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To investigate the relationship between the partial structures and the stiffness transition
in As,Se;_, glasses, anomalous X-ray scattering (AXS) and X-ray and neutron diffraction
(XRD and ND) experiments were carried out. For the AXS experiments, anomalous terms
near the absorption edges were experimentally obtained instead of the theoretical values
with large ambiguities. The results were analyzed by reverse Monte Carlo (RMC) model-
ing to obtain partial structure factors, S;;(Q), partial pair distribution functions, g;;(r), and
three-dimensional atomic configurations. The §;;(Q) and g;;(r) functions gradually vary with
x; however, an important change was observed in the intermediate-range element-selective
atomic structures (the so-called hyper-ordered structures) near the stiffness transition com-
position. With decreasing x across the so-called intermediate phase compositions, a rapid
decrease of the As—As wrong bonds is visualized. However, the other anomalies found in
Ge-Se glasses are not clearly observed, such as a rapid decrease in pre-shoulder position in
S sese(Q), a rapid decrease in the number of edge-sharing connections, and an exclusion ten-
dency of the connections between the As(Ge) atoms sharing two Se atoms, which may be
related to the anisotropic pyramidal atomic configurations around the As atoms in the As-Se

glasses in contrast to the isotropic tetrahedral ones around the Ge atoms in the Ge-Se glasses.

1. Introduction

A mean-field theory"? is a simple idea for understanding various experimental anomalies
around a specific composition of the rigidity percolation threshold at the average coordination
number (r) = 2.4, where the number of configurational constraints per atom is equal to
the degrees of freedom in three dimensions. The character of a network glass undergoes a
transition from rigid at (r) > 2.4 to easily deformable (floppy) at (r) < 2.4. In the case of the
As,Se,_, glasses handled in this paper, the threshold composition corresponds to x = 0.40, the
As;,Se; stoichiometric alloy, if the coordination numbers of the As and Se atoms are exactly
3 and 2, respectively. At the beginning of more than 15 years of researches, the findings
were limited to the relationship between the rigidity percolation and physical properties of
binary>* and ternary>® chalcogenide glasses and liquids.

Remarkable experimental progress concerning the stiffness transition has been achieved
by Boolchand and coworkers on Ge,Se;_, glasses.””® They demonstrated that the results of
Raman scattering, modulated scanning calorimetry (MDSC), and Mdssbauer spectroscopy

on a fine composition grid provide evidence that the transition occurs over a well-defined
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composition range between an onset point at (r) = 2.40 (x = 0.20) and a composition point at
(ry = 2.52 (x = 0.26), where the glasses are characterized to be in an unstressed-rigid region
called an intermediate phase (IP).

To explore the relationship between atomic structures in short and intermediate ranges in
Ge,Se,_, glasses, Hosokawa et al. carried out anomalous X-ray scattering (AXS) and neutron
diffraction (ND) experiments, and analyzed the obtained experimental data by reverse Monte
Carlo (RMC) modeling to obtain partial structure factors, S;;(Q), partial pair distribution
functions, g;;(r), and the corresponding three-dimensional (3D) atomic configurations.”'?
From these experiments, important indications of the stiffness transition were observed on
the basis of the intermediate-range element-selective atomic structures (hyper-ordered struc-
tures). Namely, a sudden decrease in prepeak intensity in S gege(Q), an abrupt disappearance
of Ge—Ge wrong bonds, anomalies in the connection ratio of edge- and corner-sharing GeSe,
tetrahedra, and a characteristic change in the features of tetrahedral connections were real-
ized with decreasing x across the IP concentration range. During the analytical process, we
confirmed that AXS is sufficiently sensitive to obtain intermediate-range structures,” while
ND has an excellent capability to correctly determine the nearest neighboring structures.!'”

Concerning the As—Se glasses handled in this study, Georgiev et al.'" carried outa MDSC
experiment on As,Se;_, glasses and determined the IP region between (r) = 2.29 and 2.37
(x = 0.29 and 0.37, respectively). Two differences are seen in the features of the IP. The first
one is that the x range of IP is a wide value of 0.08 compared with 0.06 for Ge,Se,_, glasses.
In the sense of (r), however, the As,Se;_, glasses have a smaller A(r) of 0.08 than 0.12 for the
Ge,Se_, glasses. The second one is that the IP range shifts to the smaller (r) values from the
original value of 2.40 in the As,Se;_, glasses but toward the opposite direction in the Ge,Se;_,
glasses. For this reason, Georgiev et al.'” predicted the existence of fourfold-coordinated
quasi-tetrahedral Se=AsSe; configurations instead of threefold-coordinated AsSes; pyramids
by about 30% in number to increase the (r) values. This results in breaking the “8—N bonding
(octet) rule” that is usually accepted for network glasses.

The above idea motivated experimental studies of partial structures, and Hosokawa et
al.'? carried out AXS experiments on As,Se; in combination with RMC modeling to exam-
ine whether the 8 — N bonding rule is broken around the As atoms or not. Note that ND with
isotope substitution (NDIS) experiments is usually very effective for obtaining partial struc-
tures. Since As has only one stable > As isotope, however, this technique is limited to the use
of Se isotopes. In fact, recent NDIS studies of As,Se;_, glasses at x = 0.40, 0.35, and 0.30

by Polidori et al.'® result in only difference functions around the As and Se elements. An ab

3/27



J. Phys. Soc. Jpn.

initio molecular dynamics (MD) simulation was also conducted to confirm the experimental
results. The results are rather ambiguous, i.e., the experimental AXS gave the coordination
number around As, Ny, of 3.26(2), which is in good agreement with Georgiev et al.’s predic-
tion, while the theoretical data resulted in Nay = 3.07(3), which could not confirm the validity
of the experimental results.

Subsequent AXS experiments were carried out also in the IP region.!® The obtained N
values were 3.29 and 3.69 at x = 0.33 and 0.29, respectively, showing good coincidence at
x = 0.33 but apparent overestimation at x = 0.29. In addition, the spectral changes in the
S asas(Q) partials were not systematic, particularly on the first peaks at about Q = 20 nm~'.

To investigate the relationship between the local- and intermediate-range atomic struc-
tures and the stiffness transition in As,Se;_, glasses, four technical improvements that en-
able more systematical and reliable structural data than the above previous results to be ob-
tained were achieved in the present study. 1) Experiments were performed in a wide range of
0.20 < x < 0.40 including the floppy, unstressed-rigid (IP), and rigid regions. 2) As K AXS
measurements were conducted using a new setup at Kyushu Synchrotron Light Research Cen-
ter (Saga-LS). 3) Experimental anomalous terms of atomic form factors were obtained and
used for the analysis. 4) ND data were introduced to obtain more accurate first-neighboring
information. As a result, different conclusions were obtained for the N4, values from those in
the previous papers.

In this article, we explain the experimental technique in Sec. 2, present full sets of §;;(Q)s,
8ij(r)s, and the 3D atomic configurations in Sec. 3, and discuss the specific features of the
glass structures, such as prepeak heights and positions, partial coordination numbers, and
connections of AsSe; pyramids, in relation to the stiffness transition or IP compositions in

Sec. 4. Finally, we summarize the present results in Sec. 5.

2. Experimental and analytical procedures

Bulk As,Se;_, glass samples with x = 0.20, 0.25, 0.29, 0.33, 0.37, and 0.40 were prepared
by quenching the melts in silica ampoules containing proper compositions of As and Se with
purities of 99.999 at.%. The melts were homogenized at 600°C for at least 48 h with the
frequent stirring of the ampoule and quenched in air. The temperature was chosen by taking
the boiling point of As element at about 613°C and of Se at about 685°C into account.

AXS measurements near the As K absorption edge (11.868 keV) were carried out at
BL15 of the Saga-LS at Tosu, Japan. The voltage and current of this ring are 1.7 GeV and

100-300 mA, respectively. To compensate relatively weak X-ray intensities from such a small
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synchrotron ring, we used two Si drift detectors (SDDs) to sensitively detect the elastic scat-
tering X-rays and correctly estimate fluorescent X-ray contributions in the detected scattering
signals. The elastic scattering signals reach 0.6—0.8 million counts at the S (Q) maximum in
a reasonable beamtime at Saga-LS; these are sufficient for the analysis to obtain differential
structure factors, ArS (Q). The details of this AXS detecting system are given elsewhere.'>

AXS experiments near the Se K edge (12.658 keV) were performed at BM02 of the
European Synchrotron Radiation Facility (ESRF) at Grenoble, France. To obtain sufficient
elastic signals and exclude the fluorescent X-rays, we used a bent graphite crystal analyzer
and a scintillation counter on a 1-m-long arm. The details of this detecting system are given
in Ref. 9 and in a review article.'® Both the AXS experiments were carried out in reflection
mode for rectangle samples with a width of about 5 mm, a length of about 10 mm, and a
thickness of about 2 mm flattened with an emery paper.

The improvement of these AXS experiments is made to enable us to experimentally de-
termine anomalous terms of atomic form factors near an absorption edge. For this, X-ray
absorption spectra, u, were measured in the fluorescence mode near an absorption edge of
the k element. The energy ranges for the absorption measurements were about 11.8-12.0 and
12.6-12.8 keV for the As and Se edges, respectively. The obtained u spectra were smoothly
connected with the imaginary part f” of the anomalous term, since u is proportional to f”

and is expressed as

u==21r, Z nif!,

1
where A is the wavelength of X-rays, r, is the classical electron radius, and »; is the number of

electrons in the ith element. For this, Sasaki’s theoretical data'”

were used for f”” outside the
measured E range. The upper three spectra of Fig. 1 show the f” spectra near the (a) As and
(b) Se K absorption edges at selected x values of 0.20, 0.29, and 0.40. As seen in the panels,
the f” spectra as well as those at other x values are mostly independent of x.

The real part f” of the anomalous term can be calculated using the Krammars—Kronig
relation

re==p [ P

where P denotes the principal value. The results are given in the lower spectra in Fig. 1. As
seen in the figures, the f” spectra are mostly independent of x.

The dashed lines in Fig. 1 indicate the energy positions at 20 and 200 eV below the

corresponding K absorption edges where the present AXS measurements were carried out

5/27



J. Phys. Soc. Jpn.

(@)
8 { T { T { T T
) 5 As,Seq., glasses
g As K edge
S 4fx=
] 0.20 |
° 2—-0.29 !

f" (electron units)

|

| | |

- O Lo | |
11.60 11.70 11.80 11.90 12.00
E (keV)
(b)
8 T T { T T
@ As,Seq.x glasses
< 6 Se Kedge
c
= 4 —x=
3 0.20 !
2 2-0.29!
£ 0.40'!
o-
. 0.20 !
2.2
'c
=}
54
S :
Sl .
-l e
- | o | [ | |
12.40 12.50 12.60 12.70 12.80
E (keV)

Fig. 1.

edges of selected As,Se;_, glasses. For clarity, the correct curves are at x = 0.40 and others are displaced

upward by 1. Dashed lines indicate the energy positions at 20 and 200 eV below the corresponding edges where

Experimental anomalous terms f” (real) and f” (imaginary) near the (a) As and (b) Se K absorption

the present AXS measurements were carried out. (Color online)

(Enear and Ef,,, respectively). Since the f” and f”’ values at six compositions are almost the
same, we employed the average values in the following data analyses, as tabulated in Table 1.

The errors were estimated to be 0.02 for f” at E,., and 0.01 for other values. For clarity, the

correct curves are at x = 0.40 and others are displaced upward by 1.
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Table I. Experimentally obtained f’ and f”” values of As and Se in electron units at energies measured and

the theoretical values'” in parentheses.

Element E (keV) Sas e S3e Se
As 11.668  -3.673 0.507
(-3.704) (0.512) (-2.241) (0.580)
11.848  -6.039  0.602

(=6.054) (0.497) (=2.419) (0.564)

Se 12.458 -3.627 0.497
(-2.236) (3.494) (-3.739) (0.514)
12.638 -5.683 0.532

(-1.960) (3.413) (-5.625) (0.501)

In Table 1, values in parentheses indicate the theoretical results calculated by Sasaki.!”

The differences in f” obtained in the present experiments are larger than theoretical values by
about 0.7 and 9.0% near the As and Se edges, respectively, which may affect the validity of the
coordination numbers. In the previous AXS experiments on Ge,Se;_, glasses,” where Ej .
was selected at the nearer energy of 15 eV below the corresponding K edges, corrections from
theoretical f” and f”" values were achieved by comparing the S;;(Q) data of GeSe, obtained
from AXS results with reliable NDIS results obtained by Petri et al.,'® and the differences of
about 14 and 3% were estimated for f” of Ge and Se, respectively. Hence, to determine local
glass structures, it is important to experimentally obtain f” and f” values. For the following
analysis, theoretical values are used at energies where the experimental values are missing.
To obtain element-selective structural information, one can obtain the differences between
two scattering data values at E ., and Ey,. The differential structure factors, A.S (Q), can be

related to the differential intensity, A/, as

AAJ(Q, Egur, Evear) = A7) = (Y1 + Al 1AS (Q),

where «;, is a normalization constant and A;[ ] indicates the difference between the values
in brackets at Ef,, and E, close to an absorption edge of the kth element.
The AS (Q) functions are separated into three S;;(Q)s as
AS@ = > > WES(Q),
i=As,Se j=As.Se
where the weighting factors, Wl."j, are given by

Al fifjl

k - Yy —
‘/Vij(Q’ Ety, Enear) = XX Ak[<f>2] >
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Fig. 2. Wlk, values of As—As (O), As—Se (O0), and Se—Se (A) correlations for As,Se;_, glasses as a function of
x for (a) AasS (Q), (b) AseS(Q), (¢) Sx(Q), and (d) Sn(Q). Wikj values for X-ray data are shown at Q = 22 nm™!

near the first maximum of S x(Q). (Color online)

The Wl."j values were calculated by using the f” and f” values together with theoretical values
of the usual energy-independent term, fo(Q), taken from the literature.'”

Circles, squares, and triangles in Fig. 2 show the Wl."j values of the As—As, As—Se, and Se—
Se correlations, respectively, as a function of x for (a) AxS (Q), (b) AseS (Q), and (c) total X-
ray structure factors, Sx(Q), at Q = 22 nm™! near the first maximum of S x(Q). They all vary
slightly with Q. Since W/lisSe and W’S‘e A5 are the same as easily understood by the definition,

and the twice of WX

Asse 18 generally used as the weighting factor of § gs.(Q). According to

such a common practice, twice the values are drawn for Wll’isSe in Fig. 2. As expected from
the principle of AXS, the As—As and Se—Se contributions are highly suppressed in Ag.S (Q)
and AxsS (Q), respectively. Concerning the As composition x, the As—As contribution terms
increase with x, while the Se—Se terms decrease. The As—Se terms change with x, depending
on the respective structure factors.

1

ND measurements were carried out over a wide Q range from 1.6 to more than 1000 nm™",

using the neutron total scattering spectrometer (NOVA)?? installed at BL21 of the Material
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and Life Experimental Facility (MLF) of the Japan Proton Accelerator Research Complex
(J-PARC), Tokai, Japan. The incident neutron beam was generated by the proton accelerator
with an output power of 400 kW. Measurements were performed in the time-of-flight mode,
with neutron energies between 0.0013 and 5.7 eV, and a pulse repetition rate of 25 Hz. Details
of the neutron detecting system are given elsewhere.'?

The same glassy samples of about 5x 10x2 mm? were also used for the ND measurements
to measure the structures with the same compositional and thermal conditions. The samples
were contained in standard pure V sample containers with an outer diameter of 10.0 mm
and a thickness of 0.1 mm. Experiments took 4 h each. Detected ND intensities from the
samples were corrected for instrumental background, absorption by samples and cells,?" and
multiple?? and incoherent scattering. The scattering lengths and absorption cross-sections
for the constituent nuclei were taken from the literature.?® These corrections were carried out
with the mvaSq program coded by the NOVA group.?¥

The Wl"j values for total neutron structure factors, Sn(Q), obtained from ND experiments
are shown in Fig. 2(d); they were calculated from scattering lengths, b;, of 6.58 fm for As and
7.970 fm for Se,*® instead of f for the X-ray data. bg. is larger than b, by 21%, while fs.
exceeds fas by only about 3%. Thus, Ws.s values for S n(Q) are slightly larger than those for
S x(Q), whereas the others are the opposite.

RMC modeling®?® was applied to obtain atomic configurations from the present ex-
perimental data of two A.S (Q)s, Sx(Q), Sx(Q), and the corresponding neutron total pair
distribution functions, gn(r). Calculation cubic boxes contained 10,000 atoms in total with
edge lengths determined using density data.?” Initial atomic configurations were generated
by hard-sphere Monte Carlo simulations. Three constraints were applied to the RMC calcu-
lations: 1) shortest atomic distance of 0.220 nm, 2) weak 8 — N connectivities, and 3) weak
bond angle constraint of 100° around As atoms. RMC simulations were carried out using the

RMC++ program package.?®

3. Results

The circles in Fig. 3 show experimental results of (a) AxsS (Q), (b) AseS (Q), (¢) Sx(Q),
(d) Sn(Q), and (e) gn(r) of As,Se;_, glasses. The Sx(Q) results seem to be consistent with
the pioneering XRD data obtained in 1973 by Renninger and Averbach,?® and the Sx(Q) and
gn(r) results are in good agreement with those of a recent ND work with natural isotopic
abundances by Polidori et al.'® All of the spectra gradually vary with changing x, and seem

to have no characteristic features in the structures across the IP region of x = 0.29 — 0.37.
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Fig. 3. Circles indicate experimental results of (a) AasS (Q), (b) AseS (Q), (¢) Sx(Q), (d) Sn(Q), and (e) gn(7)
of As,Se;_, glasses. Solid curves represent the best fits of RMC modeling. For clarity, the data are displaced
upward by 1 for (a)—(d) and 5 for (e). (Color online)

The spectral features of structural factors with different W{‘j values are very different from

I and small first

each other; AxyS (Q)s have large and sharp prepeaks at about Q = 12 nm™
peaks at about 20 nm™'. On the other hand, As.S(Q)s exhibit only shoulders at the larger
Q value of about 15 nm™' and large first peaks. Both the Sx(Q) and Sn(Q) spectra show

intermediate features between those of AxS (Q)s and Ag.S (Q)s. The S x(Q) and Sn(Q) spec-

10/27



J. Phys. Soc. Jpn.

tra look similar; however, the prepeaks in Sx(Q)s are slightly more prominent than those in
S~n(Q)s. These differences are, of course, due to the differences in Wl"j given in Fig. 2. When

the Q values exceed 30 nm™!

, all the spectra in Figs. 3(a)—(d) look very similar to each other.
The gn(r) functions in Fig. 3(e) have prominent peaks at about 0.23 nm and a second peak at
about 0.37 nm.

The solid curves in Fig. 3 indicate the RMC fits for the corresponding spectra. Although
the coincidences between the results of experiments and the RMC fits are very good, small
inconsistencies between the experimental data and the RMC fits are seen in the AXS data of
AiS (Q) in Figs. 3(a) and (b). This is because the contrasts in the AXS data are only several
percent of the scattering data of S x(Q)s. With decreasing x, the prepeak heights in AxsS (Q)s
do not show systematic changes with x, while the shoulders in Ag.S(Q)s at about 15 nm™!
seem to slowly rise. The prepeaks or shoulders in Sx(Q)s and Sn(Q)s become broadened.
The heights of prominent peaks in gn(r)s become alightly lower, indicating that the As—Se
and Se—Se bond lengths are almost identical, and the average coordination numbers decrease
with decreasing x.

Figure 4 shows (a) S asas(Q), (b) S asse(Q), and (¢) S sese(Q) partial structure factors of
As,Se;_, glasses obtained by the present RMC modeling. For the stoichiometric Asg40Seq g0

glass, a sharp peak is observed at the prepeak position of total structures of about 12 nm™!

shown in Figs. 3(c) and (d). The first peak of S xsas(Q) is clearly observed at about 20 nm™!,

which is different from the previous AXS reports,'* ¥ but looks reasonable upon comparison
with those at different x values. This would be a result of adding the ND data to the present

RMC analysis. The S asse(Q) spectrum also has a prepeak at a similar position in S psas(Q).

1

A sharp minimum is seen at about 18 nm™', which is a slightly lower Q position than the

first peak position in Sx(Q) and Sx(Q) of about 22 nm™!. A small shoulder is observed at
the sharp first peak in Sx(Q) and Sx(Q). Beyond 30 nm™!, the spectral features are similar

to those in S n(Q), indicating that the As—Se bonding is the main contribution in Asg49Se€g g0

1

glass. The S sese(Q) spectrum has a shoulder (not a peak) at about 15 nm™, a sharp and large

1

first peak at about 22 nm™!, and a second peak at about 37 nm~! (similar features to S x(Q)

and Sn(Q)). These features were also observed for the GeSe, glasses.” '

With decreasing x, all of the §;;(Q) spectra gradually change. The prepeak in § ssas(Q)
exists over the entire x range measured, while the prepeak height does not change system-
atically with x. The first peak in S asas(Q) does not change distinctly but looks not to be

1

systematic. The S asas(Q) spectrum remains unchanged approximately beyond 30 nm™', and

the errors become more conspicuous with decreasing x. These unstable spectral features in
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Fig. 4. (a) S asas(0), (b) S asse(Q), and () Ssese(Q) of As,Se;_, glasses obtained by the present RMC mod-
eling. For clarity, the data are displaced upward by 1. (Color online)

the As—As correlations are due to the small Wﬁs A Values even for the AxS (Q) data shown

in Fig. 2. The prepeak in S s.s.(Q) remains unchanged, while the minimum at about 18 nm™!

I are almost the

is highly buried with decreasing x. The remaining spectra beyond 30 nm~
same, indicating that the As—Se bonding features are unchanged over the entire x range mea-
sured. The shoulder in S g.s.(Q) at about 15 nm~! becomes prominent, and the height of the
first peak decreases with decreasing x. On the other hand, the oscillation beyond 50 nm™!
becomes larger, indicating that the number of Se—Se bonds increases.

Here, it should be noted that detailed atomic configurations, particularly intermediate-
range order cannot be correctly obtained without including the AXS data. In fact, a recent
paper on the structure of As-Se glasses reported the §;;(Q) functions by using a RMC model-
ing with only total XRD data.’” However, they highly disagree with the present results in the
low Q region up to about 18 nm™!, i.e., the S xsas(Q) and S As.(Q) data do not show distinct
and systematic prepeaks and the positions of the shoulders in S s.s.(Q) largely shift towards
the shorter Q values forming a small peaks.

Figure 5 shows (a) gasas(7), (b) gasse(r), and (c) gsese(r) of As,Se;_, glasses obtained
from the present RMC fits. On the gasas(r) function of the Asg40Seqqo glass, a large peak
is observed at about 0.23 nm with a height of about 2.6, as shown in Fig. 5(a), indicating a
large number of As—As homogeneous wrong bonds, which were also reported in the results
of the NDIS experiment.'® With decreasing x, this homopolar peak once decreases in height

and becomes broadened in the IP composition range, and again recovers in the floppy region.

However, the errors markedly increase in this region owing to the small Wl."j values, and thus,
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Fig. 5. (a) gasas(r), (b) gasse(r), and (c) gsese(r) of As,Se;_, glasses obtained by the present RMC modeling.
For clarity, the data are displaced upward by 2 for (a), 8 for (b), and 3 for (c). (Color online)

the recovery in the low x region is not a decisive evidence of the prepeak features.

The second peak of gasas(7) of the Asy40Sepeo glass is also very high, about 2, repre-
senting the correlations between the AsSe; pyramids with corner- or edge-sharing connec-
tions. Since the shoulder at the shorter side of the second peak in not clearly seen, unlike
the Ge-Se results,”!'? the fraction of edge-sharing AsSe; pyramids would be rather small.
With decreasing x, the height of the second peak seems to be almost unchanged, although the
gasas(r) functions are highly scattered. Beyond the second peak, the statistics are very poor,
particularly in the low x region, owing to the small Wysa values even for the Ax,S (Q) data,
as given in Fig. 2.

For the gasse(r) function at x = 0.40 shown in Fig. 5(b), a large and sharp first peak is
observed at r ~ 0.240 nm with a height of about 9. The second peak indicates strong As—Se
covalent bonds. The second broad peak is located at about 0.37 nm with a height of about
1.8, exhibiting a Se atom attached to an AsSe; pyramid, i.e., As—(Se)—Se correlation. Such
features in the first and second peaks do not vary with decreasing x. Only a small difference
is observed in the third peak detected at about 0.57 nm; it is smeared out with decreasing x.

In Fig. 5(c), when x = 0.40, a small peak is found at about 0.237 nm with a height
of about 1.5, which again represents the presence of the so-called homopolar wrong bonds.
With decreasing x, the first Se—-Se peak grows gradually and systematically up to a height
of about 4 with x = 0.20, owing to the extra Se atoms in the glasses. The second maximum
of gsese(r) when x = 0.40 is located at r ~ 0.36 nm with a height of about 2.8, originating

from Se—(As)—Se correlations inside the AsSe; pyramid. With decreasing x, the second peak
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decreases very gradually in height with a mostly unchanged interatomic length. The change
would originate from the decreasing number of pyramids and a wider distribution of the Se—
(Se)-Se interatomic distance for the compensating Se chains in the As—Se glasses.

The left panels of Fig. 6 show the 3D atomic configurations obtained by the present RMC
modeling at x = (a) 0.40, (b) 0.33, and (c) 0.25. Red tetrahedra indicate the AsSe; pyramids.
The size of each picture in Fig. 6 is about 3.25 nm, being one-half of the RMC simulation
boxes. At (a) x = 0.40, the AsSe; pyramids are mainly connected by corner sharing, while
a certain number of edge-sharing connections are also observed. As mentioned above, there
are certain numbers of homopolar wrong bonds. To emphasize them, only the As—As and
Se—Se bonds are shown in the right panels of Fig. 6 as solid and dashed lines, respectively,
where the atomic configuration is the same as in the left panel. Bonds are defined as lengths
below 0.28 nm in the first peak regions in Figs. 5(a) and (c). Although a certain fraction of
Se—Se short bonds are formed by large distortions of pyramids, a large number of individual
and topologically wrong bonds are confirmed in the Asg40Se¢ glass. With decreasing x, the
number of Se—Se bonds increases, as expected. On the other hand, a small number of As—As

wrong bonds remain even at x = 0.25 (or at the lowest As fraction of x = 0.20, as shown in
Fig. 5(a)).

4. Discussion
4.1 Local structures

To discuss partial coordination numbers and bond angles, atomic bonds are again defined
as interatomic distances below 0.28 nm, where the first and second peaks in the g;;(r) func-
tions are well separated, as shown in Fig. 5. The partial coordination number, N;;, is defined
as the mean number of type j atoms around type i atoms. The previous r;; and N;; results are
well compiled by Polidori et al. in Table III of Ref. 13. Table II shows structural parameters
of the partial interatomic distance, r;;, and N;; obtained in previous experimental'>'¥ and the-
oretical®'3? works at selected x values of 0.20, 0.30, and 0.40, as well as the present results
at x = 0.20, 0.29, and 0.40. The r;; values from the NDIS experiments are not given in the
table because the g;;(r) functions were not evaluated owing to the limited number of isotope-
enriched samples. The typical values estimated from their analysis are given in parentheses
under the 7. column.

By comparing the overall features of these parameters, we found a common tendency that
the r;; values in the results of AIMD calculations are larger than in those of the experiments by

0.05-0.15 nm. The important advantage of the RMC modeling is that this inverse technique

14/27



J. Phys. Soc. Jpn.

Fig. 6. Atomic configurations of glassy As,Se;_, obtained by the present RMC modeling at selected x values
of (a) 0.40, (b) 0.33, and (c) 0.25. Left panels: AsSe; pyramidal units. Right panels: As—As and Se—Se homopolar

bonds indicated by solid and dashed lines, respectively. (Color online)

can complement the lack of missing data of AXS results in the large Q region, as was clearly
given by Waseda et al.>® The inclusion of ND data over the wide Q range in this study,
moreover, made justified our results in the first shell regime. In addition, the total scattering

g(r) data on As,Se; glass are dominated by the As—Se heteropolar partial in both XRD and
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Table II. r;; (nm), and N;; (atoms) values obtained from present experiments and previous experimental and

theoretical works at selected x values.

X | rasas  TasSe  Tsese | Nasas  Nasse Nas | Nseas Nsese  Nse Ref.
0.40 | 0.240 0.241 0.238 | 048 254 302 | 1.69 035 2.04 | Present
0.241  0.237 0.225 | 0.73 253 326 1.69 032 201 | AXS™

0.241) 0.63 237 3.00 | 1.58 0.42 2.00 | NDIS"™®
0.255 0.245 0.237 | 0.65 240 3.05 | 1.60 042 2.02 | AIMD?D
0.258 0.248 0.242 | 0.70 231 3.01| 154 045 1.99 | AIMD??
0.255 0.245 0.240 | 0.53 254 3.07| 1.69 032 201 | AIMD'»
0.30 (0.240) 0.01 299 3.00 | 128 0.72 2.00 | NDIS™®
0.257 0.247 0.239 | 0.07 294 301 | 126 0.74 2.00 | AIMD?D
0.29 | 0.244 0240 0.237 | 0.18 2.85 3.03 | 1.17 0.85 2.02 | Present
0.241 0.235 0.229 | 0.12 3.57 3.69 | 146 054 200 | AXSY
0.20 | 0.240 0240 0.235 | 0.19 277 296 | 0.69 1.35 2.04 | Present
0.259 0.247 0.239 | 0.05 296 3.01 | 0.74 1.27 2.01 | AIMD?V

ND results, and the obtained first peak position has been at about 0.241 nm consistently
since the 1970s*3% to now.'**> Furthermore, the rg.s. value should approach the interatomic
distance of Se glass of about 0.234 nm?**3® with decreasing x. Therefore, the experimental
r;; values are correct and the theoretical ones have systematic deviations to larger values.

Other large differences are seen in the coordination numbers obtained from previous AXS
experiments.'>!¥ In particular, the Ny, values are much larger than the 8 — N rule of three.
There may be two reasons why the results are different. First, we used the experimentally
obtained anomalous terms, f” and f”, for the atomic form factors f, as shown in Fig. 1 and
Table I, which improved the qualities of the A.S (Q) functions and the RMC analysis, rather
than the theoretical values in the previous papers.'>!¥ Second, the S n(Q) and gn(r) data were
included in the present RMC analysis, as shown in Figs. 3(d) and (e). As mentioned above,
owing to a wide Q range measured by ND, the validity of the information on the first nearest
neighbors is highly improved compared with the results of the RMC analysis without ND
data. By comparing with the NDIS results by Polidori et al.,'> the Nags, value of 0.01 at
x = 0.30 is much smaller than the present value of 0.18 at x = 0.29. Such a discrepancy may
result from the fact that no good As isotopes exists in the NDIS measurement. The existence
of AxsS (Q) data in our AXS measurements may give correct S asas(Q), gasas(r), and Nagas
values.

Figure 7 shows the x dependence of the N;; values obtained from the present RMC anal-
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Fig. 7. Averaged partial coordination numbers N;;. Solid curves represent total coordination numbers around
As (upper) and Se (lower) atoms. Dashed lines indicate the ideal N;; values assuming the chemically ordered

continuous-random-network model.3” (Color online)

ysis. For the annotations in the figure, As—As and As—Se indicate N;; values for neighboring
As and Se atoms around As, and similarly, those around Se are given as Se—As and Se—
Se. Dashed lines indicate the ideal N;; values predicted by Zachariasen using a chemically
ordered continuous-random-network model.*” The solid curves represent the total coordina-
tion numbers around As and Se (Nas and Ng.), which are almost 3 and 2, respectively, in the
0.20 < x < 0.40 range. This result indicates that the 8 — N bonding rule is applicable to
As,Se;_, glasses for all the concentrations measured.

At x = 0.40, the majority of the As and Se atoms are surrounded by three Se and two
As atoms, respectively. The average numbers of homopolar As—As and Se—Se wrong bonds
are 0.48 £ 0.10 and 0.35 + 0.10, respectively. The Nasas value of 0.48 is slightly smaller
than others as shown in Table II, but acceptable within the range of errors of the present and
previous studies. The Nasas value is in agreement with those obtained from other experimental
and theoretical works. As mentioned above, N ~ 3.0 and Ns. ~ 2.0 are concluded from the
results of the present experiments, which contradicts the previous AXS result of a breaking
down of the 8—N rule around As by Hosokawa et al.'? and the prediction of an additional As—
Se double bond on the basis of the mean-field theory.!” Owing to the improvements of the
present experiments and analyses by using the experimental f” and f” values and including

ND data, the conclusion in the previous paper regarding As,Ses glass, i.e., the breakdown of
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the 8 — N rule, is doubtful.

With decreasing x, Nseas decreases and Ng.se increases, which is mostly in line with the
results of the chemically ordered continuous-random-network model*” shown by the dashed
lines in Fig. 7, except for the presence of homopolar wrong bonds. Note that Nasas largely
decreases from about 0.5 to about 0.2 when crossing the IP concentration range indicated
in yellow color in Fig. 7. This phenomenon would be reasonable because the As—As wrong
bonds reflect the stressed-rigid nature of the As,Se;_, glasses at x > (.36, and the stress in the
glasses is released in the IP region, as was found in the Ge-Se glasses.!? In the floppy region
of x < 0.26, there are a certain number of As—As bonds, i.e., the wrong bonds intrinsically
remain even in the flexible As—Se networks.

Figure 8 shows the (a) As—Se—As and (b) Se—As—Se bond angle distributions of As,Se;_,
glasses as a function of cos 6. The 6 values are indicated at the top of the figures. At x = 0.40,
the As—Se—As and Se—As—Se distributions have broad peaks centered at about 97° and 100°,
respectively. The As—Se—As and Se—As—Se bond angles of crystalline As,Se; with a mono-
clinic space group have three different values in the ranges of 85.6-101.5° and 90.6-104.3°,3®
respectively, and the glass phase has slightly larger angles. The bond angle distributions at
x = 0.40 were examined experimentally with the usual combination of XRD, ND, and RMC
analysis by Fabidn et al.,>> and the peak positions of 97 + 2° and 99 + 2° were obtained for
the As—Se—As and Se—As—Se configurations, respectively, in good agreement with the present
results although they did not utilize the AXS or NDIS data of greater element sensitivity.

To our knowledge, there have been two AIMD studies of the bond angle distributions
of As,Ses glass,31’39) and both studies indicated broad distributions around either As or Se
centered at about 100°. A specific result was given for the As—Se—As bond angle distributions
by Bauchy et al.>" where there is an additional shoulder at about 90°. They did not identify
the origin of the shoulder, and it is too large to be composed of edge-sharing AsSe; pyramids,
in contrast to those of GeSe, tetrahedra in GeSe, glass.lo)

With decreasing x, the As—Se—As distributions become rather broad and scattered ow-
ing to the decrease in the number of the pyramid connections with only one Se atom (Se;),
as shown later. The As—Se—As bond angle distributions shown in Fig. 8(a) do not seem to
change systematically from the broad peak centered at about 97° at x = 0.40. However, it
is clear that the broad peak is suddenly smeared out below x = 0.25, which may be related
to that the glass system enters the floppy regime. The Se—As—Se distributions remain mostly
unchanged, whereby the local atomic configurations of AsSe; pyramids do not change with x.

Only Bauchy et al.>" discussed the x dependence of the bond angle distributions by obtaining
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four types of bond angle (Se—Se—As and Se—Se—Se in addition to the above), and rather com-
plex x dependences were reported. In addition, they obtained the x dependence of the average
dihedral angle and the standard deviation, which indicate rather characteristic features in the
IP concentration region. On the other hand, the experimentally obtained results in the present
work show simple and gradual x variations, and cannot compare with the above theoretical

predictions.

4.2 Intermediate-range order

A prepeak in the S (Q) spectra in covalent glasses suggests the existence of intermediate-
range order (IRO) in the atomic configurations of glasses. Large changes were observed in
the total S (Q) of Ge,Se,_, glasses,” %40 where with decreasing x, the position largely shifts
towards larger Q values and the height rapidly decreases, as shown in Figs. 2(c) and (d) of
Ref. 10 for the XRD and ND data, respectively. By separating them into the partial S;;(Q)s, it
was found that with decreasing x, the prepeaks in the Ge—Ge and Ge—Se partials show slight
increases in position, while the shoulder position in S s.s.(Q) rapidly decreases. The prepeak
height in § gege(Q) rapidly decreases in the IP concentration range of 0.26 > x > 0.20. These
partial behaviors in the prepeak/shoulder induce the interesting changes in the prepeak of the
total S (Q) of Ge,Se;_, glasses.

In the present As,Se,_, case, the x dependence of the prepeak in total S (Q) is very small,

as shown in Figs. 3(c) and (d), with only peak heights decreasing with decreasing x. Figure
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9(a) shows the x dependence of the prepeak/shoulder positions, O, in the As—As, As—Se, and
Se—Se partials of S;;(Q) indicated by circles, squares, and triangles, respectively, which are
obtained from Fig. 4. The peak positions of the As—As and As—Se correlations show mostly

the same values of about 12 nm™'

, and that of Se—Se gradually decreases with decreasing
x. In the hatched IP concentration region, the decreasing rate is slightly higher, but not so
prominent as that of the Ge—Se glasses shown in Fig. 7(a) of Ref. 10.

Figure 9(b) shows the heights of the prepeaks for the partials, S;;(Qp). The prepeak
heights for As—Se are almost a constant value of about 0.9, and those of Se—Se show a gradual
increase from 0.4 to 0.6 with decreasing x. On the other hand, those of As—As have a rather
scattered x dependence owing to the small Wyss values, as shown in Fig. 2. If anything, a
decrease is observed in the IP concentration region, while it is not clear when compared with
the Ge—Ge prepeak height in Ge,Se;_, glasses in the IP region. The x dependence in the fea-
tures of prepeaks in the As—Se glasses have been taken up only for total S (Q) functions,*!:+?
and the relationship to the stiffness transition has not been discussed clearly. Golovchak et al.
reported that the prepeak width increases at about x = 0.3 in both the XRD and ND data.*?

On the other hand, the present data cannot clarify such a broadening as anything other than
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Table III. x dependence of the fractions of corner-, edge-, and face-sharing connections between the AsSe;

pyramids.
X | Feomer (%) Feage (%) Frace (%)
0.40 92.5 7.4 0.1
0.37 91.8 8.0 0.2
0.33 90.8 8.6 0.6
0.29 923 7.0 0.8
0.25 92.4 7.5 0.1
0.20 92.4 7.5 0.1

experimental error.

Next, we discuss the connections of the AsSe; pyramids. In crystalline monoclinic
As,Se;s, the pyramids are connected with each other by fully corner-sharing configurations.®
Table III shows the x dependence of the corner-, edge-, and face-sharing connections when
two As atoms approach each other as second neighbors by sharing a Se atom. As for the
As,Se; glass at x = 0.40, only about 7.5% of pyramids are connected accidentally by edge
sharing, and corner sharing dominates the pyramid connections. This value is much smaller
than the edge-sharing fractions of GeSe, tetrahedra (20-25%) in the stressed-rigid region of
the Ge—Se glasses, as shown in Fig. 11(b) of Ref. 10. The face-sharing connection is negligi-
ble. With decreasing x, all fractions remain basically unchanged, which is unlike the Ge-Se
glass case, where the edge-sharing fraction rapidly decreases, as shown in Fig. 11(b) of Ref.
10. These differences would be due to the fact that the AsSe; pyramid clusters do not include
the stresses caused by the overconstraint of the averaged coordination numbers.

Then, we discuss the connections between two pyramids. As mentioned above, the ma-
jority of the connections between the AsSe; pyramids in the As,Se; glass are corner sharing,
and there are a small fraction of edge-sharing connections. For both connections, the As
atoms share only one Se atom between them; this was referred to as the S; connection in
the previous discussion. At the As,Se; composition, the glass system is considered to be in
the stressed-rigid region.!” Figure 10 shows the x dependence of the fraction of the number
of Se atoms belonging to Se, chains between two As atoms, i.e., the fraction of Se atoms
intervening between the As atoms.

At x = 0.40, about 72% of Se atoms are connected with two As atoms by corner-, edge- or
face-sharing connections (Se;). About 18% of Se atoms form the As—Se—Se—As connections

(Se,). The remaining 10% of Se atoms are located in longer Se chains between two As atoms.
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With decreasing x, the fraction of S; connections gradually decreases owing to the increase
in the numbers of Se atoms in the glasses. The fraction of Se, connections increases until
the end of the IP region at x = 0.29, and then starts to decrease rapidly. The S; connections
exhibit a similar x dependence to the Se, connections with a smaller fraction of about 3/5.
On the other hand, the fraction of Se atoms belonging to longer chains of more than five Se
atoms rapidly increases in the floppy region of x < 0.29.

A similar analysis was carried out on Ge,Se;_, glasses, and the following results were
obtained in relation to the stiffness transition shown in Fig. 12 of Ref. 10. Firstly, the fraction
of Se; atoms exhibits a dip in the IP region in Ref. 10, while the present result does not.
Secondly, the fraction of Se, connections slightly decreases in this region, which contradicts
the present result. Thirdly, the fraction of Se,, connections (Se atoms belonging to chains
with more than 4 atoms) exceeds that of S; connections at the central composition of the IP
region, whereas the S; connections are dominant there in the present As—Se glasses, and the
rapid increase in S4; (= S4 + Ss.) starts at the end of the IP region. In the previous paper
on the Ge—Se glasses, it was discussed that these behaviors of the connections of GeSey
tetrahedra originate from a large configurational stress in the Se, connections and a relevant
phase separation tendency between the S; and S4; chain connections. In the present As—
Se glasses, on the other hand, such presence of stresses is hardly expected because AsSe;

pyramids have good constraints to form glasses in the sense of rigidity percolation theory and
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do not form a specified configuration nearby. Accordingly, the differences in the pyramidal
connections may be related to the anisotropic pyramidal atomic configurations around the As
atoms in the As-Se glasses in contrast to the isotropic tetrahedral ones around the Ge atoms

in the Ge-Se glasses.

S. Conclusions

AXS, XRD, and ND experiments were carried out on As,Se;_, chalcogenide glasses and
the results were analyzed by RMC modeling to obtain the partial atomic structural informa-
tion in §;;(Q)s, gij(r)s, and 3D atomic configurations and to find the relationship between
them and the stiffness transition. By using the experimentally obtained anomalous terms for
the atomic form factors and including the ND data for RMC analysis, the quality of the par-
tial structural results was highly improved, particularly for the coordination numbers. The
Sij(Q) and g;;(r) functions seem to gradually change with x; however, an important change
is detected, i.e., a rapid decrease of As—As wrong bonds is visualized in the IP region, as
in the Ge-Se glasses.'” However, the other anomalies found in the Ge-Se glasses, such as
a rapid decrease in the pre-shoulder position in Ss.s.(Q), a rapid decrease in the number of
edge-sharing connections, and an exclusion tendency of the connections between the As(Ge)
atoms sharing two Se atoms, were not clearly observed. These differences may be due to the
fact that the AsSe; pyramids in the As—Se glass do not have any structural stress in contrast
to the GeSe, tetrahedra in the Ge—Se glasses.

Finally, we note that the qualities of S asas(Q) and gasas(r) are not sufficient probably
because of the small Wxga values even in the Ax S (Q) spectra of the AXS data. In particular,
the prepeaks seem not to change systematically in height with x and are not in good agreement
with the existing AIMD data.’" A possible way of improving the data quality with partial
information is to include the NDIS data, as shown in Ref. 13, in the RMC analysis; this is
now being planned.

Another way to improve the structural information is to ameliorate the statistics of the
AXS data by increasing the incident X-ray flux. Since the beamline at the ESRF used for the
present study is a bending magnet one, it is possible to replace it with an undulator insertion
device for the X-ray source. At the SPring-8, new AXS equipments have been developed at
previously BL13XU and currently BL47XU, and an intenser X-ray beam (about two orders
of magnitude) and a better energy resolution using a LiF analyzer crystal (about 30 eV at
10 keV*?) were achieved.***) In fact, much reasonable results in the pre- and first peak

region of Ag,S (Q) were obtained on a Ga,GesSey glass at the SPring-8*® compared with that
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measured at the ESRFE,*? and the similar improvements is highly expected for the present

As-Se glasses.
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