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Abstract

Anomalous X-ray scattering experiments have been performed on glassy As2Se3 at room temperature in order to clarify the role of
each constituent for short- and intermediate-range order. The experiments were performed using intense X-rays from a third-generation
synchrotron facility, ESRF. Differential structure factors, DiS(Q), close to the As and Se K edges were obtained from a detailed analysis.
The prepeak around Q = 12 nm�1 in the total structure factor, S(Q), indicating evidence of intermediate-range order, is dominated by
the As–As correlation around 12 nm�1 and the Se–Se correlation around 14.5 nm�1. The origin of the prepeak is carefully discussed.
� 2006 Elsevier B.V. All rights reserved.
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1. Introduction

As2Se3 is well known as a prototype semiconductor hav-
ing a strong glass forming ability. Physical properties of
glassy As2Se3 have intensively been investigated from an
experimental as well as a theoretical point of view [1]. Stud-
ies of X-ray [2] and neutron [3] diffraction, as well as X-ray
absorption fine structure [4], showed that glassy As2Se3 has
a short-range order (SRO) similar to the crystal, i.e., three-
fold coordinated As and twofold coordinated Se are cova-
lently bound to each other. The occurrence of a prepeak
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around 12 nm�1 in the total structure factor, S(Q), in
glassy As2Se3 measured by diffraction methods presents
evidence of intermediate-range order (IRO). Although the
IRO is recognized to play an important role in the proper-
ties of glassy As2Se3, the origin of the prepeak is still open
to discussion.

In order to clarify the role of each constituent for the
SRO and IRO in glassy As2Se3, we have carried out an
anomalous X-ray scattering (AXS) experiment. In this
paper, we present differential structure factors, DiS(Q),
derived from a detailed analysis of the X-ray scattering
data close to the As and Se K edges, and discuss the
SRO and IRO in glassy As2Se3.
2. Experimental procedure

The bulk glass sample was obtained by quenching the
melts in a quartz ampoule containing the mixed com-

mailto:hosokawa@cc.it-hiroshima.ac.jp


7

6

5

4

Q
)

A
sS

(Q
)

g-As2Se3

Δ

1518 S. Hosokawa et al. / Journal of Non-Crystalline Solids 352 (2006) 1517–1519
pound. The purity of the starting materials was 99.999%.
The melt was homogenized at 600 �C for at least 48 h
before the sample was quenched in water. The AXS exper-
iments were performed at two energies below each K edge
(20 and 200 eV below the As K edge of 11867 eV and the Se
K edge of 12658 eV) at the beamline BM02 of the Euro-
pean Synchrotron Radiation Facility (ESRF) in Grenoble,
France. The diffraction measurements were carried out in
reflectance geometry using an x � 2h diffractometer
installed on the beamline.

In order to obtain DiS(Q)s with high statistical quality,
two requirements needed to be fulfilled: (1) A sufficient
energy resolution to discriminate the elastic signal from
the fluorescence and Compton contributions, and (2) a
high enough number of scattered X-ray photons in a rea-
sonable data acquisition time. Therefore, we chose a graph-
ite crystal analyzer providing a good Bragg reflection,
which was placed on a 40-cm long arm to obtain a good
energy resolution of about 60 eV FWHM [5], and the Kb

fluorescence and Compton scattering intensities are esti-
mated to be less than 0.2% at energies where the elastic
spectra were measured. Energy scans were performed at
several Q values to estimate these contributions for the
data reduction.

Following the procedure in the literature [5], we derived
the DiS(Q), which were obtained from the difference
between two diffraction data sets around each K edge. In
a binary system, DiS(Q) can be written as a linear combina-
tion of three partial structure factors, Sij(Q), each weighted
by a factor,

W ijðQ;EÞ ¼ cicjDAðfiðQ;EÞf �j ðQ;EÞÞ=DAðhf ðQ;EÞi2Þ.

Here, ci is the concentration, DA( ) is the difference of the
function in the parentheses close to the A edge, h i is the
chemical average, and fiðQ;EÞ ¼ f0iðQÞ þ f 0i ðEÞ þ if 00i ðEÞ
is the complex atomic form factor of the ith element, where
f0i is the usual energy-independent term and f 0i and f 00i are
the real and imaginary parts of the anomalous contribu-
tions, respectively. Theoretical values taken from the liter-
ature [6,7] were used for the usual and anomalous terms in
fi(Q,E). In Table 1, the Wij values are given for DiS(Q) close
to the As and Se K edges, together with those for S(Q) at
Q = 22.5 nm�1 (the first maximum position in S(Q)). They
slightly vary with changing Q. It should be noted that
SSeSe(Q) is very small in DAsS(Q) and SAsAs(Q) is negligible
in DSeS(Q).
Table 1
Weighting factors, Wij, given for DiS(Q) around the As and Se K edges,
together with those for S(Q), at Q = 22.5 nm�1 (the first maximum
position in S(Q))

DAsS(Q) DSeS(Q) S(Q)

WAsAs 0.328 –0.038 0.143
WAsSe 0.604 0.404 0.470
WSeSe 0.068 0.634 0.387
3. Results

Fig. 1 shows DiS(Q)s of glassy As2Se3 close to the As
(crosses) and Se (circles) K edges. For comparison, S(Q)
measured at E = 11667 eV (200 eV below the As K edge)
is also shown by the solid line in the figure. DAsS(Q) has
a distinct and sharp prepeak around Q = 12 nm�1, the
position of which almost coincides with that in S(Q)
although the latter is much broader. It should be noted that
any structure at this Q position could hardly be seen in
DSeS(Q), while DSeS(Q) also shows a shoulder at the higher
Q value of 14.5 nm�1, where DAsS(Q) has no indication.
This finding could be hardly seen in the previous AXS
result due to the poor statistical quality [8].

4. Discussion

In the previous experiment [8], the DiS(Q) spectra could
be measured for a limited Q range up to about 60 nm�1.
Therefore the pair correlation functions, Dig(r), gave lim-
ited information on only the position of the first peak,
i.e., the bond length of the SRO. In contrast, the present
DiS(Q) results extend the Q range up to about 100 nm�1,
which allows further spatial information on the second-
neighbour shell to be obtained. Crosses and circles in
Fig. 2 show Dig(r)s for glassy As2Se3 close to the As and
Se K edges, respectively. The nearest-neighbour distances
around both the As and Se atoms are 0.242 ± 0.002 nm,
which coincides with the scattering [2,3] and XAFS [4]
results within the experimental error. This result strongly
supports the SRO model that glassy As2Se3 has an SRO
similar to the crystal, preferring heteropolar As–Se bonds.

As regards the second shell region of r = 0.3–0.4 nm,
more reasonable results could be obtained in comparison
to the previous AXS study [8]. Since DAsg(r) comprises
almost no Se–Se correlation contribution, as shown in
Table 1, the second large peak at r = 0.370 nm in DAsg(r)
can be assigned as the As–Se–As configuration with a bond
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Fig. 1. DiS(Q)s of glassy As2Se3 close to the As (crosses) and Se (circles) K
edges, together with S(Q) (solid line) measured at E = 11667 eV (200 eV
below the As K edge).
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Fig. 2. Dig(r)s of glassy As2Se3 close to the As (crosses) and Se (circles) K
edges, together with g(r) (solid line) measured at E = 11667 eV (200 eV
below the As K edge).
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angle of �100�. Due to the same reason, the second large
peak at r = 0.364 nm in DSeg(r) may be made of the Se–
As–Se conformation in the As(Se1/2)3 pyramid with a bond
angle of �98�. These values are similar to those in the crys-
tal [9], which strongly supports the chemically-ordered con-
tinuous-random-network model for glassy As2Se3.

On the other hand, it is difficult to assign the shoulder at
r � 0.325 nm. Since the magnitudes of the shoulder have
the same order as WAsSe in Table 1, it could be formed
by an As–Se correlation. A candidate is a conformation
between an As atom at the top of an As(Se1/2)3 pyramid
and a Se atom additionally attached to a Se atom at the
bottom of the pyramid. This configuration, however,
induces a substantial number of homopolar Se–Se bonds,
and forms a small As–Se–Se angle of �84�. Due to the still
limited Q range of DiS(Q), a ripple from the truncation
error is expected to appear in the same r range, although
DSeS(Q) shows a very small signal at r � 0.325 nm. This
prevents the further discussion on the atomic conformation
in the intermediate distance range.

As mentioned in the introduction section, the appear-
ance of the prepeak around 12 nm�1 in S(Q) reveals the
existence of IRO. As clearly seen in Fig. 1, the DiS(Q)s
close to the As and Se K edges differ from each other, in
particular at the prepeak position, i.e., DAsS(Q) shows a
prominent prepeak at Q � 12 nm�1, while DSeS(Q) shows
a shoulder at the different Q value of �14.5 nm�1. As seen
in Table 1, DAsS(Q) is a linear combination of mainly
SAsAs(Q) and SAsSe(Q), while DSeS(Q) consists mainly of
SAsSe(Q) and SSeSe(Q). Therefore it appears plausible that
the main part of the prepeak originates from the As–As
correlation, and its higher Q side around 14.5 nm�1 from
the Se–Se correlation.

For a further understanding of the IRO in glassy
As2Se3, the origin of the prepeak should be discussed. It
was believed for a long time that the prepeak at Q =
Qp � 12 nm�1 indicated the existence of an IRO with a cor-
relation length r = 2p/Qp � 0.52 nm in real space. Several
models were proposed to explain the origin of this correla-
tion, such as a layer structure similar to the crystal, clus-
ters, or voids. As seen in Fig. 2, however, there is no
special indication of a correlation at a length of 0.52 nm.
Therefore, the origin of the prepeak should be considered
in a different way, similar to the speculation for the prepeak
in glassy GeSe2 [5]. As seen in Fig. 2, the interatomic dis-
tance of the As–(Se)–As is well defined to be �0.367 nm,
and the second shell around an As-atom contains three
As neighbours. If the atomic arrangement of this As sub-
lattice has an amorphous As-like structure [10], SAsAs(Q)
should have a peak at a Q position corresponding to the
first peak position in S(Q) of amorphous As, 21.9 nm�1.
The scaling factor can be given by the ratio of the As–As
interatomic distances, 0.245/0.367. The resultant Qp posi-
tion is 14.6 nm�1, which is larger than the present value
of 12 nm�1. Thus, a modification of the As sub-lattice
structure from amorphous As configuration is needed for
a further understanding.

5. Conclusion

AXS experiments have been performed on glassy As2Se3

at room temperature in order to clarify the role of each
constituent for the SRO and IRO. The experiments were
performed using intense X-rays from a third-generation
synchrotron facility, ESRF. DiS(Q)s close to the As and
Se K edges were obtained from a detailed analysis. From
the results of Dig(r)s, the SRO and the second-shell IRO
are discussed, revealing the chemically-ordered continu-
ous-random-network picture, except for a shoulder at
r � 0.325 nm. The prepeak around Q = 12 nm�1 in S(Q),
indicating evidence of IRO, is dominated by the As–As
correlation around Q � 12 nm�1 and the Se–Se correlation
at higher Q of �14.5 nm�1. The origin of the prepeak is
carefully discussed.
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