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We determine the fraction f of B atoms belonging to boroxol rings in vitreous boron oxide through a
first-principles analysis. After generating a model structure of vitreous B,O5 by first-principles molecular
dynamics, we address a large set of properties, including the neutron structure factor, the neutron density
of vibrational states, the infrared spectra, the Raman spectra, and the ITB NMR spectra, and find overall
good agreement with corresponding experimental data. From the analysis of Raman and !'B NMR
spectra, we yield consistently for both probes a fraction f of ~0.75. This result indicates that the structure
of vitreous boron oxide is largely dominated by boroxol rings.
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The identification of superstructural units in glasses
often provides the sole key for understanding the glass
structure on length scales extending beyond nearest neigh-
bors. In vitreous B,03, the basic BO; triangular units can
arrange in planar boroxol rings [1]. However, the fraction f
of B atoms in such rings has remained undetermined de-
spite more than four decades of investigations. Analyses of
x-ray and neutron diffraction experiments give values of f
ranging from 0 to 1 [2-6], suggesting that these experi-
ments are not sufficiently sensitive to restrain the value of
f. At variance, experimental techniques which probe the
structure only in an indirect way appear potentially more
informative. Through isotopic substitution in a Raman
scattering study, the sharp line that dominates the spectrum
at ~800 cm ™! could unambiguously be assigned to oxy-
gen motions in boroxol rings [7]. However, an estimate of
f remained beyond reach because of the unknown modu-
lation of the Raman intensities. The boroxol peak is also
observed in highly resolved inelastic-neutron scattering
spectra [5,8], but the estimation of f is hindered by diffi-
culties in separating out the one-phonon scattering contri-
bution. Nevertheless, a comparative study with crystalline
polymorphs containing boroxol rings is qualitatively con-
sistent with a high value of f [8]. A particularly sensitive
probe to the local structure in vitreous B,O5 is NMR [9—
11]. The ''B spectrum reveals two sites with relative
populations in a ratio of 1:3, from which a value of f ~
0.75 has been derived [10]. However, this assignment
cannot be considered as conclusive in absence of a clear
understanding of the origin of the NMR shifts. 17O spectra
have also been obtained, but their interpretation appears
less trivial due to the occurrence of at least three different
sites [11].

In this work, we determine the fraction f of B atoms
belonging to boroxol rings in vitreous boron oxide through
a first-principles analysis. Using first-principles molecular
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dynamics [12], we first generate a model structure of
vitreous B,O; containing boroxol rings. For this model
structure, the neutron structure factor, the neutron vibra-
tional density of states, and the infrared spectra are found
in excellent agreement with experiment. Using the calcu-
lated Raman activities for the vibrational modes in our
model, we then derive a value of the fraction f from the
experimental intensity of the boroxol peak. Furthermore,
we calculate ''B NMR chemical shifts for the generated
model structure and provide an interpretation of these
shifts in terms of the local geometry. This relation explains
the origin of the two peaks in the experimental NMR
spectrum and provides firm support to the fraction f in-
ferred from their relative intensities. Both the Raman and
NMR analyses consistently fix the value of f at ~0.75,
thereby removing any residual indetermination concerning
the structural units in vitreous B,0;.

We generated a model structure of vitreous boron oxide
using a first-principles molecular dynamics approach
[12,13]. The initial configuration was obtained by adapting
the topology of the high-pressure crystalline polymorph
B,0O;-II [15] to a cubic periodic simulation cell. The model
consists of 160 atoms at the experimental density of the
glass at room temperature (1.83 g/cm™3) [16]. Since the
B,0O;-1I structure only contains fourfold coordinated B
atoms, it was considered as an unbiased starting configu-
ration for modelling vitreous B,O3, in which the B atoms
are predominantly threefold coordinated. After a brief
thermal spike at high temperature for disrupting the crys-
talline order, the system was evolved in a diffusive regime
for 17 ps at temperatures ranging between 2000 and
3000 K. Then, a gradual quench over a period of 6 ps
yielded the present model. We stress that the quench rate in
the simulation is orders of magnitude faster than in typical
experimental conditions. Hence, one should not expect that
our simulation bears the right fraction of boroxol rings

© 2005 The American Physical Society


http://dx.doi.org/10.1103/PhysRevLett.95.137401

PRL 95, 137401 (2005)

PHYSICAL REVIEW LETTERS

week ending
23 SEPTEMBER 2005

[17], but rather that the obtained model structure could
prove useful in the interpretation of experimental data
[17,18].

The resulting structure consists of a regular network of
corner-sharing BO; units with only two overcoordinated
atoms, which were found not to affect any of the results in
the following. The model shows an average bond length of
1.38 A, in excellent agreement with the experimental value
of 1.37 A [4]. For the BOj; units, we found an O-B-O angle
of 120.0° = 3.3°, implying highly planar and regular con-
figurations. The B-O-B angle distribution has an average
value of 133.5° and a spread of 9.6°. An outstanding
feature of our model is the occurrence of two noncontig-
uous boroxol rings. These rings feature very regular struc-
tural properties, showing a high planarity with a B-O-B
angle of 119.7° = 0.5°. The planarity is further demon-
strated through the sums of all bond angles in the rings,
which give 717.2° and 718.4°, very close to the ideal value
of 720°. The average B-O-B angle for O atoms not belong-
ing to boroxol rings is 134.4° = 9.2°. The comparison in
Fig. 1 between the calculated and measured static neutron
structure factor [5] shows an excellent agreement for the
full range of transferred momenta Q. In particular, a good
agreement is also found for the first sharp diffraction peak
at Q = 1.6 A~', which arises from the intermediate range
order in the vitreous structure. However, this agreement
does not guarantee that the concentration of boroxol rings
is accurately reproduced in our model, as is inferred from
the range of values for the fraction f derived from diffrac-
tion measurements [2—6].

The validity of our model also extends to the description
of the vibrational properties. We calculated the dynamical
matrix numerically by taking finite differences of the
atomic forces for atomic displacements of *0.1 bohr
[13]. The calculated neutron one-phonon density of states
[19] shows overall good agreement with the corresponding
experimental spectrum [20] (Fig. 2), both for the positions
and the intensities of the three main peaks. In this com-
parison, we adopted the experimental conditions for the
energy-dependent resolution and range of transferred mo-
menta. When a higher resolution is used in the theoretical
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FIG. 1. Static neutron structure factor calculated for the
present model structure at a temperature of 15 K (solid line),
compared to the experimental structure factor (dashed line) [5].
The theoretical structure factor is calculated for harmonic vi-
brations [31].

spectrum (not shown), a peak corresponding to the two
boroxol rings appears at ~97 meV, in accord with experi-
mental observations [5,8]. However, this feature cannot be
used for estimating the fraction f in absence of an experi-
mental calibration of its intensity in the one-phonon vibra-
tional spectrum [5,8].

Further support for the structural and vibrational prop-
erties of our model structure comes from the infrared
response function €(w) (Fig. 3). Infrared coupling tensors
were obtained by numerically calculating first derivatives
of the atomic forces with respect to the electric field, using
field intensities of *=0.0005 and *0.001 atomic units
[13,21,22]. Both the real (€;) and the imaginary part (€,)
of €(w) calculated for our model structure closely repro-
duce the positions and relative strengths of the experi-
mental features [23]. We found a similar good agreement
for the energy loss function —Im[1/€e(w)] (not shown). In
particular, we found LO-TO splittings of 22 and 318 cm ™!
for the low and high-frequency peaks in €,(w), in good
agreement with the respective experimental values of 20
and 290 cm™!.

The good level of agreement with experiment achieved
for the inelastic-neutron and infrared spectra stems from
the occurrence of regular structural units (BOs3) in our
model and is only poorly informative on the network
organization beyond nearest neighbors [19,22,24]. At vari-
ance, the Raman spectrum is highly sensitive to the bond-
ing angle on the O atoms, which connect the basic BO3
units. These properties clearly appeared for vitreous SiO,
where dramatic changes occurred in the simulated Raman
spectrum for models with different angular distributions
[17], while the inelastic-neutron and infrared spectra re-
mained only barely affected [19,22,24]. Among the vibra-
tional spectra, the Raman spectrum is therefore expected to
be the most sensitive to the fraction f.

Raman coupling intensities were obtained by numeri-
cally evaluating second derivatives of the atomic forces
with respect to the electric field [13,21,22]. Raman spectra
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FIG. 2. Neutron density of states calculated for the present
model structure (solid line), compared to the experimental
spectrum (dashed line) [20]. The experimental spectrum is
composed of two parts joined at ~70 meV. The low-frequency
and the high-frequency parts were measured at 15 K and at room
temperature, respectively. In the theoretical spectrum, the two
parts are separately normalized to the integrated experimental
intensities in the ranges of 0—50 meV and 70—-200 meV.
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FIG. 3. Real (€;) and imaginary (e,) parts of the infrared
response function for the present model structure (solid line),
compared to the experimental response function (dashed line)
[23]. In the theoretical spectra, a Lorentzian and Gaussian
broadening of 15 cm™! were applied for €, and €,, respectively.

for our model structure of vitreous B,0O3 were calculated
for incoming and outgoing photons with parallel (HH) and
perpendicular polarizations (HV) and compared in Fig. 4 to
the corresponding experimental spectra [23]. The agree-
ment between theory and experiment is less impressive
than for the other spectroscopies. One observes a clear
correspondence between the main frequency bands at
0-300 cm™!, 300-850 cm™!, and 1200-1600 cm™!, but
the theoretical spectrum shows a redistribution of the in-
tensities within the two bands of higher frequencies. This is
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FIG. 4. Reduced HH and HV Raman spectra calculated for the
present model structure (solid line), compared to the experimen-
tal spectra (dashed line) [23]. The contribution from breathing
motions of O atoms in the boroxol rings is highlighted. The
calculated spectra are scaled to match the integrated intensity of
the experimental HV spectrum. A Gaussian broadening of
22 cm™! is applied.

a preliminary indication that the fraction f in our model
(9.4%) significantly differs from the experimental value.
The boroxol peak is nonetheless clearly recognizable in the
calculated spectra. By projecting the vibrational modes on
the in-phase breathing motions of oxygen atoms in the
boroxol rings [25], we found a well-defined peak at
786 cm ™!, in accord with the experimental boroxol peak
at 808 cm ™! (Fig. 4) [23]. We calculated a depolarization
ratio for this peak of 0.05, to be compared with the experi-
mental value of 0.04 [23]. Furthermore, upon 0 — 80
substitution, this peak was found to shift by 42 cm™ I close
to the experimental shift of 48 cm™! [7]. The boroxol peak
in the theoretical spectra clearly features a weaker intensity
than in the experimental spectra.

Despite the nonrepresentative fraction of boroxol rings
in our model, we can derive an estimate of f from the
experimental spectrum assuming that our calculation ac-
curately reproduces the types of vibrational modes and
their coupling factors as a function of frequency [17,26].
Our analysis focuses on the reduced HH Raman spectrum
for frequencies up to 1000 cm™!, where the O bending
motions occur and are found to dominate the Raman
intensity. In our model, their contribution amounts to
84% of the intensity in the considered spectral range, as
we could evaluate by projecting the eigenmodes onto the O
bending motions prior to the calculation of the Raman
intensity [17]. The bending motions of O atoms in boroxol
rings account for the prominent boroxol peak, while the
other O atoms contribute to the more diffuse background
intensity. As indicated by our calculation, it is appropriate
to consider different coupling factors for these two kinds of
O atoms. The residual contribution to the Raman intensity
in the 0-1000 cm™! range results from out-of-plane B
vibrations. Hence, we accounted for the contribution of
these modes by considering a coupling factor proportional
to the total number of atoms (N,). These assumptions lead
us to

Iboroxol = aNO,boroxoll ( 1 )

IbackgrA = BNO,nonboroxol + leotJ (2)

where Tporoxor and Tpgergr, are the integrated HH intensities
of the boroxol peak and of the remaining background in the
0-1000 cm ™! range, respectively; Noboroxol> No.nonboroxol
are the number of O atoms inside and outside the boroxol
rings. The ratios 8/« and y/a do not depend on f and
could therefore reliably be extracted from our model:
B/a =0.71 and y/a = 0.082. The ratio Iyyoxol/backer.
is easily inferred from experimental spectra and can now
directly be expressed in terms of the fraction f through
Egs. (1) and (2) [27]. Using the experimental spectra from
Ref. [23], we arrived at a fraction f of 0.77.

To corroborate the value of f derived from our analysis
of the Raman spectrum with an estimate from a different
experimental probe, we addressed the origin of ''B NMR
chemical shifts. We calculated isotropic ''B chemical
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FIG. 5. "B NMR chemical shifts. Left: Calculated shifts vs
mean B-O-B angle for B atoms in the present model structure,
belonging (open symbols) or not (solid symbols) to boroxol
rings. The dashed line corresponds to the linear regression.
The chemical shifts are reported on a relative scale. Right:
simulated isotropic NMR spectrum for f ~ 0.75.

shifts for our model structure using the scheme of
Sebastiani and Parrinello [28]. The calculated shifts are
found to depend linearly on the average B-O-B angle
(Fig. 5), similarly, as for ?°Si chemical shifts in silica
polymorphs [29]. This behavior provides a clear interpre-
tation for the origin of two sites in the experimental spec-
trum. In fact, two kinds of B atoms can be distinguished.
Boron atoms in boroxol rings show two B-O-B angles of
~120° and a third one as given by the average bond-angle
distribution for O atoms not in boroxol rings. At variance,
for B atoms not belonging to boroxol rings, the average
B-O-B angle only results from the latter bond-angle dis-
tribution. To simulate the NMR spectrum of isotropic ''B
chemical shifts for the case of f = 0.75, we adopted the
B-O-B bond-angle distributions as found in our model
structure and used the relation determined above between
average angle and chemical shift (Fig. 5). The simulated
spectrum resembles the experimental one when the quad-
rupolar term becomes small [10]. In particular, we calcu-
lated a separation between the two components of 3.7 ppm,
in agreement with the experimental value of 3.6 *
0.4 ppm [30].

In conclusion, we provided multiple evidences support-
ing a value of f ~ (.75, indicating that the structure of
vitreous B,O; is largely dominated by boroxol rings.
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