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Nuclear quadrupole resonance study of local bonding in glassy As,Se;_,
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Nuclear quadrupole resonance (NQR) experiments were performed on glassy As,Se;_, to study the local
structural order. The bonding in As,Se;_, is governed by preferential bonding (chemical ordering) between
arsenic and selenium at arsenic concentrations x < 0.40; however, the bonding for higher arsenic concentrations
is governed mostly by statistical considerations. At concentrations x=0.45 the glasses are inhomogeneous with
the presence of local regions of different composition. Measurements of the NQR spin echo intensity identify
regions formed by arsenic atoms bonded to zero, one, two, or three selenium atoms. The NQR spectral line
shapes and the longitudinal relaxation times suggest that these regions have a more ordered structure as
compared to the homogeneous samples with low arsenic content. The existence of a small concentration of
crystalline inclusions in amorphous Asg gpS€ 49 1s also suggested.
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I. INTRODUCTION

Some of the best-studied chalcogenide glasses are those in
the binary system As,Se;_,. Most of the studies have concen-
trated on the stoichiometric composition where x=0.4 or on
selenium-rich compositions where x<<0.4. Glasses in this
range of compositions exhibit high photosensitivity and low
electrical conductivity. Films made with small x have been
used as photoreceptors in electrophotographic applications.
These materials also have potential use in digital radiogra-
phy. One of the important physical properties of glasses in
the system As,Se;_, is the high degree of infrared transpar-
ency, which makes them useful for infrared optical devices.
Fibers made from As Se;_, exhibit very low optical losses in
the infrared part of the electromagnetic spectrum.

Several scattering techniques have been applied to glasses
in the As,Se;_, system to determine the dependence of the
glassy structure on composition. For x<<0.4 the bulk proper-
ties of glassy As,Se;_, are similar to many other chalcogen-
ide systems when one compares samples with the same av-
erage coordination number. Glasses whose bulk properties
depend only on the average coordination number (r), and not
on the specific chemical composition, are said to obey the
isocoordination rule.' There are many indications that this
rule does not apply to As,Se,_, near where stoichiometric
crystalline compounds exist at x=0.4 and x=0.5. Near these
compositions the glass properties can be strongly influenced
by the chemical nature of the bonds and less strongly influ-
enced by (r).

A second interesting property of the glassy chalcogenides
is the concept of rigidity percolation.? In the simplest mean
field approximation, rigidity percolation occurs when the
number of constraints per atom equals the number of degrees
of freedom per atom. For fewer constraints than the number
of degrees of freedom per atom, the system is under con-
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strained and therefore “floppy.” For more constraints than
degrees of freedom per atom the system is overconstrained
and therefore “rigid.” In the As,Se;_, system this transition
occurs exactly at the stoichiometric composition where x
=0.4. This transition depends only on (r) and is therefore
independent of the specific chemical bonds. Unfortunately,
when the predicted rigidity percolation transition occurs right
at a stoichiometric composition, as it does in the As,Se;_,
system, it is difficult to separate the role of (r) from the role
played by the specific nature of the chemical bonds.
Nonetheless, several authors have attacked this problem.
Hayashi er al. observed changes in the electronic spectra of
a-As,Se;_, at x=0.40, and suggested that these changes cor-
respond to the predicted rigidity percolation in this system.’
Kasap et al.* performed temperature-modulated differential
scanning calorimetry on amorphous As,Se;_, and observed a
structural transition at {r)=2.2, which is lower than (r)
=2.4 as predicted by the mean field theory and observed in
their own earlier experiments.’ Brand er al.® used specific
heat measurements to study glasses in the As,Se;_, system
and claimed to observe rigidity percolation at (r)=2.7.
Since both the isocoordination rule and rigidity percola-
tion depend only on (r), it is important to understand the
local bonding arrangements of glasses in the As,Se;_, sys-
tem. Usuki ef al.” used neutron diffraction measurements to
conclude that the AsSes;, pyramidal unit, which is the basic
structural element in Asg 405€ 60, 1s formed over a wide com-
position range in the As-Se alloys, but bonds between like
atoms, specifically As-As, are present only in a limited com-
position range (x=0.40). Also, Georgiev et al. have recently
suggested® that arsenic may be fourfold coordinated in a-
As,Se|_,, with three single bonds and one double bond al-
lowing the lone pair orbital of arsenic to make a double bond
with selenium at low concentrations of arsenic. Mastelaro
et al.’ used EXAFS to observe the formation of arsenic-
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arsenic (As-As) and selenium-selenium (Se-Se) bonds in the
arsenic and selenium rich compositions, x>0.40 and x
<0.40, respectively.

Nuclear quadrupole resonance (NQR) is a powerful
method to study amorphous systems where it is used to
probe the local bonding arrangements. In addition, NQR is
sometimes more sensitive than x-ray diffraction for finding
crystalline inclusions in an amorphous sample. Finally, lon-
gitudinal relaxation times 7', as measured in NQR, are also
sometimes useful probes of local structural order.

II. EXPERIMENTAL DETAILS

The "As NQR measurements employed a Hahn echo
pulse sequence. The nuclear spin of "°As is I=3/2. All mea-
surements were performed at 77 K.

The NQR experiments used a standard NQR pulsed spec-
trometer consisting of a Wavetek Model 3100 wave form
generator to drive a Matec Gating Modulator, Model 5100.
The transient response of the nuclei was recorded with Matec
model 501 rf preamplifier and receiver followed by a LeCroy
900 A signal averager. Each plotted point is an average of
500 individual traces. This experimental setup is similar to
that published previously.!” The experiments utilized a 90°—
180° spin echo pulse sequence, where the pulses are sepa-
rated by a time, 7, and the spin echo appears at time 27.

T, measurements were performed on samples of glassy
As,Se;_, with x=0.08, 0.15, 0.20, 0.27, 0.32, 0.36, 0.40,
0.45, 0.50, 0.55, and 0.60. For 0.08<x=<0.36 (except x
=0.20) the samples were obtained from D. G. Georgiev and
P. Boolchand, University of Cincinnati. For x=0.60 the
sample was obtained from R. L. Cappelletti of the National
Institute of Standards and Technology. The remaining
samples were prepared by M. C. DeLong at the University of
Utah. Details on all of these samples are described
elsewhere.!! The samples prepared at the University of Utah
were produced by combining elemental arsenic and selenium
in the necessary proportions in a quartz tube and heating up
to 900 °C. The melt was mixed by rocking for 90 h and then
quenched in air from 700 °C.

III. RESULTS

The ”As NQR spin-echo spectra from samples of glassy
As,Se;_, for x<0.4 are shown in Fig. 1. All of these spectra
consist of a single broad line that corresponds to one type of
arsenic site, which we will argue consists of an arsenic atom
bonded to three selenium atoms. Figure 2 shows the spin-
echo spectra for x>0.4. These spectra are qualitatively dif-
ferent from the spectra for 0.08<x=<0.40. In particular,
three peaks are clearly resolved in the case of x=0.60 [Fig.
2(d)]. For x<0.4 there is no intensity near 80 MHz.

T, was measured for all samples at the peak frequencies
of the NQR spectra. In samples with x=0.45, the NQR spin-
echo spectra exhibit more than one peak. In these cases the
T, values were measured for each peak. A plot of T} as a
function of x is shown in Fig. 3. This plot shows a nearly
linear increase of T over the composition range 0.08 <x
=<0.36. For x>0.4, T, decreases rapidly and then levels off.
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FIG. 1. The "As NQR spin-echo spectra at 77 K in a-As,Se;_,
for x=0.08, 0.15, 0.20, 0.27, 0.32, 0.36, and 0.40. Each spectrum
consists of a single broad line. The spectra are offset for clarity. As
the concentration of arsenic increases, the positions of the peaks
decrease approximately linearly from 63 MHz at x=0.08 to
59 MHz at x=0.40.

There are specific frequencies at which the decay of the
longitudinal magnetization in glassy Asgg¢pSeq4o exhibits a
two-component behavior that cannot be explained by either
an amorphous or crystalline structure alone. Figure 4 shows
that in general the decay is nonexponential. Below we will
show that the slow diffusion model describing the spin relax-
ation in amorphous solids'? produces a good fit to the experi-
mental data (60.40 MHz and 61.00 MHz in the figure). A
noticeable exception is the decay at 60.70 MHz in Fig. 4. At
this frequency, the log of decay is linear in V¢ for values less
than about 0.30 s1/2. For longer times, the log of the decay
deviates from linear behavior. Figure 4(b) shows that the log
of the decay at longer times is linear with f (i.e., the standard
exponential relaxation process).

IV. DISCUSSION

Much can be inferred about the local structural order in
As,Se;_, glasses from the results presented in the previous

174206-2



NUCLEAR QUADRUPOLE RESONANCE STUDY OF...

PHYSICAL REVIEW B 74, 174206 (2006)

(a)
204 O x=045
ese Gaussian A ]
= = Gaussian B \
—— Gaussian C
; 15
8
-3
=4
(13
w0 4
(<]
2
3
c
[
E 57
0 T T T T T L T T L T T L T T T T
50 52 54 56 58 60 82 64 66 68 70 72 74 76 78 80 82 84 86 88 90
Frequency, MHz
35
(b)
A x=050 W
30+
'y
EN
-~ 25 A
=5 A
s AAAQ ﬁ A
Q 20— N A
S % Qéﬁ C Site N
b f A
5 15 n
2 A
2 10 Afﬁ ﬁ A
£ 10+
£ A ﬁ ¥ EY
A A
5 B Site
& A Site N
Y T T T T T T T T T T T T T T T T T T T .
50 52 54 56 58 60 62 64 66 68 70 T2 T4 76 78 8 8 84 8 88 90 FIG. 2. NQR spin-echo spectrum of (a) a-
Frequency, MHz As).455€0.55. (b) a-Asg 505€0.50, (€) a-Asgs555€0.4s,
© and (d) a-AsggoSep4g- The spectra can be decon-
w04 V x=055 Wy‘%&% volved into three Gaussian peaks (A, B, and C as
g v indicated by the solid lines).
El d ﬁ vvv
— v
C Site
2 p: " v
[*} v
w
%5 20 v
3. v
£ Y
c
2
Y
o T T T T T T T T T T T T T T T T T T T
50 52 54 56 58 60 62 64 66 68 70 72 74 76 78 80 82 84 86 88 80
Frequency, MHz
40
((:) 0.60
X =0.
&
A
30 o 6? o
- ¢ Iy
3 9
s of %
2 @ 4 o
S 204 & ) °° &&’9 %o
b ry & % & Y
° o & Yoy CSi
Ly ite
2 o @ N
2 8 Y , ®
] ¢
£ 7 A &,9& 0
& % B Site k
o %%
& Asite %&9’9
o o
0 T T T T T T T T T T T T T T T T T T T T T
50 52 54 56 58 60 62 64 66 68 70 72 74 76 78 80 82 84 86 88 90 92

Frequency, MHz

section. By comparison with ">As NQR spectra observed in
crystalline As-Se compounds, one can infer the nearest
neighbor order surrounding an arsenic site in the glasses. The
crystalline structures of Asg4Seq ¢ (Ref. 13) and Asg s0Seq 50
(Ref. 14) have been published. In crystalline Asg.¢Seq oo
each arsenic atom is bonded to three selenium atoms in a
pyramidal arrangement that is very nearly axially

symmetric,'? and in crystalline As, s,Se 5o €ach arsenic atom
is bonded to two selenium atoms and one arsenic atom in a
pyramidal arrangement that is far from axial symmetry.'4
Our analysis of the atomic bonding in the glassy samples is
based on comparisons with previously reported NQR spin-
echo spectra of glassy'” and crystalline'0As 40Se g0, glassy'®
and crystalline'” AsysoSepsp.'® and amorphous As (a-As)
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FIG. 3. Spin-lattice relaxation times, 7, as a function of arsenic concentration, x, in a-As,Se;_, glasses.

(Ref. 18) as shown in Fig. 5. The frequency range of the
NQR spin-echo spectrum for a-As 4oSe 69 overlaps with that
of a-As (see Fig. 5). This accidental overlap, in general, pre-
cludes a unique assignment of this NQR spin-echo spectrum
to a specific bonding arrangement.

Recent tight binding calculations of the NQR frequencies
in crystalline As,Ses;, As,Se,, and the two crystalline forms
of As match the observed frequencies shown in Fig. 5 within
approximately 15%.'° These calculations confirm that the
presence of As—As bonds in crystalline As,Se; produces
resonances near 80 MHz, and the presence of only As—Se
bonds in As,Se; produces resonances near 60 MHz.

Except for a-As, the NQR spin-echo spectra of these
glasses are essentially centered about the NQR spin-echo
spectra observed in the crystalline materials. Therefore, one
may infer that the glassy NQR peak near 58 MHz corre-
sponds to arsenic sites where the arsenic is bonded to three
selenium atoms (or perhaps bonded to three arsenic atoms in
the arsenic-rich samples). Because of this ambiguity and the
fact that one expects fewer arsenic atoms bonded to three
other arsenic atoms at the compositions studied, we will as-
sume in what follows that all of the intensity around 58 MHz
corresponds to arsenic atoms bonded to three selenium at-
oms. Following the same logic, one may infer that the glassy
NQR peak near 80 MHz corresponds to arsenic sites where
the arsenic atom is bonded to two selenium atoms and one
arsenic atom.

This analysis ignores the possibility that has recently been
suggested? that in these glasses at low arsenic concentrations
arsenic atoms may be fourfold coordinated with three single
bonds and one double bond with a selenium atom involving
the lone pair of the arsenic. Although this possibility cannot
be excluded, there is no direct evidence for its existence and
there are no NQR data with which to make meaningful com-
parisons. For this reason, we ignore the possibility of dis-

torted, tetrahedral arsenic sites in the following discussion.

The NQR spin-echo spectra for different samples of
As,Se;_, can be analyzed to estimate the distributions of the
apex bond angles of the local AsSe; pyramidal units."> Crys-
talline solids, which are characterized by unique As sites,
exhibit narrow NQR spin-echo line shapes whose widths are
less than about 200 kHz. In comparison, glassy solids exhibit
much broader spectra due to the small distortions in the apex
bond angles in the AsSe; pyramidal units. In general, the
narrower the spectral width, the more ordered the local struc-
ture.

Since there is no evidence for As—As bonds in the NQR
spectra for x<0.4, we conclude that the local bonding ar-
rangement is chemically ordered such that the probability of
having As—As bonds in the network is near zero even at x
=0.40. As the concentration of arsenic increases for x<0.4,
the positions of the peaks decrease approximately linearly
from 63 MHz at x=0.08 to 59 MHz at x=0.40 as shown in
Fig. 6. The underlying mechanism for this shift is not under-
stood but may be related to the development of intermediate
range order, which manifests itself as 12-membered As-Se
“rings” as x increases toward 0.40. These rings occur in the
crystalline phase at x=0.40.%

For x=0.45 a three-peak structure is observed. As de-
scribed above, the two peaks near 58 and 80 MHz can be
ascribed to arsenic pyramidal sites with zero As—As bonds
and one As—As bond, respectively. In glassy AsjsSey s each
arsenic site would have one As—As bond if the material were
perfectly chemically ordered. The fact that there are sites
with no As—As bonds implies that there must be sites with
two As—As bonds. Therefore, we attribute the peak near
70 MHz in Figs. 2(c) and 2(d) for glassy AsgssSegss and
AsggSeg 4, Trespectively, to this bonding arrangement.

For x=0.45 [Fig. 2(a)], the line shape consists of a very
broad asymmetric peak around 58 MHz, and a peak centered
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FIG. 4. The function In{(My—M,)/M} as a function of (a) square root of time,\e“; and (b) time, 7, at 60.40 (inverted triangles), 60.70

(circles), and 61.00 (triangles) MHz for glassy Asgg0S€o.40-

near 80 MHz. Assuming that the three resolved peaks that
contribute to the NQR spectra for glassy AsjssSepss and
AsgeSeq 4 also occur for glassy Asg4sSeqss, we deconvolve
this spectrum into three Gaussian contributions labeled A, B,
and C in Fig. 2(a). Therefore, the Gaussian curves C, B, and
A in Fig. 2(a) represent arsenic sites with one As—As bond,
two As—As bonds and no As—As bonds (i.e., three As—Se
bonds), respectively. With a further increase of the arsenic
concentration the contribution of three separate components
becomes more evident. At x=0.55 a well-defined shoulder
corresponding to the B site in Fig. 2(c) becomes apparent. At
x=0.60 all three component are completely resolved.
Figure 7(a) shows that the spectral width of the three re-
solved peaks in the NQR spin-echo spectrum of a-
Asg g05€0 40 18 considerably narrower than those in the other

glassy samples, such as glassy Asj40S€( 0. The NQR spin-
echo spectrum of a-As ¢oSeq 4 corresponds to a significantly
more ordered structure in spite of the fact that the average
coordination number, (r), is the largest of any of the glasses
measured. The same narrowing of the peak occurs, albeit to a
lesser extent, in a-AsjsoSegsp as shown in Fig. 7(b). The
peak begins to narrow at x=0.5 [Fig. 7(b)], and this ten-
dency increases as the concentration of arsenic increases. We
speculate that this local ordering occurs because the local
structural order inhomogeneously separates into quasi one-
dimensional regions similar to the small molecules that occur
in crystalline As,Se, (AsgsSeys)."* Although there is no evi-
dence in infrared absorption for the presence of isolated mol-
ecules in the glasses, there could exist “nodules” connected
to the network which contain As—As bonds. The lower di-
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inequivalent arsenic sites in the corresponding unit cells.

mensionality of these regions allows the local bonding con-
figurations to relax, which explains why the structure is more
ordered locally even though the average nearest-neighbor co-
ordination number is large.

All samples with x<0.40 (Fig. 1) show spectra that are
similar to each other. These spectra have only one broad
peak corresponding to a structure that consists of AsSes py-
ramidal units. In contrast, the numbers and the widths of the
peaks in the spectra for x=0.45 clearly show that different
arsenic sites with less distorted environments coexist in these
samples. The complex composition of these spectra suggests
that at high arsenic content the glass network may separate
into smaller arsenic-rich molecularlike domains that can re-
lieve the stress building up as the average coordination num-
ber increases. This is indirectly confirmed by the decrease of
both the glass transition temperature (7,) (Refs. 21 and 22)
and the nonreversing heat flow (AH,,,).® The AH,, provides a
measure of network stress. Measurement of AH,, at x
=0.45 reveals that the glass is rigid but stress free. Since
(r)>(r,), where (r,) is the average coordination number at
the onset of rigidity (2.4 in this system where x=0.4), the

glassy network should be rigid; however, in order to be stress
free, Georgiev et al. speculated that the glass network sepa-
rates into smaller arsenic-rich molecularlike domains.® A
similar conclusion was inferred from neutron inelastic scat-
tering experiments' in a-AsggoSeg4o that show very sharp
peaks in the range between 0 and 20 meV. This observation
supports our conclusion that arsenic-rich molecularlike do-
mains may form in glassy As,Se;_, at high arsenic concen-
trations.

Whether the compositions of the local structural units are
determined randomly (statistically) or by preferential bond-
ing between As and Se atoms can be tested using statistical
modeling. We label the probabilities of an arsenic site with
no As—As bonds, one As—As bond, two As—As bonds and
three As—As bonds as Py, P;, P,, and P, respectively. For
the composition As,Se;_, one can easily determine that the
probabilities Py, P, P,, and P;, normalized to the total ar-
senic concentration x, are (1—x)3, 3x(1-x)2, 3x%(1-x), and
x3, respectively. We have already discussed the fact that the
data for x=<0.4 indicate no evidence for anything other than
As—Se bonds. Therefore the predicted behavior of P, over
this range is not observed experimentally. This discrepancy

FIG. 6. The dependence of the
central peak frequency of the
NQR spin-echo spectrum (solid
circles) on the atomic fraction of
arsenic, x, in a-As,Se;_,. The line
is an aid to the eye.
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Asg.405€0.60 (open circles).

is, of course, the result of preferential bonding between As
and Se in a-As,Se;_, for x=<0.40. The existence of only one
peak for arsenic concentrations x<0.40 suggests that all ar-
senic atoms have more or less structurally similar environ-
ments corresponding to AsSe; pyramidal units.

At x=0.45 (Fig. 2) and above, As—As bonds appear, and
bonding between arsenic and selenium and arsenic and ar-
senic becomes more random. Figure 8 shows a comparison
of the measured values of P, P, and P, obtained from the
relative areas under the respective NQR peaks with those
predicted statistically. Although there is considerable scatter
in the data, the relative intensities (areas) of the three peaks
in the As NQR spin-echo spectra of a-As,Se;_, for 0.45
=x=<0.60 are in qualitative agreement with a model that
assumes the random occurrence of arsenic sites with no As—
As, one As—As, and two As—As bonds. [We have ignored the
possible presence of As sites with three As—As bonds in the
analysis of the NQR data because of the ambiguity men-

tioned above. The inclusion of these sites will not signifi-
cantly alter the conclusions.] The statistical analysis is based
on the assumption that there are no Se-Se bonds for x
>0.4.

For glassy As,Se;_, with x=0.4 the average number of

arsenic-arsenic bonds per arsenic pyramidal unit is given by
23

(1)

Therefore if complete chemical ordering were to persist
for x>0.4, then every arsenic pyramidal site would have
exactly one As—As bond at x=0.5. This prediction is clearly
not in accord with the data shown in Fig. 8 for x=0.45.

As mentioned above the spin-lattice relaxation in these
glasses is nonexponential. This behavior is known to occur in
materials where spin-diffusion limits the relaxation rates. In
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this case it can be shown'? that the spin-lattice relaxation
depends exponentially on ¢!/2. Physically, this dependence
occurs because As sites far away from the relaxation centers
take progressively longer to diffuse their magnetic polariza-
tion to As sites close to these centers.

The measurements of the spin-lattice relaxation times in
As,Se;_, glasses with low arsenic content exhibit an increase
in T, with increasing As content up to x=0.40, where (r)
=(r,)=2.4. Glasses are known to possess a higher density of
low frequency modes compared to the crystalline substances
of the same composition, and the spin-lattice relaxation for
quadrupolar nuclei is often governed by a Raman process
involving these modes.>* Therefore, one may speculate that
the increase in 7 with x may be due to the reduction in the
number of low frequency modes in the network as it be-
comes more rigid.

For x=0.40, however, T, decreases dramatically, and the
widths of the NQR spin-echo spectra also decrease. The rea-
sons for these anomalous behaviors are not entirely clear, but
such behaviors may be due to inhomogeneities in the struc-
ture, such as the appearance of arsenic-rich molecular clus-
ters that are loosely connected to the rest of the network.

There is evidence for a small fraction of a crystalline
phase in the highest arsenic concentration, a-AsgerSe€q.ao-
Confirmation of this occurrence comes from the differences
in the decay of the magnetization at different resonant fre-
quencies. The fact that only one frequency exhibits an expo-
nential decay for T at long times indicates that the sample
may have inclusions of the crystalline phase. Indeed, the fre-
quency that exhibits this anomalous behavior is 60.70 MHz,
which closely corresponds to one resonant frequency of c-

0.60

0.65

Asg05€060, 60.25 MHz. The T at this frequency at long
times [Fig. 4(b)] is 0.276 sec, which also corresponds to the
value obtained in c-Asg 40Seg 60"

Crystalline Asg40Se g9 €xhibits two peaks, at 56.07 MHz
and at 60.25 MHz. Therefore, the same behavior is expected
for T plots around 56 MHz. We have been unable to observe
this behavior at 56 MHz probably due to a lower signal-to-
noise ratio. At 60.40 MHz and 61.00 MHz no crystalline
component exists. The crystalline component at 60.70 MHz
is about 10% of the total signal at this frequency, and is less
than 0.05% over the whole range of the a-Asg¢;Seq4 line
shape. Therefore, NQR measurements of 7| are significantly
more sensitive than x-ray diffraction in terms of finding crys-
talline inclusions in an amorphous material. To observe crys-
talline inclusions in an amorphous material using standard
x-ray diffraction techniques the concentration must be, in
general, at least 1 at. %.

V. SUMMARY

We have studied the glassy system As,Se,_, with x vary-
ing from 0.08 to 0.60 using As NQR spin-echo spectra at
77 K. For the compositions with 0.08 <x=0.40 the spectra
consist of a single broad line whose central frequency de-
creases approximately linearly from 63 MHz at x=0.08 to
58 MHz at x=0.40. Over this composition region there are
only As—Se bonds and no As—As bonds.

The spectra for 0.45<x=<0.60 show contributions from
several different local bonding arrangements. We have inter-
preted these contributions as arising from a threefold-
coordinated arsenic site with varying numbers of As—Se and
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As—As bonds. In particular, these spectra can be deconvolved
into three peaks. By comparison with NQR spin-echo spectra
that occur in crystalline arsenic-selenium compounds, these
three peaks have been interpreted as due to threefold coordi-
nated, pyramidal arsenic sites with varying numbers of
As—As bonds. For x>0.40, the relative numbers of sites with
different numbers of As—As bonds appear to follow a random
distribution, so chemical effects do not dominate the forma-
tion of the As—Se network. As (r) increases, the network
connectivity increases, and becomes more constrained. The
network cannot sustain a large number of constraints per
atom homogeneously. Therefore, as the arsenic concentration

PHYSICAL REVIEW B 74, 174206 (2006)

increases, small arsenic-rich clusters form in the network to
release the local strains.
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