A linear fit through the data at large x (x = 0.15) was
made using eqn (3) in order to determine the value of k.
Equations (2) and (3) are shown with dashed lines on
Fig. 4. From the intercept of the two lines we determined
a critical composition x, = 0.060 = 0.003 which is not
far away from the experimentally measured point at
x = (.05. Thus, the Te coordination increases from 2 at
x =0.06 to 4 at x = 0.25.

Evidently, x. = 0.06 represents a cross-over point
above which the addition of copper leads to more and
more overconstraint network, in the sense of Phillips-
Thorpe theory {38—-40]. The increase of the rigidity of the
glassy network suggests that the onset of viscous flow,
commonly associated with the glass transition tempera-
ture T,, must also increase. Considerable efforts have
been made towards the understanding of the composi-
tional dependence of T, in chalcogenide glasses. In
particular, several empirical expressions have been pro-
posed, relating T, to the average coordination number
with different degree of success (for a review, see Ref.
[41] and references therein). Plotting the experimentally
determined T, values for the investigated Cu-As-Te
glasses versus the corresponding average coordination
numbers, a clear correlation between T,and < CN > is
observed (Fig. 5) with an equation

Ty(K)=371 24+ 155 £ 1.5 <CN> 4)

and a regression coefficient r = 0.9871. The correlation
between Tgand < CN > is in accordance with both the
bond percolation and the free-volume models for the
glass transition [42].
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4. CONCLUSIONS

The structure of several Cu-As-Te chalcogenide glasses
with composition Cu,Asg 4s5..T€qss, where x = 0.05, 0.10,
0.15 and 0.20, has been examined by neutron diffraction.
The structural results are correlated with density and
glass transition temperature measurements. The high
resolution state-of-the-art neutron diffraction measure-
ments of the samples with high copper content (x = 0.15
and 0.20) revealed for the first time the presence of a
small but well defined first sharp diffraction peak (FSDP),
not observed in previous X-ray diffraction experiments.

The analysis of the compositional dependence of the
average coordination numbers in the framework of the
Formal Valence Shell model [37] indicates that there is a
critical composition x. = 0.06 below which the incor-
poration of copper does not lead to significant increase of
the coordination number of chalogen. Additional measure-
ments of Cu-As-Te glasses with very low copper content
(x < 0.05) are in progress in order to confirm further
these results. Above this critical composition the density
and the average coordination number < CN > increase
linearly with increasing copper content. A correlation
between the average coordination number and the glass
transition temperature is also established which explains
phenomenologically the observed increase of the onset of
viscous flow.
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