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Medium-range order in amorphous selenium: Molecular dynamics simulations

Kazuma Nakamura and Atsushi Ikawa
Department of Chemistry, Graduate School of Science, Kyoto University, Kitashirakawa, Sakyo-ku, Kyoto, 606-8502, Japa

~Received 23 September 2002; revised manuscript received 16 December 2002; published 14 March 2003!

In this paper we present a theoretical study on a glassy structure and infrared~IR!/Raman spectra of
amorphous selenium~a-Se!. The vibrational spectra are calculated for two-hundred independent amorphous
samples obtained by performing molecular-dynamics~MD! simulations for one linear chain of 216 Se atoms.
The interaction potential used in the MD simulation is constructed on the basis ofab initio molecular-orbital
calculations~with the Hartree-Fock and second-order Møller-Plesset methods! for various Se clusters. The
parameters in the bond-current and bond-polarizability models needed for the spectral calculations are also
determined by the sameab initio approach. The calculated static structure factor, vibrational density of states,
and IR/Raman spectra well reproduce experimental results. It is found that there exists a remarkable medium-
range order in the disordered Se chain; i.e., a chain segment having four consecutive dihedral angles with
alternate signs@i.e., ~1, 2, 1, 2! or ~2, 1, 2, 1!# tends to be excluded from the chain structure, which is
attributed to the steric hindrance effect existing in those configurations. By comparing the polarized Raman
spectra for two different random chains with and without the above steric hindrance effect, we find that only
the former spectrum exhibits a distinct peak at 80 cm21 which is observed also in the experiment. Therefore the
appearance of this peak provides useful information on the medium-range order existing in the disordered Se
chain.

DOI: 10.1103/PhysRevB.67.104203 PACS number~s!: 61.43.Fs, 78.30.2j, 63.50.1x
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I. INTRODUCTION

Amorphous selenium~a-Se! has been widely investigate
as a representative disordered system both experimen
and theoretically. In particular, optical properties associa
with photoinduced structural changes such as the photo
ductivity and photodarkening phenomena1,2,27 have received
much attention in semiconductor technologies. It is w
known that the system undergoes the so-ca
semiconductor-metal transition3,4 near the critical point (Tc
51860 K, pc5380 bars,) which is also closely related to t
structural changes in the liquid phase occurring at high te
peratures. To deeply understand such various phenome
is highly desirable to obtain microscopic information on t
disordered system.

The structure ofa-Se has been currently considered
follows: ~i! the major component is two-coordinated cha
polymers with 103– 104 Se atoms, while the fraction of ring
molecules such as Se7 and Se8 is considerably small,~ii !
bond lengths and bond angles in the disordered Se chain
approximately 2.35 Å and 105°, respectively, and~iii ! dihe-
dral angles tend to distribute around690° because of a lone
pair repulsion between the neighboring atoms. Such st
tural information on the short-range order has be
confirmed through the viscosity experiment for liquid S
near the melting point,5 NMR,6 x-ray7 and
neutron-diffraction8–10 measurements, extended x-ra
absorption fine structure,11 infrared ~IR!/Raman
spectroscopy,12–19 and also by performing recently deve
oped tight-binding20–22 andab initio23–27 molecular dynam-
ics ~MD! simulations.

There are many properties, however, which cannot be
derstood within the knowledge on the short-range order m
tioned above. IR and Raman spectra are typical example
such properties, since the induced dipole and polarizab
0163-1829/2003/67~10!/104203~12!/$20.00 67 1042
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responsible for these spectra extend spatially beyond
length scale associated with the short-range order.28–30In the
case ofa-Se, the IR and Raman peaks in the low-frequen
bands~0–150 cm21! have not yet been assigned, and the
assignments seem to require a theoretical analysis that t
into account amedium-rangestructure of the system. Al-
though there are many MD simulations performed
a-Se,20–27,31–36these studies put emphasis on reproducing
short-ranged properties such as the static structure factor
hence they are not helpful in assigning the low-frequen
band.

Our aim in this paper is thus to perform a theoretic
analysis on the IR and Raman spectra ofa-Se, focusing es-
pecially on a possible medium-range order of the system
this end we first construct an analytical valence force fi
model describing the intra- and interchain interactions ba
on ab initio molecular-orbital~MO! calculations. With this
force field a set of MD simulations are performed to gener
glassy samples of the disordered Se chain, which are su
quently used for calculating the IR and Raman spectra wit
the framework of the bond-current and bond-polarizabil
models. These analyses will show that there exists
medium-range order associated withfour consecutive dihe-
dral anglesalong the Se chain, which is related to the ste
hindrance effect in the chain. We will also demonstrate tha
does affect the polarized Raman spectra in the low-freque
band.

This paper is organized as follows: In Sec. II, we descr
the interaction potential based on theab initio MO calcula-
tions for various Se clusters. Details of the MD simulatio
procedures for obtaining the vitreous structures, and co
parisons between the calculated and experimental struc
factors are given in Sec. III. We show in Sec. IV the the
retical vibrational density of states and IR/Raman spec
together with a parametrization of the bond-current/bo
©2003 The American Physical Society03-1
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KAZUMA NAKAMURA AND ATSUSHI IKAWA PHYSICAL REVIEW B 67, 104203 ~2003!
polarizability models, and then compare them with the
perimental results. Section V is devoted to assignment
the vibrational spectra and the analysis of a poss
medium-range order in the disordered Se system. Conc
ing remarks are given in Sec. VI.

II. INTERACTION POTENTIAL

The total potentialU total for one covalent-bonded chain
polymer is approximately divided into two parts,29–33i.e., the
intrachain valence force field~VFF! U intra and the nonbonded
atoms interactionUNB ,

U total5U intra1UNB . ~1!

HereU intra describes the potential associated with the ch
backbone, whileUNB describes the excluded volume effe
between nonbonded atoms.

To determine a set of parameters in the potential~see
below!, ab initio MO calculations were performed for var
ous Se clusters using the restricted Hartree-Fock~RHF! and
second-order Møller-Plesset perturbation~MP2! theories. We
utilized the GAUSSIAN 98 suite37 for this purpose, and em
ployed a double-z, valence basis set optimizing for use of th
effective core potential,38 together with two sets ofd-type
polarization functions39 (zd150.489, zd250.144)
@ECP-41G(2d)#. We note here that the reliability of thi
basis set has been demonstrated in a previous work f
regular helical Se chain.40

A. Intrachain valence force field

In this work we employed a rather simple form of th
intrachain valence force field,U intra, which includes severa
terms such as stretchingUr , bendingUu , and torsionalUf
potentials as well as couplingUrr 8 and Uru terms among
them:

U intra5Ur1Uu1Uf1Urr 81Uru ~2!

5
kr

2 (
n

~r n2 r̄ !21
ku

2 (
n

~un2 ū !2

1
Vf

2 (
n

$12cos 2~fn2f̄ !%

1krr 8(
n

~r n212 r̄ !~r n2 r̄ !

1kru(
n

$~r n212 r̄ !1~r n2 r̄ !%~un2 ū !. ~3!

Here r n , un , andfn are thenth triplet of the internal vari-
ables~bond length, bond angle, and dihedral angle, resp
tively! of the chain, which are illustrated in Fig. 1~a!, and r̄ ,
ū, andf̄ represent their values at the equilibrium geome
kr , ku , krr 8 , andkru stand for the harmonic force constan
and Vf describes a rotational barrier of the dihedral ang
We emphasize that the above VFF is a ‘‘minimal’’ model f
reproducing the experimental disordered structure and vi
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tional spectra. We first employed a slightly more compl
functional form involving the couplings between the dihed
angle and other variables, but it was found that these c
plings are not essential in reproducing the experimental
sults such as vibrational spectra. On the other hand, the
coupling terms in Eq.~2! ~i.e., the stretch-stretch couplin
Urr 8 and the stretch-bend couplingUru) were found to be
crucially important in reproducing the experimental IR a
Raman frequencies of the stretching band ofa-Se~see Sec. V
A!. The details of the results were reported in Ref. 30.

To determine the VFF parameters above, we focus on
characteristic segments representing the basic build
blocks of the disordered Se chain,14 namely thehelixlikeseg-
ment and theringlike segment depicted in Fig. 1. These se
ments are defined in terms of the signs of two consecu
dihedral anglesfn andfn11 as

~fn ,fn11!

5H ~1, 1 ! or ~2, 2 ! for helixlike segment,

~1, 2 ! or ~2, 1 ! for ringlike segment.
~4!

With this definition, the segment depicted in Fig. 1~a! is he-
lixlike since both thefn andfn11 angles are positive, while
that in Fig. 1~b! is ringlike becausefn.0 andfn11,0. ~We
note here that the present classification is associated with
consecutive atoms in the disordered chain, and that the m
nitude of the dihedral angles are not taken into account in
definition above.! Next we consider two types of finite S
chain molecules terminated by the hydrogen~H! atoms,
HSe11H, which contains a helixlike or ringlike segment
the center of the molecule. Thenab initio MO calculations
were performed with the RHF plus MP2 methods to obt
their optimized geometries and associated force consta
The resulting VFF parameters are listed in Table I. W
should note here that the equilibrium dihedral anglef̄ and
the rotational barrierVf were determined in a different man
ner; they were estimated by calculating a one-dimensio
adiabatic potential energy curve~at the RHF level! as a func-
tion of the dihedral angle with all the other internal coord
nates optimized geometrically.

The parameters used in the following MD simulations a
defined basically as the average of the values for the he

FIG. 1. Helixlike segment~a! and ringlike segment~b! in a-Se.
The nth triplet of the internal variables~i.e., the bond lengthr n ,
bond angleun , and dihedral anglefn) is given in panel~a!, while
the definition of thenth local coordinate system$x̂n

L ,ŷn
L ,ẑn

L% is
given in panel~b!. The central atomn in each segment is defined a
the helixlike or ringlike atom~see Sec. V B!.
3-2
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MEDIUM-RANGE ORDER IN AMORPHOUS SELENIUM: . . . PHYSICAL REVIEW B 67, 104203 ~2003!
like and ringlike configurations. Since we are interested
constructing the potential function that can reproduce
experimental IR/Raman spectra, we made the following
justments on the parameters~see the fourth column in Tabl
I!: first, the stretching force constantkr was scaled by a
factor of 0.9 so as to reproduce the experimental frequenc
which is related to a redshift of the frequencies in conden
phase due to a through-space charge-transfer effect.19,41 Sec-
ond, we set the equilibrium bond angleū to 106°, which is
important in reproducing the experimental relative posit
of the stretching IR and Raman peaks~see Sec. V A!. Also
the equilibrium dihedral anglef̄ was set to 90° so that th
torsional potential, (Vf/2)$12cos 2(f2f̄)%, should satisfy
an inversion symmetry aboutf50°.

B. Nonbonded atoms interaction

The nonbonded atoms interaction in Eq.~1!, UNB , is de-
scribed as the sum of pairwise potentialsU(R),

UNB5 (
n>m13

U~Rnm! ~5!

5 (
n>m13

H AS 1

Rnm
D hA

2BS 1

Rnm
D hBJ , ~6!

whereRnm is the distance between nonbonded atomsn andm
in the chain.

To determine the repulsion parameters (A,hA) in the po-
tential, we first calculated the interaction energies betw
various monomers (HSe3H and HSe4H) with the RHF
method, changing the distance between the monomers. T
configurations were chosen by considering the orientation
lone-pair orbitals or covalent bonds in the dimer, and a to
of 184 configurations were sampled to examine the repul
interactions. TheA andhA parameters were then determin
by fitting them to the resultingab initio energies, which are
shown in Table II. The least-squares fitting error is abou

TABLE I. Parameters in the intrachain valence force fieldU intra

@Eq. ~2!# derived fromab initio MO calculations for two types of
the chain molecule HSe11H, which contains a helixlike or ringlike

segment at each molecular center. Ther̄ , ū, kr , ku , krr 8 , andkru

values were evaluated at the MP2 level, while thef̄ andVf values
were estimated at the RHF level. The parameters used in the
simulation ~fourth column! are the averages of the values for t

helixlike and ringlike configurations except forū, f̄, andkr .

Helixlike Ringlike Simulation

r̄ ~Å! 2.3537 2.3530 average

ū ~°! 103.34 104.93 106.0

f̄ ~°! 80.46 90.93 90.0

kr ~hartree/bohr2! 0.1085 0.1089 average30.9
ku ~hartree/rad.2! 0.1652 0.1772 average
Vf ~hartree! 0.0065 0.0058 average
krr 8 ~hartree/bohr2! 0.0153 0.0160 average
kru ~hartree/bohr/rad.! 0.0161 0.0172 average
10420
n
e
-

s,
d

n

se
of
l
e

2

kcal/mol, which suggests a reasonable agreement betw
the fitted potential and theab initio one, particularly consid-
ering the simple isotropic form of the potential function.

The attraction parameters (B,hB) in the potential were
determined so that the simulated density should agree
the experimental density42 (rexpt.54.280 g/cm3); i.e., these
parameters were empirically determined after a numbe
MD simulations with different sets of (B,hB) values. We
plot in Fig. 2 the total potential energy per particle (U total/N)
as a function of the densityr. The potential energy at eac
density was evaluated for the optimized geometry of
amorphous sample obtained from the MD simulation w
B5416.0 andhB56 ~in Table II!. A parabolic fit was then
carried out for the resulting potential curve. The density th
obtained becomes 4.284 g/cm3.

III. MOLECULAR DYNAMICS SIMULATION
AND PREPARATION OF VITREOUS STRUCTURE

The MD simulations were performed for a system co
tainingonelinear chain of 216 atoms with a periodic boun
ary condition. The length of the periodic cell was chosen
18.774 Å, which gives the density of 4.280 g/cm3 corre-
sponding to the experimental value.42 The equation of mo-
tion was integrated using the velocity-Verlet argolithm43 with
a time stepDt of 2310215 sec.

Amorphous structures were obtained through the follo
ing four steps~also shown schematically in Fig. 3!: ~i! A
random chain was generated as an initial configuration w
the bond lengthsr n and bond anglesun fixed at their equi-
librium values, and with the dihedral anglesfn randomly
distributed over the interval2180°,fn,180°. This chain
was equilibrated with an MD simulation of 1 ns at a rel

FIG. 2. Total potential energy per particleU total /N as a function
of the densityr. An arrow indicates the position of the experiment
density (rexpt.54.280 g/cm23) ~Ref. 42!.

D

TABLE II. Determined parameters in the pairwise potent
U(R) @Eq. ~6!#.

A ~hartree•bohr8! 18 045.74
hA 8
B ~hartree•bohr6! 416.0
hB 6
3-3
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KAZUMA NAKAMURA AND ATSUSHI IKAWA PHYSICAL REVIEW B 67, 104203 ~2003!
tively high temperature of 873 K. We note here that the
cluded volume effect was completely neglected at this sta
i.e., only the intrachain valence force fieldU intra of Eq. ~2!
was included in the simulation above.~ii ! To recover the
excluded volume effect, we introduced the nonbonded ato
interactionUNB gradually into the system. For this purpose
is convenient to rewrite the pairwise potential in Eq.~6! in
terms of the equilibrium distances0(54.02 Å) correspond-
ing to the potential minimum as

U~R!5aS s0

R D hA

2bS s0

R D hB

, ~7!

where thea and b values are defined by the equations
as0

hA5A and bs0
hB5B, respectively. Thes0 parameter in

the potential was first artificially set to zero, and then
made it recover the original value~4.02 Å! at the rate of
0.4% per 2000 time steps. After the recovery process
carried out an equilibration run of 1 ns at the liquid tempe
ture. ~iii ! The resulting structure was then therma
quenched from the liquid state at 873 K to the glassy stat
300 K via a stepwise rescaling of the atomic velocity. T
rate of temperature decrease is 0.1% per 1000 time s
corresponding to 0.28731012 K/sec. After the quenching
process, the system was again thermalized at the temper
for 1 ns.~iv! Finally we performed a geometry optimizatio
of the chain using the conjugate-gradient method;44 i.e., the
system was quenched to the zero-temperature limit, thus
sulting in an amorphous structure of interest. By repeat
the four procedures above we generated a set of 200 i
pendent vitreous structures, which were subsequently use
evaluate the ensemble average of static and dynamic pro
ties.

To check the reliability of the vitreous structures thus o
tained, we calculated the static structure factor defined b

S~q!5
1

N K (
n

(
m

eiq•~Rm2Rn!L , ~8!

FIG. 3. Schematic diagram of the computational procedure
obtaining glassy structures ofa-Se.
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whereq denotes a scattered wave vector,Rn is the position
of the nth atom, and̂¯& represents the ensemble averag
Figure 4 shows the comparison of the calculatedS(q) at 300
K ~solid line! with the result of the recent neutron-scatteri
measurement10 ~open circle!. As seen in the figure, the ca
culated result agrees quite well with the experimental o
including peak positions at 1.9, 3.7, 5.3, and 8.9 Å21 as well
as the shoulderlike feature around 7.0 Å21.

Although this good agreement is very encouraging,
need to emphasize that the static structure factorS(q) is a
quantity rather insensitive to the details of the potential fu
tion; various other chain models can also reproduce the
perimental structure factor rather well. For instance, the
perimentalS(q) can be reproduced by the so-called nea
free rotating chain model8,9 having the rigid bond lengths
and angles but the randomly distributed dihedral angles.
the other hand, the dihedral angles in our samples are
tributed around690° with the full width at half maximum of
40°. Thus it is clear thatS(q) is almost dominated by a
short-range order~i.e., two-body and three-body correla
tions! but is very insensitive to amedium-range orderrelated
to more than four-body correlations.

IV. VIBRATIONAL SPECTRA

As mentioned above, the static structure factorS(q) is a
quantity rather insensitive to a medium-range order in
system. Hence it is necessary to go beyond that quantit
order to investigate the latter, and to this end we consider
vibrational properties ofa-Se such as the IR and Rama
spectra in the following sections.

A. Vibrational normal modes and density of states

Vibrational normal modes needed for the calculation
the vibrational spectra are obtained by diagonalizing
~mass-scaled! force constant matrix for the geometry
optimized vitreous structure. The matrix elements are defi
as

Dna,mb5S 1

M D ]2U total

]ua~n!]ub~m!
, ~9!

r

FIG. 4. Comparison between the calculated~solid line! and ex-
perimental~Ref. 10! ~open circle! static structure factors ofa-Se at
300 K.
3-4
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MEDIUM-RANGE ORDER IN AMORPHOUS SELENIUM: . . . PHYSICAL REVIEW B 67, 104203 ~2003!
where U total is the total potential energy in Eq.~1!, ua(n)
stands for the Cartesian displacement of thenth atom along
the coordinate axisa, andM is the atomic mass of Se. Th
eigenvectors$Qi% and eigenvalues$v i

2% thus obtained de-
scribe the vibrational normal modes and the associated
quencies. In actual calculations the above force-constant
trix was evaluated via finite difference of the analytic
forces with respect to the atomic displacements.

The vibrational density of states~VDOS! can be written
using the eigenfrequencies$v i% as

r~v!5K (
i

d~v2v i !L , ~10!

where the angular bracket indicates an ensemble ave
over the 200 structural samples generated in the prece
section. We compare in Fig. 5~a! the calculated VDOS~solid
line! with the experimental one~dotted line! obtained from
the inelastic neutron-scattering measurement.45 The VDOS
consists of the stretching (230<v<270 cm21), bending
(50<v<150 cm21), and torsional/intermolecular (0<v
<50 cm21) bands. It is seen from this figure that the calc
lated VDOS is qualitatively in good agreement with the e
perimental result over the whole frequency range.

FIG. 5. Comparison of vibrational spectra between theory~solid
line! and experiment~dotted line!: ~a! vibrational density of states
~VDOS!; ~b! IR spectrum;~c! polarized Raman spectrum at 300 K
The experimental VDOS and Raman spectrum are taken from R
45 and 14, respectively. The experimental IR spectrum is ta
from Ref. 12 for the frequency range of 10–80 cm21 and from Ref.
14 for 80–300 cm21. A Lorentzian broadening of 1.5 cm21 is ap-
plied to the calculated spectra.
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B. IR spectrum

The IR spectrum is written in terms of the derivative of
total dipole momentm with respect to the normal modeQi ,

I ~v!5K (
i

U ]m

]Qi
U2

d~v2v i !L , ~11!

where~and from now on! we omit a proportionality constan
independent ofv. For numerical calculations it is more con
venient to express the derivative]m/]Qi in terms of deriva-
tives with respect to the Cartesian coordinates as

]m

]Qi
5(

n
(
a

]m

]ua~n!

]ua~n!

]Qi
. ~12!

Here the first factor]m/]ua(n) on the right-hand side is
called a dynamical-charge tensor and describes the resp
of the total dipole to the displacement of each atom.

For a polymeric chain the system dipole may be divid
into through-bond-type and through-space-type contri
tions. The former dipole results from the electron trans
through covalent bonds in the chain, while the latter ori
nates from the electron transfer between nonbonded at
due to the spatial overlap of the~localized! molecular orbit-
als. In the present work we neglect the latter contribution
the sake of simplicity. We also make a further approximat
to the through-bond charge transfer; i.e., the system dip
will be described using the following bond-current~BC!
model,15,40,46–48

m5(
n

S Jr

r̄
~Dr n212Dr n!~rn211rn!1JuDun~rn212rn! D ,

~13!

wherern denotes the bond vectorRn112Rn , andDr n and
Dun representr n2 r̄ and un2 ū, respectively. Within the
above model the dipole moment is determined by only
two parametersJr and Ju , which describe through-bond
electronic currents induced by local stretching and bend
motions, respectively.15,40,47

Numerical values of these BC parameters (Jr , Ju) were
determined by fitting the approximate dynamical-charge t
sors derived with the BC model to those obtained fromab
initio electronic structure calculations. The latterab initio
calculations at the MP2 level were performed for the cen
atoms in the HSe11H molecules having a helixlike or ringlike
configuration~Fig. 1!. The dipole derivative was estimate
by the numerical differentiation of the analytic dipole wi
respect to the atomic displacement. We also introduced
additional p-type diffuse function49 (zp50.0328)
@ECP-41G1(2d)# into the basis set in order to accurate
describe polarization properties.50 We show in Table III the
dynamical-charge tensors thus obtained from theab initio
calculations and from the BC model. These tensors are
pressed in terms of the local coordinate system$x̂n

L ,ŷn
L ,ẑn

L%
@see Fig. 1~b!#, where they axis is taken to be the opposit
direction of the bisector of the (n21)-n-(n11) angle, thex
axis is perpendicular to this bisector and in then
21)-n-(n11) plane, and thez axis is orthogonal to both the

fs.
n

3-5
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TABLE III. Dynamical-charge and polarizability-derivative tensors for the helixlike and ringlike configurations obtained from tab
initio MO method@MP2/ECP-41G1(2d)# and from the bond-current~BC!/bond-polarizability~BP! models. The tensors are represented
the local coordinates@Fig. 1~b!#. Unit: atomic unit.

]m i /]j j ]x i j /]jx ]x i j /]jy ]x i j /]jz

~helixlike configuration,ab initio!

0.085 0 0.046 0 5.57 0 2.91 0 20.21 0 1.26 0
0 20.049 0 5.57 0 20.79 0 13.53 0 1.26 0 4.88

20.108 0 20.045 0 20.79 0 20.21 0 4.36 0 4.88 0

~helixlike configuration, BC/BP model!

0.107 0 0.054 0 5.29 0 2.84 0 0 0 2.46 0
0 20.043 0 5.29 0 20.33 0 11.96 0 2.46 0 5.72

20.128 0 20.065 0 20.33 0 0 0 6.47 0 5.72 0

~ringlike configuration,ab initio!

0.119 0 0 0 5.29 20.18 0.62 0 0 4.84 0 0
0 20.026 0.044 5.29 0 0 0 11.22 5.42 0 0.93 4.18
0 20.146 20.085 20.18 0 0 0 5.42 7.21 0 4.18 10.44

~ringlike configuration, BC/BP model!

0.102 0 0 0 5.48 20.04 1.91 0 0 5.24 0 0
0 20.027 0.026 5.48 0 0 0 11.08 0.13 0 4.15 5.15
0 20.121 20.070 20.04 0 0 0 0.13 5.57 0 5.15 6.76
A
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x and y axes making a right-handed coordinate system.
found from the table the fitting accuracy is quite good
both the configurations with the least-squares error of 0.
~a.u.!. The resulting parameters (Jr , Ju) are given in Table
IV.

We show in Fig. 5~b! the IR spectrum calculated via Eq
~11! ~solid line!, together with the experimental result12,14

~dotted line!. Our result reproduces the experimental ma
bending and stretching peaks at 135 and 255 cm21, respec-
tively, whereas the intensity of the bending peak is somew
underestimated in the theoretical result. Unfortunately,
calculated spectrum does not reproduce either the exp
mental bending subpeaks at 60 and 95 cm21 or the stretching
shoulder peak at 238 cm21. These deficiencies may be attrib
uted to the neglect of through-space charge transfers betw
nonbonded atoms in the theoretical treatment above.29

C. Polarized Raman spectrum

Next we consider the polarized Raman spectrum at a
nite temperature, which can be written as

S~v!5
\

v~12e2b\v! K (i
F1

3
TrS ]x

]Qi
D G2

d~v2v i !L ,

~14!

wherex is a total polarizability tensor of the system, andb
51/kBT. Similarly to the case of the dipole derivative, th
polarizability derivative is also rewritten in terms of tho
with respect to the Cartesian displacements as

]x

]Qi
5(

n
(
a

]x

]ua~n!

]ua~n!

]Qi
. ~15!
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The derivative]x/]ua(n) is referred to as a polarizability
derivative tensor and expresses the response of the tota
larizability to atomic displacements.

In parallel to the treatment of the dipole moment in t
previous subsection, we treat the system polarizability us
the so-called bond-polarizability~BP! model,48,51 in which
the total polarizability is approximated by a sum of polar
ability tensors for the individual bonds with a cylindrica
symmetry. With this model the total polarizability of a simp
chain system can be written as

x5(
n

FanI1bnS r̂ nr̂ n
t 2

1

3
I D G , ~16!

whereI is a 333 identity matrix,r̂ n5rn /r n , andan andbn
describe isotropic and anisotropic parts of the bond pola
ability, respectively. We expand thean and bn terms up to
the first order in the internal variables as follows:

an5a rDr n1au~Dun1Dun11!, ~17!

TABLE IV. Determined parameters in the bond-current~BC!
@Eq. ~13!# and bond-polarizability~BP! @Eq. ~16!# models. Unit:
atomic unit.

BC model Jr 0.0961
Ju 20.0365

BP model a r 8.137
au 6.039
b r 8.761
bu 11.733
g 3.222
3-6
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bn5b rDr n1bu~Dun1Dun11!1g r̄ . ~18!

Here the expansion coefficients (a r ,b r) and (au ,bu) repre-
sent the changes in the polarizability of thenth bond by the
local stretching and bending motions, respectively, whileg
expresses the anisotropy of the static bond polarizability
should be noted that the above functional form in Eqs.~17!
and ~18! differs from the conventional BP model in that th
former includes the dependence ofx on the bond angles~i.e.,
au andbu) explicitly while the latter does not. We found tha
this extension is essential for reproducing the experime
bending Raman spectrum.

The BP parameters (a r , au , b r , bu , g! were determined
with essentially the same fitting procedure as that of the
parameters.Ab initio polarizability-derivative tensors wer
obtained by numerically differentiating the dynamical-char
tensor obtained above with respect to the applied elec
field. We give in Table III the resultingab initio
polarizability-derivative tensors, together with the fitte
model ones. Although some disagreements are seen in
case of the ringlike configuration, the accuracy of the para
eter fitting is reasonably good as a whole with the lea
squares fitting error of 1.35~a.u.!. The fitted BP parameter
are listed in Table IV.

Figure 5~c! shows a comparison between the polariz
Raman spectrum at 300 K obtained with Eq.~14! ~solid line!
and the experimental result14 ~dotted line!. Our calculated
spectrum reproduces the experimental sharp stretching
at about 250 cm21 and broad bending peaks around 80, 1
and 132 cm21. We should point out that our result also r
produces a slight redshift of the stretching Raman peak f
the IR peak seen in the experimental spectra~theory,
vRaman5250 cm21 and v IR5253 cm21; experiment,
vRaman5250 cm21 and v IR5255 cm21), which will be ex-
amined further in the next section.

V. DISCUSSION

In this section we perform assignments for the calcula
vibrational spectra ofa-Se, particularly focusing on the fol
lowing:

~i! The relative positions of the stretching IR~253 cm21!
and Raman~250 cm21! peaks.

~ii ! The physical origin of the three peaks~80, 100, and
132 cm21! appearing in the bending Raman spectru

We will examine the first issue through a comparison w
vibrational spectra of a regular helix~Sec. V A!, while we
will analyze the second issue via use of an approximate
mula for the bending Raman spectrum, and discus
medium-range order ofa-Se responsible for the spectrum
the frequency domain of interest~Sec. V B!.

A. Comparison with the regular helix

The regular helix has a clear advantage that it is straig
forward to assign the related spectrum: First, its vibratio
property can be understood in terms of a dispersion rela
connecting the frequencyv and the wave numberq̃, which
10420
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can be obtained using the Bloch theorem in a normal-m
analysis.40 Second, its vibrational spectra can be assigned
terms of the rotational anglet of the helix;40,52 the IR active
modes are the phonon modes with the wave numberq̃50 or
t, while the Raman active modes correspond to theq̃50, t,
or 2t phonon modes.53 Sincea-Se consists primarily of long
chain polymers, we expect that the spectral features of
regular helix will also appear in the spectra ofa-Se at least
qualitatively.

We show in Fig. 6 the phonon dispersion curve~a! and the
vibrational spectra~b! of the regular helix, and compar
them with the spectra ofa-Se ~c!. The calculations for the
regular helix anda-Se were performed using the same for
field and the BC/BP models. The IR spectrum of the regu
helix exhibits a peak at the position ofq̃5t @open circle in
the panel~a!#, while the polarized Raman peak is at the
position of q̃50 ~filled circle!. ~We note in passing that th
q̃50 mode is not IR active though it is allowed by the s
lection rule; this is simply because no dipole moment is
duced by the mode.! As found from the figure the stretchin
phonon dispersion of the regular helix is aconvexfunction of
the wave numberq̃; the frequencyv(q̃) in this band in-
creases fromq̃50 to q̃5p/2, and then decreases fromq̃
5p/2 to q̃5p.54 Hence in the case of the regular helix, th
stretching frequency of the IR absorption becomes hig
than that of the Raman scattering. We should point out th

FIG. 6. Calculated phonon dispersion~a! and vibrational spectra
of the regular helix~b! anda-Se~c!. A Lorentzian broadening of 1.5
cm21 is applied to the calculated spectra. Upper panels: freque
range for the stretching band~230–270 cm21!. Lower panels: fre-
quency range for the bending and torsional/intermolecular ba
~0–160 cm21!. Filled and open circles in the panel~a! refer to the
q̃50 and q̃5t positions, respectively, wheret is the rotational
angle of the regular helix.
3-7
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similar tendency is also observed in the amorphous ph
indicating that the similar~virtual! phonon dispersion rela
tion still remains in the vibrational characters ofa-Se.30 We
can also see a similar correspondence in the bending IR s
trum; i.e., the bending IR peak of the regular helix~132
cm21! agrees with that ofa-Se ~135 cm21!.

A significant difference appears in the case of the bend
Raman spectra. That is, while the regular helix exhibits
intensity in this band,a-Se shows three bending peaks at 8
100, and 132 cm21. This spectral difference seems to ari
from their structural differences;14 the former consists only
of helixlike segments, whereas the latter includes ringl
segments in addition to the helixlike ones. Therefore, to
derstand the physical origin of the bending peaks above,
necessary to examine the role of the ringlike segments e
ing in the disordered Se chain.

B. Effect of the medium-range order on the bending Raman
spectrum

Here we derive an approximate formula for the bend
Raman spectrum and demonstrate that structural correla
among consecutive ringlike segments strongly affect
low-frequency band of the Raman spectra. First, we de
the reduced polarized Raman spectrumSR(v) by removing
the pre-factor of the angular bracket in Eq.~14! as

SR~v!5
2v~12e2b\v!

\
S~v!5K (

i
F ]x̄

]Qi
G2

d~v2v i !L ,

~19!

with ]x̄/]Qi5(1/3)Tr(]x/]Qi), which is more suitable for
discussing the dependence of the Raman spectra on the s
ture of a-Se. Next, we define a helixlike or ringlikeatomas
being the central atom of a helixlike or ringlike segme
According to this definition, the atomn in Fig. 1~a! are speci-
fied as a helixlike atom since the five atoms (n22 to n
12) constitute a helixlike segment. Notice that any atom
the chain can be classified as helixlike or ringlike by cons
ering the neighboring five atoms. Since a disordered cha
characterized by the sequence of helixlike and ringlike
oms, we divide the derivative]x̄/]Qi into the following six
terms:

]x̄

]Qi
5(

n
(
a

]x̄

]ja~n!

]ja~n!

]Qi

5 (
n

HLA S ]x̄

]jx~n!

]jx~n!

]Qi
1

]x̄

]jy~n!

]jy~n!

]Qi

1
]x̄

]jz~n!

]jz~n!

]Qi
D1 (

m

RLA S ]x̄

]jx~m!

]jx~m!

]Qi

1
]x̄

]jy~m!

]jy~m!

]Qi
1

]x̄

]jz~m!

]jz~m!

]Qi
D , ~20!

wherej(n) is the displacement vector of thenth atom in the
local coordinates, and ‘‘HLA’’ and ‘‘RLA’’ in the summation
denote the helixlike atom and the ringlike atom, respectiv
Since the polarizability derivatives expressed in the local
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ordinates$]x̄/]j(n)% are nearlysite independent, we can
approximate the derivatives as follows:

S ]x̄

]jx~n!
,

]x̄

]jy~n!
,

]x̄

]jz~n! D.~0,a r ,0!, nPHLA, ~21!

S ]x̄

]jx~m!
,

]x̄

]jy~m!
,

]x̄

]jz~m! D.~0,a r ,au!, mPRLA.

~22!

Hence an isotropic induced-polarizabilitya r term arises
from the localy displacement of the helixlike atom, whil
two induceda r and au terms are for the localy and z dis-
placements of the ringlike atom, respectively.14 Substituting
Eqs.~21! and ~22! into Eq. ~20! yields

]x̄

]Qi
.dx̄HLA, y

i 1dx̄RLA,y
i 1dx̄RLA,z

i , ~23!

with

dx̄HLA, y
i 5a r (

n

HLA
]jy~n!

]Qi
, ~24!

dx̄RLA,y
i 5a r (

m

RLA
]jy~m!

]Qi
, ~25!

]x̄RLA,z
i 5au(

m

RLA
]jz~m!

]Qi
, ~26!

which suggests that the Raman-scattering intensity for
normal modeQi becomes

S ]x̄

]Qi
D 2

5~dx̄HLA, y
i !21~dx̄RLA,y

i !21~dx̄RLA,z
i !2

1cross terms. ~27!

By substituting Eq.~27! into Eq.~19!, we can decompose th
reduced polarized Raman spectrum in the bending band
the individual contributions. Figure 7~a! displays the decom-
posed Raman spectrum thus obtained, which clearly sh
that the three peaks in the full spectrum~thick solid line! are
dominated only by the contribution of the (dx̄RLA,z

i )2 term in
Eq. ~27! ~thin solid line!.

This fact implies a further approximation to the polari
ability derivative in Eq.~23!, that is, we may keep only the
third term in Eq.~23! as

]x̄

]Qi
.au(

m

RLA
]jz~m!

]Qi
. ~28!

With this approximation, the Raman intensity can be rew
ten in terms of structural correlation functions. This is a
complished by first introducing a characteristic function$ f m%
that selects only the ringlike atoms,

f m5H 1, mPRLA,

0, mPHLA,
~29!
3-8
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to remove the limitation on the summation

]x̄

]Qi
5au(

m
f m

]jz~m!

]Qi
, ~30!

and taking the square of the above equation to give

F ]x̄

]Qi
G2

5Fau(
m

f m

]jz~m!

]Qi
G2

5~au!2(
n

(
m

f nf m

]jz~n!

]Qi

]jz~m!

]Qi

5~au!2(
l

^̂ CRR~ l !Cjzjz

i ~ l !&&~N2 l !, ~31!

with

^̂ CRR~ l !Cjzjz

i ~ l !&&5
1

N2 l (n

N2 l

f nf n1 l

]jz~n!

]Qi

]jz~n1 l !

]Qi
.

~32!

Here ^̂ ¯&& denotes the average over the site originn in the
chain, and theN2 l term arises from the terminal effect o
the finite chain. Hence it was found that the bending Ram
intensity can be expressed in terms of a convolution of

FIG. 7. ~a! Decomposition of the reduced polarized bendi
Raman spectrum~thick solid line! for the generated MD sample
into the (dx̄HLA, y

i )2 ~dotted line!, (dx̄RLA,y
i )2 ~dashed line!, and

(dx̄RLA,z
i )2 ~thin solid line! terms@Eq. ~27!#. ~b! Dependence of the

reduced polarized bending Raman spectrum of the artificial
chain on the steric-hindrance parameterf RRR (0< f RRR<1). The
results were obtained by taking an ensemble average over
thousand configurations.
10420
n
e

two correlationsCRR(n,l )5 f nf n1 l ~called the ring-ring cor-
relation! andCjzjz

i (n,l )5@]jz(n)/]Qi #@]jz(n1 l )/]Qi # ~the

mode-mode correlation!.
The approximate formula for the bending Raman sp

trum in Eq.~31! strongly suggests that the spectrum will b
affected by an occurrence pattern of ringlike atoms along
Se chain due to the presence of the ring-ring correlation
tor CRR( l ). To examine this, we carried out a structur
analysis on the appearance pattern of ringlike atoms for
200 disordered-chain samples. Figure 8~a! shows a pattern
analysis of seven consecutive atoms along the chain, w
include threedistinct segments orfour consecutive dihedra
angles.@For instance, the RRR configuration in Fig. 8~b!
indicates that the three consecutive segments are all ring
or equivalently that the four consecutive dihedral angles
hibit the signs~1, 2, 1, 2! or ~2, 1, 2, 1!.# We see from
this figure that the occurrence probability of the RRR co
figuration is rather small compared to other configuratio
One possible explanation for this is that the first and seve
atoms in the RRR configuration tend to overlap with ea
other, which causes a rather large repulsion energy. To c
firm this we evaluated the change in the potential energy

e

e-

FIG. 8. ~a! Pattern statistics for seven consecutive atoms in
disordered Se chain. The symbols ‘‘H’’ and ‘‘ R’’ denote the classi-
fication of three consecutive segments included in the seven-a
configuration~i.e., the sequence of helixlike or ringlike segment!.
A dotted line represents the average value~ 1

8! of the occurrence
probabilities for the listed eight configurations.~b! The RRR con-
figuration, in which four consecutive dihedral angle
(f3 ,f4 ,f5 ,f6) take a sign pattern of~1, 2, 1, 2!. The first and
seventh atoms in the configuration tend to overlap with each ot
and hence the configuration tends to be excluded from the c
structure due to a large steric repulsion energy.
3-9
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KAZUMA NAKAMURA AND ATSUSHI IKAWA PHYSICAL REVIEW B 67, 104203 ~2003!
the finite Se chain molecule HSe21H as a function of the
number of ringlike atoms contained in the chain. Figure
displays the potential energy thus obtained using theab initio
RHF method~solid line! and our model potential~dotted
line!, where the geometry of the finite chain was optimiz
for each configuration. This figure clearly shows a signific
increase in energy for the chain with the RRR configurati
thus indicating that this configuration is energetically u
stable and tends to be excluded from the sample. Hence
found thata-Se has a medium-range order which is related
the steric hindrance effect in the consecutive ringlike s
ments.

Now we consider how the medium-range order abo
manifests itself in the bending Raman spectrum. This is
vestigated by artificially controlling the degree of th
medium-range order existing in a model disordered ch
and examining the dependence of the Raman spectrum
the former. Specifically, we first introduced a parameterf RRR
that characterizes the degree of the steric hindrance effec~or
the degree of the medium-range order! in the chain as

PRRR5
1

8
3 f RRR ~0< f RRR<1!, ~33!

where PRRR represents the occurrence probability of t
RRR configurations. With this definition,f RRR50 means
that there are no RRR configurations whilef RRR51 indicates
that it occurs with an equal probability with other configur
tions listed in Fig. 8~a!. Next we created an artificial 216

FIG. 9. Change in the total potential energy of the finite ch
molecule HSe21H as a function of the number of ringlike atom
~denoted byR! contained in the chain. Zero of energy is taken to
the energy of a regular helical chain molecule characterized by
helixlike atoms~H!. The individual chains are optimized geomet
cally. Solid and dotted lines are obtained using theab initio RHF
method and our model potential, respectively.
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9

t
,

-
we
o
-

e
-

in
on

atom disordered chain by sequentially adding a new a
n11 to the chain consisting of atoms 1;n according to the
following prescription:

~i! The bond lengthr n and angleun of the chain were
fixed at their equilibrium values, i.e.,r n5 r̄ and un

5 ū.
~ii ! The magnitude of the dihedral angleufnu were

sampled from the Gaussian distribution with the me
f̄590° and the standard deviationdf540°. Notice
that this distribution corresponds approximately
that of the amorphous samples obtained from the M
simulations in Sec. III.

~iii ! The sign of the dihedral anglefn was determined in a
stochastic manner to achieve a given value off RRR.
This was accomplished by setting it to positive
negative with equal probabilities~i.e., 1

2! except for
the case where the preceding dihedral angles exhib
sign pattern such as (fn23 ,fn22 ,fn21)5(1, 2,
1). In the latter case, the sign offn was set to nega-
tive with a probability off RRR/2; i.e., the probability
for the four consecutive dihedral angles to become
RRR configuration was artificially reduced asf RRR

was decreased.

Then, the reduced polarized Raman spectrum was calcul
for the resulting chain using the intrachain valence force fi
U intra @Eq. ~2!# and the BP model@Eq. ~16!#. We should note
that the nonbonded atoms interactionUNB was not included
in the above procedure to avoid a large repulsive ene
between overlapping atoms. Figure 7~b! shows the resulting
dependence of the bending Raman spectrum on thef RRR pa-
rameter above. As seen in the figure the decrease off RRR
shows the effect to make the 80-cm21 peak grow while the
100-cm21 peak become suppressed; i.e., the low-freque
peaks around 80–100 cm21 are strongly correlated with the
medium-range order associated with four consecutive d
dral angles. This makes a clear contrast to the case of
static structure factorS(q), for which the details of such
medium-range order has little effect on the shape ofS(q) as
mentioned in Sec. III.

Finally we emphasize that the present results are ba
entirely on a chain model, i.e., we made an assumption
a-Se consists exclusively of two-coordinated polyme
chain. We thus neglected other species such as ring m
ecules (Se7 or Se8) and defects~under- and overcoordinate
atoms! in the present analysis. Although as mentioned in
Introduction the fraction of these species is considered to
rather small under the thermodynamic condition stud
here, we cannot rule out the possibility that the presence
those species may affect the spectral properties of reala-Se.
The examination of this effect remains to be explored.

VI. CONCLUSIONS

In this work we have presented a theoretical study on
glassy structure and vibrational spectra ofa-Se. These prop-
erties were investigated in terms of the chain-based mo

ll
3-10
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describing the interaction potential, induced dipole, and
duced polarizability of the system. This chain model w
constructed on the basis of theab initio MO calculations for
various Se clusters. The static structure factor, vibratio
density of states, and IR/Raman spectra thus obtained
reproduce the experimental results, despite the simplicity
the model employed in the present work.

The most important result in this paper is that t
medium-range order ina-Se was revealed~at least partially!
through the assignments on the vibrational spectra. The r
like segments in the disordered chain hardly occur more t
three times consecutively as a result of the excluded volu
effect, which causes a clear polarized Raman peak a
cm21 ~this peak is actually observed in the experiment!. We
think that the present approach which links the structu
features of a disordered system to the related spectra is
applicable to other systems, and that it will be helpful
studying a possible medium-range order of those system

Finally, we comment on an effect neglected in this wo
i.e., a through-space charge transfer between nonbonde
oms. We could not reproduce some peaks in the experime
IR spectrum, which may be attributed to the above neglec
the through-space charge transfer. A straightforward way
ys
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e
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.

, J
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m
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incorporating this effect would be to useab initio MD simu-
lations based on density functional theory~DFT!. In fact, a
variety of disordered systems have already been addre
using such approaches.55–58 It has also been reported, how
ever, that DFT may provide an inaccurate description of
weak interaction between nonbonded atoms due to the o
estimation of the through-space charge transfer.58 This is par-
ticularly the case fora-Se or semiconducting liquid Se, i
which a large number of artificial defects,58 which are hardly
observed in the experiments, are generated in the sim
tions. Therefore it is still a highly nontrivial matter whethe
we can obtain reliable information ona-Se ~especially that
on optical properties such as IR/Raman spectra! using first-
principles MD simulations.
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5111.2° with ū5106.0° andf̄590.0° ~Table II!.
54We note that the couplingkrr 8 andkru terms and the equilibrium
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