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We have used a density-functional-based tight-binding method in order to create structural models of the
canonical chalcogenide glass, amorphousSAsThe models range from one containing defects that are both
chemical (homopolar bondsand topological(valence-alternation pairsn nature to one that is defect-free
(stoichiometrig. The structural, vibrational, and electronic properties of the simulated models are in good
agreement with experimental data where available. The electronic densities of states obtained for all models
show clean optical band gaps. A certain degree of electron-state localization at the band edges is observed for
all models, which suggests that photoinduced phenomena in chalcogenide glasses may not necessarily be
attributed to the excitation of defects of only one particular kind.
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I. INTRODUCTION binding (DFTB) method® in order to generate and analyze
several models of amorphous diarsenic trisulphaé\§,S;)

Amorphous chalcogenide@articularly the sulfides, se- with a controlled and systematic change in the defect con-
lenides, and telluridesexhibit intriguing physical properties centration. Apart from being widely regarded as the canoni-
that are not observed in their crystalline counterparts. Someal chalcogenide glass, this particular material was chosen
of these unusual properties are extensively used in electronfor analysis for the following reasons. First, we have ob-
and photonic devicésand there are many potential applica- tained reliable high-quality neutron-scattering structural data
tions. for this materialt'? Second, the properties @fAs,S; are

Perhaps the most interesting optoelectronic behavior oéxpected to be similafbut not identicgl to those of
these materials is the metastable structural changes resultiagAs,Se;, amorphous diarsenic triselenide, which have been
from the absorption of near-band-gap lighithe microscopic  studied theoretically in Ref. 8, and it is of interest to corrobo-
changes in the atomic structure involved are not generallyate this similarity in independent simulations. Third, the
observable directly, but they are reflected in measurable opiecessary input DFTB data for sulfur have been previously
tical, electronic, and mechanical propertiésA fully consis-  generated and extensively testéd.
tent microscopic theory accounting for the optoelectronic be- Although the DFTB method is semiempirical, it allows
havior in chalcogenide glasses, however, is still lacking. It isone to improve upon the standard tight-binding description
therefore of great interest to employ computer simulations irof interatomic interactions by including a DFT-based self-
order to generate and study structural models of such mateonsistent second order in charge fluctuatiS€CO correc-
rials. Provided that these computer-generated models contion to the total energy. The flexibility in choosing the de-
pare well with available experimental data, they could allowsired accuracy while computing the interatomic forces brings
one to monitor the photoinduced structural changes in th@about the possibility to perform much faster calculations
greatest possible detail at the microscopic level. Needless twhen high precision is not required, and refine the result if
say, such detailed information is not generally presentiyneeded:?
available from experiments.

In order to study optoelectronic effects, one needs to per-
form quantum-mechanical calculations that are very time Il. METHODOLOGY
consuming. This imposes a severe constraint on the acces-
sible system size of the simulated models. It is possible,
however, that small samples may be sufficient to capture The SCC-DFTB method is described in detail
much of the interesting photoinduced behavior due to a higielsewheré®*? In this study, the tabulated data sets for As-
degree of localization of the photoexcited electron-holeAs, As-S, and S-As interactions were generated according to
pairs>® A few ab initio studies of amorphous chalcogenides, the procedure outlined in Ref. 13, and we used the same S-S
paying particular attention to electronic properties, have beeflata set as in that work. The confinement radii for the As
performed by Drabold and co-workefsee, e.g., Refs. 739 pseudoatomic densities {=9.8 a.u. andr,=4.5 a.u.), as
Although the model sizes used in these investigations haveell as the As-As repulsive pair potential, were determined
not been greater than about 200 atoms, their results agréeaccord with other ongoing efforts related to GaAs systems.
well with experimental data. The cagelike AgS; molecule was used to calculate the As-S

In this paper, we use a density-functional-based tightrepulsive pair potential, so that after finding the minimum

A. DFTB
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energy configuration of the molecule in all-electron density-the simulated liquid state, however, the use of either of these
functional-theory—local-density-approximatiofDFT-LDA) two prescriptions should lead to models with similar statisti-
calculations using the NRLMOL prografia regular scaling cal properties.

of the As-S bond lengths was performed, keeping the overall The initial configuration was melted and equilibrated first
T4 symmetry. Then the acquired potentials were tested oat T=3000 K for 3 ps, and then the resulting configuration
other clusters, such as 48 and AsS, molecules, with an was allowed to equilibrate at=1000 K for 12 ps. The
overall good agreement of the binding energies and configuequilibration criterion used was the convergence of the aver-
rations between SCC-DFTB and the reference all-electro@ge potential energy to a constant value. At such high tem-
DFT-LDA NRLMOL results. When these data sets were usederatures, the accuracy of the calculations appears to be least
in order to optimize the geometry of the crystal structure ofsignificant for the subsequent generation of low-temperature

orpiment (€-As,S;) in SCC-DFTB, the agreement with the Structural models. Therefore, at this stage, a minimal basis
experimental structut® was within 2%. set of onlys andp orbitals on both the As and S atoms was

used, and the tight-binding scheme of Sec. Il A was used
without the SCC correction in order to speed up the calcula-
B. Preparation of structural models tions. It was necessary, however, to use the SCC correction

. during the initial 1.5 ps of th&=3000 K run, since the large
In experiments, bulk glasses are usually prepared from thg, ces resulting from the presence of small interatomic dis-

melt by rapidly cooling(quenching the sample. Although it - tances in the distorted starting configuration otherwise led to
appears impossible to achieve experimentally realistic coolnymerical instability.
ing rates in molecular-dynamics computer simulations, some \Wwhile preparing computer-generated models of glasses, it
empirical procedures result in models that can be in googs customary to mimic real experiments by reducing the tem-
agreement with experiments. In order to prepare realistiperature over time intervals whose length, however, is lim-
models ofa-As,S;, we use an algorithm akin to that used, ited by the available computer time. We found that, due to
e.g., in Refs. 7, 8, and 17. the unrealistically small length of such time intervals, this
The structural model of-As,S; was obtained in the approach is rather impractical. Instead, we used the available
course of aNVT (constant number of particlels; volume,  computer time to perform an annealing run at one fixed tem-
V; and temperaturel) molecular-dynamics simulation with perature which is low enough for the process of the bond-
periodic boundary conditions. Since we are not interested imetwork formation to be activated and high enough for the
statistical properties of thermal fluctuations, the temperatureéopologically connected network to grow sufficiently rapidly.
was controlled simply by scaling the velocities of the con-First, we performed a run corresponding to 6 ps Tat
stituent particles every few time steps with the time intervals= 700 K with the SCC correction and the minimal) ba-
between the scalings taken randomly with a mean value ofis. Keeping in mind that the simulation was done at constant
ten time steps. We used a time step of 100~a2i4 fs  volume, this temperature was chosen to be somewhat above
(1 a.u=2.4189<10 *’s) and the Verlet algorithm in order the melting temperature of orpiment at atmospheric pressure
to integrate the equations of motion. (T,=592 K according to Ref. 19 We empirically found
The starting configuration was a system of 280 ar-  that annealing the configuration for the following 6 ps at a
senic and 120 sulfiiratoms in a cubic supercell, with a side higher temperature of =800 K slightly improved the qual-
length of 17.25 A, obtained by rescaling a crystalline con-ity of the network by increasing the fraction of heteropolar
figuration of orpiment (monoclinic, space group 14, bonds in the model. During these two runs, we used a
P12 /nl) with 1X2X5 20-atom unit cells. The crystalline smaller time step of 50 a.(1.2 fs. Finally, the temperature
coordinates were obtained from the Inorganic Crystal Strucwas nearly instantaneously reducedrte 300 K, quenching
ture Database and correspond to those reported in Ref. 16. the system within a metastable basin on the potential-energy
order to obtain a cubic supercell, we approximated thenypersurface. The resulting modetodel 1 in the following
monoclinic unit cell of orpiment by an orthorhombic one remained stable while, during a run corresponding to 120 ps,
simply by neglecting the small deviation of the angde 500 configurations separated by ten time steps of 100 a.u.
=90.68° from the right angle. Then we used the experimen¢24 fs) were stored for subsequent analysis. In the last run,
tal glass density op=3.186 g/cmi from Ref. 18 in order to  we used the SCC correction and increased the basis set by
obtain the side length of the cubic supercek (N/p)*? including thed orbitals for sulfur atoms. This basis set ex-
=17.25 A and the coordinates of atoms from the cuboidension provided a major improvement in the description of
with dimensions 11.48 19.15x 21.28 A were scaled by 1.5, hypervalent sulfur moleculés as well as silicon-oxygen
0.9, and 0.81 in the, y, andz directions, respectively. The compound€® While d orbitals on sulfur atoms give notice-
use of the crystalline initial configuration gives the correctable improvement, it appears that they are less important for
stoichiometry and the rescaling of a noncubic supercell irarsenic and we restrict ourselves to including oslgnd p
order to obtain a cubic one serves the goal of eliminatingrbitals for the As atoms in order to speed up the calcula-
possible anisotropies in physical properties. Note that in Reftions.
8, the authors cut a cubic supercell from a crystalline phase Model 1 contains three topologically identical coordina-
of As,Se; isostructural to orpiment, thus achieving the abovetion defects, namely, intimate valence alternation pairs
two goals, but disrupting the periodicity with respect to the(IVAP’s), where a singly coordinated sulfur atom is attached
periodic boundary conditions. After thorough equilibration into a threefold coordinated arsenic atom, thus increasing the
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TABLE 1. Defect statistics for models 1-4. factors. We have calculated the structure fa8(@®) by Fou-
rier transforming the radial pair-correlation functiaqr)
Model (also often called the pair- or radial-distribution function
1 2 3 4 defined agsee, e.g., Refs. 23-25
No. of atoms 200 197 200 200 bb
- i~
No. of As-As bonds 9 9 1 0 g(r)= - 2 2o(r—rij) ), (1)
No. of S-S bonds 6 6 1 0 4mrN=\i#) (b)
No. of IVAP's 3 0 0 0 where the sum is over all pairs of atoms in the sample of
Total No. of defects 18 15 2 0

volumeV separated by distaneg , N is the total number of
atoms, and the angular brackets denote an ensemble average.

coordination number of this arsenic atom to 4. Apart from.In the case of neutron scattering, which is of interest fere,

the IVAP’s, the amorphous network is topologically ideal, in is the coherent. scattering Iength Of. at‘”Ta”d (b) is the .
the sense that each sulfur atom is bonded to two neighbo verage scattering length. This function gives the probability

and each arsenic atom is bonded to three. There is, howev I,Jgﬁ')ﬂ? aega(larc(t); da;g:nas ;gﬁﬁg{;ﬁgﬁgb :rflzgﬁbtgtit:rfof
a certain degree of chemical disorder in this system which ty exp pietely

manifests itself in the presence of nine As-As and six S_Seltoms at the same density. For a binary alloy, e.g,S@sit

homopolar bonds. Is of intgrest to Qecomposg{r) in terms of the partial pair-

In the context of photoinduced metastability, a great deaFO”e"’"t'On functiong,,(r),
of significance is attributed to the presence of topological
and/or chemical defecfslt is therefore imperative to create 9(r)=2 > bbsg.p(r), 2
models both with and without such defects in a theoretical a B
investigation that attempts to be conclusive. We produced . . —
additional models by “surgically” removing the IVAP de- Where the d(_)uble sum Isover atom|c_ typeS ahg
fects and homopolar bonds from model 1. Model 2, which_, C.b,/(b), with Ca%NalN being the atomic fraction ok
does not contain any topological defects, was obtained b9toms. From Eq(1), it follows that
removing the three singly coordinated sulfur atoms from
model 1 and rescaling this 197-atom model to the original < 2 S(r—r., . )> 3)
density. This procedure did not affect the stability of the 47r2N2c,cp \ 14718 el )
amorphous network. o

In order to eliminate the chemical defects, we iterativelyWhere the indexa runs overa-type atoms only. The values
applied the following algorithm that utilizes the idéhased ~ Of the scattering lengths used here wéyg=6.58 fm and
to create models of binary amorphous solidsy., a-Si0,) bs=2.847_fm(see, e.g., Ref. aﬁln pracnce, we use a stan-
from one-component continuous random networksg., dard algorlthm, W_here théfunctlon in Eq.(3) is replaced by
a-Si).22 First, a sulfur atom was inserted in the middle of @ function which is nonzero in a small range of separations,
each As-As homopolar bond. Second, each S-S bond Wzﬁr_ld_a histogram is compiled of all pair separations falling
replaced by a single sulfur atom located at its midpoint sgVithin each such rangesee, e.g., Ref. 27Analogously, the
that each local As-S-S-As configuration turned into As-S-As bond-angle distribution fun_ct|on can be calculated as a his-
Third, the distance between each newly introduced S atoriPgram of all bond angles in the system. .
and its two nearest arsenic atoms in the newly created As- While bond-angle distributions provide information on
S-As units was reduced in order to increase the bonding"e short-range order of an amorphous material, ring statis-
character of the As-S bonds stretched by the above manip#cs have been generally used as a measure of the medium-
lation. We set a constraint on the length of the modified As-gange order. Am-membered ring is a closed loop with
bonds so that it did not exceed 2.5 A. Fourth, the modifiec@toms(or b.ond%é Here, we count only the shortest-path
configuration was relaxed in a molecular dynamics rui at "educible rings?™ i.e., those which do not have “shortcuts”
=300 K for 2.5 ps, until the potential energy reached a pla-2Cross _them. In order to g}lent!fy such rings we use the algo-
teau. After the first iteration, the 200-atom samiéich we  "ithm given by Franzt;[sz;\g), as implemented in the program
call model 3 in the following contained only one As-As and Statix” by Jungnickel™"The basic idea is to travel along
one S-S bond that were spatially well separaftbg mini-  the network pathgbond chainj containing a tagged atom
mum As-S distance among these four atoms was 4.6 Aand identify all the rings of length up to a given maximum.
Only two iterations were sufficient in order to obtain a model FOr €ach ring, it can then be verified whether it is an irreduc-
with all-heteropolar bonds, which we refer to as model 4 iniblé one(containing no cross links

the following. The defect statistics for models 1-4 are sum- EXperiments also provide information on the vibrational
marized in Table I. and electronic densities of stateéDOS and EDO$ which

can be compared with the results obtained from simulation.
In addition to this, simulations allow one to assess the degree
of localization of the vibrational and electronic eigenstates.

A common way to assess the quality of a structural modeWe compute both the vibrational and electronic densities of
is to compare experimental and calculated static structuretates by using the following definition:

gaﬁ(r)z

C. Data analysis
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pating in an eigenstate. Analogously, the local EDOS for a
g(w)=C; o(w—wp), (4)  particular orbital type can be obtained via the following ex-
pression:

where the constar@ is determined by normalizatiom,, are
eigenfrequencies of the Hessiadynamical matrix of an
energy-minimum configuration in the case of the VDOS or
Kohn-Sham eigenfrequenciésr energies corresponding to
this configuration in the case of the EDOS, and the sum is
over all eigenstates. In practice, in order to obtain a smooth . RESULTS
representation of(w), the § function in Eq.(4) is replaced
by a Gaussian function centeredagt.

In contrast to the eigenstates of a perfect crystal, which BY using the construction method described in Sec. II B,
extend over the entire sample, some eigenstates in disorderé obtained four models @f-As,S; which are distinguished
solids are localized at relatively small groups of atoms. Thedy the presence and concentration of topological and chemi-
degree of localization can be quantified by the inverse parcal defects(see Table)l We also created 60- and 100-atom
ticipation ratio that is defined in terms of dynamical-matrix models with similar concentrations of homopolar bonds as in
eigenmodes or Mulliken partial charges, for vibrational ormodels 1 and 2, and without coordination defects.
electronic excitations, respectively. For a vibrational mnde ~ Figure 1a) shows that the pair-correlation functioRCH

g#<w>=cg 80— n) > S,uuCpunCon- (8)

A. Structure

the inverse participation ratio can be defiffeas corresponding to model 1 compares well with two indepen-
dent neutron-scattering experimental results. The discrep-

N N 2 ancy between the two experimental PCF's allows one to es-

pgl—(E |ui(“)|4) / (E |ui(”)|2) ) (5) timate the uncertainty in the experimental data. The main
=1 =1 difference between the experimental and simulated results is

. . ) in the height of the first peak. Since the experimental PCF's
When the displacement eigenvectat®’, n=1,2,....,  are obtained by Fourier transforming the measured static
are normalized to unityX;|u|?=1), p,*=1 for a mode  strycture factor, where the largg-oscillations are damped
totally localized at one atom anj, *=1/N for a completely by applying a window function, this reduces the height of the
extended mode, such as a rigid-body displacement. first peak ing(r) and also broadens its width.

In the case of the electronic properties, the linear combi- Although the PCF’s corresponding to models 2—4 are
nation of atomic orbitals concept employed in the DFTB quite similar to that for model Iwhich is why we do not
program allows one to separate the contributions from indishow here the PCF’s for models 2 anyg there is one con-
vidual atomic sites and orbitals to the total charge for a parspicuous distinction in the shape of the first peak that de-
ticular eigenstate, and to decompose the total EDOS in termsends on whether or not the system contains homopolar
of the local electronic densities of states. Using the Mullikenponds [see Fig. 1b)]. While this peak is symmetric for
population analysigsee, e.g., Ref. 32the inverse participa- model 4 with all heteropolar bonds, there is a shoulder on
tion ratio for an electronic state can be written as either side of the peak in the PCF for model 1. From Fig.

1(c), it is seen that the shoulders in the first peak of the total

B N PCF originate from the homopolar As-As and S-S bonds

pa =2 la™?, (6)  which produce small peaks in the respective partial PCF’s at

=1 this position. It is remarkable that the calculated PCF for

model 1 virtually reproduces the right-hand side of the first
geak in the PCF from experiment [see Fig. 1a)]. This
Fesult supports one of the conclusions of Ref(é2periment

1) that the low- and highi-sides of the base of the first peak

where the contribution to statefrom atomic sitd, g{" , can
be expressed in terms of the wave function coefficients in th
tight-binding basisc,,, and the elements of the overlap ma-

trix S in the PCF can be ascribed to S-S and As-As bonds, respec-
tively. Table Il further demonstrates that the agreement be-
(n) — E tween the structural characteristics of model 1 and experi-
i S Cp.ncvn . (7) . . .
wei,w ment 1 is very good and, in particular, that the As-S

coordination numbers for these two samples are practically
Here, in the double sum, the indgx runs only over the the same. The larger discrepancy in the S-As coordination
atomic orbitals located on atoimand the indexs goes over number and the low-side of the first peak in the PCF arises
all orbitals. As in the case of the vibrational inverse partici-from the relatively small system size and the fact that the
pation ratio, the electronip,, " is equal to IN for a totally  numbers of As-Agnine) and S-S(six) homopolar bonds are
delocalized mode and approaches unity with increasing denot equal to each other in model 1. The position of the first
gree of localization. The partial charges” allow one to  peak in the partial PCBs.{r) also plays a role here. As is
detect on which atoms most of the charge is localized for aeen from Fig. (c), this peak shifts towards the lowend
particular eigenstate. By refraining from summing over thewhend orbitals on sulfur atoms are included into the basis
atomic orbitals, i.e., oven in Eq. (7), one can identify the set. When a =300 K run is performed without the orbit-
type of the atomic orbitals, e.gs,0or p, most actively partici- als in the basis set, the position of the first peakging
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6 T T T T

PP p———— TABLE Il. Values of average bond length and coordination
experiment 1 ------- numbers for the first coordination shell found from peak fitting
5 experiment 2 - (experiment 1 and direct calculatiottimodel 1.

AL i Sample Mass (R) Zpss Zsps

. Experiment 1 2.27 2.8 1.8
° Model 1 2.279 2.81 1.88

form. Again, the agreement between model 1 and experiment
- 1 is very good. From the rate of decayP®fQ) from experi-
ment 2, it is apparent that the data in Ref. 18 are reported for
F(Q) multiplied by a window function.
F(Q) for model 1 exhibits a first-sharp diffraction peak
(FSDP at about the same positio®~1.5 A~1, as found in
. . . the experiments. The magnitude of this peak depends on the
6 g e - system size and is expected to increase for a larger model.
This statement is supported by the observation of this ten-
51 1 dency as the peak develops in our 60-, 100-, and 200-atom
modelg[see Fig. 8a)]. Figure 3b) demonstrates a systematic
4T T displacement in the position of the FSDP towards the I@gh-
end as the number of defects is reduced from model 1 to
model 4. In Ref. 33, it was observed that the FSDP in x-ray
diffraction intensity curves for ama-As,S; thick (8 um)
film reversibly moved towards the low- and high-ends
upon illumination and annealing, respectively. The result in
Fig. 3(b) is consistent with the above observation, if we sup-
pose that the defect concentration is reversibly increased and
¢ decreased upon illumination and annealing, respectively. The
height of the measurétipeak, however, increased as its po-
sition wave numberQ,, decreased after illumination, while
model 1 in the simulations we observed the opposite tendency for the
sp, As: spd, S basis | height of the FSDP to increase upon elimination of defects
sp. As and S basis ------- and increasin@;. A possible reason for the different behav-
12l i ior of the height of the FSDP is that the simulations of the
bulk a-As,S; were performed at constant volume, while the
experiment was done for an amorphous film at atmospheric

8t As-S ] pressure.
E P T R Another distinction between the different interference

a(n

16 |

Qas(")

AN S-S functions presented in Fig. 2 is seen in the range 7 A
AT VRS A =Q=8 A~ F(Q) appears to be very sensitive to structural
As—As differences in this particular range of wave numbers, as is
o , AN ! X X X . apparent from Fig. @), where the interference function for
0 1 2 3 4 5 & 7 8 9 model 1 is compared with that for model 4, and from Figs.
© r[A] 3(c) and 3d), whereF(Q) is magnified in thisQ interval,

and the differences between the curves are prominent. Al-
though the differences between the partial interference func-
Total pair-correlation functions for models[the same as irta)] tions fo_r models 1 and fshown in Fig. Zc)] are each rather
and 4.(c) Partial pair-correlation functions for modelds.r) and ~ SuPtle in thisQ interval, they become more pronounced

as.o(r) are shifted upwards by three and six units, respectively. When combined into the totaf (Q) [see Fig. 20)]. The
small peak, which is seen i (Q) for model 1 atQ

FIG. 1. (a) Total pair-correlation functions for model 1 and the
neutron-diffraction experiments (Ref. 12 and 2 (Ref. 18. (b)

coincides with that of the first peak @5, and the shoul- ~7.5 A~1, diminishes from model 1 to 4, so that it is prac-
der on the lowr side of the simulated tota(r) is not seen tically not seen in the case of the stoichiometric modedek
at all. Fig. 3(d)]. The presence and position of this small peak may

It is instructive to compare the structural data alsdQin be attributed to the presence and spatial distribution, respec-
space, as this often emphasizes features that are not obviotigely, of homopolar bonds in the system. Similar peaks are
in anr-space representation. FiguréRshows the reduced seen inF(Q) at aboutQ=7.5 A~ for both experiments
structure factorgor interference functions=(Q) = Q[ S(Q) mentioned heréFig. 2(a), Refs. 12 and 1Band in the ex-
—1], related to the PCF'’s in Fig.(8 by a Fourier trans- periment reported in Ref. 11. While, in all these independent
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angle distributionsee Fig. 4. Although we have no experi-
mental data for this distribution, the known structure of a
corresponding crystal can serve as a guide in assessing the
quality of our models—many statistical distributions associ-
ated with amorphous models agree overall with the respec-
tive broadened distributions for the counterpart crysteés,
e.g., Refs. 34 and 35which also applies to the bond-angle
distributions presented here. In addition to this, Fig&) 4
and 4d) show that the geometry optimization with DFTB
results in a crystal structure that agrees with the experimental
one to within about 2%, not only in bond distances and lat-
tice constants, but also in bond angles.

It may appear reasonable to ascribe the asymmetry of the
distributions for S-As-S and As-S-As angles in the form of
the shoulders on the low-angle side to the presence of four-
membered As-S-As-S rings, as has been observed in tetrahe-
drally bonded chalcogenide semiconductors, e.g., ,GéS
Although such four-membered rings would definitely con-
tribute to the low-angle part of the distribution due to geo-
metrical constraints, their number in our models is not so
large (see Table Il and, for that reason, the relative fraction
of angles involved in these rings is rather snfalbout 7% of
S-As-S angles and 13% of As-S-As angled/e therefore
conclude that the asymmetry of the heteropolar bond-angle
distributions is inherent to this type of material, as is evi-
denced in the case of both crystal and amorphous structures.

Interestingly, there are no 12-membered rings in our mod-
els of a-As,S;, while only such rings exist in the crystal
structure of orpiment. This is another strong piece of evi-
dence that models 1-4 do not contain any memory of the
initial crystalline atomic arrangement. Also there are no
three-membered rings, which were previously reported to be
found in a model of-As,Se;,® whose presence would con-
tribute a few small angles and would increase the number of
homopolar bonds.

Special significance can be attributed to the presence of
five-membered rings in models 1 and 2 with an appreciable
concentration of homopolar bond$models with all-
heteropolar bonds contain only an even number of atoms in
all rings). When such rings share some of the bonds, the
resulting local structure is close to that of cagelike molecules
(e.g., AsS, or As,S3), as found in the vapor phase and in
some chalcogenide molecular crystals. Figurdch Fig.
8.8(b) in Ref. 36 shows two such bond-sharing rings. Upon
breaking the two bonds connecting the rings to the rest of the

FIG. 2. (a) Reduced structure factotmterference functionsor /
model 1 and the neutron-diffraction experimentéRef. 12 and 2 network, the distance of 4.54 A between the two freed ar-

(Ref. 18. (b) Total interference functions for modeldthe same as  senic atoms could be reduced, thus producing another As-As
in ()] and 4.(c) Partial interference functions for models 1 and 4. homopolar bond and this group of atoms would then form an
The functions corresponding to S-S and As-S correlations ar@\s,S, molecule. Evidence of the presence of such molecules
shifted upwards by three and six units, respectively. in bulk As, S, _, glasses from Raman-scattering experiments
has recently been reported in Ref. 37. Our result shows that
experiments, these peaks virtually coincide, in the differenthe As,S, fragments may not only form discrete cagelike
models presented here they do not agree so jgek Fig. molecules but also be embedded into the amorphous net-
3(c)], as, perhaps, can be expected in the case of small syawork. We verified that the vibrational signatures of thg®s
tem sizes. fragment from models 1 and 2 are similar to those from an
Another structural characteristic that is of interest, andsolated AgS, molecule, apart from a few very symmetric
that is easily accessible in computer simulations, is the bondnodes of the latter.
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° d 7 75 g
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FIG. 3. Closeup of the parts &(Q) = Q[ S(Q) — 1] most sensitive to changes in the local structure. The FSDP regida)fibre 60- and
100-atom models, model 1 and experiment 1, édnodels 1-4, respectively. The region n€a=7.5 A~ for (c) the 60- and 100-atom
models, model 1 and experiment 1, abl models 1-4, respectively.

B. Vibrational properties tion. An attempt to measure the VDOS afAs,S; at tem-

VDOS for models 1 and 4 is shown in Figiah. It has the  peratures as low as 25 K was made in Ref. 11, and the
two-band form generally observed in amorphous semicontendency for the narrowing and heightening of the optic band
ductors. The vibrational spectrum for our models is essenand the flattening of the top of the acoustic band was cap-
tially superimposable on the calculated VD@®ef. 8 for a  tured, although the experimental uncertainty was rather
model ofa-As,Se; if the energy in Fig. @) is downscaled large.
by a factor of about 0.67. All main features—the position of The inverse participation ratid$PR) [see Figs. @) and
the gap between the acoustic and optic bands, as well as tlééc)] show that the vibrational eigenmodes are significantly
relative width and height of VDOS within these bands—Ilocalized in the gap between the acoustic and optic bands,
agree with available inelastic neutron-scattering experimenand the highe end of the spectrum. The first three highest
tal data'® Note that the experimental curve in Figi@ energy modes in model 1 are localized on S-S bonds, while
corresponds to a measurement at room temperature, whereg next two(with the largest IPRRare localized on IVAP’s.
the results obtained from simulation are calculated for anThe VDOS's for models 1 and 4 differ mainly in the absence
energy-minimum configuration in the harmonic approxima-of the just-mentioned highest-energy modes from the spec-

TABLE Ill. Ring statistics—number oh-membered shortest patRef. 28 rings for n<22. Columns
containing only zeros are not included.

Ring size(n)
4 5 6 8 10 14 15 16 18 19 20 21 22
Models1and2 5 6 1 1 1 2 2 3 1 2 6 1 1
Model 3 8 0 5 1 1 2 2 3 4 0 6 0 3
Model 4 8 0 5 1 1 2 0 5 4 0 6 0 3
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0.08 _I T T I_ _I T T I_ _I T T I_ _I T T I_ _I T T I_

(e)
As-As-As As-S-S
0.06 |- -1+
0.04 I -~

0.02 - 1+

0
80 100 120 14080 100 120 14080 100 120 14080 100 120 14080 100 120 140
bond angle ¢ [deg] ¢ [deg] ¢ [deg] ¢ [deg] ¢ [deg]

bond-angle distribution, [deg'1]

FIG. 4. Bond-angle distributions. Solid lines (@—(e) and dashed lines itc) and(d) correspond to models 1 and 4, respectively. The
height of vertical lines topped by circles is proportional to the number of distinct angles within one degree in the crystal structure of
orpiment. Solid vertical lines and circles correspond to the experimental data from the crystallographic database and Ref. 16, and the dashed
vertical lines and open circles correspond to the structure optimized by the DFTB method.

trum corresponding to the stoichiometric model 4. Thespectroscopy. The total EDOS is also very similar to that of
highest-energy modeE(=50.5 meV) in model 4 is localized arsenic selenide in Ref. 8, where an experimental réoit

on a relatively complex structure involving three Ag8ra-  that material was presented to be in agreement with the cal-
mids in a chain As-S-As-S-As, where both As-S-As anglesculated one.

(118° and 122°) are at the largke-end of the bond-angle The local EDOS's for different elements and orbital types,
distribution shown in Fig. @). Within the optic band, the shown in Fig. Ta), confirm the analysis presented in Ref. 39.
modes with IPR greater than 0.2,Ea=43.8 meV in model 1  The top of the valence band is due to the nonbonding lone-
and atE=42.9 and 45.7 meV in model 4, are localized atpair p orbitals of the S atoms, and the rest of the valence
four-membered rings. In the band gap, the mode at the top dfand is attributed to the bondirgorbitals on the S and As
the acoustic band in model 1 is localized on an As-As-S-&toms.

chain, and the mode at the bottom of the optic band is local- The s band is composed of two subbands. The Bw-
ized on an IVAP. The mode at the top of the acoustic band irsubband at about (15— 12) eV is essentially astype sul-
model 4 is predominantly localized on a four-memberedfur band, and the subband at abou{12—8) eV is pre-
ring, and the mode at the bottom of the optic band is almostiominately due to the arsengorbitals. In Ref. 8, the fact
entirely localized on a six-membered ring. that thes band of selenium is below the band of arsenic
was attributed to the greater nuclear charge of Se. Since the
electronic structure of arsenic sulfide, a compound contain-

C. Electronic structure
eing a much lighter chalcogen, virtually coincides with that

The electronic density of states for model 1, as well as th
inverse participation ratios for these states, are shown in Fig.

T T T T T
model 1 ——

7. The calculated total EDOS is in good agreement with the 0.04 - model 4 ——----
density of valence stat&smeasured by x-ray photoemission — experiment o
% 0.03 " :,,‘ "y
E LAV .
@ o002F o
g ;
> q:
0.01 (@)
.. “
0 1 1 1
0.8 . ||1 T T T
45A og L MO ] 4
£ o4} .
- (b)
02 | .
0
0.8
0.6
T 04
0.2
FIG. 5. Fragment of model 1: two bond-sharing five-membered 0
rings and the two Asggroups connected to this structure. The
shading of the As atom@ll with three neighbopsis darker than
that of the S atomsall with two neighbors The HOMO level is FIG. 6. Vibrational densities of statég) and inverse participa-
mostly localized on the two S atoms that are marked black. Theion ratios(b), (c) for models 1 and 4. The experimental dataan
distance between these two atoms is 3.42 A. are obtained from Ref. 38.
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FIG. 8. Electronic densities of states of the modelaois,S;
and orpiment.

Localization of the electronic states near the optical band-
gap edges is of great interest for studies of photoinduced
phenomena. A closeup of the inverse participation ratios at

FIG. 7. Local and total electronic density of statesand in-  energies near the band edges for models 1-4 is shown in Fig.
verse participation ratiod) for model 1. The Fermi energy is at the 9. If topological (or coordination defects are present in a
origin. The experimental data i@) are obtained from Ref. 39. model, as in model 1, some of the states, especially at the

bottom of the conduction band, are localized at thesme
for arsenic selenide, the above explanation is incorrect. Aig. Aa@]. This tendency was also emphasized in Ref. 8. A
strong repulsion between As and SiSlevels due to chemi- comparable, or even greater degree of localization, is ob-
cal ordering is more likely to be responsible for the separaserved in model 2see Fig. %)] where there are no coordi-
tion of thes band into high(As) and low(S/Sé subbands®  nation defects, but there is an appreciable concentration of
Note that the twos subbands are perfectly separated onlyhomopolar bondsor chemical defects As the number of
when the chemical ordering is perfect, i.e., in models withchemical defects goes to zero from model 2 to model 4, it is
all-heteropolar bonds, as seen in Figéd)8and 8e). The  seen that localization at the top of the valence band remains
degree of admixture of As andsrbitals within the low and ~ qualitatively similar, whereas at the bottom of the conduction
high subbands, respectively, is about 3(8ée the “As,s”  band it becomes less pronoundsee Figs. )—-(d)].
and “S, s” panels in Fig. 7a)], again in agreement with Ref. The general picture is that, at the top of the valence band,
30. the eigenstates are predominantly localized at what can be

The conduction band is composed of about equal contricalled sulfur-rich regions, where several sulfur atoms are
butions from the antibonding As andorbitals and the @ closer than about 3.45 A, i.e., their interatomic distances are
orbitals. Perhaps, if the Ad orbitals were included in the ©On the lowr side of the second peak gy r) shown in Fig.
basis set, there would be a contribution from them too. While
this might not significantly affect the structural and ground- TABLE IV. Band-gap energies in eV estimated as the differ-
state electronic properties of our models, this remark coul@nces between the LUM@owest unoccupied molecular orbital
be of greater importance for excited-state simulations. and HOMO eigenvalues and as the differences of the band-gap

The EDOS’s for models 1—4 and for the crystal structure edges at the level 0.5 eV in EDOS normalized so that the maxi-
of orpiment are plotted in Fig. 8. It is seen that the overallMUM value within the valence band is equal to unity.
similarity is preserved for all these structures. The main d|f odel 1 5 3 4 Gvstal
ferences among the EDOS'’s corresponding to the amorphous y
structures are the widening of the optical band ¢=g® also E(LUMO)-E(HOMO) 1.60 1.80 2.00 1.99 2.51

Table 1V) and the clearing of the gap within the low-energy Half-maximum gap 267 272 274 274 3.13
s band as the number of defects diminishes.

0 9
45-10-5 0 515-10-5 0 5
E [eV] E [eV]

(b)
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025 - - T T T - as nanostructured materials. Vibrational properties are also in
0-2 1 (a)model 1 et ] agreement with experimental results.
£ 001? | P oi (¢ ] In models containing both homopolar bonds and topologi-
0.05 L1 ﬂi HTN h m cal defects, a significant degree of electronic-state localiza-
0 L L L L tion has been observed near both band-gap edges. Although
0.25 . . T T T . the coordination-number defects are optically active, their
0.2 - (b) model 2 7 presence may not be necessary for exhibiting photostructural
g T 1 ] changes when there is a sufficient concentration of homopo-
0.05 L i I T i lar bonds in the material. This statement is supported by the
OmﬂT T. ! L L T”hn— observation that, upon removal of the coordination defects
025 . . r r r . from the system, the degree of electronic-state localization is
02 (c) model 3 T not reduced in the resultant continuous network model with
i 001? i ] homopolar bonds. Furthermore, the valence-alternation de-
0.05 - ﬂ m _ fect concentration is estimated to be rather smalt { &én 3
o NP ' . . Tettems in Ref. 19 compared to the atomic density of about 2
0-22 A - - - - X 10?° cm™ 3. This indicates that, in the volume occupied by
- 2 [ (@mode ] our 200-atom models, it is less likely to find a topological
£ o1tf g defect than to come across none.
0-02 m”h . . . I (X A s'Foichi.ometric continuous n_etwork model has. allqwed
45 4 05 0 05 1 15 us to identify the structural motifs where electronic eigen-

EleV] states predominantly localize at the optical band edges, in the
S ) absence of coordination and chemical defects. These are
FIG. 9. Inverse participation ratios at the band edges for all thesifyr-rich regions for the top of the valence band and four-
four models. The vertical dashed lines(® demarcate the levels membered rings for the bottom of the conduction band. Elec-
mostly localized at IVAP’s, with each line type corresponding to thetronic properties of this glass model with all-heteropolar
same IVAP. bonds are very similar to those of the corresponding crystal-
line phase, orpiment, most notably the clean gaps in Both
;(cz or some 0{ thfstfl at?]mi foJ[m homppé)lar SI'S t|>onds.b_lio ndp bands. Although the valence band in this case contains
Ir|1|SOa|\r/|wOe,I mols_ 0 del 1'9_ els OI_CCl‘('jp'et ¢ mo eﬁ}? ar tor "About as many localized states as in models with defects, the
( ) level in model 1 is localized at two sulfur atoms conduction band has very few of them. It is expected that, if

fseparateddby_3.4§ .A E.nd ;vhéch.are part ofr:he mpleCUIelikEﬁhere were no four-membered rings in this structure, all states
ragment depicted in Fig. 5. By inspecting the projectied in the conduction band would be virtually delocalized.

cal) IPR’s in Fig. 4b) at the optical gap edges, it is seen that Therefore we conclude that perhaps the dominant contri-

the I.PR’.S are greafest for the S atoms. .It appears that thl?ution to photoinduced effects originates from the presence
Iocal_lzgtlon at the top of the vale_nce t_Jand IS famhta;ed by theof electronic states localized in the vicinity of homopolar
proximity of the lone-pairp orbitals in the sulfur-rich re- bonds, in support of the theoretical models where the photo-

gIOXtS.th bott fth duction band. the states tend tinduced structural changes are attributed to the presence of
€ bottom ot the conduction band, the stales ten omopolar bonds in these materidtee, e.g., Refs. 2 and

L?callze Iat lfaourc-jmember?(t:ih rmgsk,) lndall mo'def!s, and at: S'd41). Although electronic states can also localize in all-
_omopogrlvgg, ssohme 0 hegef otn sarein |viz-[nem der|e4heteropolar regions and in the vicinity of the topological de-
rings) an S When such detects are present. In Mode! 4 ctg the contribution of such states is likely to be rather

all three conductlon—band states with an IPR greater thaEmall due to the low degree of localization in the conduction
0.025[see Fig. &d)] are localized at four-membered rings. band and the low concentration of such defects, respectively.
Verification of this conjecture requires excited-state calcula-
tions and is beyond the scope of the present paper. We plan
do these calculations in the future.

IV. CONCLUSION

We have generated several models of amorphous arseni@
sulfide by using a density-functional-based tight-binding
method. All models agree very well with the neutron-
scattering experimental structural data. We observe a ten- S.1.S. is grateful to the EPSRC for financial support. We
dency for formation of quasimolecular structural groupsthank the British Council and DAAD for provision of finan-
which suggests that amorphous chalcogenides can be viewethl support.

ACKNOWLEDGMENTS

*Electronic address: sis24@cam.ac.uk 3J.M. Lee, M.A. Paesler, D.E. Sayers, and A. Fontaine, J. Non-
!Handbook of Advanced Electronic and Photonic Materials and ~ Cryst. Solids123 295 (1990.
Devices Chalcogenide Glasses and Sol-Gel Materials, Vol. 5, A.J. Lowe, S.R. Elliott, and G.N. Greaves, Philos. Mag58

edited by H.S. NalwdAcademic Press, San Diego, 2001

2Photo-Induced Metastability in Amorphous Semiconducteds

ited by A.V. Kolobov (Wiley-VCH, Weinheim, 20038

483(1986.
SH. Fritzsche, innsulating and Semiconducting GlassBgries on
Directions in Condensed Matter Physics, edited by P. Boolchand

144202-10



SIMULATION OF PHYSICAL PROPERTIES OF TH. ..

(World Scientific, Singapore, 20p0Vol. 17, pp. 653—690.

6S. Ovshinsky, innsulating and Semiconducting Glasg&ef. 5,
pp. 729-779.

M. Cobb, D.A. Drabold, and R.L. Cappelletti, Phys. Rev5&
12 162(1996.

83. Li and D.A. Drabold, Phys. Rev. B1, 11 998(2000.

9J. Li and D.A. Drabold, Phys. Rev. Le®5, 2785(2000.

10T, Frauenheim, G. Seifert, M. Elstner, T. Niehaus, Chi¢o, M.

PHYSICAL REVIEW B 69, 144202 (2004

2D A. McQuarrie, Statistical Mechanics(University Science
Books, Sausalito, CA, 2000

25Y, WasedaThe Structure of Non-Crystalline MateriallcGraw-
Hill, New York, 1986.

26Neutron Scattering Lengths and Cross SectifiST Center for
Neutron Research, http://www.ncnr.nist.gov/resources/n-lengths/

2'M.P. Allen and D.J. TildesleyComputer Simulation of Liquids
(Clarendon Press, Oxford, 1987

Amkreutz, M. Sternberg, Z. Hajnal, A.D. Carlo, and S. Suhai, J.28p 5. Franzblau Phys. Rev. &, 4925(1991).

Phys.: Condens. Mattdrd, 3015(2002.
LA, Haar, Ph.D. thesis, Cambridge University, 2000.
123 H. Lee, A.C. Hannon, and S.R. Ellidtinpublished

13T, Niehaus, M. Elstner, T. Frauenheim, and S. Suhai, J. Molg,

Struct.: THEOCHEM541, 185 (2001).
¥D. Porezag, T. Frauenheim, T. Ker, G. Seifert, and R.
Kaschner, Phys. Rev. B1, 12 947(1995.

5M.R. Pederson, D.V. Porezag, J. Kortus, K. Jackson, and D. Pat;,

ton, http://cst-www.nrl.navy.mil’ nrimol/

16D J.E. Mullen and W. Nowacki, Z. KristallogL36, 48 (1972.

175, Blaineau, P. Jund, and D.A. Drabold, Phys. Re&7B094204
(2003.

18y |wadate, T. Hattori, S. Nishiyama, K. Fukushima, Y. Mochi-
zuki, M. Misawa, and T. Fukunaga, J. Phys. Chem. Sdids
1447 (1999.

19A. Feltz, Amorphous Inorganic Materials and Glass€gCH,
Weinheim, 19938 p. 203.

20R. Kaschner, T. Frauenheim, T. Ker, and G. Seifert, J.
Comput.-Aided Mater. Dest, 53 (1997).

2IN. Mousseauprivate communication

22G.T. Barkema and N. Mousseau, Phys. Re\6B 4985 (2000.

233.-P. Hansen and I.R. McDonal@iheory of Simple Liquid2nd
ed. (Academic Press, London, 1986

29G. Jungnickelunpublishedl

30G. Jungnickel, T. Frauenheim, D. Porezag, P. Blaudeck, and U.
Stephan, Phys. Rev. B0, 6709(1994).

R.J. Bell and P. Dean, Philos. Mag5, 1381(1972.

32, Szabo and N.S. Ostlundfodern Quantum Chemistry: Intro-
duction to Advanced Electronic Structure ThegMacMillan,
New York, 1982.

K. Tanaka, Appl. Phys. LetR26, 243(1975.

34, Simdyankin, S.N. Taraskin, M. Dzugutov, and S.R. Elliott,

Phys. Rev. B62, 3223(2000.

353 1. Simdyankin, S.N. Taraskin, M. Elenius, S.R. Elliott, and M.
Dzugutov, Phys. Rev. B5, 104302(2002.

36S.N. Yannopoulos, iPhoto-Induced Metastability in Amorphous
Semiconductor¢Ref. 2, p. 134.

37D.G. Georgiev, P. Boolchand, and K.A. Jackson, Philos. N8&g.
2941(2003.

383 L. Isakov, S.N. Ishmaev, V.K. Malinovsky, V.N. Novikov, P.P.
Parshin, S.N. Popov, A.P. Sokolov, and M.G. Zemlyanov, Solid
State Commun86, 123 (1993.

395.G. Bishop and N.J. Shevchik, Phys. Rev1B 1567 (1975.

40K.S. Liang, J. Non-Cryst. Solid$8, 197 (1975.

410.1. Shpotyuk, Opto-Electron. Re%l, 19 (2003.

144202-11



