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A first-principles molecular-dynamics study of glassy,8s;, using a 215-atom model, is presented. Our
model is in good and uniform agreement with available measurements of the structural, vibrational, and
electronic properties. The model reproduces the structure of the experimental static structure factor in the range
~2-6 A1 The preferred structural unit is pyramidal AgSeosely coupled by Se. The model mean coor-
dination number is 2.4. The vibrational density of states has two distinct bands. The broadband in the lower-
energy range, up to about 20 meV, is dominated by modes extending widely over the network. The localized
modes occur at the edges of the bands. The electronic density of states has also two main bands in the valence
range. One is from theslelectrons of As and Se; the other fromp 4lectrons populates on the upper energy
range of the valence band. The calculated fundamental gap is 1.42 eV and the band tail states are localized
predominantly on the coordination defects of As.

. INTRODUCTION the possible types of bonds in networksg#\s,Se; based
on Raman and infrared spectrayhich measure the dynami-
Arsenic triselenide (AsSe;) has been extensively studied cal response of-As,Se;. Lucovsky and Martiff calculated
as a classic glass former for 30 years. A basic interest in thighe optic mode frequencies gfAs,Se using a molecular
system arises from its average coordination numi2e#),  model and several vibrational frequencies were assigned to
which is at a threshold predicted by the theory of Phillips pyramidal AsSg A contribution from the bridging chain of
and Thorp€. At (r)=2.4 a dynamical transition is expected Se has also been proposgd general vibrational character
to occur([for (r)<2.4 floppy modegvery-low-energy har- has been advanced to account for the composition indepen-
monic lattice excitationsare anticipated from a Maxwell dence of the lower-energy modes, the “vibrational isocoor-
counting argument. This transition implies a fundamental dinate rule” (VIR).181°
relation between the topology of the network and the low- There is also a controversy over the electronic structure
energy dynamical and thermal properties of glasses and glag®m previous calculations on ASe;,. Cherf° calculated the
forming ability! In chalcogenide materials there is also aelectronic structure of pyramidal Asgenolecules in the
strong interaction between the vibrational modes and theyer configuration using molecular orbital methods. He
electronic excitatior(electron-phonon couplinggiving rise  found that the lone-pair states of Se lie below the bonding
to important light-induced effects. Experimentally Hisakuni states. From his energy-level scheme he attributed the ob-
and Tanak&found the mechanism of photoinduced fluidity served ~photodissociation and photocrystallization — of
in chalcogenide glasses including /&®; to be photoelec- g-As,Se; to the breaking of the- bonds by photons of band-
tronic. Photomelting is also observed at low temperature iryap energies. However, Kastfepointed out that in chalco-
seleniun; but the detailed mechanism is still uncertain. genide materials the nonbondipgstates of Se form a lone-
As,Se; displays an interesting character in the short-ranggair band lying in energy between tlhebonding states and
environment. A similar bonding character of A®; exists in  the ¢* anti bonding states. Both the and lone-pair bands
the crystalline, glass.and even the liquid statésrom an  are occupied and the* band is unoccupied. This leads to a
analysis of radial distribution functiod®DFs from scatter-  different picture of the properties of states near edges. Ex-
ing experiments. However, the precise nature of the locaperiments on trigonal SeRef. 22 and recent theory wof
environment around the As and Se atoms in glassyave a preference to Kastner's picture.
As,Sey(g-As,Se) is difficult to infer from scattering experi- ~ To our knowledge there is little theoretical work on the
ments, because these elements have similar scattering &tructure, vibrational, and the electronic structure of
tributes for x rays, neutrons, and electrons. There are twg-As,Se, all within one realistic modelWe felt the need for
structural units proposed f@-As,Se;. One is based on the a model that simultaneously agreed with as many experi-
cluster modél consisting mostly of pyramidal As$e ments as possible. This paper reports a first-principles-type
molecules, and the other is the layer structure as in crystal-molecular-dynamicg$MD) study of g-As,Se;, using a 215-
line As,Se; (c-As,Se;). 20! atom model. Our calculation gives a uniform agreement with
At intermediate length scale the key structural signature ishe experiment on the structure, vibrational, and electronic
the first sharp diffraction peakFSDP near ~1.3 A™%.  properties ofy-As,Se,. Theexperimentatredibility of these
Neufville, Moss, and Ovshinsky associated the FSDP with models recommends them as a good starting point to inves-
the molecular AgSe; unit in films. Other author$'* pre-  tigate other phenomena such as light-induced effects.
ferred correlation in the layer model gfAs,Se;. However,

from a comparison of the RDF af-As,Se; with g-As,Se Il. MODEL GENERATION
Renninger and Averba€lsuggested that the layers must be '
distorted ing-As,Se;. The approximate first-principles-type MD program,

Many experimental efforts have been made on probingFIREBALL962* was used throughout this paper. In this calcu-
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lation the Harris functional within the local density approxi- 20
mation was used in a scheme with the mathematical structure
of nonorthogonal tight bindirfg and the use of no free pa-
rameters in constructing the Hamiltonian matrix. This
method has achieved encouraging successes in a wide of
amorphous systemst-C,?® a-Si?’ a-Se?® a-GeSe,?® and
a-GaN?® This scheme does very well at producing experi-
mentally credible models because of its nearly unique bal-
ance of accuracy and efficiency. In particular, experimentally
realistic models require large supercell models and long time
evolutions in addition to a suitable level of accuracy, which
the present prescription offers.

It is important to have the MD simulation start from a
suitable starting structure including the basic chemical order
of the glass. Thus as an initial configuration of our model we
cut out a cubic supercell, consisting of 86 arsenic atoms and
129 selenium atoms, with the side length of 18.50 A, from
the c-As,Se;.%° This gave the correct stoichiometry and a
density close to the evaporated films 4.31 gl¢iThis pro-
cedure ensures reasonable chemical order from the begin-
ning. The initial cell lost its low crystalline symmetry be- -20 . . . .
longing to the monoclinic system which cannot comply with 0.0 20 40 60 80 100
the cubic symmetry. We let the cubic cell freely evolve 1 ps; Q@AY
during this process the crystalline layer structure was de- g 1. calculated and experimentatef. 6 interference func-
stroyed and the temperature grew rapidly to more than 2008o, F(Q) and static factor§(Q) for g-As,Se;.

K. Then we equilibrated the cell to 2000 K over 1 ps. We

take three steps to cool down the model. First, the cell wagmplitude[we have checked this in detail and find only a

equilifratelci_at IIlO'?hO K flclnr 1 ps'é then \t/vgz COOIetd it at ?10% i(tiny difference inF(Q)]. The pair densityp(r) reduces to
over 1 ps. Finally the cell was steepest descent quenchedto O~ _ r<Re o v .
K. All the calculation was done at constant volume using th r)=(IN)2;,;*o(r=r), whereN is the total number of

I' point to sample the Brillouin zone. Considering the Iarge_?_fén;,:gg?a(:%enl ?(;1a:irjlf;[rrl]ifys\?vgir?:honncggt\jlvi;cns%totrr?arlcdl!] '0
supercell it is reasonable to use thepoint only. . o
P @ y more than half of the side length of the supercell is included.

The calculated and experimenta(Q) are compared in
Fig. 1. The first three peaks agree closely with experifhent

The interference functioR (Q) gives a direct comparison in the middle range~2-6 A~*. The general trend foQ
with the experimenfsand static structure fact®(Q) hasa <2 A" andQ>6 A~! still complies with observation
mathematical form convenient to analyze. Both functions aréhough the detailed structure departs from the experimental
used in this paper to exploit their respective advantages. Théata.
radial distribution function or the pair correlation function ~ The static structure facto§(Q) is related toF(Q) as
G(r) provides some limited real-space information about theS(Q) =1+ F(Q)/Q. One can expect th&(Q) has the same
topology of the model. The coordination, bond distributions,Peak structure as(Q) as shown in Fig. 1. From the calcu-
and the basic molecular building blocks of the network ardation it is found that the third peak and features at higQer
given by analysis of the local arrangement of atoms withindepend mainly on the local environment. Once the nearest-

the first shell range of5(r). The intermediate range-order Neighbor atoms are taken into account the position of the
(IRO) is discussed with the ring statistics. third peak becomes fixed. To reproduce the second peak of

S(Q) [or F(Q)] R, must be as large as 4.5 A, correspond-
ing to the whole second-nearest-neighbor shell in the radial
distribution functionG(r). The position of the first peak at

1.0

00¢

Interference Function / Static Factor

Ill. STRUCTURAL PROPERTIES

A. Interference function

The interference functiof (Q) is given by 2.43 A~! almost agrees with experiments as soon as the
. radial shell is enlarged to cover the third-nearest neighbor.

F(Q)= J G(r)sinQrdr, This indicates that the first peak is a result of pair correlation

0 at least on the scale of 6.5 A. From the trend of agreement

one can infer that the FSDP near 1.3 Rrequires a pair
correlation of longer range.

We decomposes(Q) to look for the contribution from
ferent terms. The partial static factors are simply calcu-
ed as

whereQ=4msind/\, G(r)=4mr[p(r)—pol, @andpg is the
average densityy(r) the density function for pairs separated
by r. The numerical tables of the x-ray scattering factors ofdif
Doyle and Turnet! show that the relative difference of scat- lat
tering amplitudes of As and Se is almost independe® of

a wide range. It is therefore reasonable to assumeQhe 1 Tep=Re
independence in the above formfl& our calculation it is S ,=— 2 ;

. . o IO(Qraﬁ)-
also assumed that As and Se have the same atomic scattering N
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FIG. 2. Static factorsS(Q), remnant ternrR(QR;), and partial FIG. 3. Reduced atomic radial distribution and partial distribu-

static factorsS,; for g-As,Sey. S(Q) andR(QR,) are shifted up.  tjon functions forg-As,Se;.

Ihe average density g|vei a resmamder te_Fk(\QR_C) picture inferred from the previous section of partial static
are spherical Bessel functions of the first kind. The total actors. ur.odu.r pea dneallr. f Id no ag:eg wit he
S(Q) then is 1+ S, 5+ R(QR.). The main components of experiment, indicating a deviation of pair correlation in the
S(Q) are plotted in Fig. 2. The most interesting observatioandel'_ This may account for the incorrect position of the
is the fast oscillation of the partia,; and the remainder S0P IN the calculate8(Q). - _
R(QR,) but a slow oscillation in the tot&(Q). The cancel- We focus on the local enwrpnment within 'Fhe first-shell
lation betweerS, ; andR(QR,) gives a rather accurate and range ofG(r). The mean Coordlnatlon_number is2.4 ar_ld the
relatively smoothS(Q). From S, it is clear that the corre- bond length from thezflrst peak @(r) is 2.45 A, agreeing
lation between As-Se pairs gives the main contribution to allvith the experiment” On average, As atoms have 3.01
the three dominant peaks &Q), and Se-Se correlation neighbors and selenium 1.99 neighbors in the present model.
gives a relatively strong contribution to the first two peaks,All atoms in the first shell are distributed in the range
while As-As gives only a marginal contribution to the static 2.34—2.63 A. The popular structure unit in the network of
factors. Because of the peaks at the loWgerange, As-Se our model is the pyramidal A&(X=As,Se) group. The As-
and Se-Se pairs are expected to have a correlation in a rel¥-pyramid accounts for the first shell Gf(r) and the pyra-
tively longer range than As-As. midal length ofX-X gives a contribution to the second shell
of G(r). The detailed coordination configuration of our
model is given in Tables | and Il for As and Se, respectively.
A ball-and-stick image of a representative piece of our model
The reduced distribution function or pair correlation func- jg given in Fig. 4. About 96.5% of As is three-fold coordi-
tion G(r) is given in Fig. 3. We associate each pealG¢f)  npated. While As coordination defects are rare, we found that
to a certain shell OCCUpiEd by atoms in the radial diStribUtion{he electronic states at the band edges derive from these co-
The first shell is well defined; other shells have an increasprdination defects(to be discussed later The pyramidal
ingly ambiguous meaning as the properties of such shells aigroups of As are not in perfect chemical orderg., exhibit
inpreasingly sensitive to the exact definition of the shell rahomopolar bonds only 46.5% of As is ideally chemically
dius. ordered. Also, only 60.5% of Se is two-fold coordinated. Of
The first three neighbor shells are well reproduced withy|| the Se atoms 36.4% is in chemical order. The overall
respect to the experimental shape of Fig. 4 in Ref. 6. Weraction of homopolar bonds is about 23%. The extended
express the partial projection on different pairs @35 x-ray absorption fine structure experiméhied to an esti-
=(1/N)E[;§36B5(r—rij)—po to isolate their individual mate that there were 10%-15% homopolar bonds in the
contribution. From Fig. 3 the As-Se pairs give the dominantevaporated AsSe; films. However, the uncertainty in the
contribution to the first shell. It is obvious that there existestimation was alsa-10%. Chang and Dov@ have found
homopolar bonds in our model. Se-Se pairs make a strontiat the experimental curve of the pair function can be fitted
contribution in the range of the second shell, whereas As-Aby the chemical ordered model and random bond model for
pairs have only a small effect. This is consistent with theAs,Se. They also found that to fit another chalcogenide film

B. Short-range order
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TABLE |. Distribution of coordination configurations of As in
modelg-As,Se;.

Coordination  Total number  Nearest-neighbor Number

number (in %) atoms

2 1(1.2% 1-Se and 1-As 1

3 8396.5% 3-Se 40
2-Se and 1-As 30
1-Se and 2-As 12

3-As 1

4 2(2.3% 4-Se 1
2-Se and 2-As 1

As,Te; the chemical order model required a larger thermal
factor than the random bond model.

C. Intermediate-range order

Fundamentally IRO is a topic concerned with the connec-

tivity among the structural building blocks. ivAs,Se; the FIG. 4. A typical fragment of our model. Here, small black
three Se atoms have two distinct positions: two Se atoms argoms are As, larger white are Se, and grey atoms are either species

elements of the As-Se spiral chains and the other Se bridge&gth additional bonds to other members of the network not shown
chains within layers. The repetition distance along the spirain the image.

axis is 4.3 A which is missing from the amorphous

structuré (see also Fig. 3 and Fig)4Another feature in the did not give a correct position of peak in the l&range but
layer structure is a 12-member ring between neighbor spiraiather a deep valley of th&,; near 1.3 AL It is also
chains. In molecular ASe; all the Se atoms are at equiva- possible that the pair correlation in our model is not correct
lent positions. A feature of this molecular structure is thebeyond the third-neighbor range. The other point is that the
four 6-member ring€ which compose basically a compact remainder ternR(QR,) still has a strong contribution in this
connection of four pyramidal As§eby sharing Se atoms. sensitive range. Becaus&QR,) is only determined by the
The connection between pyramidal groups is very compli-average density and the model size, not by the detailed cor-
cated in our model. Two types are most common: one is twaelation in the model, it is required to enlarge the truncation
pyramidsXY; bridged by Sg chain, the other is two pyra- R, or the size of model to push at least one more oscillation
mids X Y53 connecting directly to each other by sharing oneof j, out of the 1.3 A ! range for the sake of an unambigu-
bridging Y(Y=As,Se). Table Ill gives a summary of the ous identification of the FSDP.

ring statistics for then-member ring fromn=3 to n=12.

The four 6-member rings did not consist of molecular IV. DYNAMICAL PROPERTIES

As,Se;.

Experiment¥? observe the FSDP near1.3 A~1. Some
have proposed that it indicates an IRO in the range of 5.0
and others suspected that it arises from the molecular un
As,Se;. From our calculation it is difficult to say that the
shoulder ofS(Q) near 1 A! is assigned to an unambigu-
ous correlation of IRO. In this connection, the calculaigg

The dynamical properties of our model are characterized
by the vibrational density of statd¥DOS). The features of
ﬁr?calization in the vibration modes are analyzed by the in-
verse participation ratidPR). The computational methodol-
ogy follows the previous study aj-GeSe of our group?®
We use the programmoL (Ref. 33 to visualize the atomic
motion to report the vibrational modes.

The calculated VDOS is compared with the experimental
inelastic neutron scattering resdftsn Fig. 5. The overall
agreement is rather good. The VDOS can be divided into two
main bands. The low-energy band goes up to 20 meV. After
a valley the high-energy band decays near 40 meV. Experi-

TABLE II. Distribution of coordination configurations of Se in
modelg-As,Se;.

Coordination  Total number  Nearest-neighbor Number

number (in %) atoms : . . .
ments determined that the lower band is nearly identical for
1 26(20.2% 1-As 21 the same average coordination number over a wide range
1-Se 5 composition in Se-As-Ge alloy$.1t is proposed that those
2 7860.5% 2-As 47 ) o ,
1-As and 1-Se 26 - TABLE lIl. Ring statistics. The number af-member ringsn
2.Se 5 =3-12.
3 2519.4% 3-As 10 Ring size 3 4 56 7 8 9 10 11 12
2-As and 1-Se 13

1-As and 2-Se 2 Number ofrings 2 3 114 5 5 2 3 2 6
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FIG. 5. Comparison between the calculated and experimental ) L . o .
vibrational density of states fa-As,Se,. FIG. 6. Total inverse participation ratidocalization of vibra-

tional modes. The VDOS is plotted to guide the position of vibra-
) N tional modes in modeb-As,Se;, the intensity is enlarged by a
modes in the low-energy band are sensitive only to conneGactor.

tivity rather than the short-range order in the glass as a

VIR.*® Our IPR analysis shows in Fig. 6 that the modesmetric stretching modey; occurs at higher energy. In the
below 20 meV are rather extended over the network, givingnodeX moves opposite to threééwhile in y5 there is oner

a direct numerical support to the experimental conjecturemoving toward X. Above 28.52 meV long bridging
The localized modes appear at the edges of main bands. ThRs-Se-Se-As- chain modes occur. Most of the local modes
same localization feature in the distribution of the vibrationalpetween 28.52 and 31 meV involve the single bridging Se
modes is also observed in the vibration ®GeSe.”® The  chain or the connected two pyramidéYs. There are in this
key structural unit in our model iXY3 groups. However, range combinations of; andy; modes, which comply with
because of the chemical disorder, about 23.1% ofXhie the connection between the ur'NYS_ Two five-member
occupied by Se. Using a molecular model, Lucovsky andings (4-Se and 1-Ascontribute at 29.14 and 30 meV and
Martin'>*® have calculated a mode of 27.28 meV one three-member ring2-Se and 1-As at 29.38 meV
(~220 cm'Y) to be an antisymmetric stretching modgsY  (~237 cnT'l). We mention that some have used the mode
of AsSe and thej:ymmetrlc stretching mode, is at 28.14  at 29.38 meV as an indicator of the layer structure in
meV (~227 cm'). Ewen, Sik, and Oweri performed a g-As,Se,.* After 31 meV singleX Y5 recur until about 33.1
valence force field calculation for the As-Se-Se-As chainmeV, and only one connected two pyramidéY; is local-
which yields a value of 33.23 meV~(268 cm') for the  ized at 31.74 meV. Most of other local modes are the bridg-
symr;]4etr|c_stretch|ng frequency of the Se-Sle bond. Lucovskyhg Se chains. The localization on the higher edge of the
et al>” attributed the 29.76 meV~240 cm ) vibration to  high-energy band becomes more complicated. Long chains
As atoms having less than three Se neighbors. All these cakre involved. The most localized vibrations are 6w,

culations were based on an isolated molecular model. Howghains occurring always at the high-energy tail of the high-
ever, because of the different form&y; and complicated energy band.

connection of Se chains, the localized vibrational modes
have a rather broad distribution compared to the simple cal-
culation on the chemically ordered cluster models as shown
in Fig. 6. Both As and Se are involved in the local modes as The electronic density of stat¢éEDOS is calculated and
indicated by Fig. 7. Analysis shows the local modes fromanalyzed by the inverse participation ratfoOur EDOS is
26.9 to 28.52 meV arise from three types of groups: singleompared with the available experimental restlis Fig. 8.
pyramidal XY3, connected pyramidsYi)X-X'(Y3), and  The agreement is impressive. The valence band of the EDOS
single bridging Se chain -As-Se-As-. By direct visual inspec-consists of two main bands. The upper band is from 0 to
tion it appears that the basic atomic vibrational mode of theabout—6 eV below the top of the valence band or the high-
three groups is antisymmetric stretching mode The sym-  est occupied molecular orbitdHOMO) (we have shifted the

V. ELECTRONIC STRUCTURE
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FIG. 9. Total and projected inverse participation rdtaxaliza-
tion) of electronic states for modgl-As,Se;. The Fermi level lies
between 0 and 2.0 eV.

zero energy reference to the HOMOThe weaker lower
band extends from about7 eV to —15 eV below the
HOMO. The upper band is attributed to the 4lectrons of

As and Se while the lower band is from the more localized
4s electrons. Because of one more nuclear charge, the 4
electrons band of Se is below the correspondisdgodnd of

As. The upper band is a mixed type. Thus the localization is
rather small except of at the band edge. These features can be
seen clearly from the IPR in Fig 9.

Near the optical gap, there is a distinctive peak deriving
mainly from Se atoms and As atoms which provides a
smaller contribution to this peak region. The leading peak, in
the range—2 to 0 eV, is attributed to the lone-pair band of
Se3® which is similar to topmost valence band of SBe-
low the leading peak about 2 eV is the bonding band pf 4
from both As and Se. One can observe that As is more in-
volved in the bonding region than the leading region of the
upper valence band. The As-Se bonds greatly reduce the
splitting of the upper valence band compared to the pure Se.
It is rather interesting that there are no band-gap states in our
EDOS. However, the states near the band edge are well lo-
calized. We found all the localized edge states derive partly
from the coordination defects of As. It is found that the
HOMO is localized on the only one twofold coordinated As
(see Table )l and the lowest unoccupied molecular orbital
(LUMO) and the second LUMO are populated on the only

FIG. 8. Comparison between the calculated and experimentdWo fourfold-coordinated As. The properties of states near
electronic density of states fgrAs,Se;. The zero-energy reference the band edge are crucial to the optical and photostructural
is at the top valence state. The experiment provides only the valengaroperties ofg-As,Se;. It is well known that band-gap exci-

band.

tation or light-induced effects involves those states near the
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band edge. The calculated gap between the HOMO angeak with 4 electrons of As. Both 4 electrons of As and
LUMQ is 1.42 eV, which is very close to the experimental Se are localized in the weaker lower band. It is of interest
value® 1.74 eV. that there are no gap states in the fundamental gap.
It is well known that the structure and properties of amor-
VI. CONCLUSIONS phous materials are sensitive to the method of prepar&tion.

By use of first-principles MD simulations the properties Similarly, different paths of MD simulation must give differ-

of g-As,Se, was studied using a 215-atom model. Our €Nt models. Our work is limited in the sense that we can
model gives good and uniform agreement with the experi2dvance only one model in this paper because of the compu-
mental studies of the structure, dynamical, and the electronifdtional expense in forming such models. Still, because the
properties. Although there is a fuzzy peak near 1.3%An model is relatively largg215 atomg and also because there
the calculated(Q) which indicates a correlation beyond the 2PP€ars to be only a few basic types of “building blocks” in

third-nearest neighbors of at least 6.5 A, we felt that a IargeT’hiS glass, it is reasonable to take our model as representative

model is required to unambiguously manifest the FSDP fea2f the glass. To make rigorous conclusions with unambigu-

ture near 1.3 Al. The most popular local modes arise from ous error bgr_s conc_ernin_g fraci_on_s of wrong _bonds, for ex-
the basic pyramidaX Y5 unit, the connected two pyramidal ample, is difficult with thls or S|r_n|l_ar _calculatn_)ns and one
(Y,)X—X'(Y), and the bridging Sechain. Because As and needs to understand this as a limitation of this type of ap-
Se have so much similarity in dynamical properties, all theproach.
possible modes mix in the similar frequency range. Com-

pared to the similarity of dynamical properties of As and Se

the electronic structure shows key distinctions between ele- This work was supported in part by the National Science
ments. The leading peak near the HOMO is from don-  Foundation under Grant Nos. DMR 96-04921 and DMR 96-
bonding electrons of Se. The bonding 4lectrons of Se 18789. We thank Professor Normand Mousseau and Profes-
give the shoulder in the upper valence band after the leadingor Ron Cappelletti for helpful discussions.
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