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Dynamical Charge Tensors and Infrared Spectrum of AmorphousSiO2
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Using a model structure consisting of a network of corner sharing tetrahedra, we calculate the
infrared spectrum of amorphous SiO2 within a first-principles approach and find good agreement with
experiment both for the positions and the intensities of the main peaks. In addition to the vibrational
properties, this required the dynamical charge tensors, which were obtained applying the recent quantum
polarization theory. The relative intensities in the spectrum depend sensitively on the charge tensors
and their anisotropic components are crucial to obtain good agreement with experiment. We find that
the Born charges can be correlated to the local structural properties. [S0031-9007(97)03891-X]

PACS numbers: 78.30.Ly, 63.50.+x
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Infrared spectroscopy is one of the most valuable
perimental techniques to access the vibrational prope
of amorphous silicon dioxide (a-SiO2) [1–6]. The un-
derstanding of these properties constitutes a critical s
towards the assessment of a definite structural mode
a-SiO2. Furthermore, there is a technological interest
the infrared coupling intensities because they affect
loss functions in optical fibers.

It has been common practice to assume the breakd
of selection rules in glassya-SiO2 and to interpret
spectroscopic features in terms of the vibrational den
of states. This indeed applies for inelastic neutron spe
[7,8] because the scattering lengths of Si and O
comparable. However, when the long-wavelength limi
probed as in infrared [1–6] or Raman [2,3] experimen
the principal spectroscopic features do not resemble
vibrational density of states and their interpretation m
rely on the coupling intensities.

Both infrared and Raman spectra appear to be domin
by the occurrence of longitudinal-optic transverse-op
(LO-TO) splittings [2,3,5,6,9]. However, hyper-Rama
experiments showed that LO-TO excitations are obser
at close but distinct frequencies with respect to Raman
tures, suggesting that the latter are sensitive to a diffe
set of vibrational modes [10,11]. Therefore, in order
identify the active modes, it is critical to accurately situa
the main optical excitations with respect to the features
the vibrational density of states.

So far the interpretation of infrared spectra of disorde
systems strongly relied on classical molecular dynam
techniques. The most recent developments of these m
ods [12] included polarization effects and produced sp
tra in which the frequencies of the main features are
good agreement with experiment. However, a correct
tribution of the intensities throughout the spectrum appe
more difficult to achieve within these approaches.

An accurate calculation of infrared intensities of glas
materials is generally not trivial and requires seve
ingredients. These include a good structural model,
766 0031-9007y97y79(9)y1766(4)$10.00
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complete description of the vibrational properties, an
the dynamical Born charge tensors. Dynamical charg
are routinely evaluated for crystalline systems [13]. B
contrast, when the periodicity is lost as in an amorpho
system, the charge tensors of all the atoms in t
model differ and their calculation in such a case h
not been attempted so far. Whereas classical potent
can successfully be used for determining structural [1
and even dynamical properties [12,15–17], the effecti
Born charges can only be obtained within a theory whi
explicitly treats the electronic structure.

In this Letter, we calculate the infrared absorption spe
trum of amorphous SiO2 from first principles. We adopt
a structural model which consists of a network of co
ner sharing tetrahedra, previously obtained [18] usi
quantum molecular dynamics [19,20]. The structural a
vibrational properties of this model have already be
shown to be in excellent agreement with elastic and
elastic neutron measurements [8,18]. In order to acc
the dynamical charge tensors, we applied the recently
veloped polarization theory based on geometric quant
phase concepts [13,21]. The calculated absorption sp
tra present peaks and relative intensities in very go
agreement with experiment. We evaluate the role of t
anisotropic components of the Born charge tensors, u
ally disregarded in semiempirical calculations, and fin
that their neglect sensitively affects the relative intensiti
in the spectrum. Furthermore, our analysis shows that
dynamical charges correlate with the local structural pro
erties, suggesting a way to assign Born charges when t
are unavailable.

The calculations are performed within density fun
tional theory, using the local density approximatio
for the exchange and correlation energy [22]. Th
model structure [18] used in the present study contain
72 atoms, fully relaxed at the experimental densi
(2.20 gycm3) in a periodically repeated cubic cell. Only
the valence electrons were explicitly retained in o
calculation using pseudopotentials (PPs) to account
© 1997 The American Physical Society
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core-valence interactions. We used a norm-conserv
PP for Si [23] and an ultrasoft PP for O [24]. The elec
tronic wave functions and charge density were describ
by plane wave basis sets with cutoffs of 24 and 200 R
respectively. The Brillouin zone of the cell was sample
only at theG point. A detailed description of the method
is given in Ref. [20]. We made use of the vibrationa
properties calculated in Ref. [8], where the dynamic
matrix was calculated numerically by taking finite differ
ences of the atomic forces. The vibrational frequenc
vn and their corresponding normalized eigenmodesjn

could then be derived by diagonalization.
The electronic contribution to the effective Born charg

tensor of a given atomI is defined in terms of the deriva-
tive of the polarizationP with respect to a displacementu
of that atom [13]:

Zep
ij sId 

V

e
≠Pi

≠uj
, (1)

whereV  L3 is the volume of the cell. The polarization
can be expressed in terms of geometric quantum pha
gi , for i  x, y, z [13,21]: Pi  seypL2dgi. The phases
gi , also known as Berry phases [25], are a property of t
electronic wave functions and can be evaluated for fin
displacements of the atoms [26,27]. Using Eq. (1), t
charge tensorsZp for every atom can thus be obtained
We used atomic displacements of60.1 bohr which fall
within a regime in which the polarization depends linear
on the displacements, and checked that the acoustic s
rule

P
I Zp

ijsId  0 was verified within 0.07 electronic
charge units.

The charge tensors can be decomposed according
the representations of the spatial rotations. The isotro
part (l  0) is given byZp

0 dij and has the same trace a
Zp, whereas thel  1 and l  2 anisotropic parts corre-
spond to the antisymmetric and to the traceless symme
decomposition ofZp

ij , respectively. By adopting the stan
dard matricial norm, this decomposition can be quantifi
(Table I). The isotropic contribution to the charge ten
sors is by far the dominant one. The only non-negligib
anisotropic component is thel  2 contribution for the O
atoms, which are the most polarizable atoms in this s
tem. Comparison to the values fora quartz [28] shows a

TABLE I. Average isotropic Born charges, the width of the
distribution, and the average contribution of isotropic (l  0)
and anisotropic (l  1 and l  2) components to the charge
tensors, fora-SiO2 anda quartz [28].

a-SiO2 a quartz
Oxygen Silicon Oxygen Silicon

kZp
0 l 21.588 3.177 21.684 3.368

DZp
0 0.078 0.121 . . . . . .

l  0 82.27% 96.94% 82.87% 98.88%
l  1 0.16% 0.46% 0.05% 0.53%
l  2 17.56% 2.60% 17.08% 0.59%
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close correspondence indicating that the bonding prop
ties in the two systems are very similar [29].

The isotropic Born charges of our amorphous model a
distributed around a most probable value with no partic
lar structure in the distribution. This is consistent with th
network model, in which the disorder is principally give
by a broad distribution of Si-O-Si bond angles. The a
erage and the width of the Si and O isotropic charge d
tributions are given in Table I. Compared toa quartz
[28], the average isotropic charges ina-SiO2 are found
to be a little smaller. This can be understood by rela
ing the isotropic charges to the local structural propertie
We display in Fig. 1(a) the isotropic O charge vs the S
O-Si bond angle. This reveals the existence of a corre
tion between these two quantities. The dynamical charg
increase with increasing bond angles, reflecting the var
tion in ionic character. This also explains the larger neg
tive O charge ina quartz, where the Si-O-Si bond angl
is 143.7±, significantly larger than the average bond ang
in our model (136.9±). We also found an unexpected cor
relation for the Si isotropic charge with an effective neu
tralizing charge, defined as the opposite of the half su
of the isotropic charges of the four neighboring O atom
[Fig. 1(b)]. This indicates that a dynamical charge ne
trality condition is approximately satisfied locally [30]
i.e., within every tetrahedral subunit. Overall, these co
siderations indicate that the Born charge tensors ina-SiO2

depend on the local structure and suggest that their val
could be extracted by studying systems of small size.

We now have all the ingredients to calculate the imag
nary part of the transverse dielectric response function
the long wavelength limit [9,31]:

Im e'svd 
4p

3V

X
n

jFnj2

v2 2 v2
n

, (2)

Fn
k 

X
I

X
i

ZkisId
jnsI , id
p

mI
, (3)

where I runs over the atoms, andi  x, y, z. The
spectrum is shown in Fig. 2 together with the vibration
density of states [8]. The principal features are indicat

FIG. 1. (a) Isotropic O charge vs the Si-O-Si angle (the squa
is for a quartz [28]). (b) Isotropic Si charge vs the neutralizin
charge (see text).
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FIG. 2. (a) Vibrational density of states ofa-SiO2. (b) Im e'

(thick) at q  0 and Imek (thin) at the shortest wave vecto
allowed by the periodic cell. A broadening of20 cm21

was used.

and their positions are reported in Table II, togeth
with the experimental values measured by Kirk [5]. Th
agreement can be considered very good showing error
about50 cm21 or less for the main peaks at about450,
800, and 1100 cm21, and of 75 cm21 for the shoulder
at about1200 cm21. Furthermore, the relative intensitie
of the peaks, which are known to be a rather delica
property [12], are also in good agreement with experime
(see also Fig. 3). The coupling strengths of Eq. (
provide a measure for

De  e0 2 e` 
4p

3V

X
n

jFnj2

v2
n

. (4)

We find De  1.6 in fair agreement with the experimen
tal value of 1.2 (e

exp
`  2.1, e

exp
0  3.3).

The two highest peaks in the transverse spectrum,
intense peak at 1106, and the weaker one at861 cm21

are related to Si-O stretching modes [32,33]. The
vibrations correspond to modes of the tetrahedral subun
in which two O atoms move closer to the central Si atom
whereas the two other ones move away [8,12]. In ord

TABLE II. Peak and shoulder wave numbers (in cm21)
indicated in Fig. 2, compared to experiment [5].

Theory Experiment
Trans. Long. Trans. Long.

1106 f1239g 1076 1256
1275 f1200g 1200 1160
861 810 820
453 457 507
1768
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FIG. 3. Infrared absorption spectrumasvd , v Im e'svd
calculated (a) with the full charge tensors (solid line), (b) wit
isotropic tensors (dotted line), or (c) with nominal point charge
(dash-dotted line). Inset: experiment from Ref. [5]

to keep the center of mass immobile the central Si ato
participates in these modes, contributing significantly
the peak at861 cm21 [8]. The lowest infrared peak at
453 cm21 arises mainly from rocking modes in which the
O atoms move perpendicular to the Si-O-Si planes [1
The peaks in the vibrational density of states at1180 and
615 cm21 mainly correspond to O breathing modes withi
the tetrahedral subunits and to O bond-bending motio
in the Si-O-Si plane along the bisector of the Si-O-S
angle, respectively. These vibrational modes do not sh
signatures in the infrared spectrum.

The splitting of the feature at about800 cm21 and the
additional weak feature which appears at721 cm21 do not
appear to have experimental counterparts at ambient p
sure. However, at relatively low pressures (,10 kbar)
these signatures are distinctly observable [4]. This mig
indicate that the model structure in our calculations is u
der a weak compression.

We estimate the imaginary part of the longitudina
dielectric response function in the long-wavelength lim
by calculating [9]

Im eksq, vd 
4p

V

X
n

X
I ,J

Gnsq, IdGnsq, Jd
v2 2 v2

n
eiq?sRI 2RJ d,

(5)

Gnsq, Id 
X
ij

qiZ
p
ijsId

jnsI , jd
p

mI
, (6)

for the shortest wave vectorq allowed by the cell peri-
odicity [34]. The spectrum is shown in Fig. 2 and th
positions of the high-frequency features are reported
Table II. Comparison with infrared absorption measur
ments [5] shows that the positions of the high-frequen
features and the overall shape of the spectrum corresp
closely. In the low-frequency region of the spectrum
where the vibrational modes are more delocalized, larg
differences between the spectrum at finite wave vector a
its long-wavelength limit are expected.

Since the full charge tensors are not always availab
it is of interest to determine whether accurate infrare
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intensities can also be obtained within simplified schem
When nominal point charges are used, namely,22 for
O and14 for Si, the intensities of the absorption pea
are significantly altered (Fig. 3), in particular, the o
at 453 cm21 [12]. By retaining for every atom only
the isotropic component of its charge tensor, an ove
decrease of the intensities is observed, but the rela
intensities are not improved. In order to recover t
experimentally observed shape with a dominant weigh
the high-frequency peak, it is necessary to consider
anisotropic components of the charge tensors. Howeve
is sufficient to add thel  2 anisotropic component for th
O atoms, i.e., the only remaining significant contributi
(Table I), to obtain a spectrum which is virtually identic
to that obtained with the full charge tensors [35].

In conclusion, not only the positions of the princip
peaks, but also more detailed properties, such as their
tive intensities and the shape of the high-frequency f
tures, are consistent with the structural model fora-SiO2

consisting of a network of corner sharing tetrahed
Hence, the experimental infrared spectra do not seem
contain features which point to the presence of any k
of structural irregularity. We believe that the theoretic
approach applied in this work will prove even more use
in interpreting infrared spectra of systems which prese
larger degree of structural disorder thana-SiO2.
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