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We report the polarized Raman spectra, the infrared reflectivity, and the infrared dielectric constant of vitreous
B,0;, for vibrational frequencies up to 1800 cm~'. Longitudinal- and transverse-mode frequencies are identified.
The dominant Raman line, at 808 cm™, is extremely narrow (~15 cm™') and is highly polarized, with peak
intensities in the ratio HH/HV ~28. (Here HH means that the incident and scattered electric vectors are parallel,
while HV indicates that they are perpendicular.) The spectra are analyzed using a nearest-neighbor central-force
network-dynamics model, and by comparison with data obtained from selected molecular species. The results favor

a structural model containing a large fraction of boroxyl rings.

INTRODUCTION

Vitreous (v-) B,0O; is a transparent hygroscopic
glass whose refractive index in the visible region
(n~ 1.48) is about the same as that of v-SiO,

(n~ 1.46). It has important technological applica-
tions as an additive in SiO,-based bulk glasses,
fibers, and thin films. The material is especially
interesting because of the suggestion by Goubeau
and Keller® that v-B,0, consists primarily of
planar hexagonal B;0, “boroxyl” rings, inter-
connected (at the boron sites) by bridging oxygen
atoms or other small units. In their model, it is
disorder in the interconnection of the boroxyl
rings that accounts for the noncrystalline nature
of the glass.

Although Krogh-Moe has shown that several
properties of v-B,0, are consistent with this mod-
el,? its uniqueness has not been proven and the
existence of boroxyl rings has recently been
seriously questioned.® There is strong evidence
from nuclear magnetic resonance (NMR) studies
that each B atom is at the center of an equilateral
triangle having an oxygen at each corner.* Mozzi
and Warren® found that their x-ray radial distribu-
tion function (RDF) data were better fitted by a
model in which most of these triangles were in-
corporated into boroxyl rings. More recently,
however, Elliott® has calculated RDF’s from com-
puter-generated structures and concluded that the
x-ray data can be better understood by a con-
tinuous random network (CRN) of BO, triangles
containing no planar boroxyl rings whatsoever.

It is our conviction that study of the details of the
vibrational spectra will prove more incisive than
the RDF’s for distinguishing between these mod-
els, although improved vibrational theories will
be required to fully realize this potential.

In the present paper, we report the polarized
Raman spectra,® the infrared (ir) reflectivity,”®
and the ir dielectric constants of anhydrous

v-B,0;. The ir dielectric constants enable identi-
fication of certain Raman lines as transverse-
optical (TO) or longitudinal-optical (LO) modes,
while the Raman spectra show a richness of struc-
ture and polarization properties not previously
reported. In the absence of a complete network
theory, we compare our results with a nearest-
neighbor central-force network model and with
two models based on isolated molecular units:

one intended to simulate the modes of BO, “tri-
angles,” and the other, boroxyl rings. These
comparisons, coupled with arguments regarding
the narrowness of the dominant Raman line lead
us to favor the glass model involving large num-
bers of boroxyl rings.

EXPERIMENTAL DETAILS

Our samples were made from 99.999% B,0,
powder® that was vacuum dehydrated at 150 to
180 °C to reduce the water content in the glass
product.® The dehydrated powder was melted
either in air in platinum-foil dishes (resulting in
minimum strain upon cooling) or in evacuated
carbon-coated fused-silica ampoules. Fining
was easily achieved in 24 hours at 1000 to 1200 °C.
Furnace cooling of the melt produced better op-
tical homogeneity than casting onto a cold surface.
Rectangular parallelepipeds were cut, ground,
polished (0.3 micron alumina), and sealed in in-
dividual silica ampoules where they were annealed
for24h at~260 °C and stored. We found it essen-
tial to examine the samples between crossed po-
larizers, and to anneal out strain-induced optical
rotations (which otherwise lead to partial scram-
bling of the polarized Raman spectra).

The Raman spectra were obtained in the 90°
configuration with the samples still inside the
ampoules. All samples showed broad lumines-
cence bands in the vicinity of the Raman spectrum
when excited by any of the lines from 514.5 to
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457.9 nm that are available from an Ar" ion laser.
The data for ~1.5 W of excitation at 457.9 nm are
shown in the present paper because at this wave-
length the luminescence interfered very little
with the Raman spectra. The scattered light was
collected with f/1 optics and the photomultiplier
pulses were counted for 10 sec at 5-cm™! inter-
vals. A reference channel stabilized the effective
laser intensity to one part in 3000.

The ir-reflectance spectra were obtained from
samples removed from the ampoules and placed
in a Perkin-Elmer Model 180 spectrometer
flushed with dry nitrogen. Although the ir spectra
may contain small errors due to hydration of the
sample surface after polishing or transfer to the
spectrometer, two reflectivity spectra taken in
succession (without opening the spectrometer)
showed no detectable change in reflectivity. In
both the ir and Raman measurements, the spectral

slit width was less than 5 cm™.

RAMAN AND INFRARED SPECTRA

Figure 1 shows the polarized (HH and HV)
Raman spectra of v-B,0,. (Here, HH means that
the incident and scattered electric vectors are
parallel, while HV indicates that they are per-
pendicular.) The scattering strength relative to
that of v-SiO, has been reported elsewhere.'*

The most prominent feature, at 808 cm™, has

full width at half-maximum height of ~15 cm™!

and is highly polarized, with peak intensities in
the ratio HH/HV~ 28. An even higher-intensity
peak can be found at ~25 em™!, very near the laser
line but off scale in Fig. 1. This line does not
appear in the reduced Raman spectrum,*® and
therefore does not represent a peak in the density
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of states, or in the vibrational matrix elements.
It is a so-called Bose-Einstein peak and arises
because the thermal population of vibrational
states increases rapidly as the vibrational fre-
quency tends to zero. A low-frequency peak with
similar origin is seen in v-SiO, and v-GeO,."

Figure 2 depicts the ir reflectivity of v-B,0,
which shows much less structure than the Raman
spectra.® ‘

Figure 3 allows comparison of the reduced
Raman spectra’® I2; with the real (€,) and imagi-
nary (€,) parts of the dielectric constant and with
the energy-loss function, Im(~1/€). The reduced
Raman spectra are calculated from Fig. 1 as de-
scribed in Ref. 12. The €,, €,, and Im(—1/€) are
calculated from Fig. 2 using Kramers-Kronig
techniques. The frequencies of the principal fea-
tures in these spectra are listed in Table I.
Raman polarization ratios (HH/HV) can be com-
puted directly from Figs. 3 or 1.

TO-LO ASSIGNMENTS

Certain vibrational modes in v-B,0, exhibit
large transverse-optical-longitudinal-optical
(TO-LO) splittings. We shall discuss them with
the help of Fig. 3, using the same approach as
we have described earlier for TO-LO splittings
in v-Si0,,* v-Ge0,,"* v-BeF,,* and v-As,0,.®
The solid vertical lines in Fig. 3 mark peaks
in €,, hence the frequencies of TO modes, while
the dashed vertical lines mark peaks in Im(- 1/¢),
the positions of LO modes.

The lowest-frequency peak in €, occurs at
~T720 cm~!. That there is no Raman-active peak
at this frequency is perhaps not surprising, since
we have also seen no discernible Raman line at
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FIG. 1. Polarized Raman spectra of v-B,0;.
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the lowest TO frequency in the tetrahedral glas-
ses.''!® Asgsociated with this TO mode is an LO
mode which peaks at about 740 cm™! in the en-
ergy~loss function. We are reluctant to identify
the Raman line at 740 cm™! as an LO mode, since
we see no reason for the LO form of this mode

to have greater Raman activity than the TO form.

The highest-frequency peak in €, occurs at
~1260 cm™', precisely in alignment with a Raman
peak which we therefore identify as TO in char-
acter. There is also a peak in the energy-loss
function at ~1550 cm™'. The position of this LO
mode corresponds to a shoulder in the Raman
spectrum at about the same position, so we iden-
tify the shoulder as LO in character.

It is possible to interpret the Raman lines at
1335 and 1475 cm™* as LO and TO, respectively,
in analogy with the situation reported at high fre-
quencies in v-BeF, (Ref. 15) and v-As,0,.”* This’
assignment would then account for the shoulders
seen in €, and Im(- 1/€) in the region ~1250 to
~1550 cm™*. According to this interpretation,
there would be two high-frequency TO-LO pairs:
1260-1325 cm™! and 1475-1550 cm™*. If the
“bare-mode” frequencies'® are near the LO modes,
as appears to be the case® ' in v-5i0,, v-GeO,,
and v-BeF,, we would expect them to be approxi-
mately 1325 and 1550 cm™! in v-B,0,. (We will
later call these frequencies w, and Wge)

SECOND-ORDER FEATURES

It is likely that the small feature =t 1615
em™! is a harmonic of the main line seen at
808 cm ™" Its frequency is twice that of the main
line and its strength is down from the main line
by a factor of ~700, similar to the factors that
have been demonstrated for second-order lines
in several other glasses.'® The weak line at 1210
cm”™! seems too strong to be a harmonic of the

first-order line at 608 cm~!. Second-order spec-
tra due to the first-order features between 1200
and 1550 cm™* are expected in the range 2400

to 3100 cm™'. Sample luminescence in the latter
region made it impossible for us to see the weak
lines that are expected.

NEAREST-NEIGHBOR CENTRAL-FORCE
CONTINUOUS RANDOM NETWORK ANALYSIS

Galeener'” has shown that the nearest-neighbor
(NN) central-force network model derived by Sen

“and Thorpe!® for tetrahedral glasses can be ap-

plied with surprising accuracy to the interpreta-
tion of vibrational spectra of such glasses as
v-8i0,, v-Ge0,, and v-BeF,. More recently,
Thorpe and Galeener® have extended the NN cen-
tral-force calculations to cover several non-
tetrahedral idealized networks, including ones
appropriate to trigonal pyramidal glasses such
as v-P,0; and v-As,0,. As a special case, they
derive the following expressions for the four band
edges of an idealized A,X,; CRN consisting of
AX, planar tviangles:

w?=(a/myx)(1+cosb), (1)
w3 = (a/mx)(1 - cosb) , 2)
wi=wi+ @a/2my), @)
w2=wi+ (Ba/2m,). 4)

Here, w; are angular frequencies (rad/sec), a
is the nearest-neighbor (A -X) central-force con-
stant, and my and m, are the masses of the X
and A atoms.?! The angle 6 is the A-X-A angle,
assumed to be everywhere the same and the
X-A-X angle has been taken to be 120°. Thus
this model can be used to calculate the high-fre-
quency vibrational response of the BO,-triangle
model discussed in the Introduction.

" A portion of the infinite network leading to Egs.
(1)-(4) is illustrated schematically in Fig. 4.
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dicate the position of peaks in €, and Im(-1/¢).

Each A atom is at the cenfer of an equilateral
triangle formed by three X atoms; each X atom
bridges two A atoms with the same intertriangular
angle 6. .Equations (1)-(4) are correct in the ap-
proximation of NN central forces for ary dis-
tribution of dihedral angles. (A dihedral angle

specifies the orientation of an AX, triangle rela-
tive to an A-X-A plane bridging the triangle to a

neighboring A atom.)

Equations (1)-(4) are plotted as the solid lines

in Fig. 5. The dashed lines are a schematic rep-

resentation of the density of vibrational states,



TABLE I. Wave-number (cm-!) positions of identi-
fiable peaks in the vibrational spectra of v-B,0O; shown
in Fig. 3. Positions are arranged in order of ascending
frequency, and are segregated into a common horizontal
row if within +8 ¢m™ of each other. The values given
are good to at least +5 em™.

IHER Iy € Im(-1/€)
145 130
260
4170 470
500 500
610
670 655
720 (TO)
750 740 740 (LO)
808 808
1030 1030
1210 1210
1260 1260 1260 (TO)
1325 (LO?) 1325
1400
1475 (TO?) 1490
1550 (LO)
1615

with relative weights given in parentheses. The
parameters used in these figures are those that
we will deduce for v-B,0,, including 6(B,0,)
=~120°. We will apply this picture to data taken
from v-B,0, in a manner exactly parallel to that
employed for the tetrahedral glasses. For de-
tailed description of the procedure, see Ref.'17.

Equations (3) and (4) can be solved for «a and
cosf in terms of the experimentally determined
values w;=w;(0) and w, = w,(0):
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FIG. 4. Schematic diagram of the local order of an
AyX3 glass based on AX; planar triangles connected
together at the corners with common intertriangular
angle 6.

€080 = (w2 — W) (W2 + w3) 1 +3my/2m,) . (6)

To evaluate these for v-B,0,;, we use myx =16
(for oxygen), m,=10.8 (for boron) and, following
Galeener,'” we use the LO values of w; and w,
(as the best available estimates of bare-mode
frequencies).

The results are listed in Table II, where w,
and w, are as shown, and « and 6 follow from
Eqgs. (5) and (6). Itis remarkable and probably
fortuitousthat 6 is deduced to be 120° (the value it
would have in a boroxyl ring). Having obtained «
and 6, one can calculate w, and w, using Egs. (1)
and (2), with results shown in Table II. Study
of the spectra in Fig. 3 reveals that neither w,
nor w, corresponds to a prominent feature. This
is to be contrasted with the fact that in the tetra-
hedral glasses, and in the trigonal glasses
As,S; and As,Se;, w, always corresponds well to

a=3(wi+wdmy(1+3mx/2my)"t, (5) the frequency of the dominant Raman peak, wg,
(2)
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FIG. 5. Diagram of Eqs. (1)—(4) showing the dependence of band edges on intertriangular angle 6. The dashed lines
are a schematic representation of the density of vibrational states at §=120°, with relative weights given in paren-

theses.
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TABLE II. Results of nearest-neighbor central-force
analysis of vibrations in v-B,03. The central-force
constant ¢ (N/m) and intertriangular angle 6 are de-
duced from the experimental LO frequencies w3 and w,
(cm™) using Eqgs. (5) and (6). Equations (1) and (2) are
then used to compute w; and w,, neither of which com-
pares well with the observed frequency of the dominant
Raman line, wp, in contrast to results obtained for
tetrahedral glasses (Ref. 17). We conclude that the
assumption of random dihedral angles is inadequate.

wg Wy o 0 W, Wy wg

1325 1550 612 120 984 567 (808)

for reasons discussed elsewhere.'”?* We con-
clude that the NN central-force model for an
idealized CRN of BO; triangles is inadequate.

The quantitative discrepancy between w, and wpg
can probably be reduced by inclusion of noncentral
forces; however, this improvement seems un-
likely to lead to a sufficient number of new fre-
quencies to account for the several Raman lines
seen below wg =808 cm™!. (It is known'? that in-
clusion of noncentral forces into the CRN model
for the tetrahedral AX, glasses gives rise to only
one more feature than is predicted by central
forces only.) Thus we are led to relax a second
restriction of the AX,-triangle model for v-B,0;.
We consider structural models in which the di-
hedral angles are #of randomly distributed, and
the boroxyl ring provides such a structure.

The boroxyl ring also provides a convenient
explanation for the remarkable narrowness of the
dominant Raman line at 808 cm™*. This line has
full width at half-maximum (FWHM) AW of about
15 em™, an order of magnitude less than the
200 cm™' FWHM of the dominant line in v-SiO,.
If we assume that Eq. (1) is approximately cor-
rect’ for treating wg, we find that the 15-cm™
FWHM implies a 1.5° spread in 6. If the dihedral
angles are randomly distributed there seems to be
no reason for this extremely narrow spread in 6.
On the other hand the planar boroxyl ring ensures
a special distribution of dihedral angles and a
tight distribution of 6 (at a value near 120°).

ISOLATED-MOLECULE ANALYSIS

The possible role of boroxyl rings is further
discussed with the aid of Fig. 6, which compares
the reduced Raman spectra of v-B,0, with the
reported vibrational frequencies of some related
substances.

The vertical lines labeled (BF,) are the ob-
served vibrational frequencies of gaseous boron
trifluoride®® whose molecules, depicted in Fig. 6,

H
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FIG. 6. Comparison of the reduced Raman spectrum
of v-B,03 with the observed frequencies of isolated
molecules of BF; (planar triangles) and H3B304
=B303(0H)3 (planar boroxyl rings).

are planar and thus might be expected to relate
to the frequencies of the planar BO,-triangle CRN
model for v-B,0,. The symmetric molecular
mode at 888 cm™! does not align well with the *
highly polarized 808-cm™ peak in v-B,0, spec-
trum. This discrepancy alone does not invalidate
the BO,-triangle model since isolated BF, mole-
cules cannot account for the substantial frequency
shifts (and possible additional modes) that must
arise in the glass, where each corner atom in a
BO, triangle is shared by a neighboring BO, unit.?*
Also, the degree of polarization of the 808-cm™*
line is insufficient ipso facto to eliminate the tri-
angle-network model. For example, the main
Raman line of the tetrahedral CRN glass v-GeO,
has HH/HV~ 50, and that of v-SiO, has HH/HV
~ 25 (see data in Ref. 14). To definitely eliminate
the triangle-network model, we need a proper
vibrational calculation, of the sort carried out
for v-SiO, by Bell and co-workers.?® In that case,
however, no new bare modes were introduced
above the number already predicted by an SiF,
isolated-molecule model.*®* For this reason it
again seems unlikely that a “proper” calculation
based on triangles connected with »andom di-
hedral angles will produce enough structure at
low frequencies to approximate the spectra in
Fig. 6. .

We can estimate the effects of a particular kind
of nonrandom dihedral angle distribution by look-
ing at the frequencies of the orthorhombic form



22 VIBRATIONAL SPECTRA AND THE STRUCTURE OF PURE... 3989

of metaboric acid,? labeled (H;B,04) in Fig. 6.
This crystalline substance consists of layers of
planar molecules of the composition B,O,(OH),.
These molecules are depicted in Fig. 6 where it
is seen that three of the oxygen atoms are part
of a boroxyl ring while the other three are con-
nected to the boron atoms and terminated by hy-
drogen. These frequencies compare much better
with the reduced Raman spectrum of v-B,0, than
do those of BF,. The most encouraging corres-
pondences are to the v-B,0, lines at HH ecm™
values 470, 500, 610, 1475, and, especially, at
808 and 1260. It is reasonable to interpret the
excellence of these correspondences as vibrational
evidence for large numbers of boroxyl rings in
v-B,0,.%"

There are clearly some discrepancies between
the frequencies of (H,B,0,) and v-B,0, and these
may add additional information about the structure
of the glass. The most obvious difference is the
absence of a line corresponding to the 670-cm™!
peak in the reduced Raman spectrum. This peak
may arise in the glass from the coupling of B,0,
rings by bridging oxygen atoms, or larger units,
an interaction that is eliminated in (H,B,0,) by
the hydrogen terminators. For example, we note
that BF, has a mode very near 670 cm™*. In the
isolated molecule this mode is #of Raman active;
however, Raman activity might well be induced
in the disordered environment of the glass. In
that case, the 670-cm™! line would indicate the
presence of a substantial number of BO, units that
are not incorporated into boroxyl rings. The re-
sultant mixture of boroxyl rings and triangular
BO; units is consistent with the model put forth
by Mozzi and Warren® as best explaining their
x-ray RDF data.

BOROXYL RINGS IN THIN-FILM B,0,

It is worthwhile to note that we have seen the
808-cm~! Raman line in a 1-m-thick film of
amorphous B,0,.2 This film was fabricated by
Dr. J. Wong of the General Electric Corporation
using techniques of chemical vapor deposition
(CVD).® The line was observed in the HH con-
figuration at precisely the same position and with
the same linewidth as in the bulk material. The
HV spectrum was too weak to detect. If the line
at 808 cm™! is indeed the signature of boroxyl
rings, then these rings also exist in CVD thin-
film material.

SUMMARY

We have reported the polarized Raman spectra
and the infrared spectra of v-B,0, taken at room

temperature. These have been used to calculate
the reduced HH and HV Raman spectra, as well
as infrared values of the real and imaginary parts
of the complex dielectric constant € =€, +ie,, and
the infrared energy-loss function Im(- 1/€). The
computed spectra have been used to identify cer-
tain modes as TO-LO split pairs. The upper two
LO-mode frequencies have been used in a nearest-
neighbor central-force analysis to deduce a cen-
tral-force constant o =612 N/m and a B-O-B angle
6 of about 120°. The fact that this analysis does
not deduce an accurate value for the frequency of
the dominant Raman line (808 ¢cm™?) suggests in-
adequacies associated with the assumption of ran-
dom dihedral angles. Use of the central-force
“model to investigate the extreme narrowness of
the 808-cm™! line suggests a spread in 6 of only
~1.5°. The requirements of nonrandom dihedral
angle distribution and very narrow spread in 6
are met quite naturally by the boroxyl-ring struc-
ture, already suggested by others. Comparison
of the Raman spectra with vibrational frequencies
reported for “triangular” molecules of BF, and
“boroxyl ring” molecules of H,B,0, also provides
evidence for the presence of boroxyl rings, as
well as some other element(s) of structure which
may be BO, triangles that are not part of boroxyl
rings. Thus, our vibrational studies support the
kind of model set forth by Mozzi and Warren,®
involving a mixture of B;O, boroxyl rings and BO,
triangles; they are inconsistent with the implica-
tion of Elliott’s recent x-ray analysis® that bo-
roxyl rings do not exist in v-B,0,.

Further work is suggested in several areas.
Experimentally it is desirable to obtain a con-
vincing estimate of the relative concentrations
of boroxyl rings and connecting units (presumably
BO, triangles). Inelastic neutron scattering data
are needed to complete the data desirable for a
definitive vibrational analysis. Theoretically, it
is important to extend the nearest-neighbor cen-
tral-force model to account for closed rings, and
this requires treatment of noncentral forces. It
is also desirable to have a realistic large-cluster
calculation for botp the triangle and boroxyl-ring
network models, of the type pioneered for tetra-
hedral glasses by Bell and co-workers.
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