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Structure of Cu—-As—Se glasses investigated by neutron diffraction with copper isotope substitution
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Neutron diffraction with copper isotope substitution was used to study the structure of glassy
CusAsyg055€4375, Which lies at x=0.0513 on the (Cu,Se),(AsSe),_, 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) A and
with threefold coordination of arsenic to one As and two Se atoms at a mean distance of 2.43(2) A. 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 Cu,Se 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) A] 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) A and the Cu-Cu
nearest-neighbor coordination number is 1.0(3) at 2.70(4) A A comparison between (i) the measured structure
of the glassy network formers AsSe and As,Se; 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 (Cu,Se).(AsSe),_, (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
(Ag,Se),(AsSe),_, tie line as x is increased from 0 to 0.25.!73
By contrast, glasses in the Cu—As—Se system remain semi-
conducting even when a large mole fraction of Cu is
incorporated.’> 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 As,S; or As,Ses, respectively.*> 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.®=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.®!!

The structure of a high-Cu content glass with x=0.25,
which corresponds to Cu,As;Se,, 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.!? In the present paper, the
NDIS method is applied to a low-Cu content glass
CusAsygo55€45 75, which lies at x=0.0513, thus, enabling a
study of the effect of adding a small amount of modifying Cu
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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,'31* Ag-As-Se,'>!5 Ag-As-Te,'®!” Ag-P-S,'® and
Cu-As-Te (Ref. 17) in addition to the glassy chalcohalide
Cul-Sb,Se;.!” 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.”’ The x
=0.0513 composition lies well within the glass forming re-
gion of the Cu-As—Se system!*® 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,!®!! neutron-diffraction results for the network
forming glasses AsSe and As,Ses are also compared with the
results obtained from the first-principles molecular-dynamics
studies of Drabold and co-workers.?!"> 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 factor®*

©2008 The American Physical Society


http://dx.doi.org/10.1103/PhysRevB.78.064207

XIN, LIU, AND SALMON

F(k) = A[S psas(k) = 1]+ B[S pgse(k) = 1]+ C[Ssese(k) = 1]
+ D[Scyse(k) = 1]+ E[Scuas(k) = 1]+ F[Scycy(k) = 11,
(1)
where A=cibi, B=2cpcCsbashses C=cibi, D

=2¢cyCsebcubses E=2ccuCashcubas and F=cg b, In these
equations c, and b, denote the atomic fraction and coherent
neutron-scattering length of chemical species a, respectively,
S,p(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 ®Cu (bc,) to ®*Cu
(bé,), then those correlations not involving copper can be
eliminated by forming the difference function'*

AF (k) = ©F(k) = ®F(k) = D'[Scuse(k) — 1]
+ E’[SCuAs(k) - 1] + F,[SCuCu(k) - 1]’ (2)

where D’ 2cCuCSebSe(bCu bey)s E'=2ccucabadbeu=bey),
and F'=ck (b%,~b{). Tt is also possible to eliminate the
Cu-u correlations, where w denotes a matrix atom (As or
Se), by forming the difference function

AF (k) = CF(k) = beyAF (k) (bey = bes,)
= A[Sasas(k) = 1]+ B[Sasse(k) — 1]
+ C[Ssese(k) = 1]+ F"[Scyculk) — 11, (3)

where F"'=—cZ bcubi,. The real-space functions correspond-
ing to F(k), AFc,(k), and AF(k) are denoted by G(r),
AGc,(r), and AG(r), respectively, and are obtained from the
above equations for the k-space functions by replacing each
Sqp(k) by the corresponding partial pair-distribution function
8ap(r). The limiting values of these functions, namely G(r
=0), AG¢,(r=0), and AG(r=0), follow from setting g,4(r)
=0 in the relevant equations, e.g., AG¢,(r=0)=—=(D'+E’
+F') and AG(r=0)=—(A+B+C+F").

The mean-coordination number of atoms of type B3, con-
tained in a volume defined by two concentric spheres of radii
r; and r; centered on an atom of type «, is given by

7j
ﬁ'g = 47Tn003f drgalg(r)rz, (4)

i

where n is the atomic number density of the material. Let
M8 denote the maximum Cu-Se coordination number,
which is obtained by integratmg over the first peak in
AGCu(r) and assumlng that 7S =nS"=0. Then for the case
when ”c "=0 but n #O 1t follows [from consideration of

Egs. (2) and (4)] that 28 =M (g E" cadD")ies such
that,
= " iiey = (badbs g, (5)

and the maximum Cu-As coordination number corresponds

to ige =0 such that ™70 = (bg./bpy) " 77cs. In the case of

the matrix atom correlations, let ™75 denote the maximum

As-Se coordination number, which is obtained by integrating
over the first peak in AG(r) and assummg that nAS—ngz

—nc .=0. Then for the case when ﬁg —ns =0 but 7> #0, it
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follows [from consideration of Egs. (3) and (4)] that n

mdx—Se

75— (ceA / cagB)TTA such that,

— (bay2bs)itn: (6)

—Se _ max—Se

As ™ N as

and the maximum As-As coordination number corresponds
to =0 such that ™74 = (2bg./ b ag) "5

III. EXPERIMENT

The CusAsygos55e4575 samples were prepared from As
pieces (99.9999%), Se pellets (99.999+ %), and highly en-
riched copper ®Cu (99.73% %Cu and 0.27% %Cu) or “*Cu
(99.89% %Cu and 0.11% %Cu) 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 (=107 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 ng
=0.0354(14) A=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~!, which gave a glass-transition tempera-
ture T,(onset)=170(3) °C or T,(mid-point)=183(3) °C, a
crystallization temperature of 302(5) °C, and a melting tem-
perature 7,,=386(3) °C with an enthalpy of melting H,,,
=17(2) Jg~'. The results for T, 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 Cuy16AS47 625€47 6.

Samples of glassy AsSe and As,Se; 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
(As,Ses) inner diameter and 1 mm wall thickness, from ei-
ther 350 °C (AsSe) or 600 °C (As,Ses) in an ice/salt-water
mixture. For AsSe, the number density is given by n,
=0.0354(2) A and a glass-transition temperature
T,(onset)=174(2) °C or T,(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~".25 For As,Ses, 19=0.0354(1) A~3 and tempera-
tures of T,(onset)=182(2) °C, T,(midpoint)=191(2) °C,
and T,,=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~!.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 (CusAsys,55€45 75 and AsSe) or 8.8 mm
(As,Ses) and wall thickness of 0.1 mm. The data analysis
was made using the ATLAS suite of programs?’ and the neu-
tron resonance of "*Se 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.'® The scattering lengths, calcu-
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FIG. 1. (Color online) The measured total-structure factors
SF(k) and SF(k) for glassy %CusAsygasSessss  and
65Cu5As46A25Se48‘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.

lated for the enrichment of the Cu isotopes, are b¢,
=10.61(19), bL,=6.43(15), bx=6.58(1), and b,
=7.970(9) fm (Ref. 28) and the coefficients in Egs. (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) A~!, which is a signa-
ture of intermediate-range order.?’ The first-order difference
function AF,(k) is shown in Fig. 2 and the corresponding
real-space function AGc,(r) is shown in Fig. 3. The latter
was generated (i) by Fourier transforming AFq,(k) after a
cosine window function was applied to the region beyond
2.5 A~! to suppress the effects of statistical noise at high k
values and (i) by using the minimum noise (MIN) recon-
struction method.?® The latter gives, essentially, a smoothed
version of the Fourier transformed k-space function while
ensuring that the g,4(r) take physical values, i.e., g,5(r)=0
for 0=r=ry, and g,4(r) =0 for r>r;,, where ry;, is the
distance of closest approach between two atomic centers.
The first peak in AGc,(r) at 2.40(2) A covers a range 2.02
=r(A)=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 A in crystalline CuAsSe, (Ref. 31)
and has one As atom at 2.34—2.41 A and three Se atoms at
2.37-2.41 A in crystalline CuAsSe.?? In glassy Cu,As;Se,,
copper has three nearest-neighbor matrix atoms at 2.42(2) A
and 1.0(3) nearest-neighbor Cu atom at 2.70(4) A.'2 The
coordination numbers obtained from the application of dif-
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FIG. 2. (Color online) Comparison of the measured difference
functions AFc(k)/D’ for glassy (Cu,Se) (AsSe);_, where
x=0.0513 (CusAsgg05Sesg75) or x=0.25 (Cu,Ass;Sey) and
D' =2ccycsebse(boy—bg,)- 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.

ferent analysis scenarios to the first peak in AGc,(r) are
listed in Table 1. 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 75:."=0 and the overall mean
Cu coordination number fiq,=7c" +ites+7es, =4, provided
that 72¢, # 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 AF(k) is shown in Fig. 4 and, like
the total-structure factors of Fig. 1, it features an FSDP at
k=1.14(2) A-'. The corresponding real-space function

e
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—-— x=0.25 (MIN) 7

— x=0.0513 (MIN)  _|
----x=0.0513 (WIN)
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) I
[ [

(=)

Distance r (A)

FIG. 3. (Color online) Comparison of the measured difference
functions [AGc,(r)—=AGc,(0)]/D’ for glassy (Cu,Se),(AsSe);_,
where x=0.0513 (CusAsyg255€4575) or x=0.25 (Cu,As;Sey) and
D' =2ccycsebse(bey—b(,)- In this representation the geyse(r) func-
tion is given the same weighting factor of unity for both glass
compositions. The curves for x=0.0513 were obtained from
AF ¢ (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 AF,(k) by using the MIN method.
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TABLE 1. The mean-coordination numbers obtained from the
first peak in AGg,(r) for glassy CusAsygr5Sess75 (x=0.0513) by
using different analysis scenarios and Eq. (5). The real-space func-
tion was obtained from AF¢,(k) by using either the cosine window
function (W) or MIN (M) method (see the text) and the overall
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(CugAs,g55Sey75) 1

8 | T | T | T | T
L ﬂ‘ — [AG() - AG(0))/B
. = « [AG(r) - AG(0))/B (CughAs,g,iSe s |

1 ——- [AG, (0 -AG, (OB (CuAsSe,)

=)
I

r == [G(n - GO)B

(AsSe) 7]

mean Cu coordination number fig, =g + ey + 7,
i B & o
4.02)% or 3.72)M 3.9(2)
1 3.2(2)" or 2.902)M 4.1(2)
2 23(2)" or 2.002)M 42(2)
4.82)% or 4.502)M 4.7(2)
1 3.02)" or 2.7(2)M 3.9(2)

AG(r) is shown in Fig. 5 and was generated by Fourier trans-
forming AF(k) and by using the MIN method. The first peak
in AG(r) at 2.43(2) A covers the range 2.21 =r(A)=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 A and two Se nearest neighbors at
2.37-2.42 A 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 A.3° (A relatively
short As-As distance of 2.44 A reported for crystalline AsSe
by Renninger and Averbach?’ is not supported by other
work.333) 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 AG(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 AG(r) are listed in Table II. We find that if the

6 T I T I T I T I T I T I T I T I T I T
i\% 5 B A“u,(k)/B +4 (CuzAs3Se N,
\-(% 4 __
3 _
L AF(K/B +2  (CusAs,qiSeyq 9]
2 —

F(k)/B (AsSe)

F(/E or AF(K)E or A

0 2 4 6 8 10 12 14 16 18 20
Scattering vector k (A” ! )

FIG. 4. (Color online) Comparison of the measured difference
functions for glassy (Cu,Se) (AsSe);_,, where AF(k)/B is shown
for x=0.0513 (CusAsysr5Sesgs) and A, ,/(k)/B is shown for x
=0.25 (Cu,As;Sey), 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=2¢p,cscbasbse- 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.

Real space function
i

[\°]

Distance r (/f\)

FIG. 5. (Color online) Comparison of the measured difference
functions for glassy (Cu,Se),(AsSe),_,, where [AG(r)-AG(0)]/B
is shown for x=0.0513 (CusAsysrsSess7s) and [AG,,:(r)
-AG,,/(0)]/B is shown for x=0.25 (CuyAs;Se,), with the mea-
sured total pair-distribution function [G(r)—G(0)]/B for glassy
AsSe. The coefficient B=2c¢a,csebasbse S0 that in these representa-
tions the gass.(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 AF(k) shown by the circles in Fig.
4 while the other curves were obtained from MIN solutions (see
Fig. 4).

mean arsenic coordination number fy,=iTy:+7Tx,+iTs. is to

be at least three (a value that is anticipated 0151 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
As nucleus, which show that As-As bonds appear in
glasses that lie on the As rich side of the Cu,Se-As,Ses;

pseudobinary tie line.’

V. DISCUSSION

A. Glasses on the Cu,Se-AsSe pseudobinary tie line

The difference functions AF¢,(k) for the x=0.0513 and
0.25 glasses are compared in Fig. 2 and the corresponding

TABLE II. The mean-coordination numbers 7y and iz, as ob-
tained from the first peak in AG(r) for glassy CusAsygos5Sess75 (x
=0.0513) by using different analysis scenarios and Eq. (6). The
overall mean As coordination number is given by iy =iy +iTx,
+715", where 15" = (ccy/ cag)Tes, and it is assumed that 772 is in the
range of 0-2 (see Table I).

ias x, fic s s
24(2) 24(2)
1 0.1 25(2)
2 0.2 2.6(2)
1 20(2) 3.002)
1 0.1 3.1(2)
2 02 32(2)
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TABLE III. Parameters describing the first peak in (i) G(r) for the network glasses AsSe and As,Ses, (ii)

AG(r) for glassy CusAsygo5Seqs 75 (x=0.0513), and (iii) AG,,

w (1) for glassy Cu,AssSey (x=0.25), where

ww (1) is given by Eq. (3) after F” is set to zero and the Saﬁ(k) are replaced by the corresponding g,(7)
functlons The mean-coordination number of matrix atoms u (As or Se) around As is given by itk ="

+ﬁf\s

System Measured function  Peak position (A) e I T

AsSe G(r) 2.42(2) 2.4(2) 2.4(2)
1 2.0(2) 3.0(2)

CusAS4655€45 75 AG(r) 2.43(2) 2.4(2) 2.4(2)
1 2.0(2) 3.0(2)

Cu,As3Se, AG,,.(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)

As,Ses G(r) 2.42(2) 3.0(2) 3.0(2)

real-space functions AG¢,(r) are compared in Fig. 3. In the
case of the x=0.25 glass, the gc,c,(r) function has been mea-
sured and the Cu coordlnation environment is described by
nC u=1. 0(3) at 2.70(4) A and n’c‘ =3 at a mean distance of
2.42(2) A. For example, 1f ”c *=0 then m’”‘ﬁ(sje—Z 9(2) and
Eq. (5) is valid so that n 5, values of 2.1(2) and 1.2(2) are
obtained by fixing 770y at 1 “and 2, respectively.'?

In Fig. 4, AF(k) for the x=0.0513 glass is compared with
the measured F(k) function for glassy AsSe (Ref. 12) and
with the measured A,,/(k) function for the x=0.25 glass,
which has a number dens1ty np=0.0425 A=.12 The A, ,/(k)
function only contains matrix atom correlations and is glven
by Eq. (3) after F” is set equal to zero.'>!%181° An FSDP at
k=1.14 A~' is a feature of AF(k) and F(k) but not of
A, (k), ie., the introduction of 25 mol % Cu,Se 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 Cu,Se 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 coordinatlon
numbers ﬁAS and nSe—n§e+nSe+ﬁ§:, where  iig
=(cas/ Cs)Tacs Mgt =(coul cse)iies, and we have assumed that
n5¢=0 since the glasses lie on the As rich side of the
Cu,Se-As,Se; pseudobinary tie line. For the x=0.0153 glass,
the results in Sec. IV demonstrate that threefold coordinated
arsenic requ1res the presence of As-As bonds and Table II
shows that if 775°=1, then i5.=2.0(2). Also, from Table I it
follows that (i) 7125=3.9(2) if 7e3=0 or (i) 22¢=3.1(2) if
ﬁéﬁ: 1, which leads to mean selenium coordination numbers
g, of 2.3(2) and 2.2(2), respectively. The latter are compa-
rable to the value of 75, expected on the basis of the formal
valence shell (FVS) model,* which is often used to interpret

the structure of Cu-As—Se and other M-A-X glasses.*>-3%: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 i1g,=3cc,/cs.+2 for the case when
inc,=4 and 7, =3, whereupon ng.=2.3 for the x=0.0513
composmon In the case of the x=0.25 composition, ng
=2. 9(2) if 15" =(ceu/ Cas)iien=0 (see above) whereupon 7,
=iy Also, for the analysis scenarios considered in Table III,
we see that iy =3 if either (i) i As—0 and 7155 =2.8(2) so that
15.=3.6(2) or (i) 743=0.5 and #3.=2.6(2) so that g,
=3.4(2). The FVS model for "cu—4 and fps=3 gives g,
=35 and therefore holds for the x=0.25 composition pro-
vided n 2=0. On the other hand, other analysis scenarios
give nA5>3 and it is not clear that the contribution to the
bonding from d electrons can be ignored.!®!" 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 Cu,Se-AsSe glasses, which (like Cu-As,Se;
glasses) lie on the As rich side of the Cu,Se-As,Se; pseudo-
binary tie line. Early investigations focused on vitreous
Cu,(As,Se;);_, (0=y=1) and a model was developed
wherein nCu—4 for all compositions.*'*> 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.** An extended x-ray absorption fine
structure (EXAFS) spectroscopy experiment on the y
=0.468 75 (CusAss,Ses;) glass* gave it =4, iix,=3.44,
and 71g,=2.61 with Cu-u distances of 2.35-2.37 A and an
As-Se distance of 2.42 A, but the results were not inter-
preted by assuming As-As bonds and the reported Cu-Cu
distance of 2.23 A is much shorter than the distance of
2.70(4) A observed for glassy Cu,As;Se, (Ref. 12) or the
distance of 2.56 A found in metallic Cu.
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FIG. 6. (Color online) Comparison of the total-structure factor
Sy(k)=[F(k)+{b)*]/{b)?* for glassy AsSe and As,Se; [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).

In the case of (Cu,Se),(As,Ses),_, glasses, NQR experi-
ments show no As-As bonds at y=0.3261 (Cu,sAs;;Sesy)
(Ref. 38) and EXAFS experiments give ﬁies=3 at 2.42(1) A
for the composition range y=0.1-0.5.* Notably, the Cu-u
coordination number found from the EXAFS results is sig-
nificantly less than four, with ﬁ(sfl=3.1—3.2 at 2.43(1) A for
all y values, while the mean Se coordination number 7, is
found to increase from 2.0 to 2.6 with increasing y. These
results for 75, are inconsistent with the FVS model, which
gives nng.=4cc,/ cse+2 if nig,=1a,=3, such that i1g, increases
with y from 2.3 to 4.0, or ng.=3cc,/cse+2 if nc,=4 and
nas=3, such that g, increases with y from 2.2 to 3.5. The
glasses CugAs,eSeqs and Cu,gAszsSes; have also been stud-
ied by using EXAFS and x-ray diffraction.*® The EXAFS
results were interpreted to give 714,=3.96 at 2.43 A with
ias=2.97 and ing.=2.25 for the low-Cu content glass and
%,=3.70 at 2.39 A with 750=0.29 at 2.50 A, 715,=2.99,
and 71q.=3.83 for the high-Cu content glass. These results are
comparable to those predicted by the FVS model for 7,
=4 and 71,,=3, which gives 15, values of 2.4 and 4.1 for the
low- and high-Cu content glasses, respectively.

C. Structure of glassy AsSe and As,Se;

It is worthwhile examining in greater detail the structure
of network formers in the Cu—As—Se system since amor-
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FIG. 7. (Color online) Comparison of the total pair-distribution
function G4(r)=[G(r)+{b)*]/{b)* for glassy AsSe and As,Se; 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 G7(r) functions were obtained from the Sy (k) functions
shown in Fig. 6 by using the MIN method.

phous AsSe and As,Se; have been studied by using
first-principles molecular dynamics>'~?3 and this type of
method provides a pathway for understanding the structure
and other properties of the modified Cu—As-Se
materials.'%!" The total-structure factor is given by Sp(k)
E[F(k)+<b>2]/<b>2=[Cisb/zszAsAs(k)+2CA5CSebAsbSeSAsSe(k)
+C3.b5.Ssese(K)]/ ()2, where (b)=cabas+Csebse, and the
functions measured by using neutron diffraction for glassy
AsSe (Ref. 12) and As,Se; (Ref. 26) are compared with
the simulated functions in Fig. 6. The corresponding real-
space functions GT(r)E[G(r)+<b>2]/(b>2=[cisbisgAsAS(r)
+2cAsCSebAsbSegAsSe(r)+C§eb§egSeSe(r)]/<b>2 are shown in
Fig. 7 where each simulated G;(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 As,Se; are compared in Table III.
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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 As,Se; in terms of threefold coordinated As. By
comparison, the first-principles results show the presence of
homopolar bonds for both AsSe and As,Se;, although the
mean-bond distance given by the position of the first peak in
G(r) is too large relative to the experiment and the second
peak in the measured G4(r) is not reproduced (see Fig. 7).
Also, the intermediate-range order, as manifested by the ap-
pearance in the measured SpH(k) of an FSDP at k
=1.13(2) A~! for AsSe or at k=1.26(2) A~! for As,Se;, 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 As,Se; (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.*’

VI. CONCLUSIONS

The complexity of correlations associated with a single
neutron-diffraction experiment on the three-component glass
(Cu,Se) (AsSe),_, with x=0.0513 has been simplified by use
of the isotopic substitution method. The results are consistent
with 77, =4 at a mean distance of 2.40(2) A 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 74°=1 and 75.=1.9(2) at
a mean distance of 2.43(2) A. When the Cu,Se content is
increased to x=0.25, the Cu-u coordination number reduces
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to #,=3 at 2.42(2) A and Cu-Cu close neighbors appear
with 7&'=1.0(3) at 2.70(4) A2 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 71c,=4. Short Cu-Cu distances can
occur such that 7o'=1 and 7% =3 for glasses such as
Cu,As3Sey, 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 Cu,Se-As,Se; pseudobinary tie line and
many of the results are consistent with threefold coordinated
arsenic where As-Cu bonds are a possibility. The FVS
model® 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,'®!! including the
network formers AsSe and As,Se; after improvements are
made to the models.?!~23
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