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The structural, vibrational, electronic, and dynamic properties of amorphous and liquid As,Se,_,
(0.10 <x < 0.45) are studied by First Principles Molecular Dynamics. Within the above range of
compositions, thresholds, and anomalies are found in the behavior of reciprocal and real space prop-
erties that can be correlated to the experimental location of the Boolchand intermediate phase in these
glassy networks, observed at 0.27 <x < 0.37. These findings are associated with diffusion anomalies
for the parent liquid phase, thereby linking structural and dynamical atomic-scale fingerprints for
the onset of rigidity within the network, while also providing a much more complex picture than
the one derived from mean-field approaches of stiffness transitions. © 2014 AIP Publishing LLC.

[http://dx.doi.org/10.1063/1.4901515]

. INTRODUCTION

Arsenic selenides (As—Se) are typical semiconductors,
and form covalent network glasses over a wide range in com-
position from melt quench. They are used as starting materials
in bulk or thin film form, and serve for the design of a certain
number of promising optoelectronic applications.'™ As a re-
sult, the number of studies under various conditions and forms
have increased substantially in the recent years>~’ with special
emphasis on the giant photoplasticity that is typical of these
materials.

The molecular structure of As,Se, _, glasses in the
chalcogen rich region (x < 40% As) has been described
in the early literature®>'! as a random network of pyra-
midal AsSe;, units that cross-link the base Se chain
structure when the As content is increased. Support for
the pyramidal local structure in glasses and liquids have
been obtained from neutron,'2-!8 X-ray diffraction,'92* ex-
tended absorption x-ray diffraction®>° (EXAFS), anoma-
lous X-ray scattering,>*3! and Nuclear Magnetic Resonance
(NMR).*>3 In addition, Raman spectroscopy,’® infrared
absorbance®37-40:474% have shown that the spectrum of ele-
mental Se which consists of several modes typical of Se—Se
bond vibrations is affected as the As content is changed. New
peaks associated with the formation of pyramidal AsSe,,
units appear, and these seem to indicate that the addition of As
proceeds in a stochastic fashion for compositions lower than
~15%, whereas a non-stochastic addition sets in for larger As
content. This change in régime has been already noticed in
an early study of As-Se glasses.”® In chalcogenides, given the
weaker chemical bond strength between species, there is an
increased tendency to find chemical disorder which manifests
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by the presence of homopolar bonds in the corresponding sto-
ichiometric compound.®'> These features can be also found
in the As,Se; glass.™* Renninger and Averbach* noticed
that the first and second neighbor peaks of the measured rdf
at 40% and 50% As are qualitatively similar to those obtained
from the crystals As,Se; and As,Se,,% the latter containing
homopolar As—As bonds. This might indicate the presence of
such motifs, maybe even before the stoichiometric composi-
tion of As,Se;.

The increased interest in performing systematic studies
of As-Se glasses, including the present numerical one, is also
driven by recent experimental findings>®>° in the context of
flexible to rigid transitions.®**? According to the seminal
work of Phillips®® and Thorpe,* a flexible to rigid transi-
tion is achieved when a glass network constrained by bond-
stretching and bond-bending forces reaches the critical net-
work mean coordination number of 7 = 2.4 at which an iso-
static stress-free glass network is obtained. This mean-field
condition seems to be fulfilled in the As—Se binary at the
composition of 40% As where anomalies in glass transition
temperature and mechanical properties have been reported.
In fact, if one assumes that the atoms obey the 8-A rule
(N being the number of s and p electrons), and that As and
Se are, respectively, in three- and twofold coordination, one
has 7 = xn,, + (1 — x)ng,x =2+ x. This leads to the an-
ticipated threshold of x = 40% As and 7 = 2.4 at the stoi-
chiometric composition As,Se;. Given the elastic nature of
the predicted threshold®®%* and the connection with optimal
glass formation,® a certain number of experimental studies
have focused either on the enthalpic properties at the glass
transition®>3%3%-70 including under ageing,’"”? or on elas-
tic properties,’>~’> thermal transport,’®”” and viscosity.”8-3

However, this traditional picture has been challenged
recently. First, evidence for a double transition/threshold

© 2014 AIP Publishing LLC
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(x.;, x.,) has been reported instead of the single one at x,
= 40% As %% and also evidenced in the isovalent
As S, _x.83 This defines for the As Se, _ glasses a com-
positional window x,, < x < x,, that has been indentified
with an intermediate phase (IP), bounded by a chalcogen-
rich phase with low network connectivity (x < x,;) and an
As-rich phase (x > x,,) which is overconstrained or stressed
rigid. In contrast with other investigated systems however,
the IP boundaries of the As—Se binary appear to be less
well defined.’® In the IP, glasses usually display some re-
markable properties such as low internal stress®* that leads
to weak ageing phenomena,® minimal enthalpic changes
at the glass transition,®°! space-filling tendencies,””** and
super-strong glass-forming melts leading to a low fragility in-
dex m.”>% IP properties appear to be generic because they
are now observed in many other simple or multicomponent
oxide?’!'% and chalcogenide glasses,'?'~19 or even in com-
plex materials including proteins'** or hydrogenated SiC thin
films.'% These generic IP features have been recovered for
the case of As Se,  glass. Weaker ageing phenomena!®®
in the x,, < x < x,, range have been reported (as com-
pared to the flexible and stressed rigid phase), as well as
calorimetric windows>®>° (Fig. 1), fragility minima®!-8%107
(Fig. 1, right axis), and space-filling tendencies.'”” The ob-
servation of these spectacular changes occurring within the
X, < x < x, range requires special care in sample prepa-
ration because it has been shown that measurements are
highly sensitive to dryness or homogeneity.'”-10% 110 Ag an
unfortunate consequence, there have been reported statements
challenging® '1:112 the existence of the intermediate phase.
However, measurements leading to such contradicting con-
clusions have been made on samples of unproven homogene-
ity as recently demonstrated.’® !°7-19 Previous theories of the
flexible to rigidity transition have been modified in order
to take into account the observed phenomena, and have ar-
rived to the conclusion that the IP may result from the self-
organization of the network''*''8 which becomes rigid but
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FIG. 1. Anomalous behaviour of physical quantities of As Se, _  glasses

across the intermediate phase (taken from Refs. 96 and 107): Non-reversing
heat flow AH, (x) (black curve) and fragility index m (red curve, right
axis). The present investigated systems by First Principles Molecular Dy-
namics (FPMD) are shown in blue: AleSego, ASZOSeSO, ASZSSC75, As3OSe70,
As35Secs, AsySeq, (As,Ses), and As,sSess.

J. Chem. Phys. 141, 194506 (2014)

while delaying perco-
119

adapts under increasing stress x > x,.;,
lation of stressed rigidity up to the second threshold x ;.

In the As-Se glasses (but also in As-S), additional struc-
tural information have emerged from the discovery of the IP.
The location of both the rigidity (x,,) and stress transition
(x.,) have been found to be shifted®®> to lower As com-
position, with a window roughly determined at 27% =~ x_,
< X < x4 = 37% (Fig. 1), i.e., lower than the predicted
mean-field threshold of x, = 40%. To account for this shift,
it has been proposed that isostatic quasi-tetrahedral (QT) Se
= AsSe,), units should exist in the glass, given that these QTs
correspond to a stoichiometry of As,Ses (x = 28.5%). Such
units are found in corresponding phosphorus based glasses,'?°
and have been also used to interpret vibrational and photo-
electron spectroscopic measurements'?! of As,Ss, and used
subsequently for the analysis of As-Se glasses.'?> An argu-
ment on the 7,(x) variation in As—Se has led to a rough esti-
mate of 30% QT units.’® However, no direct experimental ev-
idence has been found from Raman*® or Nuclear Quadrupole
Resonance'?? except in thin films produced by flash evapora-
tion. Luksha et al.'** have analyzed, indeed, the radial distri-
bution function of such obtained amorphous structures, and
have indicated that the flash evaporation temperatures which
are relatively higher than conventional evaporation methods
may promote the formation of such local structures involv-
ing a subsequent electronic hybridization necessary for the
As=Se double bonding. The existence of QT units appears,
thus, to be strongly tied to temperature and to the way melts
are quenched to the glass, consistent with recent Molecular
Dynamics studies®> >3 showing that fourfold arsenic does ex-
ist in the liquid state, and represent the dominant structural
motif at elevated temperatures. Nevertheless, there have been
theoretical®® 1?6 investigations indicating that QT units might
be also present in the glass, and the results seem to agree
with those obtained experimentally from anomalous X-ray
scattering.3! 127

Given these different open issues regarding structure
but also dynamics, we report in the present contribution on
a systematic investigation with composition of As,Se, _,
glasses and liquids using First-Principles Molecular Dy-
namics (FPMD) simulations. We concentrate on seven tar-
get compositions spanning over the flexible, intermediate,
and stressed rigid phase (10 < x <45% As), and on the
structural, electronic, vibrational and dynamic properties.
There have been a quite important body of studies on the
simulation of As-Se glasses, most of them being focused
on the stoichiometric As,Se;. Classical molecular dynam-
ics simulations with a 3-body force field has been used to
obtain the atomic structure of different As-Se glasses.'?6
Ab initio or FPMD methods using density functional the-
ory (DFT) have been used to study the structural and
electronic properties’®3+3%128-130 4t gelected compositions
(As,Se;, AsSe), light induced changesm‘133 and effect of
irradiation.'** Using similar tools, liquid As-Se have been
also investigated as a function of temperature'?> to determine
the origin of the semi-conductor to metal transition, and the
relationship to structure.!3> 136

In the present contribution, results of the investigation
on As Se, _ . show an agreement of unprecedented quality
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for both the structure factor and the pair correlation function
when these functions are compared to experimental counter-
parts. In real space, although the total pair correlation function
g(r) does not evolve much with As content, the increase of
x leads to important changes in partial structure. Homopolar
As—As bonding detected from the partial As—As pair correla-
tion function grow, indeed, substantially for x > 35% As, and
a continuous decrease of Se—Se bonds is obtained. As a conse-
quence of these two opposite trends, the number of heteropo-
lar As—Se bonds is found to be maximum for the intermediate
phase compositions. In reciprocal space, the calculated struc-
ture factor is found to be in excellent agreement with vari-
ous experimental data from neutron or X-ray diffraction. An
analysis of the partials shows that signatures of intermediate
range order exhibit an anomalous behavior in the IP that leads
to non-monotonic trends in composition for the parameters
characterizing the first sharp diffraction peak (FSDP). We an-
alyze the electronic (electronic density of states, EDOS) and
vibrational properties (vibrational density of states, VDOS)
and the topology of the networks (coordination numbers, an-
gles, bondings pairs, rings). Finally, we investigate the liquid
phase, and find that IP melts display a maximum in diffusiv-
ity while also displaying an increased ease to diffusion which
manifests by a minimum in the corresponding activation en-
ergy for diffusion. An additional analysis arises from the cal-
culation of Van Hove correlation functions. Taken together,
these results provide a first systematic plane wave DFT study
with composition across the stiffness transitions, and effects
of the flexible to rigid transitions are evidenced from various
structural and dynamic properties. The paper is organized as
follows. In Sec. II we detail the DFT scheme used for the sim-
ulations, and present in Secs. III and IV the structural results
in reciprocal and real space, respectively. Section V is then
devoted to the detail of the network topology and its change
with As content. Section VI describes the electronic and vi-
brational properties and their evolution with As content. Fi-
nally, Sec. VII presents the dynamic behavior in the liquid
phase.

Il. COMPUTATIONAL DETAILS

First principles molecular dynamics simulations!?’-138

have been performed on As,Se,, systems containing
N = 200 atoms at seven different compositions (10%, 20%,
25%, 30%, 35%, 40%, 45% As) with the number of atoms
being given by N,, = xN and Ng, = (1 — x)N. At a first
glance, the spacing of the chosen compositions may be seen
as rather coarse to detect the transitions into and out the IP.
However, one has to keep in mind that the size of systems does
not permit to investigate tiny compositional changes given
that a change of 1% As will involve a change of 2 atoms,
only, which would lead, we believe, to results of unsufficient
statistical accuracy. A periodically repeated cubic cell was
used, whose size changes according to the compositionnaly
dependent number density of the glass®® (e.g., 18.06 A for
the 20% As, Fig. 2). For the simulation of the present As-Se
glasses and liquids, we use DFT in combination with plane
wave basis sets. The electronic scheme has been chosen af-
ter a series of methodological investigations on different liq-

J. Chem. Phys. 141, 194506 (2014)

FIG. 2. A snapshot of amorphous As,,Seg, containing Se (blue) and As
atoms (red). The system still contains fragments (highlighted) of the chain
structure typical of amorphous selenium.

uid and amorphous chalcogenides (Ge—Se) showing that (i) a
generalized gradient approximation (GGA) for the exchange-
correlation energy improves substantially'*® the description
of both short and intermediated range order in liquid GeSe,
as compared to the local density approximation (LDA), (ii)
an alternative exchange-correlation functional®®'*" (with re-
spect to Ref. 139), derived after PW Becke (B) for the ex-
change energy'*! and Lee, Yang, and Parr (LYP) for the cor-
relation energy'#’ leads to a structure with a reduced num-
ber of miscoordinated atoms and metallic character, and im-
proves the reproduction of vibrational spectra'®® or NMR
properties. '+

Using these results, the electronic structure of the As-Se
liquids and glasses was described within DFT and evolved
self-consistently during the motion using a GGA for the ex-
change and correlation parts of the total energy, according
to Becke (B) and LYP, respectively.'#!4? Valence electrons
were treated explicitly, in conjunction with normconserving
pseudopotentials to account for core-valence interactions. The
wave functions were expanded at the I" point of the supercell
and the energy cutoff was set at 20 Ry. Starting configurations
represent a random structure of As and Se atoms fulfilling the
desired stoichiometry, and the loss of the memory of the initial
configurations has been achieved through preliminary runs at
2000 K over 50 ps. For all compositions and temperatures,
statistical averages in the liquid state were obtained over 25 ps
of trajectory with a time step of Az = 0.12 fs and a fictitious
mass of 200 a.u. At 1200 K, three uncorrelated configura-
tions separated by 5 ps have been selected to provide start-
ing sets of coordinates for a quenching schedule (T = 800 K,
T = 600 K) aimed at the obtention of an amorphous system at
T =300 K.
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FIG. 3. Total simulated structure factor ST(k) of amorphous ASZOSego,
As;5Secs (compared to experimental As;;Seq;), and Asy,Seq, (top, black
solid lines) compared to experimental data from Bychkov et al?’ (red
curves), Fabian et al.' (circles), and Xin and Salmon'* (orange curve). A
decomposition into partial structure factors is shown for As,, (As,Se;, blue
curves): As—As (solid curve), As—Se (broken curve), Se—Se (dotted curve).

Ill. RECIPROCAL SPACE PROPERTIES
A. Total structure factors

In Fig. 3 the total structure factors S;(k) for amorphous
As,oSegy, AsssSegs, and As,,Seq, are represented and com-
pared to the most recent experimental data.'® 4?2 The agree-
ment between experiments and simulation appears to be ex-
cellent over all wavevectors for the stoichiometric composi-
tion (40% As). The two principal peaks at kpp, = 2.2 A~! and
kppy = 3.7 A~ are very well reproduced, and also the peaks at
higher k (k > 6 A). For the lower compositions (20% and 35%
As), the agreement with experimental data is even better. Note
that the FSDP, while rather small in experiments,14 reduces in
the simulations to a simple shoulder on the low wavevector
side of the main peak, especially for the As,,Seg, (As,Se;)
composition, but it is entirely reproduced for As;sSeg;.

B. Partial structure factors

We are not aware of a full resolution of partial structure
factors from isotopic substituted neutron diffraction as for the
case of GeSe2,5' and therefore rely on a partial resolution
that has been reported from anomalous X-ray scattering.’!'?’
Fig. 4 shows the simulated partial differential structure fac-
tors A, S(k) and Ag S(k) compared to experimental data from
anomalous X-ray scattering®! in glassy As,Se;. Once again,
the agreement is very good, and demonstrates the ability of
the present simulation to provide a realistic description of
both As and Se environment. As observed in simulation as
Well as in experiment, only A, S(k) shows a FSDP at k ~1.2
A~', which suggests that correlations in the medium range
order (i.e., at low k) mainly arise from As atoms. This is also
evidenced from the full analysis of the Faber-Ziman partial

J. Chem. Phys. 141, 194506 (2014)

k (A7)

FIG. 4. Simulated partial differential structure factors A S(k) (solid lines)
compared to experimental data (circles) from anomalous X-ray scattering’!
in glassy As,,Sec,.

structure factors shown in Fig. 3 for As,Se; (blue curves),
and in Fig. 5 for the different selected compositions.

This decomposition into partial structure factors indicates
that a FSDP is, indeed, present in Sy, (k) but not in S, 4 (k)
and indicates the dominant contribution to the FSDP found in
A 5 S(k). On the other hand, Ssgse(k) mostly contributes to the
principal peaks at kpp, = 2.2 A~ and kpp, = 3.7 A~!, and
represents with S, ¢, (k) the dominant contribution to ST(k).
Given the neutron coherent scattering lengths of the chemical
species b, = 6.58 fm and by, = 7.97 fm and the range of con-
sidered compositions, the contribution of S, , (k) to the main
peak in S;(k) is, indeed, limited to less than 10%, because one
has for instance for x = 30%:

Sp(k) = 0.066S,, 1, (k) 4+ 0.3758 5, (k) + 0.5598,5, (k).
(1)

Although no clear evolution in the partial structure factor are
observed with As content, we can note that the intensity of
the main peak at kpp, ~ 2.2 A~! increases with As content, a
feature indicating that the structure evolves towards a As,Se;-
like one, with a dominant peak at kpp, for the 40% As com-
position. Simultaneously, Se—Se correlations build up at dis-
tances of about 7.7/kpp; = 3.5 A.'*> The FSDP observed in
S Asse(k) deserves a more careful study as detailed next.

C. Evidence for thresholds and anomalies

In order to better characterize the FSDP, a Lorentzian fit
(red curves in Fig. 5) is used in order to extract its paramaters
(Table I) among which the position kpgpp and width Akpgpp
as a function of As content, used in:

IFSDP
— ‘Espp )
e (A )

As displayed in Fig. 6, the position kpgnp decreases
from 1.25 A=' to 1.17 A~" between 20% and 40% As.

Spspp(k) = Io(x) +
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L ka)‘ As

FIG. 5. Computed Faber-Ziman partial structure factor Sij(k) as a function
of composition x in As Se, _ . glasses. Red curves in panel b represent
Lorentzian fits (Eq. (2)) to the FSDP in S, ¢, (k) (see also Table I).

Furthermore, while the FSDP position kpgpp remains nearly
constant in the flexible phase at low As content (x < 30%), it
drops at the approximate boundary of the rigidity transition,
found experimentally at 27%—29% As.>% %7 This behavior on
the partial S, (k) contrasts with the one found for the total
Sy(k) for which no such threshold behavior is found.? Inter-
estingly, the intensity and width of the FSDP show a mini-

J. Chem. Phys. 141, 194506 (2014)

TABLE I. Parameters of the Lorentzian fit (red curves in Fig. 5) of the FSDP
in the partial structure factor S, ¢ (k): y-position I, with respect to the base-

line at k — oo, intensity /¢, peak position kg, p, full width at half maxi-
mum Akgep-
¢ o

Iy Lespp Kespp (A7) Akpgpp (A h
As,,Seg, —0.240(4) 0.927(2) 1.248(3) 1.649(3)
As,sSes 0.439(9) 0.942(4) 1.249(2) 0.751(7)
Asy)Se, 1.159(5) 0.698(8) 1.252(6) 0.671(9)
AsysSegs 1.303(9) 0.856(2) 1.217(2) 1.057(2)
As,,Seq, 0.796(5) 1.973(3) 1.171(0) 1.475(0)
AsysSess —1.670(2) 4.821(2) 1.175(2) 1.609(4)

mum in the IP (30% As, Table I and Fig. 6). Since the po-
sition of the FSDP reflects some repetitive characteristic dis-
tance between structural units, results of Fig. 6 suggest that
in the flexible phase (x <29%) a typical lengthscale of dis-
tance L = 7.7/kpgpp 22 6.2 A builds up for the As—Se correla-
tions with decreasing As content. In microcrystals, the width
of the Bragg diffracting peaks is directly related to the aver-
age size of microcrystals, following the well-known Scherrer
equation.'#® This leads to the definition of a correlation length
defined by & = 7.7/ Akpgpp which increases from x = 4.7 A
to 11.5 A from As,Seg to As;)Se,, and then decreases with
growing As content. It indicates that the observed minimum in
Akggpp of Fig. 6 is correlated with the emergence of a typical
lengthscale & that characterizes the IP given that £ becomes
maximum in the range where the experimental signature>®- 107
of the IP has been detected (Fig. 1).

In addition, one must stress that our findings on As—Se
for both k¢, p and Akgg,p, have a one to one correspondence
with results'*” obtained from a systematic study on a differ-
ent glass system where rigidity is tuned by pressure. Here
the same FSDP anomalies are also located in an intermediate
phase (a pressure window'4”>1#®), underscoring therefore not
only the generic behavior of such trends but also the fact that
there is clearly a structural signature for the IP, a conclusion
that contrasts with previous negative conclusions on a simi-
lar system (Ge—Se'“’). In the present As—Se binary, isotopic
substituted neutron diffraction measurements as a function of
As content would provide a direct access to the partial struc-
ture factor S, (k). At this stage however, only the anoma-
lous X-ray diffraction experiment of Hosokawa et al.®' have

130 2
i 18
125 6
= [ 14
5L 1.2 %
2t 1.27 1 —<‘]
- 0.8
LA N B HI S B e A
10 15 20 25 30 35 40 45

As (%)

FIG. 6. Position kggpp and width Akggp, (red curve, right axis) of the As—

Se FSDP as a function of composition. The gray zone indicates the rigid

intermediate phase, determined experimentally.>® 107
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r(A)

FIG. 7. Calculated total pair correlation function g(r) for As Se, _  glasses
(black curves), and compared to available experimental data (circles, Fabian
et al.;'3 red curve, Xin er al.'*). The blue curves represent the decomposition
into partial pair correlation functions g;;(r) for the As,, (As,Se;) compound:
As—As (solid curve), As—Se (broken curve), and Se-Se (dotted curve). Bro-
ken curves correspond to the calculated total pair correlation function at 800
K (see text for details).

led to a partial information on a single composition (As,Se;,
Fig. 4). The experimental partial differential function A, S(k)
displays a position kg, = 1.23 A=! which is in excellent
agreement with our calculations (Table I and Fig. 4).

IV. REAL SPACE PROPERTIES
A. Pair correlation functions

The total pair correlation function g(r) is represented in
Fig. 7 for the glasses with varying As content. For the compo-
sition at which experimental data is available!>!* (As,Se,),
an excellent agreement is found and all typical features of
the function g(r) are reproduced: position, width and inten-
sity of the principal peak at r = d, defining the first corre-
lation or bond distance, and the secondary peak at r = d,
(Table IT). We notice a slight overestimation of the bond dis-
tances when compared to experimental findings.'%?*2% The
peak positions are found to increase moderately with As
content as d, changes from 2.41 A for As,,Seg, to 2.44 A
for As,sSess (Table II), qualitatively consistent with findings
from EXAFS?® showing an increase from 2.38 to 2.41 A be-
tween the 20% and the 40% (As,Se;) composition. How-
ever, on the overall, it is clearly evidenced that, obviously, the
global shape of the pair correlation function does not change
much with As content (Fig. 7). On the opposite, it is found
that the position of the secondary peak at d, decreases with
As content. However, while the peak at d; is mostly due to
As-Se correlations (blue curves in Fig. 7) and does not vary
much with x, the secondary peak at >~ 3.7 A results from con-
tributions arising from all pairs (As—As, As—Se, and Se-Se,
see below) which do evolve with composition.
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TABLE II. Calculated structural properties of As Se, _  glasses with vary-
ing As conteng: Calculated d; first (i = 1) and second (i = 2) neighbour peak
positions (in A) of the total g(r) and partial pair correlation function gii(r),
together with obtained first minimum r,, of each gij(r), and corresponding
calculated coordination numbers n;;. The calculated distances are compared
to measured ones from neutron,'* X-ray?®> and EXAFS.?® Note that experi-
mental compositions may differ by 1 at. %.

d, A d, (A) r, (A) n;
As,,Seg, Total 243 3.76
As—As 3.75
As-Se 243 3.71 2.80 2.76
Se-Se 237 3.78 2.80 1.70
As,Seg, Total 241 3.77
2.3823’26 3.6923
As—As 2.59 3.82 2.87 0.05
As-Se 247 372 2.87 2.96
Se-Se 2.39 3.74 2.80 1.27
AszSSe75 Total 243 3.77
2.3823 3.68%3
2.39%
As-As 2.54 3.79 2.90 0.08
As-Se 2.46 3.79 2.87 2.94
Se-Se 2.39 3.79 277 1.03
As;,Se; Total 243 372
2.40%3 3.66%3
2.39%6
As-As 2.57 3.70 2.92 0.07
As-Se 247 3.70 2.82 2.94
Se-Se 2.39 3.73 277 0.74
As3SSe65 Total 243 3.71
2.41% 3.655
2.40%
As—As 2.53 3.82 2.94 0.37
As-Se 2.46 372 2.89 2.66
Se-Se 241 3.71 2.79 0.59
As,oSeq, Total 2.44 3.71
2.3914 3.6214
2.40%3 3.68%
2.41%
As—As 2.55 3.67 2.98 0.65
As-Se 245 3.75 2.87 2.40
Se-Se 2.37 3.70 2.67 0.42
As,sSess Total 2.44 3.71
As-As 251 3.73 2.84 1.14
As-Se 2.44 3.70 2.79 1.85
Se-Se 2.39 3.75 2.74 0.48

Fig. 8 shows the behavior of the partial pair correlation
functions gi/-(r) (As—As, As—Se, and Se—Se) with correspond-
ing principal peak (PP) distances d; and d, given in Table II.
The pair distribution function g, () does not vary much
with increasing As content (Fig. 8(b)), and remains dominated
by the intense first peak at d; >~ 2.46 A corresponding to the
As-Se bond length (experimentally, ~2.41 A2°). A secondary
peak builds up with growing x, and it can be associated with
distances involving the two adjacent AsSe;, motifs. An in-
spection of the total g(r) and the decomposition into partials
(blue curves, Fig. 7) shows that g, , represents the dominant
contribution to the total pair correlation function g(r) and to
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FIG. 8. (a)-(c) Computed pair distribution functions g (i, j = As, Se) as
a function of composition x in As Se, _ . glasses. The blue curve corre-
sponds to the pair correlation function gg,q, of Ge,;Seq, and serves for
comparison.'3? Red curves are the corresponding pair correlation functions
gl:/.(r) in liquid As—Se (800 K). See text for details.

the PP at r = d,. Furthermore, it is seen that the first dis-
tances As—As and Se—Se represent the high- and low-r tail of
this PP, respectively. In fact, for As,Se;, the PP is found at d,
=244 A (Table II) for the total g(r) and has a main contribu-
tion from As—Se (2.45 A), but also minor contributions from
Se-Se (2.37 A) and As—As (2.55 A).

J. Chem. Phys. 141, 194506 (2014)

The two other pair correlation functions (Se-Se and es-
pecially As—As) indicate that the real space correlations dis-
play a threshold behavior close to the IP compositions, as seen
from Figs. 8(a) and 8(c). The pre-peaks at 2.55 Aand2.37 A
are identified with homopolar As—As and Se—Se bondings,
respectively, the Se—Se peak position corresponding to the
bond length of the base selenium glass.!>*!>! As expected,
the intensity of this Se—Se pre-peak decreases with increas-
ing amount of As since the length of Se chains tends to de-
crease. The intensity of the secondary peak at ~3.74 A (in,
e.g., As,,Seg,) increases with As content, but the underlying
structural mechanism leading to this trend is more subtle as
recently shown for the case of Ge-Se glasses.'>> In Se-rich
glasses, the secondary peak results from Se—Se interchain and
second chain neighbor correlations at 3.75 A.'! These contri-
butions decrease with growing As content because of the re-
duction of the Se chain length, and because of the progressive
As-driven cross-linking of the polymeric chain network that
is typical of vitreous selenium.'>* However, with the growing
presence of arsenic, the Se—Se distance defining the edge of
the AsSe,,, pyramid (found at a similar distance of 3.70 A)
becomes progressively the dominant contribution of this sec-
ondary peak.

On the contrary, the intensity of the As—As pre-peak
found at 2.55-2.59 A increases with As content. For the
selenium-rich compositions and up to 35% As, the intensity
of this pre-peak is nearly constant (about 0.5) but then grows
substantially to ~2 and ~6.5 for As;sSess and As,Seg,
respectively. For the latter, this pre-peak is even more in-
tense than the PP found at 3.67 A and associated with two
connected AsSe,,, motifs. These trends suggest that impor-
tant changes take place in the network structure close to the
stressed rigid phase as an important growth of homopolar
bondings is obtained.

The integration of the different partial structure factors
(Fig. 8) leads to an estimate of the As and Se coordination
numbers as a function of As content. We integrate each func-
tion 8;(r) up to its first minimum r,, (Table II) and obtain the
partial coordination numbers 71,4, R44q,.» and ng,q, as a func-
tion of As content. Note that one has (1 — xX)ng,, . =xn,,
Results are given in Table II. The important growth of As—As
bonds at 35% is also acknowledged by an important increase
of n, 4, which evolves from 0.05 to 1.14 between the 20% and
the 45% As composition. On the opposite, a decrease of the
Se—Se partial coordination number is found, consistent with
the reduction of the Se—Se pairs in the network structure.

Total coordination numbers n,, = ny, + 4., and ng,
= ng,g, + N4, are found to follow very closely the 8- rule,
as it is found on average for nearly all compositions n,, >~ 3
and ng, > 2, consistent with investigations of the real space
structure using, e.g., neutron diffraction.'>”'® The increase of
As—As bonds for compositions larger than 35% As tends to
reduce the contribution of n,, at the expense of n,,, but
on the overall the n,, > 3 is maintained. n, is found to vary
indeed between 3.01 and 3.05 between the two ends of the
investigated compositional range. At a global level, one can
thus conclude on the validity of a glass structure made of
threefold coordinated As atoms which cross-link a base Se
network made of twofold selenium atoms.
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TABLE III. Proportion of the different coordination units in glassy As—Se systems for the seven compositions of
interest. The cut-off distances for the calculation of the coordination numbers have been taken at the minimum of
the pair distribution functions (r,, = 2.87 A). The population of tetrahedral As determined from BB enumeration

(see Sec. V B) are also given.

As|Seqy  AsyySeg,  AsysSess  AsySesy  AsysSegs  AsySeq,  AsysSess

Ast! 0.9 0.2 0.2 0.2 0.1 0.7 1.3
As 84.4 94.3 92.8 91.2 94.3 89.6 90.6
As'V 13.7 54 6.7 7.8 5.5 9.2 8.0
As'Y from Sec. VB 2 0.2 55 5.6 7.6 6.4 10.0 1.6
AsY 0.9 0.1 0.3 0.8 0.1 0.5

Se! 9.5 5.9 45 42 3.5 5.0 3.6
Sel! 88.9 93.5 95.1 95.2 95.6 93.9 95.1
Sel! 1.5 0.6 0.4 0.6 0.9 1.1 1.3
Fas 3.14 3.05 3.07 3.09 3.06 3.10 3.14
Foe 1.91 1.95 1.96 1.96 1.97 1.96 1.97
F 2.04 2.17 2.24 2.30 235 241 2.50

V. NETWORK TOPOLOGY
A. Coordination numbers

The analysis of the distribution of r-coordinated species
confirms what has been obtained (n;;) from the integration of
the partial par correlation function, i.e., one has a majority of
2-fold selenium (Se'’) and 3-fold arsenic (As™!, Table IIT). At
the stoichiometric composition, 3-fold As represent ~90% of
all As atoms, whereas 93.9% Se atoms are twofold coordi-
nated. This rate does not vary much with composition as one
finds in As,,Segq, 94.3% and 93.5% for As' and Se’/, respec-
tively. Coordination defects essentially arise from 4-fold As
which represents 6%—9% for all compositions, whereas 1-fold
(terminal) Se has smaller amounts (4%—6%). As a result, the
averaged coordination numbers 7, and 7, are close to the es-
timate from the pair correlation functions (Table II). Finally,
the network mean coordination number 7 is found to follow
what would be anticipated from a simple use of the 8-\ rule,
i.e., ¥ = 2(1 — x)+3x = 2+x, i.e., one has ¥ = 2.35 for the
As;sSeqs composition (Table III). As mentioned above, it has
been proposed'?! that QT units may exist in As-Se glasses,
and their existence has been invoked>® to account for the evo-
lution of the glass transition temperature with As content, and
with the shift of the intermediate phase to the Se-rich domain.
Given our results, the presence of such QT units appears to be
rather unlikely at ambient temperature given the weak fraction
(5%—10%, Table I1T) which is also consistent with an estimate
(7%) from an independent ab initio simulation,*® but Reverse
Monte carlo simulations fitted to diffraction results lead to an
increased fraction (25%).

B. Nature of QT units

Using the simulated trajectories of the various As-Se
glasses, we calculate the fraction and the nature of such possi-
ble QT units with composition and temperature using a topo-
logical analysis based on constraints.

1. Defining a tetrahedra

Instead of working on the angles which are typical of
the pyramidal (98°3!) and tetrahedral (109°) geometry but

too close to be separated from a global bond angle distribu-
tion (see below), we use constraint counting algorithms that
have been recently introduced.'>*~'>> We analyze the angu-
lar excursions around a central atom because a tetrahedron
is defined by six rigid angles or n88 = (2r — 3) =5 inde-
pendent constraints®®%* (the sixth angle is determined from
the five independent ones). During the simulation trajectory
and after having defined a set of N neighbors around a cen-
tral As atom, each of the N,=N(N-1)/2 angles is then fol-
lowed individually.'>® This defines a bond-angle distribution
P(6) which can be characterized by a mean § and a standard
deviation o ,, which represents the second moment of P(9).

When the number of low standard deviations o, around
an atom is six, six rigid angles are detected and an As tetra-
hedra is identified. Once the analysis is performed over the
whole system and system averages are realized, one has a pre-
cise fraction 1, of tetrahedra as a function of composition.
Figure 9 shows the results of such an analysis by representing
the system averaged standard deviation (o ,) for amorphous
As;,Se,,. It can be noticed that a certain number of As atoms
display, indeed, six angles with a low standard deviation (red
bars, |As,, |ASs, [Asy, ..., 3AS,), typically (o,) ~10° ie.,
much lower than the other values resulting from angles in-
volving the second nearest neighbors of the As atom (e.g.,
angle numbers 4, 5, &, 9, ...) which have a (0,) about four
times larger. Once the six angular excursions are identified,
Figure 9(b) shows indeed that the associated system-averaged
mean angle is equal to (f) ~ 105°-109° (red arrows), and
a corresponding bond angle distribution (Fig. 9(c)) peaks at
109°. The remaining atoms which contribute to the dominant
pyramidal geometry display, as expected, a bond angle distri-
bution centred at 98° (green curve in Fig. 9(c)), and one also
has (9) ~ 98° for the relevant angles having a rigid angular
constraint (green arrows in Fig. 9(b)).

2. Behavior of QT with composition

Having established the fraction of QT units, we
study their population as a function of composition and
temperature. Table III shows such trends, and it is found
that such QT units represent in glasses only a small fraction
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FIG.9. (a) Standard deviation (o ) for arbitrary angle numbers n (0< n<N,
= 15) around As atoms in amorphous As,;Se, split into two categories: As
atoms having 6 low o,’s (red bars), and As atoms having not such six o ,’s
(green bars) and which represent the dominant pyramidal AsSe,,, geometry.
The arrows indicate the relevant angles ; As, (n) serving for the discussion.
Here m and k < m are the neighbors of As, and labelled according to their
distance with respect to the central As atom. (b) Corresponding As-centred
angles (f). Colored arrows indicate angles which can be considered as rigid
(because of panel (a)) and which serve to cross-check the angles (~109°
or ~~98°) of the local geometries. (c) Bond angle distribution of identified
tetrahedral (QT, red curve)/pyramidal (PYR, green curve) As.

(ny =10%), certainly lower that the proposed fraction of 30%
necessary to account for both the shift of the intermediate
phase to lower connectivities (¥ <2.4) with respect to the
mean-field result,** and the evolution of the glass transition
temperature at low As content.>®

This is, again, also consistent with our neighbor distri-
bution decomposition of the partial pair correlation function
84,(r) showing that only the first three neighbor distribu-
tions contribute to the peak, whereas the fourth one is only
present at the first minimum r,, of g, (r), and contributes only
marginally to the integral of 47 r%g, (1), i.e., t0 n,.

However, it has been found™ that the fraction 7, of
tetrahedra increases substantially with temperature, this fea-
ture being true for all investigated compositions. In the stoi-
chiometric As,Se;, a sharp increase of four-fold As between
600 K and 1000 K is obtained, i.e., close to the glass transition
region (468 K°%), but this is also observed for other composi-
tions, and even for the Se-rich ones (As,;Seg,). The presence
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of QT units may thus be strongly dependent on the thermal
conditions of glass synthesis with probable important effects
arising from the cooling rate dependence and from ageing.
Furthermore, since QT units are dominant at elevated tem-
peratures, hyperquenched glasses may possibly reveal an in-
creased fraction of such geometries, as speculated from re-
sults on flash evaporation experiments.'?*

C. Bonding pairs

We now compute the statistical fraction of bonding pairs
o from the simulation, and results are shown in Fig. 10(a).
Se—Se bonds decrease in a monotonic fashion as the As con-
tent is increases, and this contrasts with the statistics of As—
As bonds displaying an obvious threshold behavior at 30%
As. The fraction p,,,, of homopolar bonding then increases
dramatically, and the threshold is found to coincide with the
chalcogen-rich boundary of the intermediate phase. These
trends can actually be recovered qualitatively from the inten-
sity of the pre-peak at ~2.5 A of the As—As partial pair corre-
lation functions (Fig. 8), which shows an increase in intensity,
once x > 30% As.

These features appear to be hardly detectable from an
analysis of the total pair distribution function (Fig. 7) given
the small contributions of such As—As pairs to the first peak
which is mostly due to to As—Se correlations. The combina-
tion of both trends, pg,q, and p,,4,, leads to a non-monotonic
behavior for heteropolar bonds in the intermediate phase
(Fig. 10(b)) which is maximum for the intermediate phase
composition x = 30%.

Relative concentrations of bonding pairs can usually be
simply described by two sets of models. In a first model
(random covalent network, RCN!%%-157) 'the bond statistics is
just given by a random distribution with probability pi“" oc
W, XX where x; and X; (i,j = As,Se) are the concentrations of
the species As or Se, and W;; = (2-8;)n;n; is a statistical fac-
tor involving the coordination numbers n;, and represents the
number of equivalent ways to connect two (As, Se) species
together. §;; is the Kronecker symbol. With a normalization

condition ) _; ; pSCN:L one has, e.g.:
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FIG. 10. Computed statistics p; of homopolar (a) and heteropolar (b) bonds
in As Se, _  glasses for different As content. The inset represents the degree
of chemical order y as a function of As content (see text for details).
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reny _ 12x(1—x)

AsSe — 72 ’ (4)
4(1 — x)?
Psese = ——=3 (5)

An alternative model, the chemically ordered (CON)
one, 36138159 gugoests that only As—Se and Se—Se bonds are
possible in the chalcogen-rich (x<40%) region, and p, ., = 1
for As,Seg, so that homopolar As—As bonds can only appear
at larger compositions. For x < 40%, the probability of find-
ing an AsSe,, structure is given by 2x/(2 — 3x), and the bond
probabilities lead to:

12x

CON
= 6
P Asse 2+ 7x ( )

2 —5x

CON
= . 7
DseSe 2+ Tx ( )
Both statistics are obviously unable to account for the trends

obtained in Fig. 10 given that pgs%le\’ steadily increases from

zero at x = 0 to one for As,Se;. In addition, one obviously
does not have a fully heteropolar network at the stoichiometric
composition (which contradicts the CON model), and neither
the threshold behavior for As—As bonds, nor the maximum
in As—Se at 30% As can be described using the RCN model
(Fig. 10).

Building on an approach which has been introduced by
Fee and Trodhal,'®® we define the degree of chemical order y
of the glass by

pii () =y + (1 —y)piN. ®)

Using the equations above, we can evaluate the network ten-
dency to be in either a chemically ordered or random situation
by following y as a function of As content, having at our dis-
posal the computed bond statistics p ., from the simulated
trajectories (Eq. (8)). Results (inset of Fig. 10(b)) now show
that, on a global level, the network tends to evolve from a
chemically ordered network into a random network because
y continuously decreases from values of about ~0.8 down
to 0.3, i.e., with now a more prominent contribution from
the RCN bond distributions. This trend is not very surpris-
ing. At low content there is a zero probability to have As—As
bonds so that the tendency to have each As surrounded by
three Se atoms is at its maximum, thus fulfilling the CON
picture. However, it is worth to remark that none of the de-
tected anomalies at intermediate phase compositions (thresh-
old in As—As bond statistics, maximum in As—Se) can be re-
produced from these simple minded approaches.

D. Bond angle distribution

Fig. 11 shows the relevant bond angle distributions of
As-Se glasses as a function of As content. One notices that
the Se—As—Se bond angle distribution is centred at an angle
of ~98° indicative of the pyramidal geometry, and consistent
with the estimate from anomalous X-ray scattering®' and with
Fig. 9. This distribution appears to be weakly dependent on
the As content, in contrast with some of the other distribu-
tions. Angles involving a central selenium are highly depen-
dent of the nature of the neighboring atoms. Indeed, while
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FIG. 11. Computed As—Se—As (a), Se-As—Se (b), Se—Se—As (c), and Se-Se—
Se (d) bond angle distribution in As Se, _  glasses for different As content.
These distributions have been calculated by including neighbors separated by
less than 2.9 A.

the Se—Se—Se distribution (Fig. 11(d)) is weakly dependent
on the As composition, the presence of As leads to distribu-
tions which evolve with composition, as highlighted for the
As—-Se—As distribution, and, to a lesser extent, for the Se—
Se—As one (Figs. 11(a) and 11(c)). The presence of two As
neighboring atoms leads to a substantial broadening of the
Se-centred angle and to a slight shift of the mean angle. In-
deed, for As,,Seg, we find 6 ~ 100° and =~ 104° for As—
Se—As and Se—Se-Se, respectively. Finally, we note that the
As;5Seqs composition (green curves) differs slightly from the
other compositions with a reduced mean angle for Se—Se—As
and Se—Se—Se triplets (Fig. 11(c)).

Next, we also consider the variation of the dihedral an-
gle § with As content (Fig. 12). It is found that with increas-
ing x, the dihedral angle decreases from values of about 88°
for As;,Seq, to 70° for the 45% As composition (Fig. 10(b)).
For the IP compositions, small changes are obtained and §
remains nearly constant between 30% and 35% As. The de-
crease of the dihedral angle reflects in some way the global
stiffening of the network structure with the growing presence
of As cross-links, and is consistent with previous results found
for Ge-Se glasses for which a similar trend was obtained'>*
as the system moved from the flexible to the stressed rigid
phase. However, values for § were found to be substantially
lower (=~30°-35°) indicating a more compact structure. The
angular excursion of the dihedral angle characterized by the
second moment o of the angular distribution shows exactly
the opposite behavior, i.e., o increases for x >20% As
(Fig. 10(b), right axis) and this may indicate that under
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FIG. 12. (Left) Definition of the dihedral angle §. Note that the upper blue
atom can be also an arsenic atom. (Right) Behavior of the mean dihedral
angle § and corresponding standard deviation o 5 (red curve, right axis) in
As,Se| _ . glasses as a function of As content. The gray zone represents the
experimentally reported IP.5% 107

increasing stress, angles adapt by experiencing a larger tor-
sional motion.

E. Ring statistics

Aspects of topological intermediate range order can be
characterized from the investigation of the ring statistics. We
have applied for all investigated compositions an algorithm
that is mostly based on the King'®' -Franzblau'®? shortest path
search, and which is now part of the Rigorous Investigation
of Networks Generated using Simulation (RINGS) code.!03
The statistics is computed up to rings of size n = 14, and a
cutoff distance of 2.9 A has been used for all atomic pairs
(As—As, As—Se, and Se—Se), which nearly corresponds to
the minimum of the pair correlation function. Note that results
are not affected by a change of 0.1 A.

Figure 13 shows the ring statistics R® for the seven
compositions. First, it is important to emphasize that, in con-
trast with oxide glasses (SiO,, GeO,) having 100% heteropo-
lar bonds and only even sized rings,'®* %> chalcogenides can
have both even and odd sized rings because of the presence
of homopolar bonds. The presence of such odd rings is also
an indication for the presence of As—As and Se—Se bonds,
whereas even rings can be be either fully heteropolar or con-
tain some homopolar bonds, the former being known in the
literature as ABAB alternation structured rings. '

For the stoichiometric composition (x = 40%), we re-
cover a situation previously encountered!? in GeSe,, i.e., one
notes (Fig. 13) the presence of homopolar As—As or Se—Se
bonds which allows the possibility to have closed loops of odd
size. For As,,Seg,, the ring structure is dominated by small
rings of size 3<n <6 (Fig. 14), and some larger rings (n>10)
are also found in the network.

When followed with As content, it is found at a global
level that the increase of x tends to increase the number of pos-
sible ring structures as evidenced by the small number of rings
(R™ =~ 2-3) for As,Seq, or As,,Seg. This is essentially due
to the chain-like nature of the Se-rich network which does not
permit to form small or intermediate sized rings while leav-
ing the possibility to have some larger rings made of long Se
chains (see Fig. 2). Some n = 7 rings emerge from the enu-
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FIG. 13. Calculated number of rings R™ in amorphous As Se, _  for dif-
ferent As content using the RINGS method.'

meration, however. An additional search of rings of sizes hav-
ing n > 14 shows that As,,Seq, also contains loops with 20
atoms of more. We find that the intermediate phase compo-
sitions As;,Se,, and As;sSegs exhibit an increased tendency
to form rings of intermediate sizes (7<n < 10), but an in-
crease in composition promotes small rings (n < 7, see also
Fig. 14), or even larger rings that are also possible given the
increased bonding possibilities as the cross-linking density is
increased. These non-monotonic trends may be put in parallel
with the non-monotonic evolution in bonding pairs (As—As,
As-Se, and Se-Se, Fig. 10) which must affect the way rings
organize during the formation of the glass. The population of
these small rings tends to grow even more as the As content is
increased to 40% or 45%. Interestingly, when the ABAB anal-
ysis is performed (i.e., a search for fully heteropolar rings),
the odd rings tend to be nearly 100% heteropolar, and do not
contain any homopolar Se—Se or As—As bonds.

In itself, the present analysis also indicate the difference
in topology that is found when the As—Se system is compared
to the Ge-Se glass'>? (Fig. 15). For the latter, the fraction of
small rings has been found to increase more rapidly when
the density of cross-links (Ge) increases. The ring density is
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FIG. 14. Two typical 5-fold ring structures in glassy As,,Sec, containing
either a homopolar As—As or a Se—Se bond.

also found to be substantially higher when compared to the
present As—Se system. Furthermore, no threshold behavior is
obtained in the As-Se glasses, a situation that also contrasts
with the one determined in the Ge—Se system for which, ob-
viously, the small ring density increases at the intermediate to
stressed rigid boundary (Fig. 15(a)).

VI. ELECTRONIC AND VIBRATIONAL PROPERTIES
A. Electronic density of states

Fig. 16 represents the calculated electronic density of
states (EDOS, Kohn-Sham energies) for the different As—Se
compositions. We first observe that the calculated distribution
of the valence bands is in rather good agreement with the one
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FIG. 15. Density of small rings RN (3 < n < 7) in amorphous
Ge,Se, 7x152 (a) and As Se, _ . (b) as a function of modifier content
x. The gray zone indicates the experimentally determined intermediate
phases.”92:197 Here N is the number of atoms of the system.
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FIG. 16. Computed electronic density of states in As Se, _ for differ-
ent compositions (black lines). The results are compared to experimental
measurements from (i) photoemission spectroscopy (circles,'®” filled red
squares,'% blue circles'??) for the valence bands and (ii) inverse photoemis-
sion measurements (open red squares, Ref. 168) for the conduction band. The
solid red curve is an ab initio simulation from Drabold and co-workers.'?
For a better comparison along the x-axis, the experimental curves have been
adapted to match the valence band edge around the Fermi energy and up to
the top of principal peak.

determined experimentally for different As content from x-
ray photoemission spectroscopy!2% 1¢7-168 (XPS), and are also
consistent with earlier ab initio MD simulations.'* We find
indeed an EDOS profile which contains the two (As, Se) 4s-
bands between ~—15 eV and ~—6 eV (see also Fig. 17),
which are well separated from the valence 4p-band structure.
In contrast with previous simulation on Ge-Se glasses,'>* we
note that the p-band structure is less affected by the change in
composition for the present As-Se glasses. The calculation of
the projection of Kohn-Sham wavefunctions onto the wave-
functions associated with the atomic species shows that the
partial contribution of As and Se to the EDOS leads to contri-
butions from Se 4p electrons to the first peak (—2 eV) of the
conduction band, whereas As 4s and 4p electrons contribute
to bands found between —5 eV and the Fermi energy.

For the As,Se; composition, we remark that the compar-
ison of our calculation with the previous electronic modelling
of Li et al.'* exhibits some differences which are mostly de-
tectable in the conduction band. We do find the main peak
at 2.3 eV, whereas in Ref. 129 the same peak is found at
3.6 eV and in increased agreement with experimental find-
ings from inverse photoemission,'%® although a LDA is used,
which is known to underestimate the gap in chalcogenides.
It has furthermore to be reminded that the present simula-
tions use GGA which is known to increase the ionicity of the
bonding,'* and should, in principle, increase the gap, given
also that the Becke-LYP functional reduces the metallic char-
acter of the bonding.>

When the effect of As content is investigated, we find
that the valence band structure of As,,Seg, and As,;Se,, is
in excellent agreement with the most recent XPS measure-
ment from Golovchak et al.,'”’ in particular the minimum at
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FIG. 17. Computed partial electronic density of states in As Se, _ | glasses
for different compositions. Contributions from As (a) and Se (b) 4s (solid
line) and 4p (broken line) electrons.

~—4.0 eV is clearly reproduced, and an inspection of the par-
tial EDOS (Fig. 17) shows that the minimum mostly arises
from the dual contribution of both the Se-4p (at —2 eV) and
Ge-4p (at —5 eV) electronic contributions. The increase of As
content tends to reduce this structured band, and leads for the
stoichiometric As,Se; composition to a broad band between
—6 eV and the Fermi energy. This situation is actually very
close to the one encountered in Ge-Se.'>2 However, in contrast
with the latter (see also Ref. 169) no change in the conduction
band is found between flexible and isostatic composition, and
the calculated EDOS simply leads to a broad band between 0
and 4 eV.
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® (meV)

FIG. 18. Computed total vibrational density of states (VDOS) of As_Se

€ _
glasses (solid line) compared to available experimental measurementsml’ 7

(circles for x = 40% and x = 16% As). Red curves represent the partial
VDOS for Se. Data for pure selenium'”? (squares) are put for comparison.
The arrow indicate the floppy mode peak.

B. Vibrational properties

Figure 18 shows the total computed VDOS of As-Se
glasses with changing As content. Results for the stoichio-
metric compound (As,Ses, i.e., 40% As) are compared to ex-
perimental data obtained from inelastic neutron diffraction,'”!
and shows a rather good agreement as the low frequency part
is reproduced up to 15-20 meV. For the As,Se; compound,
the VDOS consists in a first peak at 5 meV which is part
of a broad band ending at 15-20 meV, and which is sepa-
rated from a second band found between 22 and 32 meV.
When compared to experiments, we note an important shift
for the latter contribution (25-35 meV), usually attributed
to bond-stretching vibrations, and also obtained in similar
studies'>217% on GeSe,. The change on composition (i.e., en-
riching the glass with selenium) changes only moderately the
high frequency contribution with a decrease of the peak sig-
naled at 30 meV. The detail of Se contributions (red curves,
Fig. 18) shows that most of the changes due to composition
are embedded in the Se partial VDOS. The peak at 30 meV
can be assigned to Se stretching vibrations as it is also
found in the corresponding experimental VDOS for pure Se
(Fig. 18) where a prominent peak is measured at ~30 meV.
This peak is clearly present for the 10%—25% compositions
and then decreases in intensity.

On the low frequency side, one notices that the intense
peak at 5 meV obtained for the 10%-25% As compositions
decreases for larger compositions, and this peak mostly arises
from Se contributions as also seen from the experimental
VDOS of pure selenium.!”? In experimental studies on the
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FIG. 19. Reduced VDOS g(w)/w for selected compositions in As Se; _
glasses. The inset shows the first (black symbols) and the second inverse
moment (right axis, red symbols) as a function of As composition. The gray
zone indicates the intermediate phase, determined experimentally.

VDOS of chalcogenide glasses (Ref. 172), this peak has been
identified with the presence of floppy modes that acquire a
finite energy because of the presence of residual interactions
(van der Waals, dihedral), which shift the zero deformation
energy of idealized networks®*!7? to a finite value (5 meV).
In the present simulations, the floppy mode peak is found to
reduce in intensity and to shift to higher frequencies, as seen
from a reduced plot in g(w)/w (Fig. 19) which emphasizes
the low-frequency region. This evolution is consistent with
the loss of deformation modes which are present in the flexi-
ble phase (from As,,Seq, to As,;Seg), and which tend to de-
crease as the As content is increased. However, there is no ob-
tained threshold close to the IP, and this observation has been
already made earlier'”” from inelastic neutron scattering on
ternary As—Ge—Se chalcogenides. The decrease of both (1/w)
(arough measure of the floppy mode intensity) and the second
inverse moment ((1/w?)) reveals the progressive stiffening of
the network, but no threshold behavior can be detected from
the trend in composition (inset of Fig. 19).

VIl. BEHAVIOR OF THE LIQUID PHASE

It is interesting to investigate the change in topology of
As-Se liquids with increasing temperature since there is evi-
dence for a breakdown in the network structure.'®

A. Structure

We first focus on the structure of the liquids. Fig. 7 shows
the calculated total pair correlation functions for different
As content. Usual features are recovered such as a reduction
of the intensity and a broadening of the principal peaks at
r = d,; and r = d,. Typical correlation distances are found
to be nearly identical between the amorphous phase and the
800 K liquid, as one finds for, e.g., As,,Seg, a main distance
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atr=2.42 A, to be compared with the one (2.41 A) measured
at 673 K by Usuki et al.'®

Similar observations can be made for the partial pair cor-
relation functions which are shown (red curves) in Fig. 8 for
the temperature of 800 K. It can be noticed that the obtained
threshold composition found for the occurrence of homopolar
As—As bonds (at 35% As) is still obtained (Fig. 8(a)), indi-
cating that the signature for the onset of rigidity that has been
detected in the amorphous phase (Fig. 10) is also visible at
elevated temperatures. The extension of the notion of rigidity
and constraints counting to liquids has also received support
from NMR-related relaxational phenomena.'’*

B. Dynamics

In order to follow the dynamics, we first compute the
mean-square displacement (r%(1)),, of a tagged atom of type
« in the melt using the definition:

N
LN
(r2(0)y = 77 DA = rOF), ©)
o =]

where N, is the number of atoms «. The time dependence of
this quantity for the selenium atom is shown in Fig. 20(a) for
the As,,Se, composition for different temperatures ranging
between the ~2000 K and the low temperature glass (300 K).
As seen from the figure, a diffusive régime sets in at long
times, e.g., for t > 0.5 ps for T>1200 K and for ¢ > 5 ps
at 800 K. For the lowest temperature, a cage-like motion is
obtained, as detected (e.g., at 600 K) from the lowering of the
mean-square displacement at intermediate times (0.5-10 ps).
At such temperatures, the diffusive régime cannot be reached.

The diffusion constant D; (i = As, Se) can be obtained
using the Einstein relation limit:

D, =1lim

o t—>00 6t

(10)

and both Dg, and D, are plotted as a function of As con-
tent for the isotherm 800 K (Fig. 20(b)). D, can also be
plotted in Fig. 21 as a function of the inverse temperature in
a semi-log plot, indicating that the temperature behavior is
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FIG. 20. (a) Mean square displacement of Se atoms for different tempera-
tures (2000 K, 1600 K, 1200 K, 800 K, and 600 K) in liquid As,,Se,. (b)
Calculated As/Se diffusion constants at 800 K as a function of As content.
The gray zone represents the experimentally reported IP %107
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FIG. 21. Calculated Se self-diffusion constant Dy, as a function of inverse
temperature for selected compositions in As-Se liquids. The broken line is an
Arrhenius fit of D, (T) and serves to extract the activation energies (inset) as a

function of As content. The gray zone represents the experimentally reported
p38.107

Arrhenius-like when approaching the glass transition temper-
ature (D, > exp [E,/kgT]). Similar results are obtained for the
As atoms (not shown). At high temperature, the diffusion con-
stant departs from the Arrhenius behavior, and this has been
noted earlier in other simulated strong glass-formers such as
silica'” or germania.'”®

An Arrhenius fit leads to the estimation of the activation
energy E, for diffusion that is represented as a function of As
content in the inset of Fig. 21. It is found that E, displays a
minimum in the IP for 30% As, leading to energies equal to
0.29 eV and 0.34 eV for Se and As, respectively.

In addition, it is found that both species (As, Se) display
a diffusivity maximum located in the same IP compositional
interval (Fig. 20(b)), with a maximum value of Dy, = 0.72
x 1073 cm?/s for 35% As. The obtained diffusivity anomaly
actually also relates to the well-known transport anomalies
reported for densified tetrahedral liquids'’”-!"® as exemplified
by the well-known example of densified water.'”’

It has been stressed'’”>!7 that defining local structural
order parameters'®’ in such dense liquids could help in un-
derstanding the relationship between diffusivity anomalies,
structural, and thermodynamic anomalies under temperature
and density change. One order parameter (translational) usu-
ally measures the tendency of pairs of molecules to be sepa-
rated by a preferential distance, while a second order param-
eter (orientational) measures the tendency of a molecule and
its nearest neighbours to adopt preferential orientations. As
liquids are followed under density and temperature change,
it has been found that diffusivity anomalies under com-
pression, and temperature-induced space-filling tendency are
deeply related to changes in the local structural order, and
also to the excess entropy.'’® From the present investigated
As-Se system, and from an earlier studied sodium silicate
liquid,'*® one now recognizes that anomalies arise from the
constraint behavior, and that stress adaptation typical of IP
compositions''*~!17 is the dominant feature which drives the
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evolution of transport coefficient under density and tem-
perature change. We thus view these anomalies as conse-
quences of structural rearrangements'”’ driven by stress adap-
tation in select pressure,'*® composition (As-Se) or density
windows'”” when the underlying networks are isostatic.

We finally remark that the trends in composition of dy-
namic properties (D;, E,) are correlated with those obtained
in reciprocal (kggpp, Akpgpp, Fig. 6) and real space properties
(in myqa . Fig. 10). The present results highlight the fact that in
a certain compositional interval found between roughly 30%—
35% As, As—Se bonding favors the formation of coherent mi-
crodomains extending over intermediate range order distances
(~10 A) as detected in reciprocal space. These domains can
form due to the low activation barriers and the enhanced dif-
fusion of the species involved. Therefore, a close link ex-
ists between unmistakable fingerprints of structural and dy-
namical properties in the vicinity and within the intermediate
phase.

C. Van Hove correlation function

In order to provide additional insight into the anomaly
obtained for the diffusivity of intermediate phase composi-
tions at 800 K (Fig. 20), we calculate the self-part of the Van
Hove correlation function defined by

N,
Gi(r,t) = NL 250 — [ (0) = (D)D) ), 11
@ \k=1

where 6(r) is the Dirac function. We remind that the self-part
of the Van Hove correlation function G¢(r, t) is the probabil-
ity density of finding an atom « at time ¢ knowing that this
atom was at the origin (r = 0) at time ¢t = 0. By probing the
probability that an atom has moved by this distance r, one is,
therefore, able to probe additional aspects of dynamics.

Fig. 22 represents the Van Hove function 4w r2GS¢(r, t)
for Se atoms at different times. Note that because of the
isotropic nature of the system, the angular integration can be

10 12 fs ]

E — e

- 0.12 ps — Asg .

f—-: i - As40 1

g.; 1 ; 1.2ps ?

N(E B 12 ps :

g L i
8

01 E

0.01 \ 1 IR\ T A
’ 0 1 2 3 4 5

r (A)

FIG. 22. Calculated self-part of the Van Hove correlation function
47 r2GSe(r, 1) at 800 K for three selected compositions in As-Se liquids: flex-
ible As,,Seq, (black curve), intermediate As;5Ses (red curve) and As,Seq,
(blue curve). The function is represented for selected times: 12 fs, 0.12 ps,
1.2 ps, 12 ps.
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4mr2G3e(r, 1) at t = 12 ps with varying As content, and temperature (800
K (same as Fig. 22), and 300 K). The inset shows the probability that a Se
atom has jumped by 1 A during 12 ps at 800 K, as a function of As content.

performed leading to the term 4772, For very short times (12
fs), 4w r2G5¢(r, t) nearly reduces to the Dirac function as it
should be.!8! For increased times however, the Se atoms now
experience larger distances for a given time and for = 12 ps,
atoms move over distances typical of second nearest neighbor
distances (4-5 A). For the longest time, we find the behavior
of 4mr?G5¢(r, t) to be qualitatively different for the 40% As
composition, when compared to intermediate (35%) or flex-
ible (20%) compositions. In fact, distances which are sam-
pled over 12 ps appear to be reduced from 5 A to 4 A. This
effect is also present at T = 600 K (not shown) but nearly
absent at room temperature (Fig. 23). For this lowest temper-
ature and for the considered time scale, atoms are trapped in
a cage-like dynamics leading to a plateau-like behavior for
the mean-square displacement as exemplified for the lowest
temperature in Fig. 20.

From these functions, we now calculate the probability
that a Se atom jumped by 1 A during a time of 12 ps at 800 K.
The chosen distance corresponds to the value of the plateau-
like behavior seen in the mean-square displacement for times
larger than 1 ps. We find a non-monotonic trend for this jump
probability, given that the probability remains first constant
(=~90%) at low As content, prior to an important decrease at
the flexible to intermediate boundary. This drop is followed by
a steady increase for the IP compositions, followed by a sharp
decrease to >~77% as the system becomes stressed rigid.

Vill. CONCLUDING REMARKS

As Se, _, glasses not only represent the archetypal sys-
tem that serve as benchmark for the detection of flexible
to rigid transitions, but also display a variety of structural
features and potential applications in optoelectronics. The
characterization of their structural, thermal, electronic and vi-
brational properties remains timely despite of decades of in-
tensive research that trace back to the pioneering work of
Myers and Felty.'®? The general structural evolution is well
understood and results from the progessive cross-linking of
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AsSe,, pyramids into a basic network of Se chains that is
found in elemental selenium. This ultimately leads to a fully
3D network that has been especially investigated at the stoi-
chiometric composition As,Se;. Much less is known on the
details of the structure and particularly on structural defects
such as homopolar bondings, an issue of obvious interest for
the case of non-stoichiometric chalcogenides, and coordina-
tion defects. Both are known to lead to the peculiar elec-
tronic properties of chalcogenides close to the Fermi energy.
In addition, the simple cross-link picture fails to describe
most of the observed non-monotonic compositional trends
of physico-chemical properties such as those revealed by the
evolution with As content of the non-reversing enthalpy at the
glass transition, fragility, molar volume, mechanical proper-
ties, while being also unable to account for the non mean-field
effects of rigidity transitions.

In the present contribution we have used FPMD simu-
lations to investigate in detail the effect of As content on
various properties by focusing on seven target compositions.
These compositions belong to the previously determined elas-
tic phases>® 97 characterized by rigidity theory: a flexible Se-
rich phase which contains local deformation (floppy) modes,
an As-rich phase which is stressed rigid and locked by an im-
portant bond density, and a compositional interval (the inter-
mediate phase) in which glasses adapt in order to lower com-
positionally induced stress. It is important to emphasize that
attempts to understand these features from molecular simula-
tions have been reported only recently.'!8: 152

The FPMD simulations are found to reproduce with an
excellent accuracy the available diffraction results in both real
and reciprocal space for selected As compositions: As,;Seg,
As35Segs, and As,,Sey,. The FSDP obtained at ~ 1 A~! is
found to be mostly due to As—Se correlations, and the param-
eters characterizing this peak can be investigated with compo-
sition. These reveal that anomalies in both the position kz¢,p
and the width Akgg,p, do exist in a compositional interval
that corresponds to the reported intermediate phase.’® In real
space, the structure is made of structural AsSe;,, motifs that
connect with Se chains, but FPMD allows for a more detailed
picture which shows that homopolar As—As bondings appear
at intermediate phase compositions. When the two opposite
trends in homopolar bondings (monotonic decrease of Se—Se
and threshold increase of As—As) are followed with As con-
tent, an immediate consequence is that heteropolar bonding
As—Se will maximize in the intermediate phase, a feature that
also leads to anomalous signatures for As—Se correlations in
reciprocal space.

Having validated the accuracy of the structural models
by a direct comparison with experimental structure functions,
we have then determined all possible structural information
that can be obtained from the simulated trajectories: coordi-
nation numbers, neighbor distributions, bond angle distribu-
tions, ring statistics. These simulations show that the octet (8-
N) rule is valid for all compositions so that the local geometry
is a AsSe;,, pyramid with a minority of QT units (<10%). The
medium range order has been also characterized from a ring
analysis. In contrast with a similar chalcogenide (Ge-Se'?),
no threshold behavior is found in the ring statistics, and, in
addition, the ring density is found to be substantially lower
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which may suggest that the present As—Se has all the features
of a dendritic glass.

What are the broader perspectives and conclusions of the
present results? Studies challenging the existence of the inter-
mediate phase have unfortunately overlooked the variety of
signatures that lead to an unambiguous definition of a dou-
ble threshold flexible-intermediate and intermediate-stressed
rigid: thermal, calorimetric, electrical, spectroscopic, me-
chanical, etc. Instead, an aggressive focus has been made on
the measurement of the sole non-reversing heat flow (AH,,).
For reasons which are still not elucidated, this key quantity
can display with composition rather different shapes, ranging
from a square well behavior that lead to well-defined thresh-
old compositions x,; and x_, and obviously indicate the pres-
ence of the underlying elastic phase transitions, to a much
broader behavior for certain systems, and this is obviously the
case for the present As—Se (Fig. 1) which displays also other
anomalies still allowing for a neat definition of IP boundaries
between 27% and 37% As.!%7 However, despite these obvious
experimental signatures which are also found in the isochemi-
cal As-S,% the understanding of the origin of the IP in As—Se
remains open. This system being furthermore highly sensitive
to impurities, light exposure® and sample heterogeneity,'?’
the intrinsic behavior of the elastic phase transitions can be
lost in glasses of unproven homogeneity.'%

FPMD simulations can provide insight into this topic of
crucial interest in glass science, and here we have shown that
a cascade of other anomalies are found in dynamic proper-
ties (diffusivity, activation energies) and structural properties.
Concerning the latter, we have shown that proposed QT units
cannot explain alone®® the shift in composition of the flexi-
ble to rigid transitions, from the mean-field estimate of 40%
to an IP detected between 27% and 37%. However, it is im-
portant to emphasize that these units dominate in the super-
cooled liquid phase, and may, thus, be important to consider
in a mean-field constraint count close to the glass transition.
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