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Medium-range order in amorphous selenium: Molecular dynamics simulations
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In this paper we present a theoretical study on a glassy structure and inffBy¢&aman spectra of
amorphous seleniurte-Se). The vibrational spectra are calculated for two-hundred independent amorphous
samples obtained by performing molecular-dynanid®) simulations for one linear chain of 216 Se atoms.

The interaction potential used in the MD simulation is constructed on the baals ioftio molecular-orbital
calculations(with the Hartree-Fock and second-order Mgller-Plesset metHodssarious Se clusters. The
parameters in the bond-current and bond-polarizability models needed for the spectral calculations are also
determined by the sanab 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 signsi.e., (+, —, +, —) or (—, +, —, +)] 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 &mvhich 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.
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[. INTRODUCTION responsible for these spectra extend spatially beyond the
length scale associated with the short-range oftiéfn the

Amorphous seleniuna-Se has been widely investigated case ofa-Se, the IR and Raman peaks in the low-frequency
as a representative disordered system both experimentalbands(0—150 cm') have not yet been assigned, and these
and theoretically. In particular, optical properties associateéssignments seem to require a theoretical analysis that takes
with photoinduced structural changes such as the photocolnto account amedium-rangestructure of the system. Al-
ductivity and photodarkening phenoménra’ have received though there are many MD simulations performed for
much attention in semiconductor technologies. It is wella-Se?°~2/31-3%hese studies put emphasis on reproducing the
known that the system undergoes the so-calledhort-ranged properties such as the static structure factor, and
semiconductor-metal transitidh near the critical point T, hence they are not helpful in assigning the low-frequency
=1860 K, p.= 380 bars,) which is also closely related to the band.
structural changes in the liquid phase occurring at high tem- Our aim in this paper is thus to perform a theoretical
peratures. To deeply understand such various phenomenajihalysis on the IR and Raman spectraaede, focusing es-
is highly desirable to obtain microscopic information on thepecially on a possible medium-range order of the system. To
disordered system. this end we first construct an analytical valence force field

The structure ofa-Se has been currently considered asmodel describing the intra- and interchain interactions based
follows: (i) the major component is two-coordinated chainon ab initio molecular-orbital(MO) calculations. With this
polymers with 16—10* Se atoms, while the fraction of ring force field a set of MD simulations are performed to generate
molecules such as $&nd Sg is considerably small(ii) glassy samples of the disordered Se chain, which are subse-
bond lengths and bond angles in the disordered Se chain ageiently used for calculating the IR and Raman spectra within
approximately 2.35 A and 105°, respectively, diid) dihne-  the framework of the bond-current and bond-polarizability
dral angles tend to distribute aroun®0° because of a lone- models. These analyses will show that there exists a
pair repulsion between the neighboring atoms. Such struanedium-range order associated withur consecutive dihe-
tural information on the short-range order has beerdral anglesalong the Se chain, which is related to the steric
confirmed through the viscosity experiment for liquid Sehindrance effect in the chain. We will also demonstrate that it
near the melting poim, NMRY°® x-ray’ and does affect the polarized Raman spectra in the low-frequency
neutron-diffractioi2° measurements, extended x-ray- band.
absorption  fine  structuré, infrared (IR)/Raman This paper is organized as follows: In Sec. Il, we describe
spectroscopy’*° and also by performing recently devel- the interaction potential based on thk initio MO calcula-
oped tight-binding’~?? and ab initio®®~2" molecular dynam- tions for various Se clusters. Details of the MD simulation,
ics (MD) simulations. procedures for obtaining the vitreous structures, and com-

There are many properties, however, which cannot be urparisons between the calculated and experimental structure
derstood within the knowledge on the short-range order merfactors are given in Sec. Ill. We show in Sec. IV the theo-
tioned above. IR and Raman spectra are typical examples oétical vibrational density of states and IR/Raman spectra,
such properties, since the induced dipole and polarizabilityogether with a parametrization of the bond-current/bond-
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polarizability models, and then compare them with the ex- n+2
perimental results. Section V is devoted to assignments of
the vibrational spectra and the analysis of a possible
medium-range order in the disordered Se system. Conclud-
ing remarks are given in Sec. VI.

II. INTERACTION POTENTIAL

The total potentiall,, for one covalent-bonded chain
polymer is approximately divided into two paf$;*i.e., the
intrachain valence force field/FF) U,,,, and the nonbonded
atoms interactiotd \g,

(o)

FIG. 1. Helixlike segmenta) and ringlike segmentb) in a-Se.
Utota™ UintraT Ung - (1) The nth triplet of the internal variableé.e., the bond length .,
rpond angled,,, and dihedral angl@,) is given in panela), while
the definition of thenth local coordinate systenfikl 9. .25} is
given in panelb). The central atonm in each segment is defined as
the helixlike or ringlike aton(see Sec. V B

Here U;,o describes the potential associated with the chai
backbone, whildJ g describes the excluded volume effect
between nonbonded atoms.

To determine a set of parameters in the potenfale
below), ab initio MO calculations were performed for vari- tional spectra. We first employed a slightly more complex
ous Se clusters using the restricted Hartree-R&F) and  functional form involving the couplings between the dihedral
second-order Mgller-Plesset perturbatiMP?2) theories. We angle and other variables, but it was found that these cou-
utilized the GAUSSIAN 98 suite’’ for this purpose, and em- plings are not essential in reproducing the experimental re-
ployed a double, valence basis set optimizing for use of the sults such as vibrational spectra. On the other hand, the two
effective core potentiaf® together with two sets ofli-type  coupling terms in Eq(2) (i.e., the stretch-stretch coupling
polarization  function® ({4, =0.489, (4,=0.144) Uy and the stretch-bend couplifg,,) were found to be
[ECP-41G(2l)]. We note here that the reliability of this Crucially important in reproducing the experimental IR and

basis set has been demonstrated in a previous work for B@man frequencies of the stretching band-&fe(see Sec. V
regular helical Se chaiff. A). The details of the results were reported in Ref. 30.

To determine the VFF parameters above, we focus on two

. _ characteristic segments representing the basic building
A. Intrachain valence force field blocks of the disordered Se chdhnamely thenelixlike seg-

In this work we employed a rather simple form of the ment and theinglike segment depicted in Fig. 1. These seg-
intrachain valence force fieldJ;,,, Which includes several ments are defined in terms of the signs of two consecutive
terms such as stretchirg, , bendingU,, and torsional,,  dihedral anglesp, and ¢, as
potentials as well as coupling,,, and U,, terms among (dbn 1)

them:
(+, +) or (=, —) for helixlike segment,
Uinra= U+ U+ U+ U+ Uy 2) “|(+, =) or (=, +) for ringlike segment.
K, Ky _ With this definition, the segment depicted in Figajlis he-
252 (rp—1)%+ ?E (6,— 0)? Iiink_e sir_1ce bo'gh the¢>n and ¢, .1 angles are positive, while
n n that in Fig. 1b) is ringlike because,>0 andg,,;<0. (We
v o note here that the present classification is associated with five
+ 7‘#’2 {1-cos2A¢,— ¢)} consecutive atoms in the disordered chain, and that the mag-
n

nitude of the dihedral angles are not taken into account in the
definition above. Next we consider two types of finite Se
ke 2 (Mg =T (1 =T) chain molecules terminated by the hydrogét) atoms,
n HSe H, which contains a helixlike or ringlike segment at
the center of the molecule. Theb initio MO calculations
_ _ — 9 were performed with the RHF plus MP2 methods to obtain
+kr0; T2+ (=D} =6). ) their optimized geometries and associated force constants.
_ ) ~ The resulting VFF parameters are listed in Table I. We
Herery,, 6,, andé, are thenth triplet O.f the internal vari- should note here that the equilibrium dihedral anglend
ables(bond length, bond angle, and dihedral angle, respecyq rotational barrie¥ , were determined in a different man-
tively) of the chain, which are illustrated in Fig(a, andr,  pher. they were estimated by calculating a one-dimensional
0, and ¢ represent their values at the equilibrium geometry.adiabatic potential energy curyat the RHF levelas a func-
ki, kg, kit o, andk, , stand for the harmonic force constants, tion of the dihedral angle with all the other internal coordi-
andV, describes a rotational barrier of the dihedral anglenates optimized geometrically.
We emphasize that the above VFF is a “minimal” model for ~ The parameters used in the following MD simulations are
reproducing the experimental disordered structure and vibradefined basically as the average of the values for the helix-
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TABLE |. Parameters in the intrachain valence force figlg,,
[Eg. (2)] derived fromab initio MO calculations for two types of
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TABLE Il. Determined parameters in the pairwise potential
U(R) [Eq. (6)].

the chain molecule HS¢H, which contains a helixlike or ringlike

segment at each molecular center. Tad, k, , k,, k-, andk,, A (hartreebohf) 18045.74
values were evaluated at the MP2 level, while handV , values ~ 7a 8
were estimated at the RHF level. The parameters used in the MB (hartreeboh’) 416.0
simulation (fourth column are the averages of the values for the 7p 6

helixlike and ringlike configurations except for ¢, andk, .

Helixlike  Ringlike Simulation kcal/mol, which suggests a reasonable agreement between
— the fitted potential and thab initio one, particularly consid-
T (A 2.3537 2.3530 average ering the simple isotropic form of the potential function.
6 (°) 103.34 104.93 106.0 The attraction parameters(zg) in the potential were
& (°) 80.46 90.93 90.0 determined so that the simulated density should agree with
k, (hartree/bof 0.1085 01089  averag®.9  the experimental density (pe.,=4.280 gicr); i.e., these
k, (hartree/rad) 0.1652 0.1772 average parameters were empirically determined after a number of
V4 (hartreg 0.0065 0.0058 average MD 'sim.ulations with different sets ofR| 7g) yalues. We
K, (hartree/botf) 0.0153 0.0160 average plotin Fig. 2 the total potential energy per particlé . /N)
k, , (hartree/bohr/radl. 0.0161 0.0172 average as a function of the density. The potential energy at each

density was evaluated for the optimized geometry of the
amorphous sample obtained from the MD simulation with
like and ringlike configurations. Since we are interested inB=416.0 andyg=6 (in Table Il). A parabolic fit was then
constructing the potential function that can reproduce the&arried out for the resulting potential curve. The density thus
experimental IR/Raman spectra, we made the following adobtained becomes 4.284 g/ém

justments on the parametgiee the fourth column in Table

I): first, the stretching force constakt was scaled by a
factor of 0.9 so as to reproduce the experimental frequencies,
which is related to a redshift of the frequencies in condensed
phase due to a through-space charge-transfer éffétsec-

ond, we set the equilibrium bond angleto 106°, which is
important in reproducing the experimental relative position
of the stretching IR and Raman pealsge Sec. V A Also
the equilibrium dihedral angle was set to 90° so that the
torsional potential, Y 4/2){1—cos 2¢— ¢)}, should satisfy
an inversion symmetry about=0°.

IIl. MOLECULAR DYNAMICS SIMULATION
AND PREPARATION OF VITREOUS STRUCTURE

The MD simulations were performed for a system con-
taining onelinear chain of 216 atoms with a periodic bound-
ary condition. The length of the periodic cell was chosen at
18.774 A, which gives the density of 4.280 gkmorre-
sponding to the experimental valffeThe equation of mo-
tion was integrated using the velocity-Verlet argolitfiwith
a time stepAt of 2x 10 ° sec.

Amorphous structures were obtained through the follow-
ing four steps(also shown schematically in Fig.):3(i) A
random chain was generated as an initial configuration with
the bond lengths,, and bond angle®,, fixed at their equi-
librium values, and with the dihedral angles, randomly
distributed over the interval- 180°< ¢,<<180°. This chain
was equilibrated with an MD simulation of 1 ns at a rela-

B. Nonbonded atoms interaction

The nonbonded atoms interaction in Efj), Uyg, is de-
scribed as the sum of pairwise potentibléR),

U= > U(Rym) (5)
n=m+3 -0.00471 - ' '
1 \7a 1 \78
:n>§+3 [A( an) _B<an) ]’ (6)

-0.00472}
whereR,,,, is the distance between nonbonded atorasadm
in the chain.

To determine the repulsion parametefs 4,) in the po-
tential, we first calculated the interaction energies between
various monomers (HSE and HSgH) with the RHF
method, changing the distance between the monomers. These
configurations were chosen by considering the orientation of
lone-pair orbitals or covalent bonds in the dimer, and a total
of 184 configurations were sampled to examine the repulsive
interactions. TheA and 7, parameters were then determined  FIG. 2. Total potential energy per partidlg,, /N as a function
by fitting them to the resultingb initio energies, which are of the density. An arrow indicates the position of the experimental
shown in Table II. The least-squares fitting error is about 2ensity (pexy=4.280 gicm 3) (Ref. 42.

-0.00473r

Usptas /N (hartree)

23
p (g/em?)

-0.00474

4.2 4.4
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| Initial random-chain configuration |

o thermalization with no o, 1 nsec

[ Liquid(c=0, 873K)

e 6=0—0,(c increse of 0.4% per 20004t )
with U(R), 1 nsec

o thermalization, 1nsec

| Liquid(c=c,, 873K)|

S(q)

¢ quenching (temperature decrease of 0.1% 0 ' 2 ' 4 ' 6 ' 8 ' 10 T2

10004t ), 2 X
per ), 2 nsec q (Angstrom 1)

e thermalization, 1nsec

FIG. 4. Comparison between the calculatedlid line) and ex-
Glass(300K perimental(Ref. 10 (open circle static structure factors @&-Se at
e conjugate—gradient optimization 300 K.

[Giass(oK) whereq denotes a scattered wave vect®y, is the position

FIG. 3. Schematic diagram of the computational procedure foof the nth atom, and---) represents the ensemble average.

obtaining glassy structures efSe. Figure 4 shows the comparison of the calcula®éq) at 300
K (solid line) with the result of the recent neutron-scattering

tively high temperature of 873 K. We note here that the ex-measurement (open circlg. As seen in the figure, the cal-
cluded volume effect was completely neglected at this stagetulated result agrees quite well with the experimental one,
i.e., only the intrachain valence force fiel#},, of Eq. (2)  including peak positions at 1.9, 3.7, 5.3, and 89 As well
was included in the simulation abovéi) To recover the as the shoulderlike feature around 7.0'A
excluded volume effect, we introduced the nonbonded atoms Although this good agreement is very encouraging, we
interactionU yg gradually into the system. For this purpose it need to emphasize that the static structure fas{g) is a
is convenient to rewrite the pairwise potential in E) in  quantity rather insensitive to the details of the potential func-
terms of the equilibrium distancey(=4.02 A) correspond- tion; various other chain models can also reproduce the ex-

ing to the potential minimum as perimental structure factor rather well. For instance, the ex-
perimentalS(q) can be reproduced by the so-called nearly

ogo|" 00| free rotating chain mod&? having the rigid bond lengths
U(R)=a R —b R/ ™ and angles but the randomly distributed dihedral angles. On

i , the other hand, the dihedral angles in our samples are dis-
where thea and b values are defined by the equations of /i ted aroundt90° with the full width at half maximum of
acg*=A andbo®=B, respectively. Ther, parameter in  40°. Thus it is clear thas(q) is almost dominated by a
the potential was first artificially set to zero, and then weshort-range order(i.e., two-body and three-body correla-
made it recover the original valug.02 A) at the rate of tions) but is very insensitive to medium-range orderelated
0.4% per 2000 time steps. After the recovery process weo more than four-body correlations.
carried out an equilibration run of 1 ns at the liquid tempera-
ture. (iii) The resulting structure was then thermally
guenched from the liquid state at 873 K to the glassy state at
300 K via a stepwise rescaling of the atomic velocity. The As mentioned above, the static structure fac6q) is a
rate of temperature decrease is 0.1% per 1000 time stepgiantity rather insensitive to a medium-range order in the
corresponding to 0.28710" K/sec. After the quenching system. Hence it is necessary to go beyond that quantity in
process, the system was again thermalized at the temperatuseder to investigate the latter, and to this end we consider the
for 1 ns.(iv) Finally we performed a geometry optimization vibrational properties ofi-Se such as the IR and Raman
of the chain using the conjugate-gradient metffbde., the spectra in the following sections.
system was quenched to the zero-temperature limit, thus re-
sulting in an amorphous structure of interest. By repeating
the four procedures above we generated a set of 200 inde-
pendent vitreous structures, which were subsequently used to Vibrational normal modes needed for the calculation of

evaluate the ensemble average of static and dynamic propdhe Vibrational spectra are obtained by diagonalizing a
ties. (mass-scaled force constant matrix for the geometry-

To check the reliability of the vitreous structures thus ob-Optimized vitreous structure. The matrix elements are defined
tained, we calculated the static structure factor defined by as

IV. VIBRATIONAL SPECTRA

A. Vibrational normal modes and density of states

1 : 1 9?U
= _— E E ig-(Rm—Ryp) _ total
S(CI) N < —~ L e'd ) (8) Dna,mﬁ_<pq)aua(n)&uﬁ(rn) ) (9)
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aQi n « ﬂua(n) aQi

. u*/\u ------ s Here the first factordu/du,(n) on the right-hand side is
called a dynamical-charge tensor and describes the response
of the total dipole to the displacement of each atom.

For a polymeric chain the system dipole may be divided
into through-bond-type and through-space-type contribu-
tions. The former dipole results from the electron transfer
through covalent bonds in the chain, while the latter origi-
nates from the electron transfer between nonbonded atoms

il N due to the spatial overlap of thocalized molecular orbit-

200 300 als. In the present work we neglect the latter contribution for
frequency (cm™) the sake of simplicity. We also make a further approximation
to the through-bond charge transfer; i.e., the system dipole

will be described using the following bond-curre(BC)
model;’[5,40,46—48

'(é)' """ UL T B. IR spectrum
0 The IR spectrum is written in terms of the derivative of a
5 total dipole momenju with respect to the normal modg; ,
g oul?
3 A l(w)={ 2 |-~ dw—w;)), (12)
a ) T 9Q;
> S\ e . ) o
ST . AU where(and from now ojwe omit a proportionality constant
| (b) i independent ofv. For numerical calculations it is more con-
5 venient to express the derivativgd/ 9Q; in terms of deriva-
< tives with respect to the Cartesian coordinates as
g P
S P p apm du,(n)
1 ] il = E 2 _* (12)

Seo

polarized Raman (arb. units)

FIG. 5. Comparison of vibrational spectra between thésojid
line) and experimentdotted ling: (a) vibrational density of states
(VDOS); (b) IR spectrumjc) polarized Raman spectrum at 300 K.
The experimental VDOS and Raman spectrum are taken from Refs. ]

45 and 14, respectively. The experimental IR spectrum is taken _ or _ _

from Ref. 12 for the frequency range of 10—80¢hand from Ref. m En: r_(Ar”_l Arn)(Faa 1)+ JpA (1= Tn) |,

14 for 80—300 crm’. A Lorentzian broadening of 1.5 cm is ap- (13

plied to the calculated spectra.
wherer,, denotes the bond vect®,,;—R,,, andAr, and

where U,y is the total potential energy in Eql), u,(n) A6, representr,—r and 6,— 6, respectively. Within the

stands for the Cartesian displacement of iiitle atom along ~ above model the dipole moment is determined by only the

the coordinate axis, andM is the atomic mass of Se. The two parameters], and J,, which describe through-bond

eigenvectors{Q;} and eigenvalue§w?} thus obtained de- eleqtronlc currents mdt(;)ced by local stretching and bending

scribe the vibrational normal modes and the associated frénotions, fespectwelﬁl'?'“ o

guencies. In actual calculations the above force-constant ma- Numerical values of these BC parametels,(J,) were

trix was evaluated via finite difference of the analytical determined by fitting the approximate dynamical-charge ten-

forces with respect to the atomic disp|acements' sors derived with the BC model to those obtained fram
The vibrational density of stateDOS) can be written  initio electronic structure calculations. The latih initio
using the eigenfrequencié¢s;} as calculations at the MP2 level were performed for the central

atoms in the HSgH molecules having a helixlike or ringlike
configuration(Fig. 1). The dipole derivative was estimated
P(“’):<Z 5(w—wi)>, (10 py the numerical differentiation of the analytic dipole with
' respect to the atomic displacement. We also introduced an
where the angular bracket indicates an ensemble averagelditional p-type diffuse  functiof® (£,=0.0328)
over the 200 structural samples generated in the precedindg=CP-41Gt(2d)] into the basis set in order to accurately
section. We compare in Fig(& the calculated VDOSsolid  describe polarization properti€sWe show in Table IIl the
line) with the experimental onédotted ling obtained from dynamical-charge tensors thus obtained from aleinitio
the inelastic neutron-scattering measurenferithe VDOS  calculations and from the BC model. These tensors are ex-
consists of the stretching (28Qw<270cn'), bending pressed in terms of the local coordinate syst&n,§:,2-}
(50<w=150cm'), and torsional/intermolecular w [see Fig. )], where they axis is taken to be the opposite
<50 cm 1) bands. It is seen from this figure that the calcu-direction of the bisector of then(—1)-n-(n+1) angle, the
lated VDOS is qualitatively in good agreement with the ex-axis is perpendicular to this bisector and in the (
perimental result over the whole frequency range. —1)-n-(n+1) plane, and the axis is orthogonal to both the

104203-5



KAZUMA NAKAMURA AND ATSUSHI IKAWA PHYSICAL REVIEW B 67, 104203 (2003

TABLE Ill. Dynamical-charge and polarizability-derivative tensors for the helixlike and ringlike configurations obtained frab the
initio MO method[ MP2/ECP-41G- (2d) ] and from the bond-curretiBC)/bond-polarizability(BP) models. The tensors are represented in
the local coordinatefFig. 1(b)]. Unit: atomic unit.

il g, axij o€y axij 19€, axij19¢,
(helixlike configurationab initio)
0.085 0 0.046 0 5.57 0 2.91 0 -0.21 0 1.26 0
0 —0.049 0 5.57 0 -0.79 0 13.53 0 1.26 0 4.88
—0.108 0 —0.045 0 -0.79 0 -0.21 0 4.36 0 4.88 0
(helixlike configuration, BC/BP modgl
0.107 0 0.054 0 5.29 0 2.84 0 0 0 2.46 0
0 —0.043 0 5.29 0 -0.33 0 11.96 0 2.46 0 5.72
—0.128 0 —0.065 0 —0.33 0 0 0 6.47 0 5.72 0
(ringlike configurationab initio)
0.119 0 0 0 5.29 -0.18 0.62 0 0 4.84 0 0
0 —0.026 0.044 5.29 0 0 0 11.22 5.42 0 0.93 4.18
0 —0.146 —0.085 —-0.18 0 0 0 5.42 7.21 0 4.18 10.44
(ringlike configuration, BC/BP modgl
0.102 0 0 0 5.48 —-0.04 1.91 0 0 5.24 0 0
0 —0.027 0.026 5.48 0 0 0 11.08 0.13 0 4.15 5.15
0 —-0.121 —0.070 —0.04 0 0 0 0.13 5.57 0 5.15 6.76

x andy axes making a right-handed coordinate system. AsThe derivativedy/du,(n) is referred to as a polarizability-

found from the table the fitting accuracy is quite good forderivative tensor and expresses the response of the total po-

both the configurations with the least-squares error of 0.01arizability to atomic displacements.

(a.u). The resulting parameterd,(, J,) are given in Table In parallel to the treatment of the dipole moment in the

V. previous subsection, we treat the system polarizability using
We show in Fig. &) the IR spectrum calculated via Eq. the so-called bond-polarizabilityBP) model?®>! in which

(11) (solid line), together with the experimental reséft*  the total polarizability is approximated by a sum of polariz-

(dotted ling. Our result reproduces the experimental mainability tensors for the individual bonds with a cylindrical

bending and stretching peaks at 135 and 255 ¢mrespec-  symmetry. With this model the total polarizability of a simple

tively, whereas the intensity of the bending peak is somewhathain system can be written as

underestimated in the theoretical result. Unfortunately, the

calculated spectrum does not reproduce either the experi-

mental bending subpeaks at 60 and 95 tir the stretching X= Z

shoulder peak at 238 cm. These deficiencies may be attrib- "

uted to the neglect of through-space charge transfers betweggherel is a 3x 3 identity matrix,f,=r,/r,,, anda,, and,

anl+ B,

ff‘—EIH (16)
n'n 3 !

nonbonded atoms in the theoretical treatment adve. describe isotropic and anisotropic parts of the bond polariz-
ability, respectively. We expand the, and 3,, terms up to
C. Polarized Raman spectrum the first order in the internal variables as follows:

Next we consider the polarized Raman spectrum at a fi-

nite temperature, which can be written as an= Al +ag(A0h+Abh. ), (17
5 1 P 2 TABLE IV. Determined parameters in the bond-curréBC)
. Tl oX _ [Eg. (13)] and bond-polarizability BP) [Eqg. (16)] models. Unit:
S(w)= w(l—e_ﬁﬁ“’) <zI {STr( aQi” Sw w')>’ atomic unit.
(14
BC model J; 0.0961
wherey is a total polarizability tensor of the system, afd Jy —0.0365

=1/kgT. Similarly to the case of the dipole derivative, the

polarizability derivative is also rewritten in terms of those BP model %r 8.137

with respect to the Cartesian displacements as %o 6.039
Br 8.761
By 11.733
J J du,(n
Xy X o) (15) y 3.222

aQi n «a aua(n) élQi
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Bo=BAry+ B Al t M)+ (19) 2ro— O
Here the expansion coefficienta,(,3,) and (a4,8,) repre-
sent the changes in the polarizability of thén bond by the 260
local stretching and bending motions, respectively, while
expresses the anisotropy of the static bond polarizability. It o50l
should be noted that the above functional form in EGS3) o

and (18) differs from the conventional BP model in that the
former includes the dependencexobn the bond angleg.e.,
a,andpBy) explicitly while the latter does not. We found that
this extension is essential for reproducing the experimental
bending Raman spectrum.

The BP parametersy , «y, B, By, y) were determined
with essentially the same fitting procedure as that of the BC
parametersAb initio polarizability-derivative tensors were
obtained by numerically differentiating the dynamical-charge
tensor obtained above with respect to the applied electric
field. We give in Table Il the resultingab initio
polarizability-derivative tensors, together with the fitted
model ones. Although some disagreements are seen in the
case of the ringlike configuration, the accuracy of the param-
eter fitting is reasonably good as a whole with the least-
squares fitting error of 1.36.u). The fitted BP parameters ol N A .
are listed in Table IV. 0 n/2 T arb. units arb. units

Figure 5c) shows a comparison between the polarized el
Raman spectrum at 300 K obtained with Et¥) (solid line)
and the experimental restflt(dotted ling. Our calculated FIG. 6. Calculated phonon dispersit@ and vibrational spectra
spectrum reproduces the experimental sharp stretching pe&kthe regular helixb) anda-Se(c). A Lorentzian broadening of 1.5
at about 250 cm* and broad bending peaks around 80, 100,cm*1 is applied to the calculated spectra. Upper panels: frequency
and 132 cml. We should point out that our result also re- range for the stretching bar(d30—270 cnjl). nger panels: fre-
produces a slight redshift of the stretching Raman peak froruency ragge f(_)r the bending ._emd tqrsmnal/lntermolecular bands
the IR peak seen in the experimental specttaeory, £0—160 cm ). Fllleq _and open cm_:les in the pgr‘(ei) refer tq the
Oramar= 250 em!  and wg=253 cm L experiment, =0 andq=r positions, respectively, where is the rotational

WRamar= 250 cm  and wr=255 cm 1), which will be ex- angle of the regular helix.

240

230

-
[o1]
o

frequency (cm_1)

100

50

amined further in the next section. can be obtained using the Bloch theorem in a normal-mode
analysis'® Second, its vibrational spectra can be assigned in
V. DISCUSSION terms of the rotational angleof the helix?®*?the IR active

modes are the phonon modes with the wave nurfjbed or
In this section we perform assignments for the calculated, while the Raman active modes correspond togkeD, 7,
vibrational spectra o&-Se, particularly focusing on the fol- or 27 phonon modes? Sincea-Se consists primarily of long
lowing: chain polymers, we expect that the spectral features of the
(i)  The relative positions of the stretching (R53 cm %) ;i%lfi';rﬂcggf will also appear in the spectrabe at east
and Ramar(250 cm ) peaks. We show in Fig. 6 the phonon dispersion cutaeand the
(i)~ The physical origin of the three peak80, 100, and vibrational spectrab) of the regular helix, and compare
132 cm %) appearing in the bending Raman spectrum.them with the spectra od-Se (c). The calculations for the
regular helix anca-Se were performed using the same force
We will examine the first issue through a comparison withfield and the BC/BP models. The IR spectrum of the regular
vibrational spectra of a regular heli§ec. VA, while we helix exhibits a peak at the position Gf= 7 [open circle in
will analyze the second issue via use of an approximate forthe panel(a)], while the polarized Raman peak is at the
mula for the bending Raman spectrum, and discuss position of§=0 (filled circle). (We note in passing that the
medium-range order ai-Se responsible for the spectrum in §=0 mode is not IR active though it is allowed by the se-
the frequency domain of intereg$ec. V B. lection rule; this is simply because no dipole moment is in-
duced by the modgAs found from the figure the stretching
phonon dispersion of the regular helix isanvexfunction of
the wave numbef; the frequencyw(q) in this band in-
The regular helix has a clear advantage that it is straightereases frontj=0 to §==/2, and then decreases froim
forward to assign the related spectrum: First, its vibrationalk= 7/2 to = 7.>* Hence in the case of the regular helix, the
property can be understood in terms of a dispersion relatiostretching frequency of the IR absorption becomes higher
connecting the frequency and the wave numbéf, which  than that of the Raman scattering. We should point out that a

A. Comparison with the regular helix
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similar tendency is also observed in the amorphous phasgrdinates{gggg(n)} are nearlysite independentwe can
indicating that the similafvirtual) phonon dispersion rela- approximate the derivatives as follows:

tion still remains in the vibrational characters ®Se° We

can also see a similar correspondence in the bending IR spec- ( ax ax ax
trum; i.e., the bending IR peak of the regular he{x32 ' '
cm 1) agrees with that 0&-Se (135 cm %). 96N) " 6,(m) " 6n)

~(0,a,,0), neHLA, (21)

A significant difference appears in the case of the bending ax ax ax
Raman spectra. That is, while the regular helix exhibits no (ag (M)’ GE(m)’ € (m))z(o,ar ,ay), MmeRLA.
intensity in this banda-Se shows three bending peaks at 80, X y z 22)

100, and 132 cm®. This spectral difference seems to arise

from their structural difference¥;the former consists only Hence an isotropic induced-polarizability, term arises
of helixlike segments, whereas the latter includes ringlikefrom the localy displacement of the helixlike atom, while
segments in addition to the helixlike ones. Therefore, to untwo induceda, and a, terms are for the locay and z dis-
derstand the physical origin of the bending peaks above, it iflacements of the ringlike atom, respectivélySubstituting
necessary to examine the role of the ringlike segments exisEgs.(21) and(22) into Eq. (20) yields

ing in the disordered Se chain.

ax . . _
——=OXta vT OXRLA vT OXRLA 7 23
B. Effect of the medium-range order on the bending Raman Qi XHLA YT OXRLAY T OXRLA 2 @3
Spectrum with
Here we derive an approximate formula for the bending
Raman spectrum and demonstrate that structural correlations — A d&y(n)
among consecutive ringlike segments strongly affect the 5XHLA,y:ar2 JQ; (24)
. . n I
low-frequency band of the Raman spectra. First, we define
the reduced polarized Raman spectr8afw) by removing RLA £,(m)
the pre-factor of the angular bracket in Ed4) as 5?RLA,y: a > ayQ , (25)
|
2w(1l—e Phe) ax |?
S(w)= —————S(w)={ 2 | 25| do—w)), RLA
f = | 9Q, S P .
(19 XRLA,z— @9 — a0,

with dx19Q;=(1/3)Tr(dx/dQ;), which is more suitable for . ) Lo :
discussing the dependence of the Raman spectra on the strt#hwh suggests that the Raman-scattering intensity for the

ture ofa-Se. Next, we define a helixlike or ringliketomas ormal modeQ; becomes
being the central atom of a helixlike or ringlike segment. ax
According to this definition, the atomin Fig. 1(a) are speci- —_—
fied as a helixlike atom since the five atoms—2 to n Qi
+2) constitute a helixlike segment. Notice that any atom in +cross terms. 27

the chain can be classified as helixlike or ringlike by consid-

ering the neighboring five atoms. Since a disordered chain iBY substituting Eq(27) into Eq.(19), we can decompose the
characterized by the sequence of helixlike and ringlike atfeduced polarized Raman spectrum in the bending band into

oms, we divide the derivativey/dQ; into the following six  the individual contributions. Figure(& displays the decom-
terms: posed Raman spectrum thus obtained, which clearly shows

that the three peaks in the full spectrithick solid line) are

2
) =(SXHa, y) 2 ( OXRLA, y) 2+ ( SXRLA 2) 2

x Sy dx 9&,(n) dominated only by the contribution of thé}’RLAJ)2 term in
Qi 5 4 aE,(n) IQ; Eqg. (27) (thin solid line.
This fact implies a further approximation to the polariz-
'g dx  déE(n) dx  9&y(n) ability derivative in Eq.(23), that is, we may keep only the
~ < e 90, + 9E,(n) IQ, third term in Eq.(23) as
— RLA
Y RLA Y Ix 9&,(m)
+ 3)( agz(n) + 2 07)( agx(m) &_2(192 az . (28)
o6 9 | F \og(m) Qg Q@ Tm o 0Q

ax  0&,(m) ax  d&E,(m) With. this approximation, the Rama}n intens!ty can b_e r'ewrit—
+ + (200  ten in terms of structural correlation functions. This is ac-
9&,(m)  IQ; d&(m)  IQ; complished by first introducing a characteristic funct{ép}
whereg&(n) is the displacement vector of tm¢h atom in the ~ that selects only the ringlike atoms,
local coordinates, and “HLA” and “RLA” in the summation
denote the helixlike atom and the ringlike atom, respectively. fo 1, meRLA,
Since the polarizability derivatives expressed in the local co- ™ 10, meHLA,

(29
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FIG. 7. (a) Decomposition of the reduced polarized bending
Raman spectrunthick solid line for the generated MD samples

into the (Sxha,,)? (dotted ling, (Sxk.a,)? (dashed ling and
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FIG. 8. (a) Pattern statistics for seven consecutive atoms in the
disordered Se chain. The symbolkl™and “ R’ denote the classi-

(5?RLA,Z)2 (thin solid line terms[Eqg. (27)]. (b) Dependence of the fication of three consecutive segments included in the seven-atom
reduced polarized bending Raman spectrum of the artificial Seonfiguration(i.e., the sequence of helixlike or ringlike segments

chain on the steric-hindrance parametgrg (0<frrg<1). The

A dotted line represents the average va(lé)a of the occurrence

results were obtained by taking an ensemble average over ongrobabilities for the listed eight configuratiori®) The RRR con-

thousand configurations.

to remove the limitation on the summation

23 9&,(m)
&T)i_a(’% fngi’ (30
and taking the square of the above equation to give
g€, (m)|?

-

=(ag)?2 2 fif

alg% f

M 9Q

dé,(n) d€,(m)
moQ;  dQ;

= (@) (Crr(DChe (NN=D), (3D
with
| 9£,(n) 9&,(n+1)

. 1 -
(Crr)Cle (M= =7 2 fafnii—55— — g0,
(32

Here (- --)) denotes the average over the site origim the

figuration, in which four consecutive dihedral angles
(3,04, P5,0¢) take a sign pattern df+, —, +, —). The first and
seventh atoms in the configuration tend to overlap with each other,
and hence the configuration tends to be excluded from the chain
structure due to a large steric repulsion energy.

two correlationsCrg(n,1)=f,f, ., (called the ring-ring cor-
relation andC'gzgz(n,l)=[a§z(n)/(9Qi][(9§z(n+ /0Q;] (the
mode-mode correlation

The approximate formula for the bending Raman spec-
trum in Eq.(31) strongly suggests that the spectrum will be
affected by an occurrence pattern of ringlike atoms along the
Se chain due to the presence of the ring-ring correlation fac-
tor Cgrg(l). To examine this, we carried out a structural
analysis on the appearance pattern of ringlike atoms for the
200 disordered-chain samples. Figur@8hows a pattern
analysis of seven consecutive atoms along the chain, which
include three distinct segments diour consecutive dihedral
angles.[For instance, the RRR configuration in Figh8
indicates that the three consecutive segments are all ringlike,
or equivalently that the four consecutive dihedral angles ex-
hibit the signg+, —, +, —) or (—, +, —, +).] We see from
this figure that the occurrence probability of the RRR con-
figuration is rather small compared to other configurations.
One possible explanation for this is that the first and seventh

chain, and theN—| term arises from the terminal effect of atoms in the RRR configuration tend to overlap with each
the finite chain. Hence it was found that the bending Ramamther, which causes a rather large repulsion energy. To con-
intensity can be expressed in terms of a convolution of thdirm this we evaluated the change in the potential energy of
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atom disordered chain by sequentially adding a new atom
n+ 1 to the chain consisting of atoms-h according to the

0.003 f following prescription:

() The bond lengthr, and angleé, of the chain were
fixed at their equilibrium values, i.er,,=T1 and 6,
=6.

(i)  The magnitude of the dihedral anglep,| were

sampled from the Gaussian distribution with the mean

0.001F a ] ¢=90° and the standard deviatiatyh=40°. Notice
that this distribution corresponds approximately to

that of the amorphous samples obtained from the MD

e ) . simulations in Sec. Il

(i)  The sign of the dihedral anglg,, was determined in a
stochastic manner to achieve a given valud gix.
This was accomplished by setting it to positive or
negative with equal probabilitie6.e., 3) except for
the case where the preceding dihedral angles exhibit a
sign pattern such asé(,_3,%n-2,¢n-1)=(+, —,
+). In the latter case, the sign @f, was set to nega-

FIG. 9. Change in the total potential energy of the finite chain tive with a probability off sre/2; i.€., the probability

molecule HSgH as a function of the number of ringlike atoms for the four consecutive dihedral angles to become the
(denoted byR) contained in the chain. Zero of energy is taken to be RRR configquration was artificially reduced &

the energy of a regular helical chain molecule characterized by all 9 y RRR
helixlike atoms(H). The individual chains are optimized geometri- was decreased.
cally. Solid and dotted lines are obtained using #feinitio RHF
method and our model potential, respectively.

0.002+ /i

potential energy (hartree)

‘o\

ITIIIT
CITIIIT o |

IJIJ/IT

TIJIDVIT

Then, the reduced polarized Raman spectrum was calculated
for the resulting chain using the intrachain valence force field
Uinra LEQ. (2)] and the BP mod€IEq. (16)]. We should note
the finite Se chain molecule HgBl as a function of the that the nonbonded atoms interactidgg was not included
number of ringlike atoms contained in the chain. Figure 9in the above procedure to avoid a large repulsive energy
displays the potential energy thus obtained usingath@itio  between overlapping atoms. Figuréo¥shows the resulting
RHF method(solid line) and our model potentialdotted  dependence of the bending Raman spectrum offighg pa-
line), where the geometry of the finite chain was optimizedrameter above. As seen in the figure the decreasbygf
for each configuration. This figure clearly shows a significanishows the effect to make the 80-cfpeak grow while the
increase in energy for the chain with the RRR configuration100-cmi * peak become suppressed; i.e., the low-frequency
thus indicating that this configuration is energetically un-peaks around 80—100 crthare strongly correlated with the
stable and tends to be excluded from the sample. Hence w@edium-range order associated with four consecutive dihe-
found thata-Se has a medium-range order which is related tajral angles. This makes a clear contrast to the case of the
the steric hindrance effect in the consecutive ringlike segstatic structure factoS(q), for which the details of such
ments. medium-range order has little effect on the shap&(af) as
Now we consider how the medium-range order abovementioned in Sec. III.
manifests itself in the bending Raman spectrum. This is in-  Finally we emphasize that the present results are based
vestigated by artificially controlling the degree of the entirely on a chain model, i.e., we made an assumption that
medium-range order existing in a model disordered chaim-Se consists exclusively of two-coordinated polymeric
and examining the dependence of the Raman spectrum @hain. We thus neglected other species such as ring mol-
the former. Specifically, we first introduced a paramétgiz  ecules (Sgor Sg) and defectgunder- and overcoordinated
that characterizes the degree of the steric hindrance éffect atomg in the present analysis. Although as mentioned in the
the degree of the medium-range ordier the chain as Introduction the fraction of these species is considered to be
rather small under the thermodynamic condition studied
here, we cannot rule out the possibility that the presence of

1 . .
_ those species may affect the spectral properties ofa-&a.
Prrr=35 X f Osfrrr=1), 33 T . ;
rrR=g < frer (0=Trrr=1) 33 The examination of this effect remains to be explored.
where Prrr represents the occurrence probability of the VI. CONCLUSIONS
RRR configurations. With this definitionfrrr=0 means '
that there are no RRR configurations wHilg;g= 1 indicates In this work we have presented a theoretical study on the

that it occurs with an equal probability with other configura- glassy structure and vibrational spectraaebe. These prop-
tions listed in Fig. 8). Next we created an artificial 216- erties were investigated in terms of the chain-based model
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describing the interaction potential, induced dipole, and inincorporating this effect would be to usé initio MD simu-
duced polarizability of the system. This chain model waslations based on density functional theg¢BFT). In fact, a
constructed on the basis of thé initio MO calculations for  variety of disordered systems have already been addressed
various Se clusters. The static structure factor, vibrationalising such approach&%:*®It has also been reported, how-
density of states, and IR/Raman spectra thus obtained wedlver, that DFT may provide an inaccurate description of the
reproduce the experimental results, despite the simplicity ofyeak interaction between nonbonded atoms due to the over-
the model employed in the present work. estimation of the through-space charge tran&féhis is par-

The most important result in this paper is that theticularly the case fom-Se or semiconducting liquid Se, in
medium-range order ia-Se was revealetht least partially  \which a large number of artificial defec&which are hardly
through the assignments on the vibrational spectra. The ringghserved in the experiments, are generated in the simula-
like segments in the disordered chain hardly occur more thafions. Therefore it is still a highly nontrivial matter whether
three times consecutively as a result of the excluded volumge can obtain reliable information ceSe (especially that

effect, which causes a clear polarized Raman peak at 8gn optical properties such as IR/Raman spéaising first-
cm™! (this peak is actually observed in the experimeWite Principles MD simulations.

think that the present approach which links the structura

features of a disordered system to the related spectra is also

applicable to other systems, and that it will be helpful in ACKNOWLEDGMENTS
studying a possible medium-range order of those systems.

Finally, we comment on an effect neglected in this work, The authors are grateful to Takeshi Yamamoto for stimu-
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