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1. Introduction
A main goal of the present paper is to explain in 
simple terms a question which is currently very much 
debated in the physics of glasses. The issue is that of 
the nature and properties of vibrational excitations at 
frequencies ν≡Ω/2π of the order of 1 THz (or 30 cm−1, 
or also ħΩ=4 meV). As shown below, these excita-
tions are mainly of two types: optic ones, which in a 
molecular picture can be thought of as the more or 
less local vibrations of structural units, and acoustic 
ones which are approximately collective rigid transla-
tions of the same units. It is legitimate to ask why is 
this question of such interest. The profound reason 
derives from a series of observations from which a 
sequence of conclusions can be derived. It is worth 
following these steps one by one.
(i) First it is known that there are excess vibrational 
modes in most glasses, which occur at relatively “low” 
frequencies.(1) The existence of these quasi-harmonic 
modes is best seen in the low temperature (T) specific 
heat Cp which shows a large “hump” when plotted as 
Cp/T3 versus T.(2) In the Debye model of thermal prop-
erties, the Debye value Cp

D is proportional to T3 and it 
only depends on the sound velocities.(3) One speaks of 
an excess because around the hump Cp is much larger 
than Cp

D. The hump typically peaks at a Tmax between 
~3 and ~10 K. The corresponding dominant thermal 
phonons are given by hν~5kBT, with kB the Boltzmann 
constant. This leads to a value of ν typically of the 
order of 1 THz, which is what was meant by “low” 
frequencies above. Indeed, these are low compared 
to the usual optic modes in crystals. One remarks that 
the Debye density of acoustic modes ZD(ω) is simply 
proportional to ω2, which is the reason for the T3 law 
above. Note that we use ω for spectral frequencies and 

Ω for the frequency of specific modes. As opposed 
to ZD(ω), the real density of vibrational states Z(ω) 
shows a peak when plotted as Z(ω)/ω2 versus ω. It is 
this particular feature which is called the boson peak 
(BP). This somewhat unfortunate name has been 
given because in spectroscopies of this spectral re-
gion, the T dependence of the strength of this feature 
follows the Bose–Einstein statistics characteristic of 
harmonic modes,(4) as opposed to structural relax-
ations which do not. The angular frequency at the 
BP maximum will be written ΩBP.
(ii) The second point is that the energy in these excess 
vibrations does not propagate like plane-wave acoustic 
modes would allow. This is known from the thermal 
conductivity κ(T), which normally grows with some 
power of T at low T, but which starts to saturate, 
exhibiting an anomalous “plateau” in a logarith-
mic presentation of κ(T) versus T.(1) This plateau 
is observed at temperatures around the same Tmax. 

Hence, not only are there more modes than just the 
normal acoustic ones, but also the acoustic modes 
have lost their propagating plane-wave character 
at ΩBP. One speaks of an Ioffe–Regel (IR)(5) crossover 
for acoustic modes, occurring at ΩIR. This crossover 
can be defined as the frequency at which the energy 
mean-free-path l becomes equal to only half the 
acoustic wavelength, l=λ/2.(6) This is really a limit for 
plane-wave like propagation. As shown explicitly 
below, one finds experimentally that ΩIR≈ΩBP. This is 
now understood as due to the hybridisation of the 
acoustic modes resonating with the optic ones.(7,8) 
Hence, in the glasses for which the BP is sufficiently 
strong (which is the case for all glasses of technical 
interest), there should be no plane-wave-like acoustic 
modes left above ΩIR. One can say that the acoustic 
branch terminates at ΩIR: what was “low” frequency 
for optic modes has become a “very high” frequency 
for acoustic modes.
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(iii) The special interest in this spectral region arises 
when one considers the typical scale at which this 
occurs. Extrapolating the wavelength of acoustic 
modes to ΩIR, one typically finds values λ≈5 nm. Of 
course, the BP vibrations need not be exactly of the 
same extent. They could be of smaller extent and 
nevertheless modify the acoustic modes owing to 
the strong resonance with them. In any case, the BP 
vibrations and their interaction with acoustic waves 
are likely to give information about the structure of 
glasses at medium to long range scales, about which 
so little is known otherwise. The most promising 
approach will presumably be to check the validity 
of simulated structures by calculating from them the 
observed BP spectra. This is expected to become an 
exacting test for structures. To our knowledge, such 
large scale simulations of the BP-region have not yet 
been achieved for the full collection of spectroscopies 
which have now been applied to this problem. To 
summarise, it is expected that detailed studies of the 
BP will be central to the understanding of the disorder 
particular to glasses.

In the case of borates, one has an excellent 
example in which vibrations have given decisive 
structural information which was difficult to obtain 
with classical structural tools.(9) This is the question 
of the existence and the number of boroxol rings in 
vitreous boron oxide, v-B2O3. The breathing motion 
of the rings produces a narrow Raman scattering 
feature at 808 cm−1 (10) whose relative strength has 
recently been used in relation with simulations(11) to 
definitively establish the fraction of boroxol rings in 
v-B2O3. In the case of the BP, it can be considered as 
having its origin in the lowest frequency optic-like 
vibrations of structural units. These generally are the 
rigid librations, which by a cog-wheel effect couple 
with translations. In the borates, the structural units 
are quite varied. They can be the BO3 triangles, the 
B3O3 boroxols, and the BO4 tetrahedra, among oth-
ers. Hence, the study of the BP should be of special 
interest for borate glasses.

The plan of the paper will be the following. Section 
2 gives a brief summary of the situation in borates 
and in the course of the development it presents the 
various experimental approaches that are tradition-
ally used to gain information about the BP and the 
end of acoustic branches. In particular, it emphasises 
that each spectroscopy has its specific selection rules, 
explaining that apparently “different” BPs might be 
observed in diverse experiments. Section 3 describes 
a recent progress achieved in the observation of low 
lying optical modes of v-B2O3 using an alternate 
spectroscopy, namely hyper-Raman scattering. 
It also describes advances in the observation of 
acoustic excitations in lithium diborate that became 
possible by pushing the limits of Brillouin scattering 
spectroscopies, whether using x-ray or visible light 

excitation. Finally, Section 4 summarises the present 
understanding of the BP and of its hybridisation with 
the acoustic modes.

2. The boson peak and high frequency 
sound in borate

An unbiased observation of the density of states 
(DOS) Z(ω) is provided by measurements of the 
specific heat Cp at low temperatures T. At sub-helium 
T, one observes a contribution to Cp which is linear in 
T, Cp=c1T. It is explained by two-level systems.(12) As 
T is raised, one expects to find in addition the Debye 
contribution which can be written CD=c3

DT3. The 
value of c3

D should be given by the sound velocities. 
However, it has been known for a long time that an 
adjustment of the low-T specific heat of glasses to 
CP=c1T+c3T3 leads to values of c3 significantly larger 
than the Debye c3

D.(12) This apparent discrepancy has 
recently been very well explained.(13) It is due to the 
low frequency tail of the BP-modes, whose density 
varies approximately as ω4, leading to an extra term 
c5T5 in the specific heat. It has been shown that for v-
B2O3, as well as for a series of alkali borates, adjusting 
Cp to c1T+c3T3+c5T5 leads to c3≡c3

D. This confirms the 
validity of the Debye model for the acoustic mode 
contribution. It also shows that the low-ω onset of 
the BP DOS is well approximated by Z(ω)µω4. As T 
is further raised, a plot of Cp/T3 goes then through a 
maximum at Tmax which evidently ought to be related 
to the maximum in Z(ω)/ω2, which we have called ΩBP. 
It can indeed be shown that ħΩBP=akBTmax, where a is a 
constant that depends slightly on the exact shape of 
the reduced distribution Z(ω)/ω2. The latter difficulty 
arises because the contribution to Cp of a given mode 
of frequency Ω does not set in sharply in function of 
T, but rather gradually, smoothed by the Bose popula-
tion factor n(Ω).(3) The value of a is typically around 
5 or 6. Since kBT at 1 K corresponds to a frequency of 
20·86 GHz, this value of a gives ΩBP/2π≈21 cm−1 for 
v-B2O3 in which Tmax≈5·2 K,(14) which is a reasonable 
result.(15,16) Although the measurement of Cp gives an 
unbiased access to Z(ω), it is not a direct one. For this 
reason, and also because quality low-T specific heat 
measurements are demanding experiments, one finds 
in the literature many more measurements of BPs by 
spectroscopic techniques.

The vast majority of BP observations have in 
fact been made using Raman scattering (RS). The 
difficulty here is that one does not know for sure 
what is the Raman activity of the modes involved in 
producing the BP. As explained in Ref. 17, the Stokes 
intensity can be written as a sum over bands

I C Z nw w w w( ) = ( ) + ( )[ ]Â b b
b

1 /  (1)

where b is a band index, Zb is the DOS of the particular 
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band, and Cb is a light-vibration coupling coefficient. 
For simple Raman-active optic modes, Cb should be 
a constant, only depending on the band, but in more 
complicated cases it might depend on the modes 
within a given band. This is now well understood for 
vitreous silica, v-SiO2. The BP is there related to rigid 
librations of SiO4 tetrahedra, as known from inelastic 
neutron scattering,(18) hyper-Raman scattering,(19) or 
also simulations.(20) Undistorted SiO4 tetrahedra are 
optically isotropic so that their pure librations are 
inactive in RS. Hence, the observed RS BP must be 
related either to small tetrahedra distortions or to the 
coupling of librations with Raman-active translations. 
In either case, it is obvious that the coupling to light 
depends then on the environment of the librating tet-
rahedra, and thus on the particular mode frequency. 
It became customary to use in this case an effective 
frequency dependent coupling coefficient C(ω), as 
reported in Ref. 21. For the borates, there are great 
many reports of BP observations with Raman scat-
tering. For v-B2O3, the BP depends significantly on 
the water content and on the fictive temperature of 
the glass.(22,23) In series of alkali borates, one observes 
that ΩBP evolves rapidly with the alkali concentra-
tion.(15,24–27) Mixing with alkali produces BO4 tetra-
hedra at the expense of B3O3 rings. The trend on ΩBP 
is easily understood as tetrahedra must have higher 
librational frequencies. They are also much less Ra-
man active, so that the BP intensity drops rapidly 
with increasing concentration.(25,27) It is clear that in 
situations where there are several different structural 
units, such as BO3 triangles, B3O3 boroxols, and BO4 
tetrahedra, Equation (1) must be used with all due 
care, and that a single C(ω) might not be physically 
significant.

The DOS entering in Equation (1) is most often 
obtained from inelastic neutron scattering (INS) 
experiments. The first important point in INS is that 
for borates the experiments must be performed with 
samples made of isotopically pure 11B. Indeed, the 
boron isotope 10B has an enormous thermal neutron 
absorption coefficient, incompatible with INS experi-
ments. The second point is that one must consider 
carefully the meaning of the INS structure factor 
S(Q,ω), where Q is the scattering vector. It is incorrect 
to assume that S(Q,ω) is simply proportional to the 
density of states, S(Q,ω)µZ(ω)[1+n(ω)]/ω, as it would 
be in incoherent scattering. Indeed, 11B2O3 is a coher-
ent scatterer, and librations imply correlated motions 
of nearby units. This is clearly a second difficulty, 
besides the one mentioned above, in using Equation 
(1) for determining a single physically meaningful 
light-vibration coupling coefficient C(ω). S(Q,ω) has 
been analysed in detail for v-B2O3, with the result that 
one can extract from the INS signal an incoherent 
part, also named out-of-phase in Ref. 28. This incoher-
ent part matches the RS signal, implying that really 

C(ω)µω0 in this case. The coherent, or in-phase part, 
shows a BP at a lower frequency than the RS BP. It 
appears that no other INS results on borate glasses 
are available to date. On the other hand, neutron 
scattering was used extensively to investigate the 
structure of these glasses, e.g. in Refs 9, 29, 30, but 
this is a different subject.

The observation of hypersonic acoustic modes and 
of their broadening is most conveniently achieved 
with Brillouin scattering (BS) of electromagnetic 
waves. In these experiments, the momentum transfer 
Q is fixed by the experimental geometry, Q=ki-kf, 
where ki and kf are the initial and final momentum 
of the photons, respectively. Energy conservation 
implies that one observes excitations at a frequency 
ω=ωi−ωf where ωi,f are the photon frequencies. With 
this choice of sign, negative ω means that an excita-
tion is annihilated in the material, corresponding to 
the anti-Stokes side of the spectrum. One sould note 
that the velocity of sound v is much smaller than the 
velocity of light c, and that both play an essential role 
in the experiment since ωf,i=ckf,i while for a sound 
wave Ω=vQ. Since c>>v, it follows that kf≈ki. For inci-
dent radiation of a given frequency, backscattering 
gives the highest achievable Q-value, which is ≈2ki. 
With visible light excitation, this limits Q to typically 
~0·04 nm−1, and thus the highest observable sound 
frequency Ω, which depends on v, typically ranges 
from ~20 to ~40 GHz for glasses. To observe higher 
frequency acoustic modes, it is necessary to use a 
higher frequency excitation. This has been attempted 
in silica using the second-harmonic of visible lasers 
and also synchrotron produced UV excitation,(31,32) 
but this is rapidly thwarted by the sample absorption 
that limits the definition of Q. This approach allows 
at most an increase of Q by a factor of 3 to 4. Much 
higher frequencies can be achieved with x-rays, which 
then require the very high energy and angular resolu-
tions that are only possible at advanced synchrotron 
sources. One speaks then of inelastic x-ray scattering 
(IXS).(33) If it is of interest to measure the linewidth of 
the scattered spectrum, Γ, it is then the resolution of 
the monochromator and analysers that is the limit-
ing factor in IXS. The highest practical resolution 
to date has been achieved with 21·75 keV radiation 
(corresponding to ~5·3×1018 Hz), and it is 1·5 meV 
full width (or ~0·36 THz).(34) This radiation penetrates 
sufficiently into samples of low atomic number to 
allow for many significant BS experiments. At such 
a high incident energy, ki is much larger than any Q of 
interest in the glass. One is then in the opposite limit 
where one wants to work close to forward scattering 
to achieve at best Q~1 nm−1. This is in the range of 
the IR-crossover wavevector, qIR, of most glasses. 
Unfortunately, there exists no BS technique to access 
the potentially interesting region between ~0·1 and 1 
nm−1. In performing IXS experiments, it is therefore 

Proc. FiFth int. conF. on borate glasses, crystals and melts

Vacher.indd   21 13/02/2008   13:33:04



22 Physics and Chemistry of Glasses: European Journal of Glass Science and Technology Part B Volume 49 Number 1 February 2008

of prime interest to select materials for which qIR is 
expected to be as large as possible, in order to be able 
to explore the region between 1 nm−1 and qIR.

Up to now, among borates, only v-B2O3,(35) Li2O–
4B2O3,(36) and Li2O–2B2O3,(36,37) have been investigated 
with IXS. In all three cases, a strong saturation of the 
linear dependence of Ω on Q was observed. It was in-
terpreted as the manifestation of the IR-crossover. In 
that saturation regime, the full width Γ of a damped 
harmonic oscillator (DHO) lineshape adjusted to the 
spectrum is almost equal to the frequency Ω (both 
in angular frequency units). In fact, the definition of 
the crossover given above, l=λ/2, implies that Γ=Ω/π 
when one uses Γ=v/l and f=λν. The condition Γ=Ω/π 
occurs quite a bit before the saturation of Ω(Q), in-
dicating that the saturation regime is far beyond the 
IR-crossover. We return to this in Section 3.2.

The above summarises the main experimental tech-
niques that are presently available to investigate the 
frequency region of interest. As shown, there exists 
so far relatively little information on the boson peak 
region of borate glasses, except maybe for the always 
abundant Raman scattering literature.

3. Recent progress

3.1. Hyper-Raman scattering from boron oxide
Hyper-Raman scattering (HRS) is a nonlinear opti-
cal spectroscopy in which two incident photons 
simultaneously create or destroy one quantised 
excitation in the material to produce one scattered 
photon.(38,39) The scattered photon is thus at an energy 
equal to twice that of the incident photon minus or 
plus the energy of the excitation. HRS obeys selection 
rules that are different from those of RS.(40) Therefore, 
the two techniques can advantageously be combined 
to identify which motions of the structural units pro-
duce the vibrational spectra, and in particular which 
motions are responsible for the BP. This was already 
described for the BP of v-SiO2.(19) In the case of v-B2O3, 
the spectra can be indexed in terms of vibrations of 
structural units consisting principally of B3O3 rings 
and BO3 triangles, in about 1:1 ratio.(11)

We recently showed that the BP observed both 
in RS and HRS (Figure 1) in v-B2O3 is produced 
by out-of-plane rigid librational motions of the 
structural units.(41) With flat structural units like 
these, out-of-plane librations are active both in RS 
and HRS, so that one would at first expect that the 
two BPs have somehow similar intensities. As found 
from an analysis of Figure 1, this turns out not to 
be the case. To compare the RS and HRS intensities, 
it is necessary to make use of a reference. Such a 
reference is provided by the 808 cm−1 narrow peak 
in both spectra. As already indicated above, this 
peak corresponds to the breathing motion of the 
B3O3 rings.(10) This is a local mode that should scatter 

equally well in both spectroscopies. In other words, 
it sets the scale to compare Figure l(b) to Figure 
1(a). It becomes then obvious that the BP scatters 
much more strongly in HRS than in RS, by nearly 
two orders of magnitude. As explained elsewhere, 
this enhancement of the HRS BP is produced by 
the coherence of the librational motions of many 
connected units.(41) For reasons of symmetry of the 
polarisability and hyper-polarisability tensors, the 
coherence affects differently the RS and HRS BPs. 
In fact, the RS BP signal appears to be dominated 
by incoherent scattering, as its shape matches well 
the out-of-phase component extracted from INS.(28) 
On the other hand, the HRS BP is slightly shifted to 
lower frequencies owing to the coherent motions. 
It should not be confused with the INS in-phase 
signal(28) which is produced by Umklapp scattering 
of the acoustic modes and which for that reason 
mimics the BP although it does not really reflect the 
BP density of states.

The reader will also have noticed the group of 
modes located between 600 and 750 cm−1 in Figure 
1(b). These other strong modes are due to scattering 
by cooperative infrared-active LO–TO motions of 
the structural units. The particular motions leading 
to this group of modes are opposite displacements 
of B and O atoms perpendicular to the plane of the 
structural units.(41) The sharpest peak in this group 
can be assigned to the boroxols. It is interesting to 
remark that the BP and these other collective modes 
have similar activities.
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We hope that the observations of the relative 
strength of these BPs will stimulate large scale simu-
lations aimed at obtaining quantitative estimates of 
the size of the coherently vibrating regions. This will 
presumably require a realistic model of the structure. 
This of course would be a major contribution towards 
clarifying the medium to long range order of these 
glasses.

3.2. The acoustic modes and IR-crossover of 
lithium diborate

We have recently investigated in detail, using IXS, 
the very high frequency acoustic modes of lithium 
diborate glass, Li2O–2B2O3.(42) A few typical spectra 
are illustrated in Figure 2. The left-hand side of Figure 
2 shows Brillouin spectra of acoustic modes in two 
extreme situations, well below crossover in (a) and 
well above it in (b). Figure 2(a) is at the lowest usable 
scattering vector, Q=1·1 nm−1, where one observes a 
narrow Brillouin doublet corresponding to sound 
waves of frequency ν≈1 THz. The apparent width 
in Figure 2(a) is essentially set by the instrumental 
resolution. As the scattering angle is increased, one 
first observes the usual linear increase of Ω with Q, 
accompanied by a rather unusual very fast increase of 
the linewidth Γ. The latter is obtained by adjusting the 
Brillouin spectra to the DHO lineshape convoluted 
with the instrumental function. Such DHO adjust-

ments are shown by the solid lines in Figures 2(a)–(b). 
The initial increase of Γ with Q is approximately pro-
portional to Q4. This is observed up to Q≈1·8 nm-1, be-
yond which the fast increase in Γ slowly saturates. As 
explained above, the Q value at which Γ/π=Ω is used 
as definition of the IR-crossover, qIR. We find for the 
crossover frequency ΩIR/2π=2·1 THz, at a wavevector 
qIR=2·1 nm−1. Beyond this crossover, the spectrum 
continues to broaden, while Ω starts to saturate. This 
is the other extreme case illustrated in Figure 2(b). The 
signal of Figure 2(b) is still mostly of acoustic origin, 
as explained below. However, being so far above 
crossover, it is not produced at all by plane waves, 
but rather by diffusive excitations. We recall that the 
DHO is the lineshape resulting from the scattering 
of radiation by exponentially damped plane waves. 
We have noticed that the DHO adjustment becomes 
progressively poorer as Q increases beyond qIR. This 
can be seen in Figure 2(b), particularly in the central 
region of the spectrum, from about −12 to +12 meV. 
The origin of this departure from the DHO is now 
well understood.(43–45) It reflects the fact that this line 
shape is essentially inhomogeneous, being the sum of 
many individual excitations with ill defined wave 
vectors. The central dip in the observed spectrum of 
Figure 2(b) occurs because at small Ω the wave vector 
of the sound waves is well defined and small. Thus 
excitations of small frequency just cannot contribute 
to the scattering at this large experimental Q value.
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Figure 2. (a)-(c) The inelastic part of IXS spectra observed on Li2O–2B2O3 at 573 K for three values of Q. 
In (a), the two peaks are produced by usual sound waves, while (b) is for Q well above qI R  so that the sound 
excitations become diffusive. In panel (c), the signal is dominated by the optic modes forming the boson peak. 
The solid lines in (a)–(c) are explained in the text. The thin line in (b) is an estimate of the optic-mode contri-
bution to that spectrum. Panel (d) shows the Stokes side of the boson peak measured in RS. Its shape is very 
similar to the IXS spectrum in panel (c)

0

50

100

150

 

 

a) Q = 1.1 nm-1

-30 -20 -10 0 10 20
0

25

50

C
ou

nt
 in

 6
0s

 p
er

 c
ha

nn
el

 

Energy loss (meV)

 

b) <Q> = 4.25 nm-1
0

50

100

150

 

 

c) Q = 29.4 nm-1

-20 -10 0 10 20 30

 

 

d) Raman Scattering

Vacher.indd   23 13/02/2008   13:33:06



24 Physics and Chemistry of Glasses: European Journal of Glass Science and Technology Part B Volume 49 Number 1 February 2008

As Q is further increased, the signal becomes 
progressively dominated by optic-like modes. This 
is illustrated in Figure 2(c) which shows essentially 
the BP whose maximum is located at ΩBP/2π=2·2 THz. 
This signal can be compared to the RS BP observed 
on the same glass, as shown in Figure 2(d). The fitted 
line in Figure 2(c) is a log-normal, a function which 
has been advocated for the BP.(46) The intensity of the 
optic-like scattering is proportional to Q2

 when due 
account is taken of the x-ray atomic form factors.(42) 
Extrapolating the optic-like signal to the Q-value 
of Figure 2(b) leads to the thin line drawn there. 
This confirms that the scattering at 4 nm−1 is still 
dominated by acoustic-like modes. To summarise, 
the approach of (qIR, ΩIR) from below is characterised 
by a very fast increase of ΓµΩ4. This is the region 
where specific-heat measurements reveal a contribu-
tion in Z(ω)µω4, as explained above. The two must 
obviously be related. Further, ΩIR nearly coincides 
with the maximum of the BP, ΩIR≈ΩBP, emphasising 
a common origin.

It is also of interest to examine what happens to Ω 
and Γ at lower Qs. Values around 0·04 nm−1 and below 
can be investigated by Brillouin scattering of light 
(BLS) in the visible region of the spectrum. The results 
of such an investigation, using the backscattering 
geometry and the green argon laser line as excitation, 
are shown in Figure 3.(47) These have been obtained 
with a very high resolution Fabry–Perot spectrometer 
of the type described in Ref. 48. This instrument 
includes a reference signal used for frequency cali-
bration, a multiple pass planar interferometer acting 
as a filter, and in series a spherical interferometer 
that provides the very high resolution. With such an 
instrument the error bars in Figure 3 are smaller than 
the size of the data points. We observe that the sound 
velocity Ω/Q decreases almost linearly with increas-
ing temperature T. This is typical of the anharmonic 
coupling of sound with thermal vibrations, an effect 

which is seen in crystals as well as in glasses.(49) The 
relative slope, dv/vdT, allows one to estimate the 
anharmonic contribution to the Brillouin linewidth 
provided the mean relaxation time of the thermal 
vibrations is known.(50) Making reasonable estimates, 
one finds that, although anharmonicity dominates the 
behaviour of Ω(T), its contribution to Γ is negligible 
in this frequency region compared to the observed 
broadening.(47)

The linewidth was measured with BLS at several 
scattering angles, i.e. at several values of Q and thus 
of Ω. As shown in Figure 4, we find around room 
temperature that ΓµΩ. A line in Ω1 is traced through 
these points. This behaviour is characteristic of 
damping produced by thermally activated relaxation 
(TAR) of “structural defects” at frequencies in the 
region of the maximum damping.(51) This is due to 
the fact that TAR gives ΓµΩ2τ/(1+Ω2τ2), where τ is a 
characteristic relaxation time of the defects. In general 
there is a broad distribution of τ which widens the 
region where ΓµΩ.

The measured IXS linewidths are also shown in 
Figure 4. The onset of crossover in Ω4 applies to the 
first five data points. It is followed by the progres-
sive saturation that has been described above. One 
concludes that the behaviour of Γ(Ω) is complex. It 
cannot be approximated by a single power law ΓµΩ2, 

as illustrated by the dotted line. Beyond ΩIR, the 
linewidth cannot be strictly defined since DHO fits 
become progressively meaningless. However, other 
workers have observed that enforcing fits to DHO, 
the linewidth varies then approximately in Ω2. All this 
emphasises that different mechanisms producing the 
broadening might dominate in different frequency 
regions. The variation of Γ with Ω is fastest in the 
very rapid increase below the IR crossover.
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Figure 3. The temperature dependence of the frequency 
and full width of the longitudinal acoustic mode meas-
ured in Brillouin light scattering on Li2O–2B2O3 
at 0·038 nm-1. The error bars are smaller than the 
symbols

Figure 4. The frequency dependence of the linewidths mea-
sured on Li2O–2B2O3 with BLS and INS at 573 K. The 
solid lines are guides to the eye emphasising the different 
regimes observed in the two spectroscopies. The dotted line 
is just there to show that an Ω2 dependence would be a 
very poor approximation
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4. Summary and outlook
The main facts emerging from the above presentation 
are the following:
(i) There exists an IR crossover beyond which acoustic 
modes cease to propagate as plane waves. This has 
now been clearly demonstrated in two cases, perma-
nently densified silica glass d-SiO2

(45) and Li2O–2B2O3. 
However, we have shown recently that such a crosso-
ver occurs in nearly all glasses on which we have the 
necessary experimental information.(42)

(ii) There also exists a boson peak which is produced 
by excess modes of low frequency. These excess 
modes appear to be of optic origin and involve 
collective motions of structural units, as found for 
v-SiO2

(18) and B2O3.(41)

(iii) With the definition given here for ΩIR, the IR 
crossover nearly coincides with ΩBP. This is shown 
above for Li2O–2B2O3, but it is also found for all 
sufficiently strong glasses when ΩIR is known.(42) 
These “strong” glasses are these where the BP is well 
developed.(52)

(iv) The approach of the crossover from below 
is characterised by a very rapid increase of the 
acoustic damping with the acoustic frequency. This 
was shown in the needed details for d-SiO2

(45) and 
Li2O–2B2O3.(42) It seems related to the rapid increase 
of Z(ω)µω4 at similar frequencies. This points to a 
resonant interaction between the acoustic modes and 
the excess optic ones. It strongly supports the concept 
that the position and shape of the boson peak itself, 
and in particular the fact that ΩBP≈ΩIR, result from the 
hybridisation of acoustic and optic modes.(7)

The existence of the excess vibrational excitations 
at low frequencies, and their coincidence with the 
end of acoustic branches, are not specific to borates. 
However, as shown above, borates have offered 
some very nice test cases to explore these facts. This 
will be worth pursuing, particularly in view of the 
structural modifications that can be produced in a 
controlled fashion in borates, for example by mixing 
boron oxide with alkali oxides. This will allow in the 
near future to perform what could be called some 
“creative” spectroscopy in which specific structural 
changes are performed to follow their influence on 
the spectral properties.
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