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Calculation of Raman spectra and vibrational properties of silicate glasses:
Comparison between NaSi,O4 and SiO, glasses
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First calculations of the vibrational density of sta(@®0S), the character of the vibrational modes, and the
polarized Raman spectra of depolymerized alkali silicate glass with 20 mol 6 WN8,Si,Oq glass using
Kirkwood-type potential and computer generated models with periodic boundary conditions are presented and
compared with amorphous SjQa-Si0,). 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 pahdllel 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 oxygensQ speciey in the NaSi,Oq glass are calculated and compared with empirically estab-
lished rules for determination @ species from polarized Raman specf@0163-182@09)01333-§

[. INTRODUCTION from their hand-built random network model with free and
fixed boundary conditions. The IR and Raman spectra of
Considerable progress has been made in the theoreticaialla-SiO, clusters with Bethe lattice boundary conditions
understanding of the vibrational properties of silicate glassesvere calculated analytically using the Green’s-function
Most of the work done so far is on the vibrational density of approach*® More recently, the IR spectra af SiO, mod-
states(VDOS) of amorphous Si@(a-SiO,). VDOS calcu-  els with periodic boundary conditions were calculated nu-
lations ona-SiO, have been performed using various typesmerically using the point-charge model with effective
of computational methods: the inverse iteration methdd, charges obtained from electronic calculatidnasing the
rect diagonalization of the dynamical matfi¥ Fourier  current-current autocorrelation functforiaking into account
transform of the velocity-velocity autocorrelation the contribution of the induced dipoles and from the trans-
function®~12 the Bethe lattice modéf:'® and the central- verse dielectric response function using Born charges de-
force model of Sen and Thorp&?!’ rived from first principle$* Good agreement with experi-
However, despite the fact that Raman and infrafiét) ment was found both for the positions and the intensities of
spectra are very sensitive probes of the local structure ahe main IR peaké>?* The only realistic calculation of the
amorphous materials, there are only a few calculations of thRaman spectra &-SiO, model with periodic boundary con-
Raman and IR spectra af SiO,, mainly due to the fact that ditions, to the best of our knowledge, is the work of Murray
the coupling coefficients linking these optical spectra withand Ching using the bond polarizability approximation and
the VDOS are strong functions of the vibrational direct diagonalization of the whole dynamical matrix.
frequencyt®=2° Bell and Hibbins-Butler have calculated the ~ Beyonda-SiO,, the interpretation of the Raman and IR
IR spectrd’ using a point-charge model and the Ramanspectra of binary and multicomponent silicate glasses is still
spectrd’ using the bond polarizability approximation of essentially on a qualitative level despite the enormous
a-Sio, for selected equidistantly distributed frequenciesamount of experimental vibrational spectra published and
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their importance both in material and earth sciences. Various Therefore in the present work we have used a Kirkwood-
empirical rules are currently used for structural interpretatiortype potential, which, similarly to the Keating potential, is
of the glass spectra. They are based on comparison of Ramapecially suited for the vibrational analysis of covalently
spectra of alkali silicate glasses and corresponding crystalsonded materials in the harmonic approximation. The Kirk-
and on normal-mode calculations of small molecularlike sili-wood potential can be written in the form
cate units using valence-type potenti@is:!

Therefore in the present paper we present realistic VDOS

= 192 S0y 0 )2
and Raman intensity calculations of J)$&04 glass(denoted 2V= |§l: ij (Fij = rip) =+ %:‘ Bijlij (A O,
hereafter NSy and discuss the character of the vibrational
modes in depolymerized alkali silicate glasses in comparison AOj = COS{®ijk)—COS(iC}k). (1)

with amorphous SiQ We have chosen the NS4 composition

because it can serve as a simple model for more complicateslhere «;; is the stretching force constant between nearest-

multicomponent high-silica glasses and its structure as welheighbors atoms andj, r;; andrﬂ are the distance and the

as vibrational spectra have been studied by neutrorquilibrium distance between atornandj, Bijk is the bend-

diffraction** reverse Monte Carlo simulatioi$, and ing force constant between the atoimg andk, forming the

Raman and nuclear magnetic resonanceMR)  angle®,, , and®, is the equilibrium angle between atoms

spectroscopy! 283>+ i-j-k with the jth atom at the vertex. In this definition the
The outline of the paper is as follows. In Sec. Il we dis- fgrce constantsy and 8 have the same dimensigN/m).

cuss the calculation of VDOS by direct diagonalization of e calculate the atomic vibrations of the relaxed models

the dynamic matrix and of the polarized Raman spectra usingy direct diagonalization of the dynamical matfi2M) us-

the bond polarizability approximation. In order to determinejng the Jacobi method. Because of the special form of the

a transferable set of force constants and bond polarizabilitkirkwood potential, the DM can be split into purely stretch-
parameters we have also presented in Sec. Il lattice dynamigsg and purely bending parts:

and Raman intensity calculations of several crystalline,SiO

polymorphs and crystalline N&iOs. In Sec. Ill we describe 1 Y, <t b

briefly the construction of am-SiO, model by molecular DMiJaB:(m_m_)UZ I or =DMijaptDMijp. (2
dynamics and two NS4 models. The first model is con- o IR

structed by molecular dynamics and the second by reversgherei,j number the atomé,j=1,2..N, N is the total num-
Monte Carlo simulations. In Sec. IV the vibrational density ber of atoms in the modgla and 8 are the Cartesian coor-
of states, the character of the vibrational modes, as well adinate indicesin; is the mass of the atomandr, , is theath
the total and partial Raman spectra of the NS4 an8iO,  component of the radius vector of théh atom. Detailed
glass models are compared and discussed. Section V givesapressions fobMS" andDM?P are given elsewher&:*
conclusion.

B. Raman scattering mechanisms

ll. CALCULATION PROCEDURES The one-phonon Raman scattering, in a semiclassical
A. Calculation of normal modes treatment, is associated with the induced polarizability of the

ystemea which relates the induced dipole moménto the

lectric vector of the incident ligE(P= aE). The intensity

f the scattered light is proportional to the space average of

the squares of the vibrational transition probabilities; )y

=(Wyslajj| Pyi), whereW and ¥\, are the time indepen-

g . : . dent vibrational wave functions of the final and initial states.
lated VDOS using several pair potentials indicated that theExpanding the polarizability tensor in terms of the atomic

van Beest, Kramer, and van Sarftepotential gives the best displacements for a given normal mogend keeping only

ia] 45
qverall agreement, followed by the T§uneyek|al. POteN- o linear term the induced polarizability tensor of i
tial. However, none of these potentials can reproduce cor,

rectly the shape of the low-frequency peak in VDOS at abou)[”bratlonal mode becomes
360-403 cm'. VDOS derived from the velocity-velocity )
autocorrelation functidt® using empirical potentials with aP.:E _”UIP, (3
both two-body and three-body interacti8hé” > also have
this low-frequency deficiency probably due to insufficient
dispersion Ab initio calculations give the best agreement
with the experimental VDOS foa-SiO, but at present are
limited to relatively small structural models.

The large number of available interatomic potential func-
tions for silicate glasses arises from the difficulties to mode
the strong directional character of the Si-O covalent interac
tions, especially the bending modes of the coupled,SiO
units, and leads to rather large uncertainty in the numerical 4
values of the various force constants and in their transferabil- 1P o MWn(w Tg(w,) (4)
ity to other compositions. b ® e P

A large number of interatomic potentials have been use
to reproduce the structure, the elastic, and vibrational propg
erties ofa-SiO, and silicate glassesee for review Refs. 4
and 7. Comparisoh® of the experimentally measured
VDOS for a-SiO, by neutron inelastic scattering with calcu-

whereuf is the displacement of atonin modep and the
summation is over all atoms in the model. Introducing Eq.
(3) into the vibrational transition probability, space averag-
ing the squares of the polarizability tensor components and
faking into account the properties of the harmonic vibrational
wave functiongsee Ref. 48 one obtains for the intensity of

a given modep with polarizability ij:
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where w, is the wave number of the incident light, TABLE I. Symmetry properties of the Raman scattering tensors.
n(wp,T)=[exp(nccup/k'l')—l]‘1 is the phonon occupation

number at temperatur@ for the Stokes linesh is the Mechanism ™ G P’
Planck’s constant; is the speed of light in vacuunk,is the -

; . . . . 1 finite 0 0
Boltzmann's constant, ang(w,) is the partial vibrational 5 0 finite 3
density of states for modp at frequencyw, (expressed in 3 0 finite 3

4

wave numbers
The Raman spectra of disordered solids are usually ding: L (g agpt as)

cussed in terms of the so-called reduced spectféfinwhich bGzz?’;[(l; _2; 2)z3+('a — @32+ (= @39)?]
is obtained by multiplying the experimentally measured i3[(;12)2j(a inl(a 52] 2 7

spectrum with the correction factas/n(w,T)- (wo— w)*. : . 2
The importance of the total reducedtemperature-
independentscattering is due to the fact that it can be writ- polarizability parameters. Expanding; (R,,) in a Taylor
ten as a sum over all partial vibrational densities Ofgaries and keeping the linear term orl1ly, E8). obtains the

“Depolarization ratio.

statest®1 form

red__ f . , - PN

la 2 Chgp(w 5) aﬁ=% AmAu%'rabé\ij"—% YmAUR- T an(F apf ap— 1)
where the coupling coefficienS; between the partial den-
sity of states and the optical spectrum for a given polariza- + —(Aumrab+ FapAuR— 2AUf - Fapf apfap)ij »
tion « are proportional to the space averages of the squares m Rap
of the derivativea’ of the polarizability tensor. 11

For an isotropic system there are only two independent ,
components of the;; tensor—VV and VH. The polarization whereAr, and yy, are the derivatives ok and y with respect

of the experiment is VV when the incident and the scattere O Rap. Aup uz—up, and the summations are over all
electric fields are parallel and is VH when they are Ioerloenneares;t nelghbor bonds. Assuming further that the parallel
dicular. It can be shows that the reduced intensities of and perpendicular bond polarizabilities vary slowly with the
modep with polarizations VV and VH will be bond_ length for a given type of bonds, we can rewrite Eq.
(12) in the form
150 (45T2+4G2)g(wp) (6)

and af}:; Aé% Au&'fabb‘ij‘l'; 7&% AUf T ap(Fabl ab

15c3G3g(wp), 7) _ 1 S

P _1)ij+2 Yo R_(Aupmrab_l'rabAu%
whereT, and G2 are the invariants of the induced polariz- . m Tab
ability tensora when the system is vibrating in mogbe — 2AUP - F 2 apf an)i » (12)

wheren runs over the different types of bonds amdis a
TP:§(QF1)1+ asyt aby) 8 summation over all bonds of type A’ , 7., and7,, are th
Y€ A, vn, andy, are the
mean bond polarizability parameters for theth type of
and bonds. The three terms in the right-hand side of Bdg)
correspond to three different types of Raman-scattering
2:3[(0[5)1_ al)2+ (af— B2+ (aly— aly)?] mechanisms. The symmetry of the invariants of the three
polarizability tensors are summarized in Table I. The first
term (45I'l23) in the VV polarized spectrufEq. (6)] depends
only on the first scattering mechanism, the polarizability ten-
sor of which is diagonal and corresponds to bond compres-
sion. On the contrary, the depolarized VH Raman scattering
[Eqg. (7)] depends only on traceless mechanisms 2 and 3,
hich correspond to mixed bond-stretching and bond-
ending motions.

Although the mean polarizability parameters can be esti-
mated in simple casé@$,we will consider them as free pa-
rameters which must be adjusted to give a best fit to the
experimental Raman intensities. A similar approach was

) (Rap) =A(Ra) 8+ ¥(Rap) (Fapf ap— 1), (10 2dopted by Murray and Chirty _ |
The final Raman spectra to be compared with experimen-
whereR,,=r,— I} is the vector joining atoma andb, Ry,  tally measured reduced spectra are obtained by uniform
is the bond lengthf ., is a unit vector along the bond, and Gaussian broadening of the calculated Raman intensities
A(R,p) and y(R,p) are the parallel and perpendicular bond which takes into account the effects of anharmonicity, finite

+3[(al)?+ (aly)*+ (ady)’]. 9)

In order to evaluate the Raman intensities from Egs.
and (7) we have used the bond polarizability
approximatior,> in which all six componentsy,; of the
induced polarizability tensor are written as a sum over th
nearest-neighbor bonds with imposed invariance with respe
to translation and inversion and cylindrical symmetry about
the bond. The contribution from the bond between atams
andb will be then
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size of the models, and additional disorder not present in the TABLE Il. Observed and calculated frequenciésn) and
computer generated models. The consequences of this lingelative integral intensities of Raman-active optic phononsxin
broadening procedure for the calculated Raman spectra wifluarz.I'op=4A1(R) +4A5(1) +8E(RI).

be discussed in Sec. IV.

Symmetry{ Frequencies Assignméht  Intensities
Ramafi IR® Calc. Obs  Calc.
C. Fit of force constants and bond polarizability parameters
, _ E(T+L) 128 129 103 E 6.3 0.26
We have determined the force constants of the KlrkwoodAl 206 189 A, 35 o
potential from lattice dynamics calculations on several crys—E(T ) 265 266 232 E 38 03
talline SiG, polymorphs and crystalline N&iO; metasili- A, 355 316 A, 40 944
cate, the structure and the vibratiof@aman and IRspectra A, 364 297 A, 0.0
of which are well established. The symmetry species of th%(T) 394 385 18
modes are determined in each case by analyzing the trans- 400 E 0.5
formation properties of the eigenvectors. While the irreduc- L) 401 15
ible representations of the optic phonohig, for the SiQ A, 464 264 A, 100 100
polymorphs are well known, we have calculatEg, for A 495 405 A 00
Na,SiO; using the correlation methdt (see Table Ill be- EET) 450 444 2 <h '

low). The calculated phonon frequencies and relative inten-

sities were fitted to the experimentally measured frequencieg 340 E 0.04
and intensities reported in the literatife>5except fora (L) 511 13
quartz the intensities of which were determined from unpo-E(T+L) 696 689 642 E 2109
larized Raman measurements in the present study. In t 778 730 Az 0.0
lattice dynamics calculations we have not included forceE(T) 796 800 2.5
constants for bending of Na-O-Si and O-Na-O linkages be- 778 E 2.7
cause they are expected to be very small. E(L) 808 25
Examples of the lattice dynamics and Raman intensityE(T) 1069 1.8
calculations fore quartz and NgSiO; are given in Tables I 1041 E 0.8
and lll, respectively. Despite the relatively simple form of E(L) 1230 1.0
the Kirkwood potential, it correctly reproduces the numberA, 1110 1160 A, 0.0
and the symmetry of the vibrational modes. It does not preA; 1085 1152 Ay 19 03
dict the LO-TO splittings ine quartz andwx cristobalite, be-  E(T+L) 1162 1157 E 6.0 03
cause Coulomb and dipole-dipole interactions are not in=
cluded in the potential model. aSymmetry species from single-crystal Raman measurentBefs

Table IV lists the values of the force constants for allb53)-
crystalline phases studied. A reasonably good fit is achievedscott and PortaRef. 53.
for all phases, except fq8 cristobalite which has only three dSCOtt and Port@Ref. 53, Plendlet al. (Ref. 54. _
(one Raman and two IPoptical active phonons, to which the Symmetry assignment from the transformation properties of the
force constants can be fitted. The valence force constants fofalculated normal modes. _
B quartz are in excellent agreement with previous Ca|cu|a§Unpolar|zed powder Raman measurement in the present study.
tions by Bate$? All SiO, polymorphs can be fitted with one ~Shoulder.
single set of average force constantsrggo)=476 _
+14 N/m, <ﬁBO—Si-BO>: 39+ 15N/m, and <BSi—BO—S> =34 parameters: 75i—BO: 0.05, A’Si—BO: 0.5, 7Si—NBO: 0.05,
+2.4N/m. This demonstrates the transferability of the em—K’Si_NBO: 1, Yna.o= 0.0, andK,'Va_O: 0.05.
pirical Kirkwood force constants for different Sj@olymor- The results for the Si© polymorphs and crystalline
phs. Na,SiO; demonstrate that lattice dynamics calculations with
The intensities calculated by mechanisms 2 and 3 arghe Kirkwood potential and Raman-scattering intensities
strongly correlated. Therefore we have set the value of thgased on the mean bond polarizability approximation can
derivative of the perpendicular bond polarizability to zero  reproduce correctly the main features of the corresponding
in all calculations. In other words we assume that the peryibrational spectra and thus could be used for the vibrational
pendicular bond polarizability does not depend on the bond analysis of silicate glasses which have similar short-range
length. The relative intensities for the Si@olymorphs are  order.

reasonably well reproduced with an averagé\’ ratio of

about 0.1, except of the lowest frequency modes guartz, IIl. CONSTRUCTION OF GLASS MODELS
«a cristobalite, and coesite which are systematically lower. .
This might be due to the presence of significant torsional A. SiO, model

componerf? in these modes, which is not included in the A model of a-SiO, was constructed by molecular-

potential model. The ratig//A’=0.1 is comparable to the dynamics(MD) simulations. The MD calculations were per-
value 0.3 used by Murray and Chifdror the sodium meta- formed with an interatomic potential including two- and
silicate the calculations reproduce the relative order of thehree-body interactions, described in detail by Vashishta
Raman intensitiegsee Table Il with the following set of et al*’ The model contains 648 atorf&16 Si atoms and 432
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TABLE lll. Calculated and observed frequenci@sn 1) and B. Na,Si,O9 models
relative intensities of Raman-active optic phonons in crystalline

N&SIOs. I'oni= 9A;(R,1) + 8Ax(R) + 7B (R,1) + 9B,(R.1). Models of NaSi,Oq glass were constructed using two dif-

ferent procedures. The first modédienoted NS4l hereaftey

was generated by molecular dynamics. The MD calculations
were carried out with constant particle number and constant
Freg®  Int? Freq® IntP® Freq? Int. Assignmerft pressure. The particle velocities and positions, as well as the
dimensions of the simulation cell, were slightly rescaled at

Experiment Calculation

168 nf 167 3 1410 B2 each time step in order to control the systems temperature
184 w 185 3 186 13 A and pressure. The Newtonian equations of motion were inte-
200 w grated with an integration step of 1 fs using the Nordsieck-
215w 215 1 201 48 B Gear algorithnf* The simulation started with a stoichio-
235 sh 235 2 253 15 A metrically modified crystalline structure. In 500-ps annealing
264 m 263 2 259 34 A cycle this structure was rapidly heated up to a maximum
301 w 303 2 29 04 B temperature off=8000K and subsequently slowly cooled
355 05 Az down to room temperature. The MD calculation is based on
395 m 397 5 411 54 A a modified Born-Mayer-Huggins potential for ionic interac-
433 W 407 sh 383 02 B tions with a weak Stillinger-Weber three-body te¥rizur-
510 w 507 1 507 09 B, ther details of the MD calculations are given elsewlf&f¥.
549 w 553 1 The model contains 585 aton$56 Si, 281 BO, 70 NBO,
588 s 587 18 583 18 A and 78 Na atomsin a box with periodic boundary condi-
607 sh tions. The number densitigee Table Vis very close to the
716 W experimental value of 0.0714 atoms/A
750 YW 816 <.1 B, The second modeidenoted NS4l hereaftej was con-
865 W 880 3 767 1.6 B, structed in several steps. We started with a 64-atom model of
914 W a-Si, generated by the recently proposed activation-
965 Vs 973 100 971 100 A, reIaxajuon techmqué‘? Qxygen atoms were then inserted into
1014 W 1018 9 1018 17 A, th_e mlc_jd_le of all Si-Si bonds. As a next step some of the
1063 <01 B, Si-O-Si Ilnkages were broken and gdd|t|0nal NBO’s added
1063 w 1083 3 1101 03 A close to the Si atoms to have approximately the correct num-
2 S ;
1103 01 B ber of Q species in the NS4 glass, as determined fro_m NMR
! measurement® =3 Finally Na atoms were added in the
aReference 61 voids of the Si-O network and a reverse Monte C&RMC)
bReference 27. fit of the calculated pair correlation functi@yr) to the ex-

Syw: very weak; w: weak; m: medium; sh: shoulder; s: strong; vs:perimentally measured(r) using neutron-diffractioft data
very strong intensity. Approximate reduced intensities ( Was performed. The configuration created in this way con-
—298K) calculated in the present study from the height of thet@ined 234 atom¢52 Si, 142 O, and 30 Na atois a cubic
peaks given in Fig. 1 of Ref. 27. box with periodic boundary conditions. The number density
“The first 15 normal mode with frequencies below 30 ¢ninvolv-  (See Table Vis slightly lower than the experimental one.

ing mainly Na-O motion, are not listed.

eSymmetry assignment on the basis of the transformation properties

) ) 5 C. Energy relaxation
of the calculated normal modes and the relative Raman intensities.

The initial models were then relaxed with the Kirkwood
potential. The values of the valence force constants for

xygen atompwith periodi ndar nditi Tabl i . X
oxygen atomswith periodic boundary conditionsee Table a-Si0, were chosen close to the force constants given in

V). The equations of motion were integrated with an algo ) " B
rithm due to Beeman and Alb&husing a time step of 0.5 fs. Table _l\g N/as"EEﬁ: 480| N/m, '%B?'Si'BOI_ 40.N/m,f hanlng4
The scheme of the cooling and thermalization procedures fo@SigOiSi_ m. Ez\llgsul\ells use orie3§x,3/tlon of the
generating the glass at RT from a well thermalized molter{"CY€!S Weréasigo= m, Bo-sio= m, Bsigo-si

state is the same as described by Vashishtl *’ =10N/m, asingo=655 N/m, andaya.o=0.6 N/m.
y The equilibrium O-Si-O bond angle in all cases was set

equal to the ideal tetrahedral value of 109.47°. The equilib-
rium Si-NBO bond length was chosen equal to 1.59 A in
agreement with our previous RMC simulatidhsand the

TABLE V. Fitted force constantgin N/m) for SiO, crystalline
polymorphs and N#&5iOs.

measured Si-NBO bond length in crystalline sodium
Phase asieo  @sinmo  Posio  Psiosi N0 gy 8970 The equilibrium Si-gBO, Na-Be)/, and Na-NBO
a quartz 480 - 25.0 2.5 - bond lengths as well as the equilibrium Si-O-Si bond angles
B quartz 490 - 20.5 3.8 - are given in Table V. The valuey,=144° for thea-SiO,
« crystobalite 460 - 39.0 4.0 - model is the same as proposed by Mozzi and Watrand
3 crystobalite 475 - 41.5 6.5 - Gaskel and Tarrarft
coesite 475 - 41.5 6.5 - The minimization of the strain energy was achieved itera-
Na,SiO, 383 603 35.0 23 0.5 tively. The force on each atom was calculated, which was

then moved in a direction that decreases the force acting on it
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TABLE V. Structural characteristics of the relaxed Si&hd NaSi,Oq glass models.

SiO, model NS4 | model NS4 Il model
No. of atoms 648 585 234
Box edges, A 21.41 19.87; 21.11; 19.19 15.21
Density, atoms/A 0.0662 0.0727 0.06654
ro(Si-BO), A 1.62 1.625 1.657
ro(Na-BO), A - 2.74 2.70
ro(Na-NBO), A - 2.53 2.59
gg, deg 144 149 149
(r(Si-BO)), A 1.643+0.015 1.628:0.016 1.66-0.26
(r(Si-NBO)), A - 1.59+0.01 1.59-0.02
(r(Na-BO)), A - 2.73+0.12 2.71-0.13
(r(Na-NBO)), A - 2.53+0.13 2.58-0.18
CN(Si)® 3.94+0.22 4.05-0.22 3.9-0.46
CN(Na) - 4.96-1.1 5.2+1.3
CN(O) 1.97+0.18 1.8-0.4 1.7:0.5
(7(0-Si-0)), deg 109.4 109.4 109.4
FWHM (O-Si-O) 3.0 3.0 4.3
(e (Si-O-Si), deg 144 150 149
FWHM (Si-O-Sj 24.4 20.7 21.5
QY % 0 0 4.8
Q% % 1.8 7.7 6.4
Q% % 9.2 28.2 50.0
Q4 % 89.0 60.2 38.8
R32 10 6 0
R4 20 35 1
R5 83 56 4
R6 111 60 35
(A), AP 0.13+0.09 0.16-0.13 0.48-0.29

8R3: three membered®4: four memberedR5: five membered; anR6: six membered rings.
bAverage shift of the atoms in the relaxed models.
°CN: coordination number.

without allowing bond breaking or reconstruction. This pro- The main difference between the two NS4 models is in
cess is repeated until convergence is achidtygucally after  the medium-range ordetthe ring distribution and the Q
about 20-60 iterations speciation. The NS4 model has significant number of
The structural characteristics of the relaxed models aréour-, five-, and six-membered rings while only six-
given in Table V. The comparison of the peak positions ofmembered rings dominate the structure of the NEmodel.
the calculatedFig. 1) and experimental radial distribution Although both models have composition close to the ideal
functions?1"3"as well as the corresponding average coor-stoichiometric formula NzSi,O,, the Q species in both NS4
dination numbers demonstrate that the relaxed, &i@ NS4 models(see Table VY slightly deviate from the experimen-
models are consistent with the available x-ray and neutrontally observet®=** Q species distribution of about 2%?,
scattering data. Thea-SiO, model contains a significant 50% Q3, and 48%Q*. We use these relaxed models in the
number of five- and six-membered rings. The ring distribu-next section to investigate the character of the vibrational
tion in a-Si0, has been a matter of controversy for quite modes with increasing degree of depolymerizatie8% Q3
some time especially in connection with the possible originin a-Si0,, 28% Q% in NS4_I, and 50%Q?2 in NS4_II).
of theD; andD, “defect” lines at about 495 and 606 cm
in the polarized Raman spectrum from planar four- and IV. RESULTS AND DISCUSSION
three-membered rings(see Galeenét and references
therein. In fact, recent analysis of the VDOS of anSiO,
model obtained by quantum MD simulations have The vibrational densities of stat€gDOS), scaled to one
demonstrate that the partial VDOS of the three- and four- and the same number of Si atoms, are plotted in Fig. 2. The
membered rings in this model yield peaks at frequencies iralculated VDOS fora-SiO, is usually compared with the
very good agreement with the Raman data. But since thexperimentally measured inelastic neutron scatteflihtgp)
VDOS and the polarized Raman spectraaSiO, in the  spectrumG(Q,®).””"® No INS spectra for sodium silicate
present study serve mainly as a reference in analysis of thglasses exist to the best of our knowledge.
vibrational properties of depolymerized glasses we will not The calculated VDOS foa-SiO, (Fig. 2) is in relatively
discuss this question in further detail. good agreement with the experimen®&(Q,») and compa-

A. Vibrational density of states
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' ’ interesting to note that all VDOS calculations except the Bell

A A @ 1 and Dean modéithe Bethe lattice modéf:**both of which
12 1 use Born potential, and thab initio MD constructed mod@l
E of _ have this intensity deficiency.
2 el | Introduction of NgO into the SiQ glass has several ef-
0-01 gi-gizz fects on the VDOS. A new strong peak at about 35 tm
3r A si-02 | 1 appears which is due to the correlated motion of the Na
0 Ay | ; ; : atoms(see below. The increase of the intensity of the high-
15 ®) 1 frequency peak at about 1000 chn the significant loss of
12k . 4 intensity of the mid-frequency peak at about 800 ¢prand
— the intensity increase in the 200—400-chrange correlate
< o i with the degree of depolymerization and thus are associated
6 1 with the presence of nonbridging oxygens.
3r Sli-Si1 E
0 ‘ ; ] ] | B. Character of the vibrational modes
B © 1 Unlike crystals, the vibrational modes of a glass cannot be
12+ 8 classified according to the irreducible representations of the
£ ol | corresponding space group of symmetry. Nevertheless, it is
5 possible to separate out different aspects of the vibrational
or | modes by making use of the local symmetry of the atomic
3t - arrangements.
0 ~ ' ‘
Y 2 4 6 8 10 1. Localization
R (&) An overall measure of the localization of the normal
FIG. 1. Pair correlation functiong(r) of the unrelaxeddotted ~ Modes is the so-called participation rapg, introduced by
lines and the relaxedfull lines) models:(a) a-Si0,; (b) NS4_I; Bell, Dean, and Hibbins-Butlef
(c) NS4_Il model. The first- and second-nearest-neighbor peaks in M )2
g(r) are labeled. 1
pc(wp)_ MoM,’ (13

rable with other VDOS calculations far-Si0,. 127101319 - o _
particular, the calculations reproduce well the shape and th&hereM,==[uy|*" and the summation is over all atoms in
position of the low-frequency band observed at about 403he model. If the mode is delocalized and all atoms vibrate
cm %, the mid-frequency band observed at 795 ¢mrand ~ With approximately the same amplitudes, will be close to
the high-frequency bands which in the experime®é&0, w) +1. If on the contrary, the modeis strongly localized on a
are at about 1060 and 1190 chirespectively”"®However, ~ given atom, therp.—1/N. .

the the high-frequency band splitting is smaller and the in- The participation ratiop.(w) for the a-SiO, and NS4
tensity of the mid- and high-frequency bands is enhancednodels is shown in Fig. 3. The general charactepgfw)

compared to the intensity of the low-frequency band. It isfor all three models is similar despite the different degree of
polymerization. Two types of modes are obser@dalmost

25 , , , , , fully delocalized modes witlp.~0.47 for thea-SiO, model
andp.~0.35 in the NS4 models ar(d) localized modes for
—— Si0p which p. is much lower. The delocalized modes in the SiO
\ —— NS4 | 1 model of Taraskin and Elliottalso havep, of about 0.5

‘\: """" NS4l which might be taken as characteristic ®¥SiO,. In gen-

I eral, the participation ratio becomes smaller with increasing
\

\

2.0

15 Py Py size of the model&’ The fact thap, is larger for thea-SiO,

model, although it has the largest number of atoms, shows
that depolymerization leads to decrease of the localization,
especially of the low- and mid-frequency modes.

The localized modes are grouped around specific frequen-
cies: 50—100(in the NS4 glass 250-350, 500, 610, 720,
; | 850, 980, 1100, and 1210 ¢thshown with dashed lines in
W\ g \\ Fig. 3. Comparison of these frequencies with the position of
s L Y . A the main peaks in VDOS shows that for both #&iO, and
"0 200 400 600 800 1000 1200 the NS4 models most of the localized modes are grouped
nearband edgesThus we confirm with much better statistics
a similar observation by Bell, Bird, and Déafor a-SiO,.

FIG. 2. Vibrational density of states—) a-SiOy (-----) Using the patrticipation ratio we can thus separate the
NS4 I; (- - - ) NS4_Il model. The letters label the main peaks in VDOS bands into eight frequency rangésands: 0—100
VDOS. cm ! (Na band, 100-350 cm?! (B; band, 350-500 cm*

VDOS (arb. units)

v A ;
10 \ ‘ :_: | i

—
S

0.5 Y y

Frequency (cm'1)
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FIG. 3. Participation ratio(a) a-SiO,; (b) NS4_I; (c) NS4_lI

model. The dashed vertical lines mark the position of the band

edges. The letters label the bands in VDOS. FIG. 4. Stretching character of the vibrational modéa)

a-SiO,; (b) NS4._I; (c) NS4_II model; (d) coesite.

(P, band, 500-610 cm® (P, band, 610-720 cm* (B,
band, 720—850 cm* (P, band, and finally 950—1210 cit S(wp) = —
(P3 band. The width of the vibrational gap 850—-950 cin E|UP_ UP|
remains practically unchanged with increasing depolymer

ization, but the separation between tRg, By, and P> \aue ofSwill be close to+1 if modep is predominantly of

bands becomes more smeared out. o bond-stretchingcompressingtype and close to 0 if mode
Although our calculations of VDOS involve significant ;g predominantly of bond-bending type.

noncentral forces it is interesting to compare the results so Tpe stretching characté®) of the models studied as well

far with the predictions of the central-force model of Sen and,g tor coesite is plotted in Fig. 4. We can distinguish three

Thorpé®!” augmented by Galeener, - Leadbatter, andegions: 0-500, 500-850, and 980-1210 émThe low-
Stringfellow/” with rocking motions and acoustic modes frequency range, which comprises thia), B;, and P,

[augmented central ford&CF) model, which has provided )54 i of predominantly bending character v@ta0.17.

important insights into the vibrational dynamics of $iO The mid-frequency range, which comprises Big, B,, and
G,eq, and Bef; glasses. The relatlve.we|ghts of the, Py, P, bands, has mixed bendingtretching character (0.17
P;1+B,+P,, and theP; bands, which correspond to the s g) with the stretching contribution increasing with
division of Galeener, Leadbetter, and Stringfellbware frequency. The high-frequency range, which coincides with
3.4/9, _1.7/9, 2.1/9, and 1.8/9, in close agreement with th‘fhe P, band, is almost purely stretching in charact& (
predictions of the ACF mode(3/9, 2/9, 2/9, and 20 It ~ g gy comparison of the stretching character of the differ-
should be pomteq out, however, that the ACF quel 3%t models and coesite shows that the depolymerization and
taken onlyapproximatelyinto account the nearest-neighbor is,ger have hardly effect on the stretching-bending charac-

noncentral forces. . :
. . ter of the vibrational modes.
The separation of the VDOS @f-SiO, and NS4 glasses

into eight bands is supported by all vibrational characteristics
given below, which always have some kind sihgularity o o
(minimum, maximum, steps, inflection points, ¢taear the The vibrations of the bridging oxygertBO) may be clas-

corresponding band edges. sified as stretching Sz0), bending Bgp), or rocking
(Rgo)®® according to whethetocally the BO atoms move

parallel to the line joining the two Si neighbors, parallel to
the bisector of the Si-O-Si angle or the motion is perpendicu-

The stretching charact&describes the extent to which a lar to the Si-O-Si plane, respectively. We define the param-
given mode is stretching or bending: etersSgp, Bgo, andRgg in the following way:

El(ug—u{,mjl, 14

where the symbols are as defined in E@.and (10). The

3. Bridging oxygen motion

2. Stretching character
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FIG. 5. Bridging oxygen stretchingt), bending(O), and rock- <04
ing (A) motion: (a) a-SiO,; (b) NS4_I; (c) NS4_Il model. The
dashed vertical lines mark the position of the band edges.

0 200 400 600 800 1000 1200
i

SgoUpFi—ir Frequency (em-1)
SBO(wp): s |u| | ) (15) . o . . .
BOI*p FIG. 6. Atomic participation ratiosa) a-SiO,; (b) NS4_I; (c)
NS4_II model; (d) coesite.
SeoUt Fisir
Beolwp) = %;u%, (16 4, Atomic participation ratios
p

In order to quantify the contribution of each atom tygpe
and to a given normal mode, we introduce the so-called atomic
participation ratios (APR)

F :
—59p ¢ (17) Z,|ugl

APR,(w,)= > APR,=1, (18)

E|U|p| @
wheref  is a unit vector perpendicular to the local Si-O-Si where the summation in the nominator is over all atoms of
plane,t;,;,, is a unit vector parallel to the bisector of the type « and the summation in the denominator is over all
Si-O-Si angle and;_;, is a unit vector perpendicular @,  atoms in the model. The APRparameters range from 0,
andfi,;,. The summations in Eq$15—(17) are over all when thea-type atoms do not participate in theh normal
bridging oxygens. In this definitioBzo, Bgo, andRgp all mode, to+1, when only then-type atoms vibrate.
range from+1 for fully stretching, bending or rocking mo-  The frequency dependence of the atomic participation ra-
tion to zero andSgp+ Bgot+ Rgo=1 for everyw,. In previ-  tios are given in Fig. 6. The atomic contributions change
ous studie§'*the total VDOS ofa-SiO, was instead decom-  significantly at the band edges. #SiO, the normal modes
posed into partial stretching, bending, and rockingbelow 500 cm® involve mainly the BO atoms (APR
components by convolution @gp, Bgo, andRgp with the > .7, APR;<.3). In the depolymerized NS4 glasses the Na
total VDOS, which in our view smears out the details of themotion dominates below 100 ¢ the NBO contribution
BO motion. increases at the expense of the BO contribution, while the Si
The general character of the bridging oxyg#0) mo-  contribution remains practically unchanged (APR0.22).
tion given in Fig. 5 is in very good agreement with the re- Comparing Figs. 5 and 6, it can be seen that the decrease of
sults of Bell, Dean, and Hibbins-Butté},determined only  the BO contribution above 500 crhis mainly due to the
for selected frequencies of theirSiO, model. The BO mo-  strong decrease of the BO rocking motion which cannot be
tion is strongly frequency dependent. It changes drasticallyompensated by the small increase of the bending BO mo-
above the 500-cm' band edge(Rgo decreasesBgo in-  tion. The NBO contribution remains at low constant level
creasep then above the band géBgg goes to zero an8gg (APRygo*0.15).
increases to 1)0and reveals further details of the fine struc-  Near the 720-cm! band edge the Si contribution reaches
ture of theP;, B,, andP, bands. The effects of depolymer- a maximum while the BO contribution has a minimum, the
ization on the character of the BO motion are summarized ilAPRygo is very low and APR is practically zero. Weighted
Table VI. partial VDOS for Si and QRefs. 4, 7, 14 and 85n a-SiO,
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TABLE VI. Band assignment and effects of depolymerization on the character of the vibrational modes
in alkali silicate glasses.

Assignment
Bond
Phonon  type Main atomic
Band ranggcm ) type BOtype contribution Effect of depolymerization
Na 0-150 o? IS Na New band in depolymerized glasses.
B, 150-350 A B BO+NBO Formation of new NBO subband at300 cmi %,
(Ro+Bg)¢ Decrease of BO contribution.
Increase of thd&Ry and B, mixing.
P, 350-500 A+O B BO Decrease of total BO contribution.
(Ro+By)
P1 500-610 A+O B+S BO Decrease of total BO concentration.
(Bo+Sp) Increase of bending BO contribution.
Increase of mode localization.
B, 610-720 O+A B+S BO+Si Increase of the stretching BO contribution.
(Bot+Sp) Increased mixing o, and By motion.
Decrease of total BO contribution.
Increase of NBO contribution.
P, 720-850 (0] S+B  Si+BO Decrease of the total BO contribution.
(Bo+Sp) Increase of the bending BO contribution.

Slight increase of Si contribution.
S BO+Si+NBO Decrease of total BO contribution.
So New modes localized on NBO.
Increase of the bending BO contribution.

P,  950-1210 O

0: opticlike modesA: acousticlike modes.

bS_stretching type mode®—bending type modes.

‘Rg, Bg, Sp: rocking-, bending-, and stretching-type motion of the bridging oxygen atoms. The order of the
symbols from left to right corresponds to the relative weight of the different types of motions.

also show that the peak at about 800 ¢nis dominated by ~ which describes the extent to which the vibrational motion of

Si motions against the bridging oxygens. the neighboring atoms is in phagacousticlik¢ or out of
Above the band gap the NBO contribution sharply in-phase (opticlike). qs changes from+1 for acousticlike

creases. Several positive NBO peaks and correspondingodes to—1 for opticlike modes.

negative BO peaks are observed. The average@pRon- ~ The total phase quotienfs is shown in Fig. 7 as a func-

tribution of the high-frequencyP; band increases with in- tion of frequency. The phase quotient changes abruptly at the

creasing depolymerization at the expense of the BO contri200-Cm- e7dge and above the band gap. Previous

bution. These results are direct quantitative confirmation ofalculations” of gs for a-Si0, also show decrease of

the conventional assignment of the high-frequency Ramaffom *1 t0 —0.5 in the range 0-850 cm, but there is no

bands in depolymerized alkali silicate glasses to Si-NBQ[IN€ Structure near 500 cm and the phase quotient of the

stretching vibrations. Comparison of the atomic participationhigh'frequency band has much less opticlike character. On

. o ; L the contrary, the phase quotient calculated by Bell and
ratios for a-Si0; [Fig. §(a)] and co_esndﬁg. 6(d)J shows Dearf! using Born potential also exhibits minimum at about
that the general behavior of the Si and O contributions as 800 cniL It seems that the mid-frequency featureginis a

function of frequency in crystalline and amorphous SiO property of bond-oriented potentials.

structures is very similar. Comparing the phase quotient of theSiO, and the NS4
. models clearly demonstrates that the change from acoustic-
5. Phase relations like modes at low frequency to opticlike modes at high fre-

The frequency dependence of the participation ratigiuencies is little effected by the degree of polymerization.
p(w) has shown that the low- and mid-frequency modes aréepolymerization leads only to a change of the modes below
strongly delocalized. In order to determine the character 000 cm* from almost completely acousticq¢=0.8) in
the correlations between the individual atomic displace2-SiO, to more opticlike in NS4. On the contrary, the struc-
ments, we turn to the phase quotient of the modes. The totdral disorder leads to increase of the opticlike character of
phase quotiends is conventionally definét as the mid-frequency modes.

. C. Polarized Raman spectra
Zuy-u .
p_P (19 The measured and calculated reduced polarized Raman

Gs(@p) = S0 g ;
|Up' Up| spectra of the NS4 glasses are shown in Figs. 8 and 9. Details
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FIG. 8. VV polarized experimental—) and calculated
(— — —) spectra of NS4 glasse&@) NS4 _I; (b) NS4_Il model.

stronger due to the presence of larger numbe@bfpecies

(Table V). Therefore these results clearly demonstrate that
the VV spectra are very sensitive to the characteristics of the
underlaying structural models and the degree of polymeriza-

of the Raman measurements are given elsewi{éfae Vv tion.
The calculated depolarized VH spectfig. 9) reproduce

spectra(Fig. 8) were normalized to have approximately the

same intensity of the high_frequency peak at about 110@.'50 most the features in thefexperimental VH -SpeCtrUm.
cm™ L, while the depolarizedVH) spectra were normalized However, the 340- and 435-crh features are shifted to
to have a similar intensity of the 800-crhpeak. lower frequencies, while the 1100-cthband is shifted to

The calculated VV spectra reproduce reasonably well the
position and the relative intensities of the experimental spec-
trum although there are some intensity discrepan¢ies
below). We have used uniform Gaussian broadening with a
full width at half maximum(FWHM) of 38 cm* for all
normal modes. This is the minimum broadening which re-
sults in almost featureless low-frequency baxescept for
the weak feature at 380 crhin the NS4.| mode) but it
leads to an increased FWHM of the mid- and high-frequency
bands as well.

Our calculations of the Raman spectra of crystalline,SiO
polymorphs and NgiO; have demonstrated that we were
able to reproduce correctly the general order, the relative
intensities, and the symmetry of the bands in the correspond-
ing experimental spectra. Therefore the discrepancies be-
tween the calculated and the experimental Raman spectra of
the NS4 glasses reflect mainly inadequacies in the corre-
sponding structural models. The correspondence between the
calculated and the experimental spectra is much better for the
NS4_Il model (except for the width of the 950-cm band
in which the Q-species distribution is closer to the experi-
mental. In particular, the position of the 525 and 1100-tm
bands as well as the intensity rafligys/l 1199 are practically
the saméFig. 8b)] withoutany additional adjustment of the

REDUCED INTENSITY (arb. units)

REDUCED INTENSITY (arb. units)
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bond polarizability parameters. On the contrary, the intensity FIG. 9. VH polarized experimental—) and calculated
of the low-frequency band in the NS# model is much (— — —) spectra of NS4 glasse&@) NS4._I; (b) NS4_II model.
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. FIG. 11. Calculated VV polarized Raman spectrae®iO, for
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The sharpD; andD, lines at 495 and 606 cnt are not
reproduced. Théd; band is very close to the band edge
0 200 400 600 800 1000 1200 1400 seperating thé,; and theP; bands in the VDOS, while the

Frequency (cm-1) D, band is very close to the band edge separaBjgand
B,. We have seen that the modes near the band edges are
strongly localized and the position of the band edges does
not strongly depend on the details of the glass structures. So
it can be concluded beyond any doubt that Exgand D,
higher frequencies. In addition, the relative intensity of thepands arise from strongly localized modes. Additional stud-
800-cni ' band is much stronger in the calculated spectrajes ona-Si0, models with different ring distributions would
The depolarized spectra are practicaligensitiveto the dif-  be necessary in order to further address this controversial
ferences in the structural models. In this sense, their behaviaopic.
is similar to that of the VDOS. The similarity between A computer simulation of the Raman spectrum of isoto-
VDOS and the depolarized Raman spectra has been noticgically substituteda-2°SiO, (Fig. 11) reproduces exactly the
by many authors. This can be easily understood since scaitsotopic shift of the 800-cm' band reported by Galeener and
tering mechanism 3, which gives the main contribution to theGeissbergéf (A=—20cm %). This is further confirmation
VH spectra, corresponds to mixed bending and stretching d#f the quality of our calculations, although the shift of the
the Si-O bonds both present in the VDOS. 450-cm ! band is slightly lower than the observed value

In Fig. 10, we compare our results farSiO, with the ~ (Ac=—4cm™*, A =—8cm*). The *Si isotopic shift
experimentally measured in the present study reduced \V\?f the 800-cmi* band is well explained by the large contri-
and VH spectra 0&-SiO,. The calculated VV spectrum of bution of the Si atoms (AP&~0.55) which move against

a-SiO, reproduces relatively well the overall shape of thetheTﬁOr?tohn}s. W R bands arise f H
450-cm* band and the intensity ratibysg/l 1100, but the € high-frequency aman bands arise from the op-

FWHM of the 450- and the 800-cm bands is larger and :Egkﬁi;rtnt?:gghnegn::r; Cph;;?icztszaIg;r%(:lrllnb\;[r?o?ssélga\-/?r%weak
there IS no §p|itting of the high—frequency band. Direct COM-pecause the perpendicular bond polarizabiitygg is small
m:'s.on BV\t’;tgz .the ¢ prew_t;xs b results th of h Bell ?nd and the contribution of the neighboring BO-Si bonds to the
'obins-butler1s not possibie because they have no PUgyt scattering mechanism almost cancel out each other. On
the contributions from the three scattering mechanisms on g, contrary, the high-frequency band in the NS4 glass is
common scale. The model spectra reported in Ref. 3 using Fery strong although the stretching character, the bridging

Keating potential are very similar to our calculations foroxygen motion, and the phase quotient of the modes are
a-Si0o, although their low-frequency VV band has extrane- g alitatively the same as ia-SiO,.

ous sharp features at about 182, 290, 380, and 585'cm
probably due toinsufficient Gaussian smoothing. In both
cases the calculations fail to reproduce the exact intensity
and the splitting of the high-frequency bands which probably In order to analyze further the character of the high-
reflects some imperfections in the short-range potentials usddequency polarized Raman bands in the NS4 glass, we have
for the calculations of the eigenvectors. calculated theoartial Raman spectréPRS for the different

The strongest low-frequency VV Raman peakaeBiO,  Q speciegFig. 12). The PRS of th&? andQ? species were
lays between the band edges 380 and 500'amVDOS. In  calculated by projecting the contribution of the Si-NBO
other words, it is predominantly due to rocking- andbonds from the whole set of eigenvectors and scaling to the
bending-type motions of the bridging oxygefsee Table same number of Si atoms. The PRS of @& species were
VI). calculated by projecting the contribution of all Si-BO bonds

FIG. 10. Experimental—) and calculated: - -) polarized Ra-
man spectra o@-SiO,: (a) VV spectra;(b) VH spectra.

D. Partial Raman spectra
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' ' ' ‘ ' ' The atomic participation ratios and the character of the
@ 1 BO motion are most sensitive to the degree of polymeriza-
tion because they depend on the concentration of the atomic
species present. Qualitatively, the general character of the
different vibrational modes remains the same with increasing
degree of depolymerization. This implies that the vibrational
properties of silicate glasses are local phenomena reflecting
the rigidity of the corner-sharing SjQetrahedra. Neverthe-
®) ] less, depolymerization does lead to several important
effects—the appearance of new Na and NBO bands, increase
of the localization of the low- and mid-frequency modes, as
N\ well as quantitative changes in the contribution of the differ-
/i ent atoms to the normal modes.

\ The strong VV polarized bands at about 525 and 1100
cm ! in the spectrum of the NS4 glass originate almost en-
© | tirely from polarizability changes due to bond stretching
(compression On the contrary, the depolarized Raman spec-
tra arise from mixed bendingstretching scattering mecha-
05| 4 nism. The bond polarizabilities parameters of the
silicon—BO bonds are not strongly affected by structural

A disorder when going from crystalline to amorphous silicates.
0.0 == = The strong intensity increase of the high-frequency polarized
0 200 400 600 800 1000 1200 . . .

Raman bands in depolymerized glasses reflects the increase
in the derivative of the parallel bond polarizability of the

FIG. 12. Partial Raman spectra®f (a); Q2 (b), andQ* (c) for: silicon-NBO bonds. ) )
(— — =) NS4_I and (—) NS4_Il models. The calculated partial VV polarized Raman spectra for
different Q species confirm the usual empirical assignments

and scaling to the same number of Si atoms. Comparison dff the 950-cm* band toQ? species and the 1100-crhband
Figs. 8 and 12 shows that the strong polarized band at abote Q* units and quantitatively shows that their cross sections
1100 cm! in the NS4 glasses arises mainly from opticlike are the same. But their actual shape is rather complex and
stretching motions of the NBO atoms against the Si atoms ithey strongly overlap. This suggest that the usual Gaussian
Q? units as usually assum&f* while the Si-BO contribu-  decomposition of the high-frequency bands of alkali silicate
tion is much smaller. Th@? species exhibit a well resolved glasses into differen® species contributions is an oversim-
peak at about 950 ci, as usually assuméd® The contri-  plification, probably correct only for narrow compositional
bution of the Q* and Q* species to the low- and mid- ranges.
frequency bands is negligable except for a very wezk The places where the calculations of the Raman spectra
baznd at abSUt 580 cnt. The changes in the intensity of the fajled are due to different reasons. The first reason is related
Q“ and Q° PRS peaks are in full agreement with the {5 the Jimitations in the potential model and in the calcula-
Q-species distribution in the NS4 modetge Table V. The  tjon procedures used. Additional systematic studies of the
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?1 ar;]dQ species. Onfthe Eontrar_y, t@l PRS mrc]hcate tra calculations are necessary. Similarly, improvements of
that the cross section o _th@. SPECIES 1S 1arger. The I.DRS the Raman intensity calculations, in particular introduction
cglculatlons_conflrm and justify the use of th_e m_tegral mten—of dependence of the parallel bond polarizability on the bond
sity of the high-frequency bands for determination of @e length and nonuniform broadening, are desirable.

Sépgeglgssl?SSlggfxgvg;fler;rS];ngoTnilt;'I:nzS(;?ep; ?jmposi- The second kind of discrepancies is associated with the
tion using ,Gaussian,compone?ﬁ’tseems to be an oversim- quality of the structural models themselves. Calculations on
plification glass models with still bette®-species distributions would

be necessary to constrain better the actual shape dthe
andQ?® peaks. Calculations on Sj@nd NS4 models with a
different number of three- and four-membered rings would
A detailed comparison of the vibrational characteristics ofoe necessary to further test the assignment oDthandD,
sodium tetrasilicate(NS4) glass with amorphous SiO bands, postulated by Galeerfer.
(a-Si0,) allows a division of the VDOS into several bands In any case, the results presented demonstrate that calcu-
with different vibrational characteristics. The present calcudations of the dynamics of silicate glass models should not
lations extend the band assignment of Galeener, Leadbettestop with the calculation of the VDOS and VH Raman spec-
and Stringfellow’ for a-SiO, demonstrating in particular tra, because they are not very sensitive to the details of the
that thew;— w3 band in the range 500—800 chconsists, glass structure, but should proceed to compute the VV po-
in fact, of three bands in the ranges 500-610, 610—720, anldrized Raman spectra, which represent a stringent test for
720-850 cm?, respectively. constructing more realistic glass models.

V. SUMMARY AND CONCLUSIONS



6396

1R. J. Bell, N. F. Bird, and P. Dean, J. Phys1(299(1968.

2L. Guttman and S. Rahman, J. Non-Cryst. Soliis419(1985.

SR. A. Murray and W. Y. Ching, Phys. Rev. 89, 1320(1989.

4W. Jin, P. Vashishta, R. K. Kalia, and J. P. Rino, Phys. Re#8B
9359(1993.

5J. Sarnthein, A. Pasquarello, and R. Car, Scief@g 1975
(1997.

6K. Vollmayr, W. Kob, and K. Binder, Phys. Rev. B4, 15 808
(1996.

’S. N. Taraskin and S. R. Elliott, Phys. Rev.5B, 8605(1997.

8M.-Z. Huang, L. Ouyang, and W. Y. Ching, Phys. Rev.5B,
3540(1999.

9S. H. Garofalini, J. Chem. Phy36, 3189(1982; J. Non-Cryst.
Solids120, 1 (1990.

105, K. Mitra, Philos. Mag. B45, 529 (1982.

1A, Alavi, L. J. Alvarez, S. R. Elliott, and I. R. McDonald, Philos.
Mag. B 65, 489(1992.

12| p. Swainson and M. T. Dove, Phys. Rev. Létt, 193(1993.

1BR. G. Della Valle and E. Venuti, Chem. Phyis79, 411 (1994.

¥R. B. Laughlin and J. D. Joannopoulos, Phys. Rev13 2942
(1977.

5R. A. Barrio, F. L. Galeener, and E. Martinez, Phys. Re\3B
7779(1985.

8p_N. Sen and M. F. Thorpe, Phys. Rev1B 4030(1977).

F. L. Galeener, Phys. Rev. B9, 4292(1979; M. F. Thorpe and
F. L. Galeeneribid. 22, 3078(1980.

18R, Shuker and R. W. Gammon, Phys. Rev. L2§. 222 (1970;
Phys. Lett.33A, 96 (1970; J. Chem. Phys55, 4784(1971).

9F. L. Galeener and P. N. Sen, Phys. ReviB 1928(1978.

20R. M. Martin and F. L. Galeener, Phys. Rev.2B, 3071(1981).

2R. J. Bell and D. C. Hibbins-Butler, J. Phys.a21171(1976.

22R. J. Bell and D. C. Hibbins-Butler, J. Phys.9z2955(1976.

23M. Wilson, P. A. Madden, M. Hemmati, and C. A. Angell, Phys.
Rev. Lett.77, 4023(1996.

24p, Pasquarello and R. Car, Phys. Rev. L&8, 1766(1997).

25p_ H. Gaskell, Phys. Chem. Glas$9 (1967); Trans. Faraday
Soc.62, 1493(1966.

26E. Dowty, Phys. Chem. Minerl4, 67 (1987, and references
therein.

27s. A. Brawer, Phys. Rev. B1, 3173(1975; S. A. Brawer and W.
B. White, J. Chem. Phy$3, 2421(1975.

28T Furukawa, K. E. Fox, and W. B. White, J. Chem. Phys.
3226(1981).

29M. Marinov, N. Zotov, B. Mihailova, J. Nikolov, and L. Konstan-
tinov, J. Phys.: Condens. Mattéy 3813(1994).

30N. Zotov, M. Marinov, and L. Konstantinov, J. Non-Cryst. Solids
197, 179(1996.

31T, Uchino, Y. Tokuda, and T. Yoko, Phys. Rev. &8, 5322
(1998.

32N. Zotov, H. Keppler, A. C. Hannon, and A. K. Soper, J. Non-
Cryst. Solids202, 153 (1996.

33N. Zotov, R. Delaplane, and H. Keppler, Phys. Chem. Migé.
107 (1998.

34N. Zotov and H. Keppler, Phys. Chem. Min&5, 259 (1998.

35D, W. Matson, S. K. Sharma, and J. A. Philpotts, J. Non-Cryst.
Solids58, 323 (1983.

36F. Gervais, A. Blin, and M. H. Chipinet, Solid State Commé6s..
653 (1988.

37X. Xu, J. F. Stebbins, M. Kanzaki, P. F. McMillan, and B. Poe,
Am. Mineral. 76, 8 (1991).

N. ZOTOV, I. EBBSJQ D. TIMPEL, AND H. KEPPLER

PRB 60

%8G, H. Wolf, D. J. Durben, and P. F. McMillan, J. Chem. PH§3.
2280(1990.

39B. 0. Mysen and J. D. Frantz, Eur. J. Miner&]. 393 (1993;
Contrib. Mineral. Petrol117, 1 (1994).

“OR. Duprtee, D. Holland, P. W. McMillan, and R. F. Pettifer, J.
Non-Cryst. Solid$68, 399 (1984.

413. F. Emerson, P. E. Stallworth, and P. J. Bray, J. Non-Cryst.
Solids113 253(1989.

424, Maekawa, T. Maekawa, K. Kawamura, and T. Yokokawa, J.
Non-Cryst. Solidsl27, 53 (1991.

433, Kimmerlen, L. H. Merwin, A. Sebald, and H. Keppler, J. Phys.
Chem.96, 6405(1992.

44B. W. H. van Beest, G. J. Kramer, and R. A. van Santen, Phys.
Rev. Lett.64, 1955(1990.

453, Tsuneyuki, M. Tsukada, H. Aoki, and Y. Matsui, Phys. Rev.
Lett. 61, 869 (1988.

46B_ Vessal, A. Amini, D. Fincham, and C. R. A. Catlow, Philos.
Mag. B60, 753(1989; B. Vessal, G. N. Greaves, P. T. Marten,
A. V. Chadwick, R. Mole, and S. Houde-Walter, Natuteon-
don) 356 504 (1992.

47p. Vashishta, P. K. Kalia, J. P. Rino, and |. Ebb$ibys. Rev. B
41, 12 197(1990.

48B. Michailova, N. Zotov, M. Marinov, J. Nikolov, and L. Kon-
stantinov, J. Non-Cryst. Solids68 265 (1994).

“D. A. Long, Raman SpectroscopgMcGraw-Hill, New York,
1977.

50R. Alben, D. Weaire, J. E. Smith, Jr., and M. H. Brodsky, Phys.
Rev. B11, 2271(1975.

51E. R. Lippincott and J. M. Stutman, J. Phys. Ches8, 2926
(1964.

52W. G. Fateley, F. R. Dollish, N. T. McDevitt, and F. F. Bentley,
Infrared and Raman Selection Rules for Molecules and Lattice
Vibrations: The Correlation MethodWiley-Interscience, New
York, 1972.

533. F. Scott and S. P. S. Porto, Phys. RE&1, 903(1967).

54J. N. Plendl, L. C. Mansur, A. Hadni, F. Brehat, P. Henry, G.
Morlot, F. Naudin, and P. Strimer, J. Phys. Chem. Sol8s
1589 (1967).

55, B. Bates and A. S. Quist, J. Chem. PH§8. 1528 (1972.

56J. B. Bates, J. Chem. Phy57, 4042(1972.

5’M. Ocana, V. Fornes, J. V. Garcia-Ramos, and C. R. Serna, Phys.
Chem. Miner.14, 527 (1987).

583, K. Sharma, J. F. Mammone, and M. F. Nicol, Nat(irendon
292 140(1981).

p. Gillet, A. Le Cleach, and M. Madon, J. Geophys. Re@5,.
21 635(1990.

603, Wong and C. A. AngeliGlass Structure by Spectroscofdyar-
cel Dekker, New York, 1976

51p_ Richet, B. O. Mysen, and D. Andrault, Phys. Chem. Migéy.
157 (1996.

623, B. Bates, J. Chem. Phys6, 1910(1972.

53D, Beeman and R. Alben, Adv. Phya6, 339 (1977).

64C. W. Gear,Numerical Initial Value Problems in Ordinary Dif-
ferential EquationgPrentice Hall, New York, 1971

%5B. P. Feuston and S. H. Garofalini, J. Chem. PH8@. 5818
(1988.

%D. Timpel, K. Scheerschmidth, and S. H. Garofalini, J. Non-
Cryst. Solids221, 187 (1997).

57D. Timpel and K. Scheerschmidth, J. Non-Cryst. Soi88—234,
245 (1998.



PRB 60 CALCULATION OF RAMAN SPECTRA AND.. .. 6397

%8G, T. Barkema and N. Mousseau, Phys. Rev. L&ft. 4358  “’F. L. Galeener, A. J. Leadbetter, and M. W. Stringfellow, Phys.

(1996. Rev. B27, 1052(1983.
89, S. McDonalds and D. W. J. Cruickshank, Acta Crystallogr. '*J- M. Carpenter and D. L. Price, Phys. Rev. L&, 441(1985;
22, 37 (1967. D. L. Price and J. M. Carpenter, J. Non-Cryst. Solé®s 153

"OA. K. Pant and D. W. J. Cruickshank, Acta Crystallogr., Sect. B:79R(1?8;)' P D 4D, C. Hibbins.Butler. J. Phve. @111
Struct. Crystallogr. Cryst. Chen24, 13 (1968. -J. Bell, P. Dean, and D. C. Hibbins-Butler, J. Phys3,

n . (1970.

R. L. Mozzi and B. E. Warren, J. Appl. Crystallog?, 164 sop j el p. pean, and D. C. Hibbins-Butler, J. Physs, @214
(1969. (1971.
2p_ H. Gaskell and I. D. Tarrant, Philos. Mag.42, 265 (1980. 81R. J. Bell and D. C. Hibbins-Butler, J. Phys.8>787(1975.

Diffr., Theor. Gen. Crystallogr29, 702 (1973. (1983.
"A. C. Wright and R. N. Sinclair, J. Non-Cryst. Solid$, 351  83p_McMillan, Am. Mineral.69, 622 (1984.

(1985. 84p_ F. McMillan and G. H. Wolf, Rev. MineraB2, 247 (1995.
SE. L. Galeener, J. Non-Cryst. Solid9, 53 (1982. 8A. Pasquarello, J. Sarnthein, and R. Car, Phys. Red7,B.4 133

"8A. Pasquarello and R. Car, Phys. Rev. L8@, 5145(1998. (1998.



