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Abstract

Nuclear quadrupole resonance (NQR) of 75As has been used to study the local bonding structure of glassy arsenic–

selenium systems. We have studied the glassy system AsxSe1�x with x ¼ 0:08, 0.15, 0.27, 0.32, 0.36, 0.40, 0.50, and 0.60
using 75As NQR at liquid nitrogen temperature (77 K). The 75As NQR spin-echo spectra from x ¼ 0:08 up to x ¼ 0:40
each consist of a single broad line. As the concentration of arsenic increases, the positions of the peaks decrease

approximately linearly from 63 MHz at x ¼ 0:08 to 58 MHz at x ¼ 0:40. For x ¼ 0:50, the spectrum, consists of a very
broad asymmetric peak near 81 MHz. The spectrum for x ¼ 0:60 consists of three well-resolved, narrow peaks, but

otherwise extends over a similar frequency range as that of x ¼ 0:50. By comparison with NQR spectra that occur in

crystalline arsenic–selenium compounds, these three peaks have been interpreted as due to three fold co-ordinated, py-

ramidal arsenic sites with, varying numbers of arsenic–arsenic bonds. � 2002 Elsevier Science B.V. All rights reserved.

PACS: 61.43.Dq; 61.82.Fk; 71.23.Cq

1. Introduction

Amorphous semiconductors have very wide
applications in modern technologies, for instance,
solar cells, thin film transistors, light sensors, op-
tical memory devices, electrophotography, and so
on. These applications require an understanding of
the physical properties of amorphous materials.
Nuclear quadrupole resonance (NQR) is a pow-
erful method to understand, amorphous systems,

and it is used to probe local bonding and the dis-
tributions of bond angles. In addition, the struc-
ture of arsenic-rich compounds in the binary
As–Se system is not as well understood, as it is in
a-As2Se3 and a-As4Se4. In this study we examine
glassy As–Se systems with different concentrations
of arsenic using the NQR technique to investigate
the local bonding structure at arsenic sites with
different numbers of As–As bonds.

2. Experimental

The NQR setup employs a high power, variable
frequency, pulsed rf generator. The generator is
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gated using a Matec Gating Modulator Model
5100, The rf source is a Wavetec Model 3001
waveform generator. The experiments utilize the
spin-echo method; the transient response of nuclei
is recorded with a LeCroy 900 A signal averager.
The a-AsxSe1�x (0:086 x6 0:36) samples came
from Georgiev and Boolchand of the University of
Cincinnati [1] and the sample with x ¼ 0:60 is from
Schwickert [2] and Cappelletti [3]. The samples
with x ¼ 0:40 and 0.50 were grown at the Uni-
versity of Utah [4]. NQR spectra were recorded at
liquid nitrogen temperature (77 K) using the spin-
echo following a 90�-s-180� pulse sequence. The
spectrum was determined by measuring the echo
amplitude as a function of the frequency. The 90�
pulse widths were 5 ls. Other experimental details
are available elsewhere [5].

3. Theoretical background

NQR measures transitions between nuclear
energy levels that are split by an electric field
gradient at the nuclear site. Such an interaction
requires a nucleus with spin I larger than 1/2 (75As
has I ¼ 3=2). For I ¼ 3=2 the single NQR reso-
nant frequency is given by tNQR ¼ tQð1þ g2=3Þ1=2,
where tQ ¼ e2qzzQ=2h and e is the electronic
charge, qzz the maximum component of the electric
field gradient at the nuclear site, Q the nuclear
quadrupole moment, and h the Planck’s constant.
The parameter g, which varies between 0 and 1, is
a measure of the departure of the electric field
gradient from axial symmetry. Since the electric
field gradient is predominantly determined by
bonding electrons, the NQR technique allows the
study of local bonding or local structural order in
the solid.

4. Experimental results

The 75As NQR spin-echo spectra from samples
of glassy AsxSe1�x with x ¼ 0:08, 0.15, 0.27, 0.32,
0.36, and 0.40 are shown in Fig. 1. All of these
spin-echo spectra consist of a single broad line. As
the concentration of arsenic increases, the posi-
tions of the peaks decrease approximately linearly

from 63 MHz at x ¼ 0:08 to 58 MHz at x ¼ 0:40.
This dependence is shown in Fig. 2.
Figs. 3 and 4 show the spin-echo spectra for

x ¼ 0:50 and 0.60, respectively, These spectra are
qualitatively different from the spectra for lower x.
Three peaks are clearly resolved in the case of
x ¼ 0:60 (Fig. 4). For x ¼ 0:50 the three peak
structure is inferred from a fit to three Gaussian
functions (Fig. 3).

Fig. 1. The 75As NQR spin-echo spectra at 77 K in a-AsxSe1�x

for x ¼ 0:08, 0.15, 0.27, 0.32, 0.36, and 0.40 each consist 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 ¼ 0:08 to 58

MHz at x ¼ 0:40.
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5. Discussion

The 75As NQR spin-echo spectra (Fig. 1) of
glassy AsxSe1�x with 0:086 x6 0:40 each consist of
a single broad line. With increasing x the positions
of the peaks decrease approximately linearly from
63 MHz at x ¼ 0:08 to 58 MHz at x ¼ 0:40 (Fig.
2). The underlying mechanism for this shift is not
understood. We note that the frequency range of
the NQR spectrum for x ¼ 0:40 overlaps with that
of pure a-As (see Fig. 4). This accidental overlap

precludes a unique assignment of NQR peaks to
specific bonding sites.
In the following we will analyze the three peak

structure found for the NQR spectra for high
arsenic concentrations, namely x ¼ 0:50 and x ¼
0:60. Our analysis of the a-As0:50Se0:50 and
a-As0:60Se0:40 structures is based on comparisons
with the previously reported NQR spectra of the
binary glassy As–Se systems, a-As0:40Se0:60 [5],
a-As0:50Se0:50 [6], pure a-As [7] (Fig. 4) and crys-
talline As–Se systems, namely c-As0:40Se0:60 [8] and
c-As0:50Se0:50 [9] (Fig. 3). The NQR spectra of these
glasses are essentially centered about NQR lines
observed in the crystalline materials. This analysis
ignores the possibility, which has recently been
suggested [10], that in these glasses arsenic may be
four fold co-ordinated with three single bonds and
one double bond at low concentration of arsenic.
Although this possibility cannot be excluded, there
are no NQR data with which to make meaningful
comparisons. For this reason, we ignore the pos-
sibility of distorted, tetrahedral arsenic sites in the
following discussion.
The spectrum for x ¼ 0:60 consists of three

well-resolved, narrow peaks shown in Fig. 4, We
suggest that the lowest frequency peak is due to
arsenic sites with either zero (or three As–Se
bonds) or three As–As bonds. This assignment is
based on three comparisons: first, the peak is

Fig. 3. NQR spin-echo spectrum in a-AsxSe1�x for x ¼ 0:50 (a-

As0:50Se0:50 [6], solid circles) has a broad peak, which extends

from approximately 56 to 87 MHz at 77 K. The vertical lines (at

56.07 and 60.25 MHz) indicate the positions of the resonances

in c-As0:40Se0:60 [8]. These two lines result from the two in-

equivalent arsenic sites in the unit cell. The c-As0:50Se0:50 [9]

spectrum has four narrow lines (at 79.79, 81.63, 82.08, and

82.38 MHz). The curves A (circles), B (triangles), and C (in-

verted triangles) are Gaussian functions that represent arsenic

sites with either zero or three, two, and one As–As bond, re-

spectively.

Fig. 4. The 75As NQR spin-echo spectrum in a-AsxSe1�x for

x ¼ 0:60 (a-As0:60Se0:40, solid line) has three resolved peaks

which extend from approximately 54 to 88 MHz at 77 K. The

spectrum for a-As0:40Se0:60 [5] is shown as solid squares. The

NQR resonance of pure a-As [7] (three As–As bonds, solid

circles with line) is located between approximately 50 and 68

MHz. The fitted Gaussian functions B (triangles) and C (in-

verted triangles), taken from Fig. 3, are also shown.

Fig. 2. The dependence of the peak frequency of the NQR spin-

echo spectrum on the atomic fraction of arsenic in a-AsxSe1�x.
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similar to that which occurs in a-As0:40Se0:60 (solid
squares in Fig. 4); second, the peak is similar to
that which occurs in pure a-As (three As–As
bonds, solid circles with line in Fig. 4); and third,
the peak occurs in the same frequency range as the
two NQR lines in c-As0:40Se0:60 (see Fig. 3). The
highest frequency peak in the a-As0:60Se0:40 spec-
trum is suggested to be due to arsenic sites at
which there are two As–Se bonds and one As–As
bond. Again two comparisons suggest this as-
signment. First, this peak is similar to that of
a-As0:50Se0:50, and second, the peak occurs in the
same frequency range as the four lines that occur
in c-As0:50Se0:50 (Fig. 4). Based on the above
assignments we may speculate that the middle
frequency peak is due to the remaining possible co-
ordination, namely arsenic with two As–As bonds
with one As–Se bond.
For x ¼ 0:50, the spectrum (Fig. 3) consists of a

very broad but asymmetric single peak at 81 MHz.
This spectrum suggests that a large portion of the
arsenic sites has an NQR frequency similar to
those in c-As0:50Se0:50. Fig. 3 also contains a tail
that extends to lower frequencies (approximately
to 60 MHz), which is suggestive of the presence of
arsenic sites with either zero, two or three As–
As bonds. This interpretation, is inferred from
the same considerations discussed above for a-
As0:60Se0:40. Therefore, the spectrum can be de-
composed into three Gaussian peaks (A, B, and C)
as shown in Fig. 3. Here Gaussian A models the
contribution from arsenic sites with either zero (or
all three As–Se bonds) or three As–As bonds, and

Gaussian C models arsenic sites with one As–As
bond. There must however also exist arsenic sites
with two As–As bonds, which manifest themselves
at intermediate frequencies, and their contribution
is modeled by Gaussian B.
Fig. 4 also shows that the spectral widths of the

three resolved peaks in the NQR echo spectrum of
a-As0:60Se0:40 are considerably narrower than those
in the other glassy samples measured here. Spe-
cifically, Fig. 4 compares the spectral width of
a-As0:60Se0:40 to the fitted spectral widths of
Gaussians B and C mentioned above in the dis-
cussion of a-As0:50Se0:50. In general, the narrower
the spectral width, the more ordered the local
structure. This can, for example, be seen from the
very narrow echo spectra of the crystalline samples
(maximum; 200 kHz). Compared with the broad
NQR spectra we found for x6 0:40, for which all
the arsenic sites have a similar bonding structure,
the spectra for x ¼ 0:50 and 0.60 clearly show that
different arsenic sites with distinct bonding struc-
tures co-exist in these samples. Because of the
relatively narrower peaks in, the NQR spectrum
for x ¼ 0:60, the sites are probably more ordered.
This suggests that at high arsenic content x > 0:50,
the glass network progressively dissociates into
arsenic-rich smaller molecular clusters, as reflected
in the reduction [11,12] of both glass transition
temperature ðTgÞ as well as the non-reversing
heat flow. A similar conclusion was inferred
from neutron inelastic scattering experiments [13].
However, further experiments are necessary, es-
pecially those on, samples with 0:50 < x < 0:60.

Table 1

Comparison of the intensities of the NQR peaks of a-As0:60Se0:40 with a binomial distribution

Intensity No As–As and three As–As bond sites Two As–As bond sites One As–As bond sites

NQR 21� 5% 27� 5% 52� 5%

Binomial distribution 26% 33% 41%

See text for details.

Table 2

Comparison of the intensities of the NQR peaks of a-As0:50Se0:50 with a binomial distribution

Intensity No As–As and three As–As bond sites Two As–As bond sites One As–As bond sites

NQR 6� 5% 25� 5% 69� 5%

Binomial distribution 34% 22% 44%

See text for details.
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The relative intensities of the three peaks in the
75As NQR spin-echo spectrum of a-As0:60Se0:40 can
be reproduced by a model of the random occur-
rence [14] of As sites with no As–As, one As–As,
two As–As, and three As–As bonds (binomial
distribution, Table 1). However the same kind of
statistical modeling [14] does not appear to re-
produce the distribution found in the 75As NQR
spin-echo spectrum of a-As0:50Se0:50 (Table 2).

6. Summary

We have studied the glassy system AsxSe1�x

with x ¼ 0:08, 0.15, 0.27, 0.32, 0.36, 0.40, 0.50, and
0.60 using 75As NQR at 77 K. For the composi-
tions with 0:086 x6 0:40 the spectra consist of a
single broad line whose central frequency de-
creases approximately linearly from 63 MHz at
x ¼ 0:08 to 58 MHz at x ¼ 0:40. The spectra, for
x ¼ 0:50 and x ¼ 0:60, however, show several
contributions. We have interpreted these contri-
butions as arising from three fold co-ordinated
arsenic sites with varying numbers of As–Se and
As–As bonds. In particular, the spectra for
x ¼ 0:50 and x ¼ 0:60 have been analyzed to con-
tain three peaks. By comparison with NQR spectra
that occur in crystalline arsenic–selenium com-
pounds, these three peaks have been interpreted as
due to three fold co-ordinated, pyramidal arsenic
sites with varying numbers of arsenic–arsenic
bonds. The spectrum for x ¼ 0:60 consists of three
peaks. The three peaks have been assigned to

contributions from, arsenic sites with: (1) either
zero or three As–As bonds, (2) one As–As bond,
and (3) two As–As bonds.
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