
PHYSICAL REVIEW B 1 SEPTEMBER 1999-IVOLUME 60, NUMBER 9
Calculation of Raman spectra and vibrational properties of silicate glasses:
Comparison between Na2Si4O9 and SiO2 glasses
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First calculations of the vibrational density of states~VDOS!, the character of the vibrational modes, and the
polarized Raman spectra of depolymerized alkali silicate glass with 20 mol % Na2O ~Na2Si4O9 glass! using
Kirkwood-type potential and computer generated models with periodic boundary conditions are presented and
compared with amorphous SiO2 (a-SiO2). The effects of depolymerization on the localization, bridging
oxygen motion, phase quotient, as well as the newly proposed stretching character and atomic participation
ratios of the vibrational modes are quantitatively analyzed. The band edges are shown to correspond to strongly
localized modes. All vibrational characteristics have singularities near the band edges. The calculated Raman
spectra are, generally, in good agreement with experiment. The parallel~VV ! polarized Raman spectra are
shown to arise mainly from a bond-stretching scattering mechanism which depends on the derivative of the
parallel bond polarizability. On the contrary, the depolarized VH spectra arise from mixed bond-stretching and
bond-bending scattering mechanisms. It is shown that the perpendicular polarizability of the silicon-bridging
oxygen bonds is an order of magnitude smaller than the derivative of the parallel bond polarizability and that
their ratio of about 0.1 is not affected by the presence of short-range disorder and depolymerization. The
derivative of the parallel bond polarizability for the silicon-nonbridging oxygen bonds is twice larger than that
for the silicon-bridging oxygen bonds. Partial Raman spectra of short-range units with different number of
nonbridging oxygens~Q species! in the Na2Si4O9 glass are calculated and compared with empirically estab-
lished rules for determination ofQ species from polarized Raman spectra.@S0163-1829~99!01333-8#
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I. INTRODUCTION

Considerable progress has been made in the theore
understanding of the vibrational properties of silicate glass
Most of the work done so far is on the vibrational density
states~VDOS! of amorphous SiO2 (a-SiO2). VDOS calcu-
lations ona-SiO2 have been performed using various typ
of computational methods: the inverse iteration method,1 di-
rect diagonalization of the dynamical matrix,2–8 Fourier
transform of the velocity-velocity autocorrelatio
function,9–13 the Bethe lattice model,14,15 and the central-
force model of Sen and Thorpe.16,17

However, despite the fact that Raman and infrared~IR!
spectra are very sensitive probes of the local structure
amorphous materials, there are only a few calculations of
Raman and IR spectra ofa-SiO2, mainly due to the fact tha
the coupling coefficients linking these optical spectra w
the VDOS are strong functions of the vibration
frequency.18–20 Bell and Hibbins-Butler have calculated th
IR spectra21 using a point-charge model and the Ram
spectra22 using the bond polarizability approximation o
a-SiO2 for selected equidistantly distributed frequenc
PRB 600163-1829/99/60~9!/6383~15!/$15.00
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from their hand-built random network model with free an
fixed boundary conditions. The IR and Raman spectra
smalla-SiO2 clusters with Bethe lattice boundary condition
were calculated analytically using the Green’s-functi
approach.14,15 More recently, the IR spectra ofa-SiO2 mod-
els with periodic boundary conditions were calculated n
merically using the point-charge model with effectiv
charges obtained from electronic calculations,3 using the
current-current autocorrelation function23 taking into account
the contribution of the induced dipoles and from the tra
verse dielectric response function using Born charges
rived from first principles.24 Good agreement with experi
ment was found both for the positions and the intensities
the main IR peaks.23,24 The only realistic calculation of the
Raman spectra ofa-SiO2 model with periodic boundary con
ditions, to the best of our knowledge, is the work of Murr
and Ching3 using the bond polarizability approximation an
direct diagonalization of the whole dynamical matrix.

Beyonda-SiO2, the interpretation of the Raman and I
spectra of binary and multicomponent silicate glasses is
essentially on a qualitative level despite the enormo
amount of experimental vibrational spectra published a
6383 ©1999 The American Physical Society
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their importance both in material and earth sciences. Vari
empirical rules are currently used for structural interpretat
of the glass spectra. They are based on comparison of Ra
spectra of alkali silicate glasses and corresponding crys
and on normal-mode calculations of small molecularlike s
cate units using valence-type potentials.25–31

Therefore in the present paper we present realistic VD
and Raman intensity calculations of Na2Si4O9 glass~denoted
hereafter NS4! and discuss the character of the vibration
modes in depolymerized alkali silicate glasses in compari
with amorphous SiO2. We have chosen the NS4 compositio
because it can serve as a simple model for more complic
multicomponent high-silica glasses and its structure as w
as vibrational spectra have been studied by neu
diffraction,32,33 reverse Monte Carlo simulations,34 and
Raman and nuclear magnetic resonance~NMR!
spectroscopy.27,28,35–43

The outline of the paper is as follows. In Sec. II we d
cuss the calculation of VDOS by direct diagonalization
the dynamic matrix and of the polarized Raman spectra u
the bond polarizability approximation. In order to determi
a transferable set of force constants and bond polarizab
parameters we have also presented in Sec. II lattice dyna
and Raman intensity calculations of several crystalline S2
polymorphs and crystalline Na2SiO3. In Sec. III we describe
briefly the construction of ana-SiO2 model by molecular
dynamics and two NS4 models. The first model is co
structed by molecular dynamics and the second by rev
Monte Carlo simulations. In Sec. IV the vibrational dens
of states, the character of the vibrational modes, as we
the total and partial Raman spectra of the NS4 anda-SiO2
glass models are compared and discussed. Section V giv
conclusion.

II. CALCULATION PROCEDURES

A. Calculation of normal modes

A large number of interatomic potentials have been u
to reproduce the structure, the elastic, and vibrational pr
erties ofa-SiO2 and silicate glasses~see for review Refs. 4
and 7!. Comparison7,8 of the experimentally measure
VDOS for a-SiO2 by neutron inelastic scattering with calcu
lated VDOS using several pair potentials indicated that
van Beest, Kramer, and van Santen44 potential gives the bes
overall agreement, followed by the Tsuneyukiet al.45 poten-
tial. However, none of these potentials can reproduce
rectly the shape of the low-frequency peak in VDOS at ab
360–403 cm21. VDOS derived from the velocity-velocity
autocorrelation function4,9 using empirical potentials with
both two-body and three-body interactions46,47,65 also have
this low-frequency deficiency probably due to insufficie
dispersion.13 Ab initio calculations5 give the best agreemen
with the experimental VDOS fora-SiO2 but at present are
limited to relatively small structural models.

The large number of available interatomic potential fun
tions for silicate glasses arises from the difficulties to mo
the strong directional character of the Si-O covalent inter
tions, especially the bending modes of the coupled S4
units, and leads to rather large uncertainty in the numer
values of the various force constants and in their transfera
ity to other compositions.
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Therefore in the present work we have used a Kirkwoo
type potential, which, similarly to the Keating potential,
specially suited for the vibrational analysis of covalen
bonded materials in the harmonic approximation. The Ki
wood potential can be written in the form

2V5(
i j

a i j ~r i j 2r i j
0 !21(

i jk
b i jk r i j

0 r jk
0 ~DQ i jk !2,

DQ i jk5cos~Q i jk !2cos~Q i jk
0 !, ~1!

wherea i j is the stretching force constant between neare
neighbors atomsi and j, r i j and r i j

0 are the distance and th
equilibrium distance between atomsi andj, b i jk is the bend-
ing force constant between the atomsi, j , andk, forming the
angleQ i jk , andQ i jk

0 is the equilibrium angle between atom
i - j -k with the j th atom at the vertex. In this definition th
force constantsa andb have the same dimension~N/m!.

We calculate the atomic vibrations of the relaxed mod
by direct diagonalization of the dynamical matrix~DM! us-
ing the Jacobi method. Because of the special form of
Kirkwood potential, the DM can be split into purely stretc
ing and purely bending parts:

DMi j ab5
1

~mimj !
1/2

]2V

]r ia]r j b
5DMi j ab

str 1DMi j ab
b , ~2!

wherei,j number the atoms~i , j 51,2...N, N is the total num-
ber of atoms in the model!, a andb are the Cartesian coor
dinate indices,mi is the mass of the atomi, andr ia is theath
component of the radius vector of thei th atom. Detailed
expressions forDM str andDMb are given elsewhere.28,48

B. Raman scattering mechanisms

The one-phonon Raman scattering, in a semiclass
treatment, is associated with the induced polarizability of
systema which relates the induced dipole momentP to the
electric vector of the incident lightE(P5aE). The intensity
of the scattered light is proportional to the space averag
the squares of the vibrational transition probabilities (a i j ) f i
5^CV fua i j uCVi&, whereCV f andCVi are the time indepen
dent vibrational wave functions of the final and initial state
Expanding the polarizability tensor in terms of the atom
displacements for a given normal modep and keeping only
the linear term the induced polarizability tensor of thepth
vibrational mode becomes

a i j
p 5(

l

]a i j
p

]ul
p ul

p , ~3!

whereul
p is the displacement of atoml in modep and the

summation is over all atoms in the model. Introducing E
~3! into the vibrational transition probability, space avera
ing the squares of the polarizability tensor components
taking into account the properties of the harmonic vibratio
wave functions~see Ref. 49!, one obtains for the intensity o
a given modep with polarizability ij :

I i j
p }

~v02vp!4

vp
~a i j !p

2n~vp ,T!g~vp!, ~4!
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where v0 is the wave number of the incident ligh
n(vp ,T)5@exp(hcvp /kT)21#21 is the phonon occupation
number at temperatureT for the Stokes lines,h is the
Planck’s constant,c is the speed of light in vacuum,k is the
Boltzmann’s constant, andg(vp) is the partial vibrational
density of states for modep at frequencyvp ~expressed in
wave numbers!.

The Raman spectra of disordered solids are usually
cussed in terms of the so-called reduced spectrumI red, which
is obtained by multiplying the experimentally measur
spectrum with the correction factorv/n(v,T)•(v02v)4.
The importance of the total reduced~temperature-
independent! scattering is due to the fact that it can be wr
ten as a sum over all partial vibrational densities
states.18,19

I a
red5(

p
Cp

agp~v!, ~5!

where the coupling coefficientsCp
a between the partial den

sity of states and the optical spectrum for a given polari
tion a are proportional to the space averages of the squ
of the derivativea8 of the polarizability tensor.

For an isotropic system there are only two independ
components of thea i j tensor—VV and VH. The polarization
of the experiment is VV when the incident and the scatte
electric fields are parallel and is VH when they are perp
dicular. It can be shown49 that the reduced intensities o
modep with polarizations VV and VH will be

I VV
red}~45Tp

214Gp
2!g~vp! ~6!

and

I VH
red}3Gp

2g~vp!, ~7!

whereTp and Gp
2 are the invariants of the induced polari

ability tensora when the system is vibrating in modep:

Tp5
1

3
~a11

p 1a22
p 1a33

p ! ~8!

and

Gp
25

1

2
@~a11

p 2a22
p !21~a11

p 2a33
p !21~a22

p 2a33
p !2#

13@~a12
p !21~a13

p !21~a23
p !2#. ~9!

In order to evaluate the Raman intensities from Eqs.~6!
and ~7! we have used the bond polarizabili
approximation,22,50 in which all six componentsai j of the
induced polarizability tensor are written as a sum over
nearest-neighbor bonds with imposed invariance with res
to translation and inversion and cylindrical symmetry ab
the bond. The contribution from the bond between atoma
andb will be then

a i j ~Rab!5A~Rab!d i j 1g~Rab!~ r&abr&ab21! i j , ~10!

whereRab5ra2rb is the vector joining atomsa andb, Rab
is the bond length,r&ab is a unit vector along the bond, an
A(Rab) andg(Rab) are the parallel and perpendicular bo
s-
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polarizability parameters. Expandinga i j (Rab) in a Taylor
series and keeping the linear term only, Eq.~3! obtains the
form

a i j
p 5(

m
Am8 Dum

p
• r&abd i j 1(

m
gm8 Dum

p
• r&ab~ r&abr&ab21! i j

1(
m

gm

Rab
~Dum

p r&ab1 r&abDum
p 22Dum

p
• r&abr&abr&ab! i j ,

~11!

whereAm8 andgm8 are the derivatives ofA andg with respect
to Rab , Dum

p 5ua
p2ub

p , and the summations are over a
nearest-neighbor bonds. Assuming further that the para
and perpendicular bond polarizabilities vary slowly with t
bond length for a given type of bonds, we can rewrite E
~11! in the form

a i j
p 5(

n
Ān8(

m
Dum

p
• r&abd i j 1(

n
ḡn8(

m
Dum

p
• r&ab~ r&abr&ab

21! i j 1(
n

ḡn(
m

1

Rab
~Dum

p r&ab1 r&abDum
p

22Dum
p
• r&abr&abr&ab! i j , ~12!

wheren runs over the different types of bonds andm is a
summation over all bonds of typen, Ān8 , ḡn , andḡn8 are the
mean bond polarizability parameters for thenth type of
bonds. The three terms in the right-hand side of Eq.~12!
correspond to three different types of Raman-scatter
mechanisms. The symmetry of the invariants of the th
polarizability tensors are summarized in Table I. The fi
term (45Tp

2) in the VV polarized spectrum@Eq. ~6!# depends
only on the first scattering mechanism, the polarizability te
sor of which is diagonal and corresponds to bond comp
sion. On the contrary, the depolarized VH Raman scatte
@Eq. ~7!# depends only on traceless mechanisms 2 and
which correspond to mixed bond-stretching and bon
bending motions.

Although the mean polarizability parameters can be e
mated in simple cases,51 we will consider them as free pa
rameters which must be adjusted to give a best fit to
experimental Raman intensities. A similar approach w
adopted by Murray and Ching.3

The final Raman spectra to be compared with experim
tally measured reduced spectra are obtained by unif
Gaussian broadening of the calculated Raman intens
which takes into account the effects of anharmonicity, fin

TABLE I. Symmetry properties of the Raman scattering tenso

Mechanism Ta Gb rc

1 finite 0 0
2 0 finite 3

4

3 0 finite 3
4

aT5
1
3 (a111a221a33).

bG25
1
2 @(a112a22)

21(a112a33)
21(a222a33)

2#
13@(a12)

21(a13)
21(a23)

2#.
cDepolarization ratio.
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size of the models, and additional disorder not present in
computer generated models. The consequences of this
broadening procedure for the calculated Raman spectra
be discussed in Sec. IV.

C. Fit of force constants and bond polarizability parameters

We have determined the force constants of the Kirkwo
potential from lattice dynamics calculations on several cr
talline SiO2 polymorphs and crystalline Na2SiO3 metasili-
cate, the structure and the vibrational~Raman and IR! spectra
of which are well established. The symmetry species of
modes are determined in each case by analyzing the tr
formation properties of the eigenvectors. While the irred
ible representations of the optic phononsGopt for the SiO2
polymorphs are well known, we have calculatedGopt for
Na2SiO3 using the correlation method52 ~see Table III be-
low!. The calculated phonon frequencies and relative int
sities were fitted to the experimentally measured frequen
and intensities reported in the literature,27,53–61except fora
quartz the intensities of which were determined from un
larized Raman measurements in the present study. In
lattice dynamics calculations we have not included fo
constants for bending of Na-O-Si and O-Na-O linkages
cause they are expected to be very small.

Examples of the lattice dynamics and Raman inten
calculations fora quartz and Na2SiO3 are given in Tables II
and III, respectively. Despite the relatively simple form
the Kirkwood potential, it correctly reproduces the numb
and the symmetry of the vibrational modes. It does not p
dict the LO-TO splittings ina quartz anda cristobalite, be-
cause Coulomb and dipole-dipole interactions are not
cluded in the potential model.

Table IV lists the values of the force constants for
crystalline phases studied. A reasonably good fit is achie
for all phases, except forb cristobalite which has only thre
~one Raman and two IR! optical active phonons, to which th
force constants can be fitted. The valence force constant
b quartz are in excellent agreement with previous calcu
tions by Bates.62 All SiO2 polymorphs can be fitted with on
single set of average force constantŝaSi-BO&5476
614 N/m, ^bBO-Si-BO&539615 N/m, and ^bSi-BO-Si&53.4
62.4 N/m. This demonstrates the transferability of the e
pirical Kirkwood force constants for different SiO2 polymor-
phs.

The intensities calculated by mechanisms 2 and 3
strongly correlated. Therefore we have set the value of
derivative of the perpendicular bond polarizabilityḡ8 to zero
in all calculations. In other words we assume that the p
pendicular bond polarizabilityg does not depend on the bon
length. The relative intensities for the SiO2 polymorphs are
reasonably well reproduced with an averageḡ/Ā8 ratio of
about 0.1, except of the lowest frequency modes ina quartz,
a cristobalite, and coesite which are systematically low
This might be due to the presence of significant torsio
component62 in these modes, which is not included in th
potential model. The ratioḡ/Ā850.1 is comparable to the
value 0.3 used by Murray and Ching.3 For the sodium meta
silicate the calculations reproduce the relative order of
Raman intensities~see Table III! with the following set of
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parameters: ḡSi-BO50.05, ĀSi-BO8 50.5, ḡSi-NBO50.05,

ĀSi-NBO8 51, ḡNa-O50.0, andĀNa-O8 50.05.
The results for the SiO2 polymorphs and crystalline

Na2SiO3 demonstrate that lattice dynamics calculations w
the Kirkwood potential and Raman-scattering intensit
based on the mean bond polarizability approximation c
reproduce correctly the main features of the correspond
vibrational spectra and thus could be used for the vibratio
analysis of silicate glasses which have similar short-ra
order.

III. CONSTRUCTION OF GLASS MODELS

A. SiO2 model

A model of a-SiO2 was constructed by molecular
dynamics~MD! simulations. The MD calculations were pe
formed with an interatomic potential including two- an
three-body interactions, described in detail by Vashis
et al.47 The model contains 648 atoms~216 Si atoms and 432

TABLE II. Observed and calculated frequencies~cm21! and
relative integral intensities of Raman-active optic phonons ina
quartz.Gopt54A1(R)14A2(I )18E(R,I ).

Symmetrya Frequencies Assignmentd Intensities

Ramanb IRc Calc. Obs.e Calc.

E(T1L) 128 129 103 E 6.3 0.26
A1 206 189 A1 35 24
E(T1L) 265 266 232 E 3.8 0.3
A1 355 316 A1 4.0 9.44
A2 364 297 A2 0.0
E(T) 394 385 1.8

400 E 0.5
E(L) 401 1.5
A1 464 464 A1 100 100
A2 495 405 A2 0.0
E(T) 450 444 shf

340 E 0.04
E(L) 511 1.3
E(T1L) 696 689 642 E 2.1 0.9
A2 778 730 A2 0.0
E(T) 796 800 2.5

778 E 2.7
E(L) 808 2.5
E(T) 1069 1.8

1041 E 0.8
E(L) 1230 1.0
A2 1110 1160 A2 0.0
A1 1085 1152 A1 1.9 0.3
E(T1L) 1162 1157 E 6.0 0.3

aSymmetry species from single-crystal Raman measurements~Ref.
53!.

bScott and Porto~Ref. 53!.
cScott and Porto~Ref. 53!, Plendlet al. ~Ref. 54!.
dSymmetry assignment from the transformation properties of
calculated normal modes.

eUnpolarized powder Raman measurement in the present stud
fShoulder.
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oxygen atoms! with periodic boundary conditions~see Table
V!. The equations of motion were integrated with an alg
rithm due to Beeman and Alben63 using a time step of 0.5 fs
The scheme of the cooling and thermalization procedures
generating the glass at RT from a well thermalized mol
state is the same as described by Vashishtaet al.47

TABLE III. Calculated and observed frequencies~cm21! and
relative intensities of Raman-active optic phonons in crystall
Na2SiO3. Gopt59A1(R,I )18A2(R)17B1(R,I )19B2(R,I ).

Experiment Calculation

Freq.a Int.a Freq.b Int.b,c Freq.d Int. Assignmente

168 mc 167 3 174 1.0 B2

184 w 185 3 186 1.3 A1

200 w
215 w 215 1 201 4.8 B1

235 sh 235 2 253 1.5 A2

264 m 263 2 259 3.4 A1

301 w 303 2 296 0.4 B2

355 0.5 A2

395 m 397 5 411 5.4 A1

433 vw 407 sh 383 0.2 B1

510 w 507 1 507 0.9 B2

549 w 553 1
588 s 587 18 583 18 A1

607 sh
716 vw
750 vw 816 ,.1 B2

865 w 880 3 767 1.6 B2

914 vw
965 vs 973 100 971 100 A1

1014 vw 1018 9 1018 1.7 A1

1063 ,0.1 B2

1063 w 1083 3 1101 0.3 A2

1103 0.1 B1

aReference 61
bReference 27.
cvw: very weak; w: weak; m: medium; sh: shoulder; s: strong;
very strong intensity. Approximate reduced intensitiesT
5298 K) calculated in the present study from the height of
peaks given in Fig. 1 of Ref. 27.

dThe first 15 normal mode with frequencies below 30 cm21, involv-
ing mainly Na-O motion, are not listed.

eSymmetry assignment on the basis of the transformation prope
of the calculated normal modes and the relative Raman intens

TABLE IV. Fitted force constants~in N/m! for SiO2 crystalline
polymorphs and Na2SiO3.

Phase aSi-BO aSi-NBO bO-Si-O bSi-O-Si aNa-O

a quartz 480 - 25.0 2.5 -
b quartz 490 - 20.5 3.8 -
a crystobalite 460 - 39.0 4.0 -
b crystobalite 475 - 41.5 6.5 -
coesite 475 - 41.5 6.5 -
Na2SiO3 383 603 35.0 23 0.5
-

or
n

B. Na2Si4O9 models

Models of Na2Si4O9 glass were constructed using two di
ferent procedures. The first model~denoted NS4–I hereafter!
was generated by molecular dynamics. The MD calculati
were carried out with constant particle number and cons
pressure. The particle velocities and positions, as well as
dimensions of the simulation cell, were slightly rescaled
each time step in order to control the systems tempera
and pressure. The Newtonian equations of motion were i
grated with an integration step of 1 fs using the Nordsie
Gear algorithm.64 The simulation started with a stoichio
metrically modified crystalline structure. In 500-ps anneali
cycle this structure was rapidly heated up to a maxim
temperature ofT58000 K and subsequently slowly coole
down to room temperature. The MD calculation is based
a modified Born-Mayer-Huggins potential for ionic intera
tions with a weak Stillinger-Weber three-body term.65 Fur-
ther details of the MD calculations are given elsewhere.66,67

The model contains 585 atoms~156 Si, 281 BO, 70 NBO,
and 78 Na atoms! in a box with periodic boundary condi
tions. The number density~see Table V! is very close to the
experimental value of 0.0714 atoms/Å3.

The second model~denoted NS4–II hereafter! was con-
structed in several steps. We started with a 64-atom mode
a-Si, generated by the recently proposed activatio
relaxation technique.68 Oxygen atoms were then inserted in
the middle of all Si-Si bonds. As a next step some of t
Si-O-Si linkages were broken and additional NBO’s add
close to the Si atoms to have approximately the correct n
ber ofQ species in the NS4 glass, as determined from NM
measurements.40–43 Finally Na atoms were added in th
voids of the Si-O network and a reverse Monte Carlo~RMC!
fit of the calculated pair correlation functiong(r ) to the ex-
perimentally measuredg(r ) using neutron-diffraction32 data
was performed. The configuration created in this way c
tained 234 atoms~62 Si, 142 O, and 30 Na atoms! in a cubic
box with periodic boundary conditions. The number dens
~see Table V! is slightly lower than the experimental one.

C. Energy relaxation

The initial models were then relaxed with the Kirkwoo
potential. The values of the valence force constants
a-SiO2 were chosen close to the force constants given
Table IV: aSi-BO5480 N/m, bBO-Si-BO540 N/m, and
bSi-BO-Si55 N/m. The values used for relaxation of the NS
models wereaSi-BO5465 N/m, bO-Si-O535 N/m, bSi-BO-Si
510 N/m, aSi-NBO5655 N/m, andaNa-O50.6 N/m.

The equilibrium O-Si-O bond angle in all cases was
equal to the ideal tetrahedral value of 109.47°. The equi
rium Si-NBO bond length was chosen equal to 1.59 Å
agreement with our previous RMC simulations34 and the
measured Si-NBO bond length in crystalline sodiu
silicates.69,70 The equilibrium Si-BO, Na-BO, and Na-NBO
bond lengths as well as the equilibrium Si-O-Si bond ang
are given in Table V. The value«05144° for thea-SiO2
model is the same as proposed by Mozzi and Warren71 and
Gaskel and Tarrant.72

The minimization of the strain energy was achieved ite
tively. The force on each atom was calculated, which w
then moved in a direction that decreases the force acting o

e
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TABLE V. Structural characteristics of the relaxed SiO2 and Na2Si4O9 glass models.

SiO2 model NS4–I model NS4–II model

No. of atoms 648 585 234
Box edges, Å 21.41 19.87; 21.11; 19.19 15.21
Density, atoms/Å3 0.0662 0.0727 0.06654
r 0(Si-BO), Å 1.62 1.625 1.657
r 0(Na-BO), Å - 2.74 2.70
r 0(Na-NBO), Å - 2.53 2.59
«0 , deg 144 149 149
^r (Si-BO)&, Å 1.64360.015 1.62860.016 1.6660.26
^r (Si-NBO)&, Å - 1.5960.01 1.5960.02
^r (Na-BO)&, Å - 2.7360.12 2.7160.13
^r (Na-NBO)&, Å - 2.5360.13 2.5860.18
CN(Si)c 3.9460.22 4.0560.22 3.960.46
CN(Na) - 4.9661.1 5.261.3
CN(O) 1.9760.18 1.860.4 1.760.5
^t(O-Si-O)&, deg 109.4 109.4 109.4
FWHM ~O-Si-O! 3.0 3.0 4.3
^« ~Si-O-Si!&, deg 144 150 149
FWHM ~Si-O-Si! 24.4 20.7 21.5
Q1, % 0 0 4.8
Q2, % 1.8 7.7 6.4
Q3, % 9.2 28.2 50.0
Q4, % 89.0 60.2 38.8
R3a 10 6 0
R4 20 35 1
R5 83 56 4
R6 111 60 35
^D&, Åb 0.1360.09 0.1660.13 0.4860.29

aR3: three membered;R4: four membered,R5: five membered; andR6: six membered rings.
bAverage shift of the atoms in the relaxed models.
cCN: coordination number.
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without allowing bond breaking or reconstruction. This pr
cess is repeated until convergence is achieved~typically after
about 20–60 iterations!.

The structural characteristics of the relaxed models
given in Table V. The comparison of the peak positions
the calculated~Fig. 1! and experimental radial distributio
functions32,71,73,74as well as the corresponding average co
dination numbers demonstrate that the relaxed SiO2 and NS4
models are consistent with the available x-ray and neutr
scattering data. Thea-SiO2 model contains a significan
number of five- and six-membered rings. The ring distrib
tion in a-SiO2 has been a matter of controversy for qu
some time especially in connection with the possible ori
of theD1 andD2 ‘‘defect’’ lines at about 495 and 606 cm21

in the polarized Raman spectrum from planar four- a
three-membered rings~see Galeener75 and references
therein!. In fact, recent analysis of the VDOS of ana-SiO2
model obtained by quantum MD simulations ha
demonstrated76 that the partial VDOS of the three- and fou
membered rings in this model yield peaks at frequencie
very good agreement with the Raman data. But since
VDOS and the polarized Raman spectra ofa-SiO2 in the
present study serve mainly as a reference in analysis of
vibrational properties of depolymerized glasses we will n
discuss this question in further detail.
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The main difference between the two NS4 models is
the medium-range order~the ring distribution! and theQ
speciation. The NS4–I model has significant number o
four-, five-, and six-membered rings while only six
membered rings dominate the structure of the NS4–II model.
Although both models have composition close to the id
stoichiometric formula Na2Si4O9, theQ species in both NS4
models~see Table V! slightly deviate from the experimen
tally observed40–43 Q species distribution of about 2%Q2,
50% Q3, and 48%Q4. We use these relaxed models in th
next section to investigate the character of the vibratio
modes with increasing degree of depolymerization~}0% Q3

in a-SiO2, 28%Q3 in NS4–I, and 50%Q3 in NS4–II !.

IV. RESULTS AND DISCUSSION

A. Vibrational density of states

The vibrational densities of states~VDOS!, scaled to one
and the same number of Si atoms, are plotted in Fig. 2.
calculated VDOS fora-SiO2 is usually compared with the
experimentally measured inelastic neutron scattering~INS!
spectrumG(Q,v).77,78 No INS spectra for sodium silicate
glasses exist to the best of our knowledge.

The calculated VDOS fora-SiO2 ~Fig. 2! is in relatively
good agreement with the experimentalG(Q,v) and compa-
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rable with other VDOS calculations fora-SiO2.
1,2–10,13–15In

particular, the calculations reproduce well the shape and
position of the low-frequency band observed at about 4
cm21, the mid-frequency band observed at 795 cm21, and
the high-frequency bands which in the experimentalG(Q,v)
are at about 1060 and 1190 cm21, respectively.77,78However,
the the high-frequency band splitting is smaller and the
tensity of the mid- and high-frequency bands is enhan
compared to the intensity of the low-frequency band. It

FIG. 1. Pair correlation functionsg(r ) of the unrelaxed~dotted
lines! and the relaxed~full lines! models:~a! a-SiO2; ~b! NS4–I;
~c! NS4–II model. The first- and second-nearest-neighbor peak
g(r ) are labeled.

FIG. 2. Vibrational density of states:~ ! a-SiO2; ~-----!
NS4–I; ~• • • •! NS4–II model. The letters label the main peaks
VDOS.
he
3

-
d

s

interesting to note that all VDOS calculations except the B
and Dean model,1 the Bethe lattice model,14,15both of which
use Born potential, and theab initio MD constructed model5

have this intensity deficiency.
Introduction of Na2O into the SiO2 glass has several ef

fects on the VDOS. A new strong peak at about 35 cm21

appears which is due to the correlated motion of the
atoms~see below!. The increase of the intensity of the high
frequency peak at about 1000 cm21, the significant loss of
intensity of the mid-frequency peak at about 800 cm21, and
the intensity increase in the 200–400-cm21 range correlate
with the degree of depolymerization and thus are associ
with the presence of nonbridging oxygens.

B. Character of the vibrational modes

Unlike crystals, the vibrational modes of a glass cannot
classified according to the irreducible representations of
corresponding space group of symmetry. Nevertheless,
possible to separate out different aspects of the vibratio
modes by making use of the local symmetry of the atom
arrangements.

1. Localization

An overall measure of the localization of the norm
modes is the so-called participation ratiopc , introduced by
Bell, Dean, and Hibbins-Butler:79

pc~vp!5
~M1!2

M0M2
, ~13!

whereMn5(uup
i u2n and the summation is over all atoms

the model. If the modep is delocalized and all atoms vibrat
with approximately the same amplitudes,pc will be close to
11. If on the contrary, the modep is strongly localized on a
given atom, thenpc˜1/N.

The participation ratiopc(v) for the a-SiO2 and NS4
models is shown in Fig. 3. The general character ofpc(v)
for all three models is similar despite the different degree
polymerization. Two types of modes are observed:~i! almost
fully delocalized modes withpc;0.47 for thea-SiO2 model
andpc;0.35 in the NS4 models and~ii ! localized modes for
which pc is much lower. The delocalized modes in the Si2
model of Taraskin and Elliott7 also havepc of about 0.5
which might be taken as characteristic fora-SiO2. In gen-
eral, the participation ratio becomes smaller with increas
size of the models.79 The fact thatpc is larger for thea-SiO2
model, although it has the largest number of atoms, sh
that depolymerization leads to decrease of the localizat
especially of the low- and mid-frequency modes.

The localized modes are grouped around specific frequ
cies: 50–100~in the NS4 glass!, 250–350, 500, 610, 720
850, 980, 1100, and 1210 cm21 shown with dashed lines in
Fig. 3. Comparison of these frequencies with the position
the main peaks in VDOS shows that for both thea-SiO2 and
the NS4 models most of the localized modes are grou
nearband edges. Thus we confirm with much better statistic
a similar observation by Bell, Bird, and Dean1 for a-SiO2.

Using the participation ratio we can thus separate
VDOS bands into eight frequency ranges~bands!: 0–100
cm21 ~Na band!, 100–350 cm21 ~B1 band!, 350–500 cm21

in
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~P1 band!, 500–610 cm21 ~P18 band!, 610–720 cm21 ~B2

band!, 720–850 cm21 ~P2 band!, and finally 950–1210 cm21

~P3 band!. The width of the vibrational gap 850–950 cm21

remains practically unchanged with increasing depolym
ization, but the separation between theP18 , B2 , and P2

bands becomes more smeared out.
Although our calculations of VDOS involve significan

noncentral forces it is interesting to compare the results
far with the predictions of the central-force model of Sen a
Thorpe16,17 augmented by Galeener, Leadbatter, a
Stringfellow77 with rocking motions and acoustic mode
@augmented central force~ACF! model#, which has provided
important insights into the vibrational dynamics of SiO2,
GeO2, and BeF2 glasses. The relative weights of theB1 , P1 ,
P181B21P2 , and theP3 bands, which correspond to th
division of Galeener, Leadbetter, and Stringfellow,77 are
3.4/9, 1.7/9, 2.1/9, and 1.8/9, in close agreement with
predictions of the ACF model~3/9, 2/9, 2/9, and 2/9!. It
should be pointed out, however, that the ACF model
taken onlyapproximatelyinto account the nearest-neighb
noncentral forces.

The separation of the VDOS ofa-SiO2 and NS4 glasses
into eight bands is supported by all vibrational characteris
given below, which always have some kind ofsingularity
~minimum, maximum, steps, inflection points, etc.! near the
corresponding band edges.

2. Stretching character

The stretching characterSdescribes the extent to which
given mode is stretching or bending:

FIG. 3. Participation ratio:~a! a-SiO2; ~b! NS4–I; ~c! NS4–II
model. The dashed vertical lines mark the position of the b
edges. The letters label the bands in VDOS.
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S~vp!5
(u~up

i 2up
j !• r& i j u

(uup
i 2up

j u
, ~14!

where the symbols are as defined in Eqs.~3! and ~10!. The
value ofSwill be close to11 if modep is predominantly of
bond-stretching~compressing! type and close to 0 if modep
is predominantly of bond-bending type.

The stretching character~S! of the models studied as we
as for coesite is plotted in Fig. 4. We can distinguish th
regions: 0–500, 500–850, and 980–1210 cm21. The low-
frequency range, which comprises the~Na!, B1 , and P1
bands, is of predominantly bending character withS<0.17.
The mid-frequency range, which comprises theP18 , B2 , and
P2 bands, has mixed bending1stretching character (0.17
<S<0.6) with the stretching contribution increasing wi
frequency. The high-frequency range, which coincides w
the P3 band, is almost purely stretching in characterS
>0.8). Comparison of the stretching character of the diff
ent models and coesite shows that the depolymerization
disorder have hardly effect on the stretching-bending cha
ter of the vibrational modes.

3. Bridging oxygen motion

The vibrations of the bridging oxygens~BO! may be clas-
sified as stretching (SBO), bending (BBO), or rocking
(RBO)80 according to whetherlocally the BO atoms move
parallel to the line joining the two Si neighbors, parallel
the bisector of the Si-O-Si angle or the motion is perpendi
lar to the Si-O-Si plane, respectively. We define the para
etersSBO, BBO, andRBO in the following way:

d
FIG. 4. Stretching character of the vibrational modes:~a!

a-SiO2; ~b! NS4–I; ~c! NS4–II model; ~d! coesite.
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SBO~vp!5
(BOup

i
• r& i 2 i 8

(BOuup
i u

, ~15!

BBO~vp!5
(BOup

i
• r& i 1 i 8

(BOuup
i u

, ~16!

and

RBO~vp!5
(BOup

i
• r& %

(BOuup
i u

, ~17!

where r& % is a unit vector perpendicular to the local Si-O-
plane, r& i 1 i 8 , is a unit vector parallel to the bisector of th
Si-O-Si angle andr& i 2 i 8 is a unit vector perpendicular tor& %

and r& i 1 i 8 . The summations in Eqs.~15!–~17! are over all
bridging oxygens. In this definitionSBO, BBO, andRBO all
range from11 for fully stretching, bending or rocking mo
tion to zero andSBO1BBO1RBO51 for everyvp . In previ-
ous studies7,14 the total VDOS ofa-SiO2 was instead decom
posed into partial stretching, bending, and rocki
components by convolution ofSBO, BBO, andRBO with the
total VDOS, which in our view smears out the details of t
BO motion.

The general character of the bridging oxygen~BO! mo-
tion given in Fig. 5 is in very good agreement with the r
sults of Bell, Dean, and Hibbins-Butter,80 determined only
for selected frequencies of theira-SiO2 model. The BO mo-
tion is strongly frequency dependent. It changes drastic
above the 500-cm21 band edge~RBO decreases,BBO in-
creases!, then above the band gap~BBO goes to zero andSBO
increases to 1.0! and reveals further details of the fine stru
ture of theP18 , B2 , andP2 bands. The effects of depolyme
ization on the character of the BO motion are summarize
Table VI.

FIG. 5. Bridging oxygen stretching~1!, bending~s!, and rock-
ing ~m! motion: ~a! a-SiO2; ~b! NS4–I; ~c! NS4–II model. The
dashed vertical lines mark the position of the band edges.
-
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4. Atomic participation ratios

In order to quantify the contribution of each atom typea
to a given normal mode, we introduce the so-called atom
participation ratios (APRa)

APRa~vp!5
(auup

i u
(uup

i u
, (

a
APRa51, ~18!

where the summation in the nominator is over all atoms
type a and the summation in the denominator is over
atoms in the model. The APRa parameters range from 0
when thea-type atoms do not participate in thepth normal
mode, to11, when only thea-type atoms vibrate.

The frequency dependence of the atomic participation
tios are given in Fig. 6. The atomic contributions chan
significantly at the band edges. Ina-SiO2 the normal modes
below 500 cm21 involve mainly the BO atoms (APRBO
..7, APRSi,.3). In the depolymerized NS4 glasses the
motion dominates below 100 cm21, the NBO contribution
increases at the expense of the BO contribution, while the
contribution remains practically unchanged (APRSi;0.22).
Comparing Figs. 5 and 6, it can be seen that the decreas
the BO contribution above 500 cm21 is mainly due to the
strong decrease of the BO rocking motion which cannot
compensated by the small increase of the bending BO
tion. The NBO contribution remains at low constant lev
(APRNBO}0.15).

Near the 720-cm21 band edge the Si contribution reach
a maximum while the BO contribution has a minimum, t
APRNBO is very low and APRNa is practically zero. Weighted
partial VDOS for Si and O~Refs. 4, 7, 14 and 85! in a-SiO2

FIG. 6. Atomic participation ratios:~a! a-SiO2; ~b! NS4–I; ~c!
NS4–II model; ~d! coesite.
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TABLE VI. Band assignment and effects of depolymerization on the character of the vibrational m
in alkali silicate glasses.

Assignment

Band range~cm21!
Phonon

type

Bond
type

BO type
Main atomic
contribution Effect of depolymerization

Na 0–150 Oa Sb Na New band in depolymerized glasses.
B1 150–350 A B BO1NBO Formation of new NBO subband at;300 cm21.

(R01B0)c Decrease of BO contribution.

Increase of theR0 andB0 mixing.
P1 350–500 A1O B BO Decrease of total BO contribution.

(R01B0)
P18 500–610 A1O B1S BO Decrease of total BO concentration.

(B01S0) Increase of bending BO contribution.
Increase of mode localization.

B2 610–720 O1A B1S BO1Si Increase of the stretching BO contribution.
(B01S0) Increased mixing ofS0 andB0 motion.

Decrease of total BO contribution.
Increase of NBO contribution.

P2 720–850 O S1B Si1BO Decrease of the total BO contribution.
(B01S0) Increase of the bending BO contribution.

Slight increase of Si contribution.
P3 950–1210 O S BO1Si1NBO Decrease of total BO contribution.

S0 New modes localized on NBO.
Increase of the bending BO contribution.

aO: opticlike modes;A: acousticlike modes.
bS—stretching type modes,B—bending type modes.
cR0 , B0 , S0 : rocking-, bending-, and stretching-type motion of the bridging oxygen atoms. The order o
symbols from left to right corresponds to the relative weight of the different types of motions.
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also show that the peak at about 800 cm21 is dominated by
Si motions against the bridging oxygens.

Above the band gap the NBO contribution sharply
creases. Several positive NBO peaks and correspon
negative BO peaks are observed. The average APRNBO con-
tribution of the high-frequencyP3 band increases with in
creasing depolymerization at the expense of the BO con
bution. These results are direct quantitative confirmation
the conventional assignment of the high-frequency Ram
bands in depolymerized alkali silicate glasses to Si-N
stretching vibrations. Comparison of the atomic participat
ratios for a-SiO2 @Fig. 6~a!# and coesite@Fig. 6~d!# shows
that the general behavior of the Si and O contributions a
function of frequency in crystalline and amorphous Si2
structures is very similar.

5. Phase relations

The frequency dependence of the participation ra
pc(v) has shown that the low- and mid-frequency modes
strongly delocalized. In order to determine the characte
the correlations between the individual atomic displa
ments, we turn to the phase quotient of the modes. The
phase quotientqS is conventionally defined81 as

qS~vp!5
(up

i
•up

j

(uup
i
•up

j u
~19!
ng
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which describes the extent to which the vibrational motion
the neighboring atoms is in phase~acousticlike! or out of
phase ~opticlike!. qS changes from11 for acousticlike
modes to21 for opticlike modes.

The total phase quotientqS is shown in Fig. 7 as a func
tion of frequency. The phase quotient changes abruptly at
500-cm21 edge and above the band gap. Previo
calculations4,7 of qS for a-SiO2 also show decrease ofqS
from 11 to 20.5 in the range 0–850 cm21, but there is no
fine structure near 500 cm21 and the phase quotient of th
high-frequency band has much less opticlike character.
the contrary, the phase quotient calculated by Bell a
Dean81 using Born potential also exhibits minimum at abo
500 cm21. It seems that the mid-frequency feature inqS is a
property of bond-oriented potentials.

Comparing the phase quotient of thea-SiO2 and the NS4
models clearly demonstrates that the change from acou
like modes at low frequency to opticlike modes at high fr
quencies is little effected by the degree of polymerizatio
Depolymerization leads only to a change of the modes be
100 cm21 from almost completely acoustic (qS>0.8) in
a-SiO2 to more opticlike in NS4. On the contrary, the stru
tural disorder leads to increase of the opticlike characte
the mid-frequency modes.

C. Polarized Raman spectra

The measured and calculated reduced polarized Ra
spectra of the NS4 glasses are shown in Figs. 8 and 9. De
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PRB 60 6393CALCULATION OF RAMAN SPECTRA AND . . .
of the Raman measurements are given elsewhere.34 The VV
spectra~Fig. 8! were normalized to have approximately th
same intensity of the high-frequency peak at about 1
cm21, while the depolarized~VH! spectra were normalize
to have a similar intensity of the 800-cm21 peak.

The calculated VV spectra reproduce reasonably well
position and the relative intensities of the experimental sp
trum although there are some intensity discrepancies~see
below!. We have used uniform Gaussian broadening wit
full width at half maximum~FWHM! of 38 cm21 for all
normal modes. This is the minimum broadening which
sults in almost featureless low-frequency bands~except for
the weak feature at 380 cm21 in the NS4–I model! but it
leads to an increased FWHM of the mid- and high-freque
bands as well.

Our calculations of the Raman spectra of crystalline S2
polymorphs and Na2SiO3 have demonstrated that we we
able to reproduce correctly the general order, the rela
intensities, and the symmetry of the bands in the correspo
ing experimental spectra. Therefore the discrepancies
tween the calculated and the experimental Raman spect
the NS4 glasses reflect mainly inadequacies in the co
sponding structural models. The correspondence betwee
calculated and the experimental spectra is much better fo
NS4–II model ~except for the width of the 950-cm21 band!
in which theQ-species distribution is closer to the expe
mental. In particular, the position of the 525 and 1100-cm21

bands as well as the intensity ratioI 525/I 1100 are practically
the same@Fig. 8~b!# withoutany additional adjustment of th
bond polarizability parameters. On the contrary, the inten
of the low-frequency band in the NS4–I model is much

FIG. 7. Phase quotientqS : ~a! a-SiO2; ~b! NS4–I; ~c! NS4–II
model; ~d! coesite.
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stronger due to the presence of larger number ofQ4 species
~Table V!. Therefore these results clearly demonstrate t
the VV spectra are very sensitive to the characteristics of
underlaying structural models and the degree of polymer
tion.

The calculated depolarized VH spectra~Fig. 9! reproduce
also most the features in the experimental VH spectru
However, the 340- and 435-cm21 features are shifted to
lower frequencies, while the 1100-cm21 band is shifted to

FIG. 8. VV polarized experimental~ ! and calculated
~ ! spectra of NS4 glasses:~a! NS4–I; ~b! NS4–II model.

FIG. 9. VH polarized experimental~ ! and calculated
~ ! spectra of NS4 glasses:~a! NS4–I; ~b! NS4–II model.
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higher frequencies. In addition, the relative intensity of t
800-cm21 band is much stronger in the calculated spec
The depolarized spectra are practicallyinsensitiveto the dif-
ferences in the structural models. In this sense, their beha
is similar to that of the VDOS. The similarity betwee
VDOS and the depolarized Raman spectra has been no
by many authors. This can be easily understood since s
tering mechanism 3, which gives the main contribution to
VH spectra, corresponds to mixed bending and stretchin
the Si-O bonds both present in the VDOS.

In Fig. 10, we compare our results fora-SiO2 with the
experimentally measured in the present study reduced
and VH spectra ofa-SiO2. The calculated VV spectrum o
a-SiO2 reproduces relatively well the overall shape of t
450-cm21 band and the intensity ratioI 450/I 1100, but the
FWHM of the 450- and the 800-cm21 bands is larger and
there is no splitting of the high-frequency band. Direct co
parison with the previous results of Bell an
Hibbins-Butler22 is not possible because they have not p
the contributions from the three scattering mechanisms o
common scale. The model spectra reported in Ref. 3 usin
Keating potential are very similar to our calculations f
a-SiO2 although their low-frequency VV band has extran
ous sharp features at about 182, 290, 380, and 585 c21

probably due toinsufficient Gaussian smoothing. In bot
cases the calculations fail to reproduce the exact inten
and the splitting of the high-frequency bands which proba
reflects some imperfections in the short-range potentials u
for the calculations of the eigenvectors.

The strongest low-frequency VV Raman peak ofa-SiO2
lays between the band edges 380 and 500 cm21 in VDOS. In
other words, it is predominantly due to rocking- an
bending-type motions of the bridging oxygens~see Table
VI !.

FIG. 10. Experimental~ ! and calculated~¯! polarized Ra-
man spectra ofa-SiO2: ~a! VV spectra;~b! VH spectra.
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The sharpD1 andD2 lines at 495 and 606 cm21 are not
reproduced. TheD1 band is very close to the band edg
seperating theP1 and theP18 bands in the VDOS, while the
D2 band is very close to the band edge separatingP18 and
B2 . We have seen that the modes near the band edge
strongly localized and the position of the band edges d
not strongly depend on the details of the glass structures
it can be concluded beyond any doubt that theD1 and D2
bands arise from strongly localized modes. Additional stu
ies ona-SiO2 models with different ring distributions would
be necessary in order to further address this controve
topic.

A computer simulation of the Raman spectrum of iso
pically substituteda-30SiO2 ~Fig. 11! reproduces exactly the
isotopic shift of the 800-cm21 band reported by Galeener an
Geissberger82 (D5220 cm21). This is further confirmation
of the quality of our calculations, although the shift of th
450-cm21 band is slightly lower than the observed valu
~Dc524 cm21, Dexp528 cm21!. The 30Si isotopic shift
of the 800-cm21 band is well explained by the large contr
bution of the Si atoms (APRSi;0.55) which move agains
the BO atoms.

The high-frequency VV Raman bands arise from the o
ticlike stretching in characterP3 band in VDOS. Ina-SiO2
the high-frequency polarized Raman bands are very w
because the perpendicular bond polarizabilitygSi-BO is small
and the contribution of the neighboring BO-Si bonds to t
first scattering mechanism almost cancel out each other.
the contrary, the high-frequency band in the NS4 glass
very strong although the stretching character, the bridg
oxygen motion, and the phase quotient of the modes
qualitatively the same as ina-SiO2.

D. Partial Raman spectra

In order to analyze further the character of the hig
frequency polarized Raman bands in the NS4 glass, we h
calculated thepartial Raman spectra~PRS! for the different
Q species~Fig. 12!. The PRS of theQ2 andQ3 species were
calculated by projecting the contribution of the Si-NB
bonds from the whole set of eigenvectors and scaling to
same number of Si atoms. The PRS of theQ4 species were
calculated by projecting the contribution of all Si-BO bon

FIG. 11. Calculated VV polarized Raman spectra ofa-SiO2 for
different Si isotopes:~ ! 28Si; ~ ! 30Si.
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and scaling to the same number of Si atoms. Compariso
Figs. 8 and 12 shows that the strong polarized band at a
1100 cm21 in the NS4 glasses arises mainly from opticli
stretching motions of the NBO atoms against the Si atom
Q3 units as usually assumed83,84 while the Si-BO contribu-
tion is much smaller. TheQ2 species exhibit a well resolve
peak at about 950 cm21, as usually assumed.83,84The contri-
bution of the Q2 and Q3 species to the low- and mid
frequency bands is negligable except for a very weakQ3

band at about 580 cm21. The changes in the intensity of th
Q2 and Q3 PRS peaks are in full agreement with th
Q-species distribution in the NS4 models~see Table V!. The
PRS intensities are proportional to the concentration of
Q2 and Q3 species. On the contrary, theQ4 PRS indicate
that the cross section of theQ4 species is larger. The PR
calculations confirm and justify the use of the integral inte
sity of the high-frequency bands for determination of theQ
species in silicate glasses and melts. The shape of theQ2 and
Q3 PRS is, however, rather complex and direct decomp
tion using Gaussian components34 seems to be an oversim
plification.

V. SUMMARY AND CONCLUSIONS

A detailed comparison of the vibrational characteristics
sodium tetrasilicate~NS4! glass with amorphous SiO2
(a-SiO2) allows a division of the VDOS into several band
with different vibrational characteristics. The present cal
lations extend the band assignment of Galeener, Leadbe
and Stringfellow77 for a-SiO2 demonstrating in particula
that thev1˜v3 band in the range 500–800 cm21 consists,
in fact, of three bands in the ranges 500–610, 610–720,
720–850 cm21, respectively.

FIG. 12. Partial Raman spectra ofQ2 ~a!; Q3 ~b!, andQ4 ~c! for:
~ ! NS4–I and ~ ! NS4–II models.
of
ut

in

e

-

i-

f

-
er,

nd

The atomic participation ratios and the character of
BO motion are most sensitive to the degree of polymeri
tion because they depend on the concentration of the ato
species present. Qualitatively, the general character of
different vibrational modes remains the same with increas
degree of depolymerization. This implies that the vibration
properties of silicate glasses are local phenomena reflec
the rigidity of the corner-sharing SiO4 tetrahedra. Neverthe
less, depolymerization does lead to several import
effects—the appearance of new Na and NBO bands, incre
of the localization of the low- and mid-frequency modes,
well as quantitative changes in the contribution of the diff
ent atoms to the normal modes.

The strong VV polarized bands at about 525 and 11
cm21 in the spectrum of the NS4 glass originate almost
tirely from polarizability changes due to bond stretchi
~compression!. On the contrary, the depolarized Raman sp
tra arise from mixed bending1stretching scattering mecha
nism. The bond polarizabilities parameters of t
silicon—BO bonds are not strongly affected by structu
disorder when going from crystalline to amorphous silicat
The strong intensity increase of the high-frequency polari
Raman bands in depolymerized glasses reflects the incr
in the derivative of the parallel bond polarizability of th
silicon-NBO bonds.

The calculated partial VV polarized Raman spectra
different Q species confirm the usual empirical assignme
of the 950-cm21 band toQ2 species and the 1100-cm21 band
to Q3 units and quantitatively shows that their cross sectio
are the same. But their actual shape is rather complex
they strongly overlap. This suggest that the usual Gaus
decomposition of the high-frequency bands of alkali silica
glasses into differentQ species contributions is an oversim
plification, probably correct only for narrow composition
ranges.

The places where the calculations of the Raman spe
failed are due to different reasons. The first reason is rela
to the limitations in the potential model and in the calcu
tion procedures used. Additional systematic studies of
effects of different interatomic potentials on the Raman sp
tra calculations are necessary. Similarly, improvements
the Raman intensity calculations, in particular introducti
of dependence of the parallel bond polarizability on the bo
length and nonuniform broadening, are desirable.

The second kind of discrepancies is associated with
quality of the structural models themselves. Calculations
glass models with still betterQ-species distributions would
be necessary to constrain better the actual shape of theQ2

andQ3 peaks. Calculations on SiO2 and NS4 models with a
different number of three- and four-membered rings wo
be necessary to further test the assignment of theD1 andD2

bands, postulated by Galeener.75

In any case, the results presented demonstrate that c
lations of the dynamics of silicate glass models should
stop with the calculation of the VDOS and VH Raman spe
tra, because they are not very sensitive to the details of
glass structure, but should proceed to compute the VV
larized Raman spectra, which represent a stringent tes
constructing more realistic glass models.
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