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Neutron diffraction with copper isotope substitution was used to study the structure of glassy
Cu5As46.25Se48.75, which lies at x=0.0513 on the �Cu2Se�x�AsSe�1−x pseudobinary tie line. The results are
consistent with fourfold coordination of copper to matrix �As or Se� atoms at a mean distance of 2.40�2� Å and
with threefold coordination of arsenic to one As and two Se atoms at a mean distance of 2.43�2� Å. A
comparison is made with the structure of glassy AsSe and with the structure of a high-Cu content glass with
x=0.25. It is found that the short-range order of glassy AsSe is not changed when 5.13 mol % of Cu2Se is
added. However, the addition of 25 mol % leads to a disruption of the intermediate-range order and to an
alteration of the short-range order, which is consistent �within a scenario where arsenic remains threefold
coordinated by matrix atoms at a mean distance of 2.42�2� Å� with a substitution of As-As bonds by As-Se
bonds. In the x=0.25 material, the Cu to matrix atom coordination number is �3 at 2.42�2� Å and the Cu-Cu
nearest-neighbor coordination number is 1.0�3� at 2.70�4� Å. A comparison between �i� the measured structure
of the glassy network formers AsSe and As2Se3 and �ii� the results obtained from first-principles molecular-
dynamics methods points to a need for more accurate simulations in order to help elucidate the structure and
properties of these materials.
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I. INTRODUCTION

The object of this paper is to apply the method of neutron
diffraction with copper isotope substitution to give detailed
information on the structure of glasses in the Cu–As–Se sys-
tem, with attention focusing on the �Cu2Se�x�AsSe�1−x �0
�x�1� pseudobinary tie line. Motivation is provided by a
desire to understand how the structure and properties of net-
work forming A-X glasses, where A denotes an atom such as
the pnictogen As and X denotes an atom such as the chalco-
gen Se, are affected by the incorporation of a metal atom M
such as Cu or Ag. For example, the electrical conductivity
changes from electronic to predominantly ionic along the
�Ag2Se�x�AsSe�1−x tie line as x is increased from 0 to 0.25.1–3

By contrast, glasses in the Cu–As–Se system remain semi-
conducting even when a large mole fraction of Cu is
incorporated.1,2 Also, the photodarkening effect, where a
shift occurs in the optical-absorption edge of many chalco-
genide glasses to a lower energy after illumination with light
of band-gap energy, is destroyed when either 1 or 5 at. % of
Cu is added to As2S3 or As2Se3, respectively.4,5 Furthermore,
Cu–As–Se glasses can be switched from a low- to a high-
resistance state and the switching characteristics depend on
the glass composition.6–8 It is therefore important to gain
information on the atomic scale structure of Cu–As–Se
glasses in order to give insight into their basic physico-
chemical properties and to have a guide in making realistic
models of these and other related materials.9–11

The structure of a high-Cu content glass with x=0.25,
which corresponds to Cu2As3Se4, has previously been stud-
ied by using the method of neutron diffraction with isotope
substitution �NDIS� �Ref. 12� and the structure of glassy
AsSe has also been investigated.12 In the present paper, the
NDIS method is applied to a low-Cu content glass
Cu5As46.25Se48.75, which lies at x=0.0513, thus, enabling a
study of the effect of adding a small amount of modifying Cu

compound to glassy AsSe and providing information that is
complementary to that already obtained for the composition
dependence of the structure of other glassy M-A-X systems.
Indeed, the NDIS technique has been successfully used to
gain detailed structural information on systems such as
Ag-As-S,13,14 Ag-As-Se,12,15 Ag-As-Te,16,17 Ag-P-S,18 and
Cu-As-Te �Ref. 17� in addition to the glassy chalcohalide
CuI-Sb2Se3.19 An important feature of the results is an over-
lap of the nearest-neighbor pair-distribution functions, which
emphasizes the importance of using NDIS to separate the
various contributions to the atomic ordering.20 The x
=0.0513 composition lies well within the glass forming re-
gion of the Cu–As–Se system1,6 and the atomic fraction of
Cu is sufficiently large to ensure a successful application of
the isotopic substitution method.

The paper is organized as follows. The essential theory
required to understand the neutron-diffraction results is given
in Sec. II and the experimental method is outlined in Sec. III.
The diffraction data are presented in Sec. IV and are dis-
cussed in Sec. V in reference to previous experimental re-
sults on the structure of glasses in the Cu–As–Se system and
to the structural models that have been developed. Since den-
sity functional based methods provide a pathway for under-
standing the structure and other properties of these
materials,10,11 neutron-diffraction results for the network
forming glasses AsSe and As2Se3 are also compared with the
results obtained from the first-principles molecular-dynamics
studies of Drabold and co-workers.21–23 The main results
from the present work are summarized in Sec. VI.

II. THEORY

In a neutron-diffraction experiment on a Cu–As–Se glass,
the coherent scattered intensity can be represented by the
total-structure factor24
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F�k� = A�SAsAs�k� − 1� + B�SAsSe�k� − 1� + C�SSeSe�k� − 1�

+ D�SCuSe�k� − 1� + E�SCuAs�k� − 1� + F�SCuCu�k� − 1� ,

�1�

where A=cAs
2 bAs

2 , B=2cAscSebAsbSe, C=cSe
2 bSe

2 , D
=2cCucSebCubSe, E=2cCucAsbCubAs, and F=cCu

2 bCu
2 . In these

equations c� and b� denote the atomic fraction and coherent
neutron-scattering length of chemical species �, respectively,
S���k� is a partial structure factor, and k is the scattering
vector. If diffraction experiments are made on two glasses
that are identical in every respect, except that the isotopic
composition of copper is changed from 65Cu �bCu� to 63Cu
�bCu� �, then those correlations not involving copper can be
eliminated by forming the difference function14

�FCu�k� � 65F�k� − 63F�k� = D��SCuSe�k� − 1�

+ E��SCuAs�k� − 1� + F��SCuCu�k� − 1� , �2�

where D�=2cCucSebSe�bCu−bCu� �, E�=2cCucAsbAs�bCu−bCu� �,
and F�=cCu

2 �bCu
2 −bCu�2�. It is also possible to eliminate the

Cu-� correlations, where � denotes a matrix atom �As or
Se�, by forming the difference function

�F�k� � 65F�k� − bCu�FCu�k�/�bCu − bCu� �

= A�SAsAs�k� − 1� + B�SAsSe�k� − 1�

+ C�SSeSe�k� − 1� + F��SCuCu�k� − 1� , �3�

where F�=−cCu
2 bCubCu� . The real-space functions correspond-

ing to F�k�, �FCu�k�, and �F�k� are denoted by G�r�,
�GCu�r�, and �G�r�, respectively, and are obtained from the
above equations for the k-space functions by replacing each
S���k� by the corresponding partial pair-distribution function
g���r�. The limiting values of these functions, namely G�r
=0�, �GCu�r=0�, and �G�r=0�, follow from setting g���r�
=0 in the relevant equations, e.g., �GCu�r=0�=−�D�+E�
+F�� and �G�r=0�=−�A+B+C+F��.

The mean-coordination number of atoms of type �, con-
tained in a volume defined by two concentric spheres of radii
ri and rj centered on an atom of type �, is given by

n̄�
� = 4�n0c��

ri

rj

drg���r�r2, �4�

where n0 is the atomic number density of the material. Let
maxn̄Cu

Se denote the maximum Cu-Se coordination number,
which is obtained by integrating over the first peak in
�GCu�r� and assuming that n̄Cu

As = n̄Cu
Cu=0. Then for the case

when n̄Cu
Cu=0 but n̄Cu

As �0, it follows �from consideration of
Eqs. �2� and �4�� that n̄Cu

Se = maxn̄Cu
Se − �cSeE� /cAsD��n̄Cu

As such
that,

n̄Cu
Se = maxn̄Cu

Se − �bAs/bSe�n̄Cu
As �5�

and the maximum Cu-As coordination number corresponds
to n̄Cu

Se =0 such that maxn̄Cu
As = �bSe /bAs�

maxn̄Cu
Se . In the case of

the matrix atom correlations, let maxn̄As
Se denote the maximum

As-Se coordination number, which is obtained by integrating
over the first peak in �G�r� and assuming that n̄As

As= n̄Se
Se

= n̄Cu
Cu=0. Then for the case when n̄Cu

Cu= n̄Se
Se=0 but n̄As

As�0, it

follows �from consideration of Eqs. �3� and �4�� that n̄As
Se

= maxn̄As
Se − �cSeA /cAsB�n̄As

As such that,

n̄As
Se = maxn̄As

Se − �bAs/2bSe�n̄As
As �6�

and the maximum As-As coordination number corresponds
to n̄As

Se =0 such that maxn̄As
As= �2bSe /bAs�

maxn̄As
Se.

III. EXPERIMENT

The Cu5As46.25Se48.75 samples were prepared from As
pieces �99.9999%�, Se pellets �99.999+%�, and highly en-
riched copper 65Cu �99.73% 65Cu and 0.27% 63Cu� or 63Cu
�99.89% 63Cu and 0.11% 65Cu� isotopes. The elements were
weighed in the correct proportions in a high-purity argon
filled glove box using a balance of precision �0.1 mg to
give a total sample mass of �3 g. They were then sealed
under vacuum ��10−5 torr� in cleaned silica ampoules �5
mm inner diameter and 1 mm wall thickness�, heated slowly
in a rocking furnace to 870 °C, maintained at this tempera-
ture for 6 h, and finally cooled to 500 °C before quenching
in an ice/salt-water mixture. The samples were therefore pro-
cessed in the same fashion in order to aid in the preparation
of materials with an identical composition. The mass density
of the glass was measured using pycnometry and gave n0
=0.0354�14� Å−3. The thermal properties of the samples
were measured using a TA Instruments Thermal Analyst
2000 differential scanning calorimetry system with a scan
rate of 10 °C min−1, which gave a glass-transition tempera-
ture Tg�onset�=170�3� °C or Tg�mid-point�=183�3� °C, a
crystallization temperature of 302�5� °C, and a melting tem-
perature Tmp=386�3� °C with an enthalpy of melting Hmp
=17�2� Jg−1. The results for Tg compare with a value in the
range of 164–174 °C for glassy AsSe �Refs. 1 and 25� and
with a value of 165 °C for glassy Cu4.76As47.62Se47.62.

1

Samples of glassy AsSe and As2Se3 were also prepared
from the same purity starting materials by bulk quenching
the liquid, contained in a silica ampoule of 5 �AsSe� or 7 mm
�As2Se3� inner diameter and 1 mm wall thickness, from ei-
ther 350 °C �AsSe� or 600 °C �As2Se3� in an ice/salt-water
mixture. For AsSe, the number density is given by n0
=0.0354�2� Å−3 and a glass-transition temperature
Tg�onset�=174�2� °C or Tg�midpoint�=182�2� °C was mea-
sured by using a DuPont Thermal Analyst 2200 differential
scanning calorimeter operating at a scan rate of
10 °C min−1.25 For As2Se3, n0=0.0354�1� Å−3 and tempera-
tures of Tg�onset�=182�2� °C, Tg�midpoint�=191�2� °C,
and Tmp=374�2� °C were measured by using a TA Instru-
ments Thermal Analyst 2000 differential scanning calorim-
eter with a scan rate of 10 °C min−1.26

The neutron-diffraction experiment was made using the
SANDALS instrument at the ISIS pulsed neutron source. The
samples were held in a cylindrical vanadium container of
inner diameter of 6.8 �Cu5As46.25Se48.75 and AsSe� or 8.8 mm
�As2Se3� and wall thickness of 0.1 mm. The data analysis
was made using the ATLAS suite of programs27 and the neu-
tron resonance of 74Se at 27.1 eV was avoided by truncating
the data sets for the different scattering angles at a suitable
maximum k value. The reliability checks made on the data
sets are described elsewhere.18 The scattering lengths, calcu-
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lated for the enrichment of the Cu isotopes, are bCu
=10.61�19�, bCu� =6.43�15�, bAs=6.58�1�, and bSe
=7.970�9� fm �Ref. 28� and the coefficients in Eqs. �2� and
�3� take values of D�=16.24�94�, E�=12.72�74�, F�
=1.78�11�, A=92.61�28�, B=236.48�45�, C=150.96�34�,
and F�=−1.70�5� mb.

IV. RESULTS

The measured total-structure factors for the x=0.0513
glass are shown in Fig. 1 and feature a so-called first sharp
diffraction peak �FSDP� at k=1.13�2� Å−1, which is a signa-
ture of intermediate-range order.29 The first-order difference
function �FCu�k� is shown in Fig. 2 and the corresponding
real-space function �GCu�r� is shown in Fig. 3. The latter
was generated �i� by Fourier transforming �FCu�k� after a
cosine window function was applied to the region beyond
2.5 Å−1 to suppress the effects of statistical noise at high k
values and �ii� by using the minimum noise �MIN� recon-
struction method.30 The latter gives, essentially, a smoothed
version of the Fourier transformed k-space function while
ensuring that the g���r� take physical values, i.e., g���r�=0
for 0�r�rmin and g���r�	0 for r
rmin, where rmin is the
distance of closest approach between two atomic centers.
The first peak in �GCu�r� at 2.40�2� Å covers a range 2.02
�r�Å��3.2 that encompasses typical Cu-Se, Cu-As, and
Cu-Cu distances. For example, Cu has four nearest-neighbor
Se atoms at 2.41–2.49 Å in crystalline CuAsSe2 �Ref. 31�
and has one As atom at 2.34–2.41 Å and three Se atoms at
2.37–2.41 Å in crystalline CuAsSe.32 In glassy Cu2As3Se4,
copper has three nearest-neighbor matrix atoms at 2.42�2� Å
and 1.0�3� nearest-neighbor Cu atom at 2.70�4� Å.12 The
coordination numbers obtained from the application of dif-

ferent analysis scenarios to the first peak in �GCu�r� are
listed in Table I. Given the small fraction of Cu present in the
glass and the small weighting factor for the Cu-Cu correla-
tions in Eq. �2�, it is likely that n̄Cu

Cu=0 and the overall mean
Cu coordination number n̄Cu= n̄Cu

Cu+ n̄Cu
As + n̄Cu

Se �4, provided
that n̄Cu

Se �0. The latter situation is not anticipated because As
and Se are present in the glass in an almost identical propor-
tion and Se has an affinity for Cu.

The difference function �F�k� is shown in Fig. 4 and, like
the total-structure factors of Fig. 1, it features an FSDP at
k=1.14�2� Å−1. The corresponding real-space function
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FIG. 1. �Color online� The measured total-structure factors
63F�k� and 65F�k� for glassy 63Cu5As46.25Se48.75 and
65Cu5As46.25Se48.75, respectively. The solid circles are the measured
data points and the symbol size is larger than the statistical error.
The solid curves are the Fourier back transforms of the correspond-
ing total pair-distribution functions G�r� after the unphysical oscil-
lations at r values smaller than the distance of closest approach
between the centers of two atoms are set to the calculated G�r=0�
limit.
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FIG. 2. �Color online� Comparison of the measured difference
functions �FCu�k� /D� for glassy �Cu2Se�x�AsSe�1−x where
x=0.0513 �Cu5As46.25Se48.75� or x=0.25 �Cu2As3Se4� and
D�=2cCucSebSe�bCu−bCu� �. The solid circles are the measured data
points and the solid curves show the MIN solutions. For the
x=0.25 glass D�=65.6�3.8�, E�=40.6�2.4�, and F�=35.1�2.2� mb.
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FIG. 3. �Color online� Comparison of the measured difference
functions ��GCu�r�−�GCu�0�� /D� for glassy �Cu2Se�x�AsSe�1−x

where x=0.0513 �Cu5As46.25Se48.75� or x=0.25 �Cu2As3Se4� and
D�=2cCucSebSe�bCu−bCu� �. In this representation the gCuSe�r� func-
tion is given the same weighting factor of unity for both glass
compositions. The curves for x=0.0513 were obtained from
�FCu�k� by using the MIN method and by Fourier transformation
after the application of a cosine window function �WIN�. The curve
for x=0.25 was obtained from �FCu�k� by using the MIN method.
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�G�r� is shown in Fig. 5 and was generated by Fourier trans-
forming �F�k� and by using the MIN method. The first peak
in �G�r� at 2.43�2� Å covers the range 2.21�r�Å��2.70
and is likely to have contributions from both As-As and
As-Se correlations. For example, arsenic has one As nearest
neighbor at 2.56–2.58 Å and two Se nearest neighbors at
2.37–2.42 Å in crystalline AsSe �Refs. 33–35� and the av-
erage bond length found from a pair-distribution function
analysis of x-ray diffraction data is 2.40 Å.36 �A relatively
short As-As distance of 2.44 Å reported for crystalline AsSe
by Renninger and Averbach37 is not supported by other
work.33–35� Inspection of Eq. �3� shows that there may also
be a contribution to the first peak from Cu-Cu correlations
but the associated weighting factor is small and the first peak
in �G�r� was therefore analyzed by assuming As-As and
As-Se correlations alone. The coordination numbers obtained
from the application of different analysis scenarios to the
first peak in �G�r� are listed in Table II. We find that if the

mean arsenic coordination number n̄As= n̄As
As+ n̄As

Se + n̄As
Cu is to

be at least three �a value that is anticipated on the basis of the
“8-N” rule�, then As-As bonds are a necessary feature of the
glass structure. This observation is supported by nuclear
quadrupole resonance �NQR� experiments made using the
75As nucleus, which show that As-As bonds appear in
glasses that lie on the As rich side of the Cu2Se-As2Se3
pseudobinary tie line.38

V. DISCUSSION

A. Glasses on the Cu2Se-AsSe pseudobinary tie line

The difference functions �FCu�k� for the x=0.0513 and
0.25 glasses are compared in Fig. 2 and the corresponding

TABLE I. The mean-coordination numbers obtained from the
first peak in �GCu�r� for glassy Cu5As46.25Se48.75 �x=0.0513� by
using different analysis scenarios and Eq. �5�. The real-space func-
tion was obtained from �FCu�k� by using either the cosine window
function �W� or MIN �M� method �see the text� and the overall
mean Cu coordination number n̄Cu= n̄Cu

Cu+ n̄Cu
As + n̄Cu

Se .

n̄Cu
Cu n̄Cu

As n̄Cu
Se n̄Cu

4.0�2�W or 3.7�2�M 3.9�2�
1 3.2�2�W or 2.9�2�M 4.1�2�
2 2.3�2�W or 2.0�2�M 4.2�2�

4.8�2�W or 4.5�2�M 4.7�2�
1 3.0�2�W or 2.7�2�M 3.9�2�
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FIG. 4. �Color online� Comparison of the measured difference
functions for glassy �Cu2Se�x�AsSe�1−x, where �F�k� /B is shown
for x=0.0513 �Cu5As46.25Se48.75� and �����k� /B is shown for x
=0.25 �Cu2As3Se4�, with the measured total-structure factor F�k� /B
for glassy AsSe. The solid circles are the measured data points, the
solid curves show the MIN solutions, and B=2cAscSebAsbSe. For the
x=0.25 glass, A=48.1�1�, B=155.4�3�, and C=125.5�3� mb while
for the AsSe glass, A=108.2�3�, B=262.2�5�, and C
=158.8�4� mb.
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FIG. 5. �Color online� Comparison of the measured difference
functions for glassy �Cu2Se�x�AsSe�1−x, where ��G�r�−�G�0�� /B
is shown for x=0.0513 �Cu5As46.25Se48.75� and ��G����r�
−�G����0�� /B is shown for x=0.25 �Cu2As3Se4�, with the mea-
sured total pair-distribution function �G�r�−G�0�� /B for glassy
AsSe. The coefficient B=2cAscSebAsbSe so that in these representa-
tions the gAsSe�r� function is given the same weighting factor of
unity for all glass compositions. The dotted curve for x=0.0513 was
obtained by Fourier transforming �F�k� shown by the circles in Fig.
4 while the other curves were obtained from MIN solutions �see
Fig. 4�.

TABLE II. The mean-coordination numbers n̄As
As and n̄As

Se as ob-
tained from the first peak in �G�r� for glassy Cu5As46.25Se48.75 �x
=0.0513� by using different analysis scenarios and Eq. �6�. The
overall mean As coordination number is given by n̄As= n̄As

As+ n̄As
Se

+ n̄As
Cu, where n̄As

Cu= �cCu /cAs�n̄Cu
As, and it is assumed that n̄Cu

As is in the
range of 0–2 �see Table I�.

n̄As
As n̄As

Se n̄Cu
As n̄As

Cu n̄As

2.4�2� 2.4�2�
1 0.1 2.5�2�
2 0.2 2.6�2�

1 2.0�2� 3.0�2�
1 0.1 3.1�2�
2 0.2 3.2�2�
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real-space functions �GCu�r� are compared in Fig. 3. In the
case of the x=0.25 glass, the gCuCu�r� function has been mea-
sured and the Cu coordination environment is described by
n̄Cu

Cu=1.0�3� at 2.70�4� Å and n̄Cu
� �3 at a mean distance of

2.42�2� Å. For example, if n̄Cu
As =0 then maxn̄Cu

Se =2.9�2� and
Eq. �5� is valid so that n̄Cu

Se values of 2.1�2� and 1.2�2� are
obtained by fixing n̄Cu

As at 1 and 2, respectively.12

In Fig. 4, �F�k� for the x=0.0513 glass is compared with
the measured F�k� function for glassy AsSe �Ref. 12� and
with the measured �����k� function for the x=0.25 glass,
which has a number density n0=0.0425 Å−3.12 The �����k�
function only contains matrix atom correlations and is given
by Eq. �3� after F� is set equal to zero.12,16,18,19 An FSDP at
k�1.14 Å−1 is a feature of �F�k� and F�k� but not of
�����k�, i.e., the introduction of 25 mol % Cu2Se disrupts
the intermediate-range order of glassy AsSe whereas the in-
troduction of 5.13 mol % has little apparent effect. The cor-
responding real-space functions are shown in Fig. 5 and the
first-peak positions and associated coordination numbers are
summarized in Table III. It appears that the basic structural
motifs of AsSe are retained when 5.13 mol % of Cu2Se is
added but that the addition of 25 mol % results in a change
of the short-range order. For the x=0.25 glass, the results in
Table III show that there must be an increase in the number
of As-Se bonds and an accompanying decrease in the number
of As-As bonds relative to glassy AsSe if arsenic is to remain
threefold coordinated by matrix atoms.

To further investigate the possible structural units, it is
useful to consider the overall mean matrix atom coordination
numbers n̄As and n̄Se= n̄Se

Se+ n̄Se
As+ n̄Se

Cu, where n̄Se
As

= �cAs /cSe�n̄As
Se, n̄Se

Cu= �cCu /cSe�n̄Cu
Se , and we have assumed that

n̄Se
Se=0 since the glasses lie on the As rich side of the

Cu2Se-As2Se3 pseudobinary tie line. For the x=0.0153 glass,
the results in Sec. IV demonstrate that threefold coordinated
arsenic requires the presence of As-As bonds and Table II
shows that if n̄As

As=1, then n̄As
Se =2.0�2�. Also, from Table I it

follows that �i� n̄Cu
Se =3.9�2� if n̄Cu

As =0 or �ii� n̄Cu
Se =3.1�2� if

n̄Cu
As =1, which leads to mean selenium coordination numbers

n̄Se of 2.3�2� and 2.2�2�, respectively. The latter are compa-
rable to the value of n̄Se expected on the basis of the formal
valence shell �FVS� model,39 which is often used to interpret

the structure of Cu–As–Se and other M-A-X glasses.4,5,38,40

The model assumes that only s and p electrons are involved
in the bonding, such that the “8-N” rule holds for each
atomic species, and gives n̄Se=3cCu /cSe+2 for the case when
n̄Cu=4 and n̄As=3, whereupon n̄Se=2.3 for the x=0.0513
composition. In the case of the x=0.25 composition, n̄Cu

Se

=2.9�2� if n̄As
Cu= �cCu /cAs�n̄Cu

As =0 �see above� whereupon n̄As
= n̄As

� . Also, for the analysis scenarios considered in Table III,
we see that n̄As

� �3 if either �i� n̄As
As=0 and n̄As

Se =2.8�2� so that
n̄Se=3.6�2� or �ii� n̄As

As=0.5 and n̄As
Se =2.6�2� so that n̄Se

=3.4�2�. The FVS model for n̄Cu=4 and n̄As=3 gives n̄Se
=3.5 and therefore holds for the x=0.25 composition pro-
vided n̄Cu

As �0. On the other hand, other analysis scenarios
give n̄As
3 and it is not clear that the contribution to the
bonding from d electrons can be ignored.10,11 More detailed
information at the partial pair-distribution function level is
therefore required in order to provide a more rigorous exami-
nation of the local conformations.

B. Structure of other Cu–As–Se glasses

The structure of glasses in the Cu–As–Se system has been
extensively studied but there appears to be an absence of
work on Cu2Se-AsSe glasses, which �like Cu-As2Se3
glasses� lie on the As rich side of the Cu2Se-As2Se3 pseudo-
binary tie line. Early investigations focused on vitreous
Cuy�As2Se3�1−y �0�y�1� and a model was developed
wherein n̄Cu=4 for all compositions.41,42 For this tie line,
NQR experiments show that the fraction of arsenic atoms
involved in As-As homopolar bonds increases with y �Ref.
38� while x-ray photoelectron and emission spectroscopy
studies of the electronic structure indicate that Cu is bonded
to both As and Se atoms.43 An extended x-ray absorption fine
structure �EXAFS� spectroscopy experiment on the y
=0.468 75 �Cu15As34Se51� glass44 gave n̄Cu=4, n̄As=3.44,
and n̄Se=2.61 with Cu-� distances of 2.35–2.37 Å and an
As-Se distance of 2.42 Å, but the results were not inter-
preted by assuming As-As bonds and the reported Cu-Cu
distance of 2.23 Å is much shorter than the distance of
2.70�4� Å observed for glassy Cu2As3Se4 �Ref. 12� or the
distance of 2.56 Å found in metallic Cu.

TABLE III. Parameters describing the first peak in �i� G�r� for the network glasses AsSe and As2Se3, �ii�
�G�r� for glassy Cu5As46.25Se48.75 �x=0.0513�, and �iii� �G����r� for glassy Cu2As3Se4 �x=0.25�, where
�G����r� is given by Eq. �3� after F� is set to zero and the S���k� are replaced by the corresponding g���r�
functions. The mean-coordination number of matrix atoms � �As or Se� around As is given by n̄As

� = n̄As
As

+ n̄As
Se.

System Measured function Peak position �Å� n̄As
As n̄As

Se n̄As
�

AsSe G�r� 2.42�2� 2.4�2� 2.4�2�
1 2.0�2� 3.0�2�

Cu5As46.25Se48.75 �G�r� 2.43�2� 2.4�2� 2.4�2�
1 2.0�2� 3.0�2�

Cu2As3Se4 �G����r� 2.42�2� 2.8�2� 2.8�2�
0.5 2.6�2� 3.1�2�
1 2.4�2� 3.4�2�

As2Se3 G�r� 2.42�2� 3.0�2� 3.0�2�
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In the case of �Cu2Se�y�As2Se3�1−y glasses, NQR experi-
ments show no As-As bonds at y=0.3261 �Cu15As31Se54�
�Ref. 38� and EXAFS experiments give n̄As

Se =3 at 2.42�1� Å
for the composition range y=0.1–0.5.45 Notably, the Cu-�
coordination number found from the EXAFS results is sig-
nificantly less than four, with n̄Cu

Se =3.1–3.2 at 2.43�1� Å for
all y values, while the mean Se coordination number n̄Se is
found to increase from 2.0 to 2.6 with increasing y. These
results for n̄Se are inconsistent with the FVS model, which
gives n̄Se=4cCu /cSe+2 if n̄Cu= n̄As=3, such that n̄Se increases
with y from 2.3 to 4.0, or n̄Se=3cCu /cSe+2 if n̄Cu=4 and
n̄As=3, such that n̄Se increases with y from 2.2 to 3.5. The
glasses Cu8As26Se66 and Cu26As37Se37 have also been stud-
ied by using EXAFS and x-ray diffraction.46 The EXAFS
results were interpreted to give n̄Cu

� =3.96 at 2.43 Å with
n̄As=2.97 and n̄Se=2.25 for the low-Cu content glass and
n̄Cu

� =3.70 at 2.39 Å with n̄Cu
Cu=0.29 at 2.50 Å, n̄As=2.99,

and n̄Se=3.83 for the high-Cu content glass. These results are
comparable to those predicted by the FVS model for n̄Cu
=4 and n̄As=3, which gives n̄Se values of 2.4 and 4.1 for the
low- and high-Cu content glasses, respectively.

C. Structure of glassy AsSe and As2Se3

It is worthwhile examining in greater detail the structure
of network formers in the Cu–As–Se system since amor-

phous AsSe and As2Se3 have been studied by using
first-principles molecular dynamics21–23 and this type of
method provides a pathway for understanding the structure
and other properties of the modified Cu–As–Se
materials.10,11 The total-structure factor is given by ST�k�
��F�k�+ 	b
2� / 	b
2= �cAs

2 bAs
2 SAsAs�k�+2cAscSebAsbSeSAsSe�k�

+cSe
2 bSe

2 SSeSe�k�� / 	b
2, where 	b
=cAsbAs+cSebSe, and the
functions measured by using neutron diffraction for glassy
AsSe �Ref. 12� and As2Se3 �Ref. 26� are compared with
the simulated functions in Fig. 6. The corresponding real-
space functions GT�r���G�r�+ 	b
2� / 	b
2= �cAs

2 bAs
2 gAsAs�r�

+2cAscSebAsbSegAsSe�r�+cSe
2 bSe

2 gSeSe�r�� / 	b
2 are shown in
Fig. 7 where each simulated GT�r� is broken down into its
contributions from the weighted partial pair-distribution
functions.

The mean nearest-neighbor distance and coordination
numbers obtained from the neutron-diffraction measure-
ments for glassy AsSe and As2Se3 are compared in Table III.
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FIG. 6. �Color online� Comparison of the total-structure factor
ST�k���F�k�+ 	b
2� / 	b
2 for glassy AsSe and As2Se3 �solid �black�
curve� as measured by using neutron diffraction with the functions
calculated for these materials by using first-principles molecular-
dynamics methods �broken �red� curves� �Refs. 21–23�.
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FIG. 7. �Color online� Comparison of the total pair-distribution
function GT�r���G�r�+ 	b
2� / 	b
2 for glassy AsSe and As2Se3 as
measured using neutron diffraction �ND� �solid �black� curves� with
the functions calculated for these materials by using first-principles
molecular-dynamics �MD� methods �broken �red� curves� �Refs.
21–23�. Also shown are the contributions to the molecular-
dynamics results from the weighted As-As �broken �green� curve�,
As-Se �solid �blue� curve�, and Se-Se �chained �black� curve� pair-
correlation functions, which are displaced downward by unity. The
measured GT�r� functions were obtained from the ST�k� functions
shown in Fig. 6 by using the MIN method.
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The results show that, unlike the case of glassy AsSe, there is
no need to invoke homopolar bonds in order to interpret the
data for As2Se3 in terms of threefold coordinated As. By
comparison, the first-principles results show the presence of
homopolar bonds for both AsSe and As2Se3, although the
mean-bond distance given by the position of the first peak in
GT�r� is too large relative to the experiment and the second
peak in the measured GT�r� is not reproduced �see Fig. 7�.
Also, the intermediate-range order, as manifested by the ap-
pearance in the measured ST�k� of an FSDP at k
=1.13�2� Å−1 for AsSe or at k=1.26�2� Å−1 for As2Se3, is
not reproduced for either glass �see Fig. 6�. It is therefore
desirable to improve on the molecular-dynamics models that
have been developed for glassy AsSe and As2Se3 �Refs.
21–23� in order to make further progress in understanding
the structure and properties of these materials. It would also
be interesting to examine in more detail the effect of differ-
ent quench rates and thermal histories on the nature of the
local structural motifs and their relative arrangement.47

VI. CONCLUSIONS

The complexity of correlations associated with a single
neutron-diffraction experiment on the three-component glass
�Cu2Se�x�AsSe�1−x with x=0.0513 has been simplified by use
of the isotopic substitution method. The results are consistent
with n̄Cu

� �4 at a mean distance of 2.40�2� Å and the short-
range order associated with glassy AsSe is not substantially
changed; the results for both materials are consistent with
threefold coordinated arsenic with n̄As

As=1 and n̄As
Se =1.9�2� at

a mean distance of 2.43�2� Å. When the Cu2Se content is
increased to x=0.25, the Cu-� coordination number reduces

to n̄Cu
� �3 at 2.42�2� Å and Cu-Cu close neighbors appear

with n̄Cu
Cu=1.0�3� at 2.70�4� Å.12 The short- and

intermediate-range order of the network former is also al-
tered and, if arsenic is to remain threefold coordinated by
matrix atoms, there is a substitution of As-As bonds by
As-Se bonds relative to glassy AsSe.

Overall, a picture emerges for the structure of Cu–As–Se
glasses where usually n̄Cu�4. Short Cu-Cu distances can
occur such that n̄Cu

Cu=1 and n̄Cu
� �3 for glasses such as

Cu2As3Se4, i.e., Cu is not always exclusively bound to ma-
trix �As or Se� atoms. As-As bonds feature in glasses on the
As-rich side of the Cu2Se-As2Se3 pseudobinary tie line and
many of the results are consistent with threefold coordinated
arsenic where As-Cu bonds are a possibility. The FVS
model39 can provide a guide to the structure of several Cu–
As–Se glasses but the model is based on an assumption that
d electrons do not participate in the bonding and does not
account for all of the experimental results. Density functional
based methods will prove useful in further elucidating the
structure and properties of these materials,10,11 including the
network formers AsSe and As2Se3 after improvements are
made to the models.21–23

ACKNOWLEDGMENTS

We would like to thank Alan Soper �ISIS� for his help
with the neutron-diffraction experiment, Chris Benmore
�ANL� for his useful discussions, and Jun Li and David
Drabold �Ohio� for providing their molecular-dynamics re-
sults for glassy AsSe and As2Se3. Use of the EPSRC-GB
Chemical Database Service at Daresbury is gratefully ac-
knowledged.

1 Z. U. Borisova, Glassy Semiconductors �Plenum, New York,
1981�.

2 Yu. G. Vlasov and E. A. Bychkov, Solid State Ionics 14, 329
�1984�.

3 C. Carcaly and D. Houphouet-Boigny, J. Non-Cryst. Solids 86,
271 �1986�.

4 J. Z. Liu and P. C. Taylor, Phys. Rev. Lett. 59, 1938 �1987�.
5 J. Z. Liu and P. C. Taylor, Phys. Rev. B 41, 3163 �1990�.
6 Y. Asahara and T. Izumitani, J. Non-Cryst. Solids 11, 97 �1972�.
7 Y. Asahara and T. Izumitani, Jpn. J. Appl. Phys. 11, 109 �1972�.
8 M. M. Haifz, M. M. Ibrahim, M. Dongol, and F. H. Hammad, J.

Appl. Phys. 54, 1950 �1983�.
9 E. Bychkov, D. L. Price, and A. Lapp, J. Non-Cryst. Solids

293-295, 211 �2001�.
10 S. I. Simdyankin, M. Elstner, T. A. Niehaus, T. Frauenheim, and

S. R. Elliott, Phys. Rev. B 72, 020202�R� �2005�.
11 F. Shimojo and M. Aniya, Phys. Rev. B 73, 235212 �2006�.
12 C. J. Benmore and P. S. Salmon, Phys. Rev. Lett. 73, 264

�1994�.
13 I. T. Penfold and P. S. Salmon, J. Non-Cryst. Solids 114, 82

�1989�.
14 I. T. Penfold and P. S. Salmon, Phys. Rev. Lett. 64, 2164 �1990�.
15 C. J. Benmore and P. S. Salmon, J. Non-Cryst. Solids 156-158,

720 �1993�.
16 J. Liu and P. S. Salmon, Europhys. Lett. 39, 521 �1997�.
17 J. C. Wasse, I. Petri, and P. S. Salmon, J. Phys.: Condens. Matter

13, 6165 �2001�.
18 P. S. Salmon, S. Xin, and H. E. Fischer, Phys. Rev. B 58, 6115

�1998�.
19 P. S. Salmon and S. Xin, Phys. Rev. B 65, 064202 �2002�.
20 P. S. Salmon and J. Liu, J. Non-Cryst. Solids 205-207, 172

�1996�.
21 J. Li and D. A. Drabold, Phys. Rev. B 61, 11998 �2000�.
22 J. Li and D. A. Drabold, Phys. Rev. B 64, 104206 �2001�.
23 D. A. Drabold, J. Li, and D. N. Tafen, J. Phys.: Condens. Matter

15, S1529 �2003�.
24 H. E. Fischer, A. C. Barnes, and P. S. Salmon, Rep. Prog. Phys.

69, 233 �2006�.
25 C. J. Benmore, Ph.D. thesis, University of East Anglia, 1993.
26 J. Liu, Ph.D. thesis, University of East Anglia, 1994.
27 A. K. Soper, W. S. Howells, and A. C. Hannon, Rutherford

Appleton Laboratory Report No. RAL-89-046, 1989.
28 V. F. Sears, Neutron News 3, 26 �1992�.
29 P. S. Salmon, Proc. R. Soc. London, Ser. A 445, 351 �1994�.
30 A. K. Soper, C. Andreani, and M. Nardone, Phys. Rev. E 47,

2598 �1993�.

STRUCTURE OF Cu–As–Se GLASSES INVESTIGATED… PHYSICAL REVIEW B 78, 064207 �2008�

064207-7



31 R. M. Imamov and I. I. Petrov, Sov. Phys. Crystallogr. 13, 335
�1968�.

32 H. J. Whitfield, J. Solid State Chem. 39, 209 �1981�.
33 E. J. Smail and G. M. Sheldrick, Acta Crystallogr., Sect. B:

Struct. Crystallogr. Cryst. Chem. 29, 2014 �1973�.
34 P. Goldstein and A. Paton, Acta Crystallogr., Sect. B: Struct.

Crystallogr. Cryst. Chem. 30, 915 �1974�.
35 T. J. Bastow and H. J. Whitfield, J. Chem. Soc. Dalton Trans.

1973, 1739.
36 A. L. Renninger and B. L. Averbach, Phys. Rev. B 8, 1507

�1973�.
37 A. L. Renninger and B. L. Averbach, Acta Crystallogr., Sect. B:

Struct. Crystallogr. Cryst. Chem. 29, 1583 �1973�.
38 Z. M. Saleh, G. A. Williams, and P. C. Taylor, Phys. Rev. B 40,

10557 �1989�.
39 J. Z. Liu and P. C. Taylor, Solid State Commun. 70, 81 �1989�.

40 K. Ramesh, S. Asokan, and E. S. R. Gopal, J. Non-Cryst. Solids
352, 2905 �2006�.

41 K. S. Liang, A. Bienenstock, and C. W. Bates, Phys. Rev. B 10,
1528 �1974�.

42 S. Laderman, A. Bienenstock, and K. S. Liang, Sol. Energy
Mater. Sol. Cells 8, 15 �1982�.

43 G. J. Adriaenssens, A. Gheorghiu-de La Rocque, E. Belin-Ferré,
and P. Hertogen, J. Non-Cryst. Solids 266-269, 898 �2000�.

44 D. Gómez-Vela, L. Esquivias, and C. Prieto, J. Non-Cryst. Solids
167, 59 �1994�.

45 E. Bychkov, A. Bolotov, P. Armand, and A. Ibanez, J. Non-
Cryst. Solids 232-234, 314 �1998�.

46 D. Gómez-Vela, L. Esquivias, and C. Prieto, Phys. Rev. B 48,
10110 �1993�.

47 J. P. De Neufville, S. C. Moss, and S. R. Ovshinsky, J. Non-
Cryst. Solids 13, 191 �1974�.

XIN, LIU, AND SALMON PHYSICAL REVIEW B 78, 064207 �2008�

064207-8


