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A comparative study of Raman scattering and low temperature specific heat capacity has been
performed on samples of B,O3;, which have been high-pressure quenched to go through different glassy
phases having growing density to the crystalline state. It has revealed that the excess volume character-
izing the glassy networks favors the formation of specific glassy structural units, the boroxol rings, which
produce the boson peak, a broad band of low energy vibrational states. The decrease of boroxol rings with
increasing pressure of synthesis is associated with the progressive depression of the excess low energy
vibrations until their full disappearance in the crystalline phase, where the rings are missing. These
observations prove that the additional soft vibrations in glasses arise from specific units whose formation
is made possible by the poor atomic packing of the network.
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Glasses exhibit an excess of low energy vibrational
modes over the classical Debye density of states whose
nature is far from an exhaustive understanding. These
collective modes range between 0.1 and 3 THz and con-
tribute to (i) the boson peak (BP) in inelastic light (Raman)
and neutron scattering spectra, (ii) the excess low tempera-
ture (1-20 K) heat capacity C having the shape of a broad
hump when reported as C, /T3, and (iii) the plateau of the
thermal conductivity k(7') at around 10 K [1-3]. All these
experimental findings exhibit a remarkable universality
and are usually ascribed to an excess of low energy exci-
tations, which exist beside phonons and take their origin
from the disordered topology of amorphous structures.
Glass densification offers the possibility to learn more
about the nature of low energy vibrations because it leads
to significant modifications of the short- and medium-
range orders and to a reduction of the atomic mobility
without altering the stoichiometry [4-6]. To follow the
correlation between low energy vibrational modes and
the structural changes implying only modification of the
medium-range order, we have performed Raman scattering
and low temperature heat capacity experiments on com-
pacted samples of B,O;. These solids have been high-
pressure quenched to go through different glassy phases
having growing density to the crystalline state. Increasing
density leads to the decrease of boroxol rings, the super-
structural units formed by three corner sharing BOj tri-
angles in vitreous B,O; (v-B,O3;) [7], and to the
progressive depression of the BP and the excess specific
heat capacity between 1.5 and 30 K until their full dis-
appearance in the crystalline phase.

Sample densification was obtained by loading !'B,Os;
glasses in a multianvil high temperature and pressure
apparatus for the synthesis at 2 and 4 GPa [5]. They were
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fused under pressure at 1160 °C (2-GPa glass) and at
1060 °C (4-GPa/B3 glass) for about 20 min and then
quenched at those pressures. Densified B,0O; glasses
were characterized by x-ray diffraction which revealed
no sign of crystallization. Crystalline samples (c-B,03)
were obtained by fusing ''B,0; glasses at 1280 °C under
a pressure of 4 GPa for about 15 min and then pressure
quenched to room temperature. The x-ray diffraction
pattern of polycrystalline samples gave well-defined
peaks, typical of trigonal crystalline B,O5; (a-B,03) [8].
The densities measured at room temperature are
1826 kg/m? (v-B,03), 2082 kg/m? (2-GPa glass), and
2174 kg/m? (4-GPa/B3 glass). The density of ¢-B,0j5 is
2560 kg/m> [8]. The Debye sound velocity v, (v% =
D

(1/v3) + (2/v})) and the elastic Debye temperature O,
have been determined by the values of longitudinal (v;)
and shear (v,) sound velocities measured at 8 K [6]: v =
2095 m/s, Op =260.3 K (v-B,03); vp = 2436 m/s,
O, = 317.7 K (2-GPa glass); and v = 3417 m/s, O =
454.9 K (4-GPa/B3 glass). The Raman spectra were per-
formed at room temperature on a double monochromator
Jobin-Yvon U-1000 and were recorded in 90° scattering
geometry using the same procedure described elsewhere
[5]. The specific heat capacity of B,O; samples was mea-
sured using an automated calorimeter, which operated via
the thermal relaxation method in a “He cryostat [2]. The
Raman spectra of normal and densified v-B,05 between 6
and 1000 cm™! are shown in Fig. 1(a) for a V'V (polarized)
configuration. The spectra have been normalized by the
total integrated intensity of the multicomponent band
between 1200 and 1600 cm ™! [see Fig. 1(b)] which reflects
the vibrations of all the units forming the whole glassy
network [5]. Densification gives rise to a parallel and
progressive decrease of both the BP and the highly
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FIG. 1 (color online). (a) Raman intensity /., normalized by
the integrated intensity of the high-frequency multiband 7,;; of
densified B,0O; glasses for VV polarization: v-B,03, solid line;
2-GPa glass, dotted line; and 4-GPa/B3 glass, dashed line.
(b) Raman spectra of v-B,0O; (solid line) and ¢-B,0O; (dotted
line). Above 970 cm™!, the y scale is expanded by 4. The inset
shows the behaviors of the normalized intensities of the BP
(circles) and of the band at 808 cm™! (triangles) vs the atomic
packing fraction ®.

polarized band at 808 cm™!, the latter arising from a

localized breathing-type vibration of oxygen atoms inside
the plane boroxol ring. Differently from the band at
808 cm ™!, which strictly preserves its frequency with den-
sification, the frequency vgp of BP increases from 26 cm™!
in normal B,Oj5 to about 52 cm ™! in 4-GPa/B3 glass. The
low-frequency Raman intensity is related to number of
vibrational excitations, given by the product between the
vibrational density of states g(») and the Bose factor for
the Stokes component [n(») + 1], via the ratio between the
light-vibration coupling coefficient C(v) and v [9]: I(v) =
C(v)g(v)[n(v) + 1]/v. Over the frequency region of BP,
C(v) exhibits a nearly linear frequency dependence [10],
implying a direct proportionality between the Raman in-
tensity and the number of vibrational excitations.

Raman spectra of v-B,05 and ¢-B,0; are compared in
Fig. 1(b), showing the disappearance of the band at
808 cm™! in the crystal. The lines observed in c-B,0;
strictly correspond to those revealed in a previous study
by Bronswjik and Struijks [11] and prove that its structure
is built on infinite chains of BO; triangles [8] and does not
contain boroxol rings. As recently emphasized by nuclear
magnetic resonance [4] and Raman scattering [5] studies

and confirmed by the present results, melt quenching under
pressure up to 4 GPa of B,O; prevents the transformation
of BO; chainlike segments in rings during the cooling
process. Increasing densification by pressure leads the
system towards a structure having a progressively decreas-
ing content of rings until their full disappearance in the
crystal characterized by the most efficient packing of BO;
units. It is worth noting that the decrease of rings is
paralleled by a strikingly similar reduction of the BP
which, as expected, is missing in ¢-B,0Oj5. The first feature
observed in the crystal is the optical mode at 132 cm™!,
also visible as a shoulder on the high-frequency tail of the
BP in the glass. The inset of Fig. 1(b) reports the normal-
ized intensities of the BP and the band at 808 cm™! vs the
atomic packing fraction @ [12,13], which changes from
0.35 in v-B,05 to 0.49 in ¢-B,0;. Both the bands show a
very close linear decrease with increasing @, pointing to
zero in correspondence to the value of the crystal.

This observation indicates a strong correlation between
the boroxol ring population and the vibrations underlying
the BP, disclosing that these excess modes must be asso-
ciated with low energy vibrations of these glassy structural
units. The specific heat capacities C,(T) of densified B,O;
glasses are compared with that of ¢-B,05 in Fig. 2(a). The
present data are in very close agreement with earlier ex-
perimental observations in v-B,05; above 2 K [14] and in
c-B,05 above 18 K [15], also included in the same figure.
In the case of crystalline dielectrics, phonons dominate the
thermal properties: C,(T) of ¢-B,0; follows strictly the
Debye T3 law [dotted line in Fig. 2(a)] giving a Debye
temperature ®, = 621 K. All the glasses show an excess
C,(T) over the heat capacity of the crystalline sample.
When plotted as C,(T)/ T3 vs T [Fig. 2(b)], it results in
the characteristic shape of a broad peak with a magnitude
substantially larger than the respective elastic Debye con-
tributions Cp (7). Growing densification depresses C,(T)
over the whole temperature interval explored, giving rise to
a significant decrease of the bump and to an increase of the
peak temperature Tj,c, Which shifts from about 5.7 K in
v-B,05 to about 10.0 K in 4-GPa/B3 glass. To compare
the changes of the excess specific heat with the modifica-
tions of the elastic continuum, we report C,(7) scaled by
Cp(T) of densified B,0; glasses vs T/®, in the inset of
Fig. 3(a). C,(T)/Cp increases with increasing densifica-
tion, also exhibiting a well-defined shift of the maxima.
This finding implies a variation of Ty, stronger than that
experienced by ®p and changes of the low energy vibra-
tional dynamics which are not accounted for by the trans-
formations of the elastic continuum. Scaling the bumps
observed in all the glasses by (C,/ T3)peak, we obtain
curves showing an identical shape [Fig. 3(a)]. This obser-
vation reflects the invariance of the shape of the scaled BP
revealed by Raman scattering [5] and confirms the results
of similar studies in compacted glasses of SiO, [16] and
GeO, [17]. This invariance discloses a low energy
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FIG. 2 (color online). (a) The temperature dependence of the
specific heat capacity C, in B,O3; samples: v-B,O3 (empty
circles), 2-GPa glass (up triangles), 4-GPa/B3 glass (down
triangles), and ¢-B, 05 (full circles). Earlier experimental obser-
vations on v-B,0; [14] and ¢-B,O;3 [15] are reported for
comparison as a solid line and stars, respectively. The dotted
line represents a fit to the data between 2 and 8 K of ¢-B,0;,
which gives a T>% behavior. (b) C T/ T3 for densified B,05
glasses and c¢-B,0j; the symbols are those of (a). Dotted lines
represent the fit by Eq. (1) to the data using g(») evaluated from
the Raman spectra with C(v) ~ v*.

vibrational dynamics underlying the BP where all the
modes, extended and localized, are coupled and hybri-
dized, resulting in an overall spectral distribution which
is independent of the packing fraction of the system. We
can evaluate the density of low energy vibrational states
(DVS) and its behavior with increasing density in com-
pacted glasses by using g(v) derived by the low-frequency
Raman intensity to determine the temperature dependence
of the low temperature heat capacity expressed by the usual
equation:

C,~Cy

v, hv \2
= 3Nk8ﬁ g”)(kg—r)

where N is the number density and v, the highest vibra-
tional frequency. The main problem in determining g(»)
from the normalized Raman intensity is that it gives the

exp(hv/kgT) 4
[exp(hv/ksT) — 1P

(D

product between g(v) and C(»). In v-B, 03, however, it has
been shown that C(v) follows a linear frequency depen-
dence over the frequency range between 9 cm™! (0.5vgp)
and 36 cm™! (2vgp), deviating from this behavior at lower
(superlinear) and higher (sublinear) frequencies [10,18].
We assume C(v) ~ v to account for possible variations of
the exponent « with densification and also use the magni-
tude of g(v) as a further fitting parameter [19]. A further
problem arises from the quasielastic scattering (QS) due to
a fast relaxation, which exhibits a temperature dependence
much larger than the Bose factor and dominates the fre-
quency region below about 20 cm™! [20]. It is usual to
perform low temperature (below 100 K) measurements of
inelastic neutron and Raman scattering in order to depress
all the relaxation mechanisms which are the source for QS
[18,19]. However, light scattering measurements of fast
relaxation in v-B,03 between 15 and 300 K showed that
QS affects significantly the low-frequency spectra only up
to about 1012 cm™! [21]. Moreover, growing densifica-
tion is expected to depress the relaxation mechanism giv-
ing rise to QS [6]. This evidence leads us to use the present
room temperature Raman spectra for evaluating the spec-
tral dependence of g(») down to about 12 cm™!, approx-
imating its behavior to lower frequencies by the Debye
density of states g;, = 3(v*/v3,) determined by the values
of vp = kg®p/h. We also consider the Raman intensity
up to 90 cm ™!, in order to avoid contributions from optical
modes [Fig. 1(b)], which can have a coupling coefficient
quite different from the vibrations causing the BP. The
experimental results of C,(T)/ T3 are compared to the
theoretical fit in Fig. 2(b), where the resulting values for
the exponent « are also included. It is worth noting that
small variations of « (less than 5%) lead to unacceptable
fitting curves. The decrease of o with increasing packing
fraction is surely due to significant modifications of the
static fluctuations of elasto-optical constants, which are the
expected sources for C(v) behavior [20]. The obtained
DVSs, plotted as g(»)/v? in Fig. 3(b), show the BP above
the respective elastic Debye levels for all the glasses, at
least up to about 1.5 THz. Increasing packing fraction
shifts the BP from 18 cm™! in v-B,O;3 up to 35 cm™! in
4-GPa/B3 glass, progressively depressing the excess
vibrational modes. Despite the rough evaluation of g(v)
due to approximations used, there is a reasonable agree-
ment between the present result in v-B,05 and the DVS
determined by inelastic neutron scattering at 100 K [18]
with a close coincidence of the BP frequency. The present
observations prove unambiguously that the systematic den-
sity increase of v-B,0j3, associated with the progressive
decrease of boroxol rings, causes the reduction of both the
BP and the excess heat capacity until their disappearance in
the crystal, whose low energy vibrational dynamics is fully
described by the Debye model [Fig. 2(a)].

We remark that, in addition to boroxol rings, some
further superstructural units can characterize the network
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FIG. 3 (color online). (a) Comparison of the specific heats
of densified B,O; glasses, plotted as C,(7)/T° scaled by
(Cp/T%)peax VS T/Tpear: v-By05 (empty circles), 2-GPa glass
(up triangles), and 4-GPa/B3 glass (down triangles). The inset
shows C,(T)/Cp vs T/®p. (b) Reduced density of low energy
vibrational modes g(»)/v? in densified B,O5 glasses as deduced
from the fits to specific heat capacity data: v-B,0s3, solid line;
2-GPa glass, dotted line; and 4-GPa/B3 glass, dashed line. The
Debye levels are reported as dash-dotted lines for glasses and a
solid line for c¢-B,0s5.

of compacted glasses and cause an excess vibrational con-
tribution. We can exclude the formation of superstructural
units containing BO, groups which should cause a band at
775 cm™! [5], not observed in the present Raman spectra;
thus, the above units could arise from the breaking up of
rings in the melt under pressure which originates the for-
mation of larger puckered rings made up of connected BO;
triangles and folded on themselves [7]. They are surely
preserved in pressure-quenched glasses also contributing
to the observed increase of the packing. It is expected that
these large rings can also be a source for additional local-
ized low energy vibrations contributing to both the BP and
the excess heat capacity.

This evidence leads us to assign the large excess C,(T)
and the vibrational dynamics underlying the BP to low
energy modes mainly arising from boroxol rings.
Following the findings of a refined study of hyper-Raman
and Raman scattering in v-B,0O3 by Simon et al. [22], we
assign these modes to out-of-plane rigid librations of pla-
nar boroxol rings. The rings are formed due to the poor

atomic packing of the glassy network and can be connected
either via a single oxygen atom bridging two rings or via
one or several planar BOj; triangles [23]. The latter need a
larger volume than the former, and their formation is
expected to be more prevented with increasing densifica-
tion. The observed network hardening and frequency
increase of the BP with densification should be related to
the gradual disappearance of rings connected by more
complex links than a single bridging oxygen. The existence
of specific structural units making up the glassy network
and producing an excess of low energy vibrations is not
limited to v-B, O3, but it has been found in other prototype
glasses. In v-Si0O,, the DVS obtained by inelastic neutron
scattering has been satisfactorily modeled by considering
coupled rotations of connected SiO, tetrahedra [24], this
finding having been confirmed by a more recent study of
hyper-Raman scattering [25]. In v-Se, a low energy DVS,
which accounts at most qualitatively for the low tempera-
ture anomalies in the thermal properties, was determined
by molecular dynamics simulation assuming torsional
librations of Se chains [26].

Moreover, in v-Se, there are eight atom rings (Seg)
which do not exist in the trigonal crystalline form, an array
of parallel chains arranged on a two-dimensional hexago-
nal lattice [27]. The Seg rings could be the source for
additional soft vibrations. A polycrystalline sample of
hexagonal Se, in fact, evidenced a Debye behavior for
the specific heat capacity below 10 K with a magnitude
substantially smaller than that of the corresponding glass
[28]. To conclude, experiments have been presented in
which the low temperature vibrational specific heat and
the low-frequency Raman scattering have been directly
compared, for the first time, within B,O5; solids with
increasing density from the glassy to the crystalline phases.
The results show that the formation of superstructural
units, such as boroxol rings, in the glass gives rise to a
broad spectrum of low-lying vibrations over the Debye-
like acoustic waves. Since the excess heat capacity of B,0O5
glasses can be reproduced using the BP observed in the
Raman spectra, the physical nature of the large distribution
of additional soft vibrations, which determine the low
temperature thermal and low-frequency optical properties
of a glass, has now been clarified.
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