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Spectroscopic Evidence of Polymorphism in Vitreous B,0;
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Brillouin and Raman spectroscopy were performed on B,0O5 glass compressed to 57 GPa at 273 K.
Upon compression the sound velocities increase smoothly and the boroxol ring Raman mode vanishes
by 11 GPa. Upon decompression the sound velocities follow a different path and at 3 GPa a discontinuity
of 3 km/s in V, and 2 km/s in V; returns the velocities to the values seen on compression. After the
transition, the boroxol ring Raman mode reappears. A second pressure cycle produces the same
behavior, suggesting the 3 GPa transition occurs between vitreous polymorphs with different boron

coordination.
DOI: 10.1103/PhysRevLett.92.215701

According to the traditional perception of the amor-
phous state of matter, local structural environments vary
within a glass. Any changes in the structure should there-
fore take place in a spatially uncorrelated fashion and
from a macroscopic perspective appear to occur gradu-
ally. However, for a number of glass-forming systems,
such as amorphous ice [1], silica [2,3], germania [4], and
yttria metaphosphate [5], abrupt transformations from
one structure to another have been observed under the
influence of pressure. These abrupt transformations,
which are reminiscent of the behavior of crystalline
materials, have prompted the notion that there may be
“vitreous polymorphs.”

The literature suggests that among inorganic mate-
rials such polyamorphic transitions are prevalent in
tetrahedrally coordinated network glasses, while three-
coordinated ones act quite differently under pressure. For
the latter type of glasses Grimsditch et al. [4] showed that
As,S; follows the same sound velocity-pressure path upon
compression and decompression (up to 4 GPa), while
B,0O; exhibits a closed, gradual hysteresis (upon maxi-
mum compression to 15 GPa). These smooth, continuous
changes are more indicative of gradual rearrangements in
a random network than of a sharp transition between
structurally distinct polymorphs. In contrast, the experi-
mental results presented in this Letter suggest that vitre-
ous polymorphs do exist in vitreous B,O5; and that the
transitions between vitreous polymorphs can be abrupt.

The B,05 sample for our experiment was prepared by
heating reagent grade B,0O5 at 1000 °C overnight in air. To
shape the glass into pieces convenient for incorporation
into a diamond anvil cell (DAC), two polished Pt plates
spaced 30 wm apart were dipped into the B,O; melt, and
after allowing 5—10 min for capillary forces to draw the
B,O; between the platinum plates, the plates were quickly
removed from the furnace, placed in a vacuum dessicator,
and moved into a nitrogen-purged glove box. After ex-
traction from between the parallel Pt plates, the B,O;
sample was loaded into a piston cylinder DAC, along with
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several ruby chips that acted as pressure sensors. Pressure
was applied to seal the sample chamber before the dia-
mond cell was removed from the glove box. No pressure
medium was employed. Using this procedure, contami-
nation of B,O; with water during handling at room
temperature was avoided.

Brillouin and Raman spectroscopy were performed
using the 514.5 nm line of an Ar-ion laser. The experi-
mental setup is described by Sinogeikin et al [6].
Brillouin spectra were collected for both platelet for-
ward scattering (6 = 50°) and backscattering (0 =
180°) geometries. The scattering geometry was cali-
brated using an MgO standard and found to be within
0.1°. In platelet geometry the sound velocity v is re-
lated to the Brillouin frequency shift Awp according
t0 v = AperAwp/(25in25°). While this is sufficient to
determine the sound velocity, a second measurement
in the backscattering mode, where v = A, Awp/(2n),
allows one to also determine the refractive index n.
When the longitudinal sound velocity of B,0; exceeds
11.5 km/s (i.e., above 23 GPa on compression and
11 GPa on decompression) the corresponding peak in
the forward-scattered Brillouin spectrum becomes ob-
scured by the diamond anvil shear peak. In this regime,
however, the refractive index was found to level at a
constant value of 1.76 [7]. At high pressures, the longitu-
dinal sound velocity was therefore determined from
backscattering spectra using n = 1.76.

In the course of the experiment, Brillouin and Raman
data were first taken on compression from 6.9 to 52.7 GPa
and on decompression from 52.7 to 1.8 GPa. To determine
if the observed behavior could be reproduced, the cell was
again compressed from 1.8 to 56.8 GPa and decompressed
from 56.8 to 0.8 GPa. During the first pressure cycle, the
sample was equilibrated at each pressure for at least 12 h
and during the second pressure cycle for at least 4 h be-
fore being analyzed. Once equilibrated, the pressure on
the sample was measured using the ruby fluorescence
method [8]. The pressure was measured before and after
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collecting Raman and Brillouin spectra, and within ex-
perimental accuracy, the same pressure was recorded.

The results of the Brillouin and Raman measurements
are shown in Figs. 1 and 2, respectively. Upon compres-
sion the sound velocities smoothly increase and the
808 cm~! mode, which has been attributed to the sym-
metric breathing of boroxol rings [9], decreases in inten-
sity until it disappears near 11 GPa. No Raman modes
were seen above 11 GPa. (Grimsditch et al [10] saw
boroxol rings as high as 14 GPa, both upon compres-
sion and decompression. However, the intensity of the
808 cm ™! mode in their experiments dropped suddenly
near 11 GPa upon compression. We believe that the persis-
tence of the 808 cm ™! in Grimsditch’s experiment can be
attributed to equilibration times of only tens of minutes at
each pressure, leaving insufficient time for the glass to
transform to a higher-pressure state. Indeed, recent work
[11] has suggested that it takes at least several hours for
B,0; to equilibrate at each pressure.)

Upon decompression the sound velocities follow a dif-
ferent path, remaining higher and exhibiting smaller
pressure dependence. The sound velocities decrease
smoothly until a sharp transition occurs between 3 and
2 GPa, upon which the sound velocities return to the path
followed during compression. At the completion of the
transition near 2 GPa, the 808 cm™! boroxol ring mode
suddenly reappears along with a Raman mode at
881 cm~!. Both modes persist to lower pressure. The
881 cm~! Raman mode has previously not been observed
in pure B,0O;5. This mode could possibly be attributed to a
B-OH stretching, because its frequency matches that of
the breathing mode of trigonal B-(OH); units in crystal-
line boric acid (H;BOs) [12]. The estimated amount of
water that dissolves in B,O5; upon equilibration in air at
1000 °C is sufficient to modify 0.08% of the network
bonds [13], which is unlikely to affect the structural
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FIG. 1. Compressional and shear sound velocities of boron

oxide with pressure. Squares are shear velocities and diamonds
are compressional velocities. Solid and open symbols indicate
data taken during the first and the second cycle, respectively.
Black symbols were taken on pressure increase, gray symbols
on pressure decrease. Arrows indicate the direction in which
the measurements were taken. Room pressure data were ob-
tained outside the DAC from a different B,O; sample.
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integrity significantly. If indeed B-OH units produce
this Raman signal, they must be dissolved in the glass
because additional Brillouin lines that would indicate the
presence of a second phase were never observed. (Raman
and Brillouin spectra were collected from the exact same
sample volume.)

Further, the mechanical and structural response of
B,0; glass to pressure is entirely reproducible. During a
second compression-decompression cycle the sound ve-
locity data follow that of the first cycle, as shown in Fig. 1.
On compression, both Raman modes disappear below
17 GPa and on decompression they reappear after the
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FIG. 2. Stacked B,0O; Raman spectra for the first pressure
cycle. The top panel shows Raman spectra during compression,
and the bottom panel during decompression. The peak at
760 cm™! is fluorescence from the diamond anvils, the peak
at 812 cm™! is the boroxol ring mode, and the peak at
881 cm™! is a previously unidentified Raman peak. The base-
line of each spectrum has been shifted by an amount equal to
100 times the pressure at which the spectrum was collected.
The number to the right of each spectrum is the pressure at
which it was collected.
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abrupt drop in sound velocity, which occurs again just
below 3 GPa.

The monotonous changes in the sound velocity as well
as the gradual decrease in the intensity of the 808 ¢cm™!
Raman mode during compression suggest a continuous
rearrangement of the structure with pressure. In contrast,
during decompression the glass exhibits a large disconti-
nuity in properties at about 3 GPa. The fact that this
behavior is reproducible suggests that B,O; is undergoing
a reversible transition between well-defined structural
states. What is remarkable, though, is that the transition
from low- to high-density amorphous B,0O; is gradual
while the reverse transition is abrupt, bearing the signa-
ture of a first-order transformation. Specific trends re-
vealed by our measurements, analyzed in the context of
existing knowledge about B,0j3, allow us to further clar-
ify the nature of this transition.

In crystalline form, boron oxide can exist as low-
density a-B,0O; (space group Pz ) or as high-density
B-B,0O; (Ccm,). A principal difference between these
two structures is the coordination of boron by oxygen,
which is trigonal in a-B,0; and tetrahedral in 8-B,0;.
Interestingly, the transformation between «- and 8-B,05
at room temperature occurs at about 2 GPa [14], which is
close to the pressure at which we observe the sudden drop
in the sound velocities. However, we rule out that our
sample actually crystallized during decompression, on
the grounds that (i) the sound velocities returned to those
exhibited by the glass conpression, (ii) during a second
pressure cycle the sound velocities and the 808 cm™!
Raman mode behaved just as they did during the first
pressure cycle, and (iii) the dramatic increase in scatter-
ing intensity typically associated with the formation of
grain boundaries during crystallization was not observed.

Instead, we submit, as have previous authors [10], that
while in amorphous B,O5; at ambient pressure boron is
entirely three coordinated, an increasing number of
boron atoms are converted to tetragonal coordination
upon densification. Furthermore, the step change in sound
velocities at 3 GPa upon decompression is the result of the
abrupt reversal of this coordination change. The apparent
differences in the mechanisms invoked upon compression
and decompression can be explained as follows.

Given the structural disorder in amorphous materials,
the applied stress during compression is transmitted non-
uniformly across the structure; i.e., the local strain as
reflected by the changes in bond lengths and bond angles
varies considerably from one building block to another.
Transitions from three- to four-coordinated boron there-
fore occur first at locations of highest stress intensity.
Such a conversion to a more compact structural building
block relieves stress in the immediate surroundings, and
subsequent transitions require futher pressure buildup.
This explains why the changes in glass properties occur
gradually over a wide pressure range during densifi-
cation. Moreover, the changeover from three- to four-
coordinated boron, a process that is characterized by a

215701-3

relatively low activation barrier of 36.5 kJ/mol, has been
suggested as the mechanism for dissolution of boroxol
rings [15] and is therefore also consistent with the dis-
appearance of the mode at 808 cm™! from the Raman
spectra.

Another interesting feature concerning the densifica-
tion behavior of B,05 glass is revealed by comparing the
reverse process for different compression maxima. Sound
velocity data for compression-decompression cycles up to
13.5, 18.8, and 52.7 GPa, respectively, are shown in Fig. 3.
In all cases, the sudden drop in sound velocities associ-
ated with the delayed reverse transition takes place at the
same pressure and involves the same beginning and end-
ing sound velocity magnitudes, independent of the maxi-
mum pressure to which the sample had been compressed
(at least for samples compressed to above 13.5 GPa). This
indicates that all the structural transitions that are being
reverted upon the sudden drop in sound velocities had
been the first ones to be invoked upon compression and
that these transitions reach completion at relatively low
pressure. Moreover, at the top of the reverse transition,
i.e., at the lowest pressure to which the four-coordinated
structure persists, the sound velocity is approximately the
same as that observed upon compression at ~11 GPa,
where the characteristic boroxol ring peak disappears
from the Raman spectra. This supports the notion that a
similar structural state, characterized by the same sound
velocities of 8.0 and 4.7 km/s for longitudinal and shear
waves, respectively, is achieved at about 11 GPa upon
compression and 3 GPa upon decompression, and that
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FIG. 3. The longitudinal sound velocity behavior for several
B,0; runs. Solid and open symbols represent data taken on
compression and decompression, respectively. Diamonds and
dark lines represent data from the first pressure cycle of the
current study, for which the maximum pressure was 52.7 GPa.
Squares and circles are from Nicholas ef al. and represent data
taken to a maximum pressure of 13.5 and 18.8 GPa, respec-
tively [16].
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FIG. 4. The Poisson ratio of boron oxide with pressure.
Black and gray symbols represent data taken on compression
and decompression, respectively. Solid symbols were taken
during the first compression cycle and open symbols dur-
ing the second compression cycle. The Poisson ratio (o)
was calculated from the sound velocities according to
o =[v} — 203]/[2(v} — v3)].

this state corresponds to the lowest-density structure of a
primarily four-coordinated high-density vitreous poly-
morph of B,0;.

Note that upon further compression beyond 11 GPa,
additional structural relaxation takes place. The fact that,
in terms of sound velocities, the decompression paths
deviate from the compression paths, and that they all
differ from one another if the specimen is compressed
to different maximum pressures, establishes that these
high-pressure structural changes involve more than just
elastic deformations. On the other hand, the Poisson ratios
on compression and decompression coincide above
20 GPa, as can be seen in Fig. 4. This suggests that the
degree of connectivity within the glassy network is not
affected by density changes at these elevated pressures.

Below 20 GPa, however, the Poisson ratio on decom-
pression rapidly drops below that on compression. In
this regime, the elastic response perpendicular to the
direction of the applied stress is much less than parallel
to it. Decoupling between elongation and cross contrac-
tion leads to the creation of free volume between struc-
tural units. This reveals that upon decompression, a
significant activation volume is required to facilitate the
reverse transition from four- to three-coordinated boron.
During the preceding compaction most of the free volume
in the glass had been eliminated, resulting in dense pack-
ing of BO, units. This and the steric constraints associ-
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ated with tetrahedrally bonded structural units reduce
atomic mobility dramatically, resulting in a delayed re-
verse transformation. When releasing the pressure, free
volume develops uniformly across the expanding struc-
ture; since compaction was nonelastic, a mere restitution
of void space at the original locations is unlikely. Once
the necessary activation volume is achieved, the overdue
transformation from four- to three-coordinated boron
occurs percipitously, affecting all units simultaneously.

In summary, we have shown evidence that vitreous
polymorphs exist for boron oxide, an inherently trigo-
nally coordinated network former, and that the transition
between these polymorphs is gradual in one direction but
abrupt in the reverse direction. In the case of B,O; it
seems that the basis for polyamorphism is a change in
cation coordination from trigonal to tetrahedral. To our
knowledge, this is the first observation of an abrupt
polyamorphic transition in a three-coordinated glass.
Establishing the ubiquity of this process requires further
exploration of such materials.

This work was funded by National Science Foundation
Grants No. DMR-0072258 and No. EAR-0003383.

*Current address: Department of Materials Science and
Engineering, University of California, Berkeley, CA
94720, USA.

Electronic address: JDNicholas@1bl.gov

TCorresponding author: Department of Materials Science
and Engineering, University of Michigan, Ann Arbor,
MI 48109, USA.

Electronic address: Kieffer@umich.edu
[1] O. Mishima, L.D. Calvert, and E. Whalley, Nature
(London) 314, 76 (1985).
[2] C.S. Zha et al., Phys. Rev. B 50, 13105 (1994).
[3] M. Grimsditch, Phys. Rev. Lett. 52, 2379 (1984).
[4] M. Grimsditch, R. Bhadra, and Y. Meng, Phys. Rev. B
38, 7836 (1988).
[5] O. Pilla et al., Philos. Mag. B 82, 755 (2002).
[6] S.V. Sinogeikin, T. Katsura, and J. D. Bass, J. Geophys.
Res. 103, 20819 (1998).
[7] J. Nicholas et al., J. Non-Cryst. Solids (to be published).
[8] H.K. Mao et al, J. Appl. Phys. 49, 3276 (1978).
[9] J. Goubeau and H. Keller, Z. Anorg. Allg. Chem. 272, 303
(1953).
[10] M. Grimsditch, A. Polian, and A. C. Wright, Phys. Rev. B
54, 152 (1996).
[11] A.C. Wright et al, Phys. Chem. Glasses 41, 296 (2000).
[12] R. Janda and G. Heller, Spectrochim. Acta, Pt. A 36,
997 (1980).
[13] P. Buhler, Glass Phys. Chem. 25, 427 (1999).
[14] J. D. Mackenzie and W. E Claussen, J. Am. Ceram. Soc.
44, 79 (1961).
[15] J. Kieffer, Phys. Rev. B 50, 17 (1994).
[16] J.D. Nicholas et al., Phys. Chem. Glasses 44, 249 (2003).

215701-4



