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Using a model structure consisting of a network of corner sharing tetrahedra, we calculate the
infrared spectrum of amorphous Si@ithin 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

Infrared spectroscopy is one of the most valuable exeomplete description of the vibrational properties, and
perimental technigues to access the vibrational propertiehe dynamical Born charge tensors. Dynamical charges
of amorphous silicon dioxidea¢SiO,) [1-6]. The un- are routinely evaluated for crystalline systems [13]. By
derstanding of these properties constitutes a critical stepontrast, when the periodicity is lost as in an amorphous
towards the assessment of a definite structural model f@aystem, the charge tensors of all the atoms in the
a-Si0,. Furthermore, there is a technological interest inmodel differ and their calculation in such a case has
the infrared coupling intensities because they affect th@ot been attempted so far. Whereas classical potentials
loss functions in optical fibers. can successfully be used for determining structural [14]

It has been common practice to assume the breakdowend even dynamical properties [12,15-17], the effective
of selection rules in glassy-SiO, and to interpret Born charges can only be obtained within a theory which
spectroscopic features in terms of the vibrational densitgxplicitly treats the electronic structure.
of states. This indeed applies for inelastic neutron spectra In this Letter, we calculate the infrared absorption spec-
[7,8] because the scattering lengths of Si and O arérum of amorphous Si©from first principles. We adopt
comparable. However, when the long-wavelength limit isa structural model which consists of a network of cor-
probed as in infrared [1-6] or Raman [2,3] experimentsner sharing tetrahedra, previously obtained [18] using
the principal spectroscopic features do not resemble thguantum molecular dynamics [19,20]. The structural and
vibrational density of states and their interpretation musvibrational properties of this model have already been
rely on the coupling intensities. shown to be in excellent agreement with elastic and in-

Both infrared and Raman spectra appear to be dominatezlastic neutron measurements [8,18]. In order to access
by the occurrence of longitudinal-optic transverse-optidche dynamical charge tensors, we applied the recently de-
(LO-TO) splittings [2,3,5,6,9]. However, hyper-Raman veloped polarization theory based on geometric quantum
experiments showed that LO-TO excitations are observeghase concepts [13,21]. The calculated absorption spec-
at close but distinct frequencies with respect to Raman feara present peaks and relative intensities in very good
tures, suggesting that the latter are sensitive to a differertigreement with experiment. We evaluate the role of the
set of vibrational modes [10,11]. Therefore, in order toanisotropic components of the Born charge tensors, usu-
identify the active modes, it is critical to accurately situateally disregarded in semiempirical calculations, and find
the main optical excitations with respect to the features irthat their neglect sensitively affects the relative intensities
the vibrational density of states. in the spectrum. Furthermore, our analysis shows that the

So far the interpretation of infrared spectra of disorderedlynamical charges correlate with the local structural prop-
systems strongly relied on classical molecular dynamicerties, suggesting a way to assign Born charges when they
techniques. The most recent developments of these methre unavailable.
ods [12] included polarization effects and produced spec- The calculations are performed within density func-
tra in which the frequencies of the main features are irtional theory, using the local density approximation
good agreement with experiment. However, a correct disfor the exchange and correlation energy [22]. The
tribution of the intensities throughout the spectrum appearmodel structure [18] used in the present study contained
more difficult to achieve within these approaches. 72 atoms, fully relaxed at the experimental density

An accurate calculation of infrared intensities of glassy(2.20 g/cn?) in a periodically repeated cubic cell. Only
materials is generally not trivial and requires severakhe valence electrons were explicitly retained in our
ingredients. These include a good structural model, thealculation using pseudopotentials (PPs) to account for
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core-valence interactions. We used a norm-conservinglose correspondence indicating that the bonding proper-
PP for Si [23] and an ultrasoft PP for O [24]. The elec-ties in the two systems are very similar [29].
tronic wave functions and charge density were described The isotropic Born charges of our amorphous model are
by plane wave basis sets with cutoffs of 24 and 200 Rydistributed around a most probable value with no particu-
respectively. The Brillouin zone of the cell was sampledlar structure in the distribution. This is consistent with the
only at thel” point. A detailed description of the method network model, in which the disorder is principally given
is given in Ref. [20]. We made use of the vibrational by a broad distribution of Si-O-Si bond angles. The av-
properties calculated in Ref. [8], where the dynamicalerage and the width of the Si and O isotropic charge dis
matrix was calculated numerically by taking finite differ- tributions are given in Table I. Compared to quartz
ences of the atomic forces. The vibrational frequencie$28], the average isotropic charges darSiO, are found
w, and their corresponding normalized eigenmodgs to be a little smaller. This can be understood by relat-
could then be derived by diagonalization. ing the isotropic charges to the local structural properties.
The electronic contribution to the effective Born chargeWe display in Fig. 1(a) the isotropic O charge vs the Si-
tensor of a given atom is defined in terms of the deriva- O-Si bond angle. This reveals the existence of a correla-
tive of the polarizatiorP with respect to a displacement tion between these two quantities. The dynamical charges
of that atom [13]: increase with increasing bond angles, reflecting the varia-
Q 9P tion in ionic character. This also explains the larger nega-
Zi() = — a—' (1) tive O charge ina quartz, where the Si-O-Si bond angle
€ ou is 143.7, significantly larger than the average bond angle
whereQ) = L? is the volume of the cell. The polarization in our model (136.9. We also found an unexpected cor-
can be expressed in terms of geometric quantum phaseslation for the Si isotropic charge with an effective neu-
vi, fori = x,y,z [13,21]: P; = (e/wL?)y;. The phases tralizing charge, defined as the opposite of the half sum
v:, also known as Berry phases [25], are a property of thef the isotropic charges of the four neighboring O atoms
electronic wave functions and can be evaluated for finit§dFig. 1(b)]. This indicates that a dynamical charge neu-
displacements of the atoms [26,27]. Using Eq. (1), therality condition is approximately satisfied locally [30],
charge tensorg™ for every atom can thus be obtained. i.e., within every tetrahedral subunit. Overall, these con-
We used atomic displacements &f).1 bohr which fall  siderations indicate that the Born charge tensos 8i0,
within a regime in which the polarization depends linearlydepend on the local structure and suggest that their values
on the displacements, and checked that the acoustic sucould be extracted by studying systems of small size.
rule >, Z;;(I) = 0 was verified within 0.07 electronic ~ We now have all the ingredients to calculate the imagi-

charge units. nary part of the transverse dielectric response function in
The charge tensors can be decomposed according the long wavelength limit [9,31]:

the representations of the spatial rotations. The isotropic A P |2

part ( = 0) is given byZ;5;; and has the same trace as Ime, (w) = — Z ——> 2

Z*, whereas thé = 1 and/ = 2 anisotropic parts corre- 30 5 02 — of

spond to the antisymmetric and to the traceless symmetric n Ea(1, D)

decomposition of;;, respectively. By adopting the stan- Fi = ;sziu) ﬁ ) 3)

dard matricial norm, this decomposition can be quantified

(Table I). The isotropic contribution to the charge ten-where I runs over the atoms, and = x,y,z. The
sors is by far the dominant one. The only non-negligiblesPectrum is shown in Fig. 2 together with the vibrational
anisotropic component is tHe= 2 contribution for the O  density of states [8]. The principal features are indicated
atoms, which are the most polarizable atoms in this sys-

tem. Comparison to the values farquartz [28] shows a 4

2 ~, @] g 34 ®) *
TABLE I. Average isotropic Born charges, the width of their E g E
distribution, and the average contribution of isotropic= 0) 8 16+ *¢ 1.2 391 |
and anisotropic /(= 1 and / = 2) components to the charge o .‘” f -
tensors, for-SiO, and a quartz [28]. 'g- A" % . 'é-
=] =
a-Sio, o quartz 2 sl o | 2 30 .3. 1
Oxygen Silicon Oxygen Silicon ' s cL .
(Z8) —1.588 3.177 —1.684 3.368 120 140 160 180 3.0 3.1 3233 34
AZ; 0.078 0.121 e e Si-O-Si angle (degrees) neutralizing charge
1=0 82.27% 96.94% 82.87% 98.88% ) ] )
I =1 0.16% 0.46% 0.05% 0.53% FIG. 1. (a) Isotropic O charge vs the Si-O-Si angle (the square
=2 17.56% 2 60% 17.08% 0.599% Is fora quartz [28]). (b) Isotropic Si charge vs the neutralizing

charge (see text).
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FIG. 3. Infrared absorption spectrum(w) ~ w Im €, (w)
calculated (a) with the full charge tensors (solid line), (b) with
isotropic tensors (dotted line), or (c) with nominal point charges
(dash-dotted line). Inset: experiment from Ref. [5]

Im(e)

- , , , , , , to keep the center of mass immobile the central Si atom
0 200 400 600 800 1000 1200 1400 1600 participates in these modes, contributing significantly to
wave number (cm™) the peak a861 cm™! [8]. The lowest infrared peak at
L . ) ) .

FIG. 2. (a) Vibrational density of states #fSi0,. (b) Im e, ?)53 tCm anses malnly(;_ron? rotCkltr;]g n;O((j)e_SSm \INh'Ch tgg
(thick) atq = 0 and Ime (thin) at the shortest wave vector aloms move perpendicular 1o the Si i planes [15].
allowed by the periodic cell. A broadening @0 cm™! The peaks in the vibrational density of stated B0 and

was used. 615 cm™! mainly correspond to O breathing modes within
the tetrahedral subunits and to O bond-bending motions

and their positions are reported in Table Il, together" the Si-O-Si plane along the bisector of the Si-O-Si
with the experimental values measured by Kirk [5]. Thea_ngle, resp.ectlvelly. These vibrational modes do not show
agreement can be considered very good showing errors §ighatures in the infrared spectrum.

about50 cm! or less for the main peaks at abolfi0, T_h_e splitting of the featL!re at abo800 cm™! and the

800, and 1100 cm~!, and of 75 cm~! for the shoulder @additional weak feature which appeargat cm~! do not

at about1200 cm™~!. Furthermore, the relative intensities @PPear to have experimental counterparts at ambient pres-
of the peaks, which are known to be a rather delicat$ure. However, at relatively low pressuresi( kbar)

property [12], are also in good agreement with experimen&hese signatures are distinctly observable [4]. This might
(see also Fig. 3). The coupling strengths of Eq. (3)indicate that the model structure in our calculations is un-

0

provide a measure for der a weak compression. o
4 IF" |2 We estimate the imaginary part of the longitudinal
Ae = €) — €x = &m Z . (4) dielectric response function in the long-wavelength limit
30 T w; by calculating [9]
We find Ae = 1.6 in fair agreement with the experimen- Aqr G"(q,DG™(q,J) qRr.-R
tal value of 1.2 &< = 2.1, €5 © = 3.3). Im €)(q, @) = EZ; 0 — a2 ¢ kiR,

The two highest peaks in the transverse spectrum, the (5)
intense peak at 1106, and the weaker on&&dtcm™! L)
are related to Si-O stretching modes [32,33]. These G"(a.]) = 7 () £ 1] 6
vibrations correspond to modes of the tetrahedral subunits, @) ,Z]:q’ i) ©

Jm
in which two O atoms move closer to the central Si atomy . v« chortest wave vectar allowed by the cell peri-
whereas the two other ones move away [8,12]. In ord

eE)dicity [34]. The spectrum is shown in Fig. 2 and the
positions of the high-frequency features are reported in
TABLE Il. Peak and shoulder wave numbers (in ¢  Table [l. Comparison with infrared absorption measure-
indicated in Fig. 2, compared to experiment [5]. ments [5] shows that the positions of the high-frequency
features and the overall shape of the spectrum correspond

Trans. Theory Long. Trans'_EXpe”mem Long. closely. In the low-frequency region of the spectrum,
where the vibrational modes are more delocalized, larger
1106 [1239] 1076 1256 (ifferences between the spectrum at finite wave vector and
1275 [1200] 1200 1160 g long-wavelength limit are expected.
Zg% ?1:})2 ggg Since the full charge tensors are not always available,

it is of interest to determine whether accurate infrared
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