RAPID COMMUNICATIONS

PHYSICAL REVIEW B VOLUME 62, NUMBER 8 15 AUGUST 2000-II

Si-O-Si bond-angle distribution in vitreous silica from first-principles 2°Si NMR analysis
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The correlation betweefPSi chemical shifts and Si-O-Si bond angles in Si©determined within density-
functional theory for the full range of angles present in vitreous silica. This relation closely reproduces
measured shifts of crystalline polymorphs. The knowledge of the correlation allows us to reliably extract from
the experimental NMR spectrum the mean (151°) and the standard deviation (11°) of the Si-O-Si angular
distribution of vitreous silica. In particular, we show that the Mozzi-Warren Si-O-Si angular distribution is not
consistent with the NMR data. This analysis illustrates the potential of our approach for structural determina-
tions of silicate glasses.

The interest in disordered SjGystems is shared by sev- in crystalline polymorphs is about 157°. Overall, the above
eral disciplines, including condensed-matter physics, materieonsiderations strongly suggest that a substantial degree of
als science, and geophysics. In particular, vitreous silica oagndetermination still persists in currently available bond
cupies a prime position, not only as a prototype of strongangle distributions for vitreous silica, were they derived by
network-forming glasses, but also as a key material in seveiffraction or by NMR.
eral industrial sectors, such as in glass, fiber, and electronic- |n this paper, we extract the Si-O-Si bond-angle distribu-
device manufacturing. tion for vitreous silica from the NMR spectrum using a re-

Vitreous silica is generally pictured as a chemically or-cently developed density-functiofidbpproach for the calcu-

dered continuous random network consisting of corneriation of NMR chemical shifts in solid®2” We establish the
sharing tetrahedraBecause the structural parameters definqrelation betweert®Si chemical shifts and Si-O-Si bond

ing the tetrahedra show sharp and narrow distributfothe angles for thefull range of angles present in vitreous silica
characterization of the disorder primarily rests on the deterby ab initio calculations on SiQ polymorphs under com-
mination of the broad Si-O-Si bond-angle distribution. Thepressive and tensile pressures. This allows us to overcome

parameters dgfmmg this d_|str|but|on are often_used for mter;[he experimental constraints which limit the range of Si-O-Si
preting a variety of physical properties of Si@etworks,

such as, for instance, the vibrational propeftfeand the bond angles available in crystalline compounds. By adopting

photoemission binding energi&&.Moreover, this distribu- & refined extraction procedure, we then determine definite

tion is used as a reference for the construction of empiricay@/ues for the first and second moment of the Si-O-Si bond-

potentials used in classical molecular dynamics@Ndle distribution in vitreous silica.
simulations’- Following the experimental convention, we quote NMR
Despite the importance of vitreous silica a general conSi chemical shifts §rys) in part per million(ppm) relative
sensus on the Si-O-Si bond-angle distribution has not yeio the Si shift of a liquid sample of tetramethylsilaieMS)
been reached. By analyzing x-ray diffraction spectra, MozzWith spherical shape at 300 K. Instead of fixing the absolute
and Warren obtained a distributiSmwhich has only sel- shift of liquid TMS by a direct calculation, we take the cal-
domly been disputet! However, in a recent diffraction culated value for the average shift of meteoritic tridymite to
study in which neutron and x-ray data were combined, Neueoincide with the experimental oIn the calculations, the
efeind and Liss yielded a distribution of a considerably dif-core-valence interactions are described by pseudopotédtials
ferent shapé?! causing a resurgence of this problem. Alter- and the wave functions are expanded in plane waves with a
natively, NMR has emerged as a viable tool for structuralcutoff of 600 Ry. The Si 8, 2p, 3s, and 3 electrons are
determinations through the use of an empirical correlatiorexplicitly described with pseudopotential core radii of 0.44
between?°Si chemical shifts and Si-O-Si bond angfés?*  bohr.
which has been derived from measurements on well charac- As reference material, we considercristobalite, which
terized crystalline Si@polymorphs. However, this approach contains just one inequivalent Si site with four equal Si-O-Si
suffers from the necessity of extrapolating the correlatiorbond angles. By relaxing the internal coordinates under com-
beyond the range of angles for which it was pressive or tensile pressures, the Si-O-Si angle ranges be-
established?131822232hnd has so far prevented the extrac-tween 130° and 180°, while the tetrahedral units are pre-
tion of a definite angular distribution for vitreous served. This property is reflected in the low bulk modulus of
silical*1"24Indeed, in vitreous silica, Si-O-Si angles up to a-cristobalite compared to, e.g, that of quartz. Calculated
180° occur, whereas the largest average Si-O-Si angle fouldMR shifts vs Si-O-Si bond angles show a linear depen-
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FIG. 1. Calculated dependence of tA%i NMR shift on Si- FIG. 2. Comparison between calculated and measuf&i
O-Si bond angles fora-cristobalite at various pressures. The NMR shifts for cristobalite(Ref. 12, quartz(Ref. 12, meteoritic
squares are thab initio results, and the solid line is the analytical tridymite (Ref. 28, and coesitgRef. 12. In the calculations, we
interpolation, Eq.(1). For comparison we also report some of the used the angular correlation given by E®) and structures defined
empirical correlations derived in the literature as a dotieef. 12, by experimental values for the anglgRefs. 12, 33 and 34
dashedRef. 18 and long-dashed lin€Ref. 21).

experimental reference the most recently measured

spectrunt? which can well be described by a Weibull func-

tion with the maximum at-111.8 ppm, and a full width at

half maximum of 9.5 ppm.

1) In order to extract the bond-angle distribution, we carry
out a fitting procedure. At first, we assume a parametrized

where g is the Si-O-Si bond angle. For comparison we alsoSXpPression for the bond-angle distribution, for instance,

dence up to 160° and a saturation at larger an¢ffés. 1),
which can well be described by

F.(6)=—93.12+8.66 co¥y—22.27 cos 2,

report in Fig. 1 some of the empirical NMR shift bond-angle 0)=k{1—erfl (cosfd—Dp.)/ sing 3
correlations derived in the literatuté®2! pLO=ki e Pu/polsiné, ®
When the four nearest neighbor Si-O-Si bond angles ar@r
inequivalent, we use the relation obtained foicristobalite )
R p(6)=Kexi{ — (6 p1)?/p,]sing, @

to predict the NMR shift, assuming that the contributions of

each angle are independent, i.e., wherep, andp, are free parameters to be determined knd
is a normalization constant. Using E(R), we obtain the

1 4 theoretical spectrun®(dtys) by numerical integration:
Srus=7 2, Facfn)- @

G(6tms) = f d6,d6,d03d0,p(61)p(02) p(63)p(64)

1 4
Srus= 7 2 Faclfh) |, ®)

Shifts obtained using Eq2) for several crystalline polymor-

phs show excellent agreement with the corresponding mea-

sured valuegFig. 2). The agreement is particularly signifi- X8
cant for meteoritic tridymité® because it contains 12

inequivalent SiQ tetrahedra covering a large range of NMR where §(x) is the Diracé function and we assume that the
shifts. Moreover the mean NMR shift of meteoritic tridymite individual bond angles at each corner of the tetrahedral unit
is very close to that of amorphous silica. The agreement igre statistically independett. Comparison ofG(dmys) to
worse for coesite, most likely because of the large differthe experimental NMR spectriffhand ay? minimization
ences between Si-O-Si angles43°) centered on a given Si yields the optimal parameters.

site24:21.22 Using Eq.(3), a very good description of the experimental
The most recent measurements of f88MR line of vit- NMR spectrum is achieve@Fig. 3). However, because of the
reous silicd®*®?°all agree on the position of the peak, but a multiple convolutions in Eq(5), the determination of theull

slight disagreement still persists for the linewidth. The widthbond-angle distribution from NMR remains unrealistic. In
can be significantly affected by contaminants and hagact, by assuming an angular distribution as that in @&,
steadily been decreasing as samples of higher purity becamee also obtain an acceptable theoretical spect(Big. 3.
available!”18182%n our analysis, we therefore adopt as the Nevertheless, both distributions show virtually the same first
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we consider a set of silica polymorphs, namelyquartz,
a-cristobalite, coesite, and BGBY For each polymorph, we
additionally generated several structures with different Si-
O-Si angles by relaxing the internal coordinates under com-
retical spectra obtained with angular distributions as in(Bg(dot-  pressive or tensile pressures. For all the structures in this set,
ted line and Eq.(4) (long-dashed line We also include the spectra we obtain the NMR2%Si chemical shifts by an explicit first-

obtained using the angular distributions deduced by Mozzi an rincioles calculatioR®2” To afford the large unit cells of
Warren(Ref. 9 (dot-dashed lineand by Neuefeind and LigRef. qs)omepof the polymorphs, we here use Iegs stringent condi-

11) (dashed lingfrom diffraction data. The upper panel shows the tions than in the calculations of Fig. 1. We chos dp

corresponding Si-O-Si angular distributions. Si core radius of 0.60 bohr, such that a calculation at 200 Ry
is sufficient to yield converged results. This introduces a sys-
and second momerTable ), indicating that an analysis of tematic error on the NMR shift which can easily be corrected

the NMR data is sufficiently accurate for an unequivocalfor by a constant rescaling factor. The overall small devia-

determination of these properties. This is further confirmecﬂons(':ig' 4 between the initio shifts and those predicted
by the great sensitivity of the NMR spectrum to first and y Eq.(2) strongly support the universal validity of ECp).

second moments. Indeed, distributions derived from diffrac- To investigate the effect of sources of broadening other
tion data® which are characterized by different first and than deriving from the bond-angle distribution, we modified

second momentésee Table), exibit large deviations from cc);u(r5 fltt;n\?vitr? r;‘g:s;iia?]yoflg;onddl;crg%esiagomglrmogs of
the experimental NMR spectrum. ™S oh mor 7

We now verify for the whole range d¥Si shifts found in Iarglg a;)sl lbpplm, thﬁ value§ 6&‘5 andacra n Ta_blell vary
vitreous silica that the angular correlation Ef) is univer- negligibly, by less than 0.1 _an 0.57%, respectively, Assum-
ing that the effect of contaminants has been suppreS4ad,

major remaining source of broadening is the static disorder
Jn the Si-O bond length® The dependence of°Si NMR
shifts on the bond length can be calculated by considering

FIG. 3. In the lower panel, we compare the experimeRisi
NMR spectrum of vitreous silicéfull line) with the optimal theo-

TABLE I. Mean (6,9, and standard deviatiorr() for Si-O-Si
bond-angle distributions derived from diffraction data and obtaine

In this work. a-cristobalite structures with scaled Si-O bond lengths. For a
Distribution Reference 6 o standard deviation of 0.015 A in Si-O bond lengthsye
then derive a value for; smaller than 0.9 ppm. Such small
Mozzi & Warren 9 147.9° 12.7° spreads do not affect the moments extracted in this work.
Neuefeind & Liss 11 146.7° 7.3° In conclusion, by combining first-principles methods and
Using Eq.(3) present 151.4° 11.3° experimental NMR data, we determined the lowest moments
Using Eq.(4) present 150.6° 11.5° of the Si-O-Si distribution in vitreous silica, which had hith-

erto remained elusive. This result establishes this approach
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