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The nature of the low-frequency vibrations, the so-called boson peak, in spectra of glass-forming systems
remains a subject of active discussions. It appears that densification of glasses leads to significant change of the
boson peak vibrations and opens additional possibility to verify different model predictions. We present light
�Raman and Brillouin� scattering studies of the influence of pressure �up to 1.5 GPa� on the boson peak
vibrations and elastic properties of five different polymers. We demonstrate that the pressure-induced shift of
the boson peak frequency in all cases is significantly stronger than change of sound velocities. This result
clearly shows the failure of the homogeneous elastic continuum approximation. The boson peak amplitude
decreases strongly with pressure. However, the major part of these variations �but not all� can be related to the
change of the Debye level. We emphasize a correlation between pressure-induced variations of the boson peak
frequency and intensity. Surprisingly, the spectral shape of the boson peak remains the same at all pressures
indicating that the frequency distribution of the vibrational modes remains essentially unaltered even when the
boson peak frequency doubles. The results are compared to predictions of different models and results of recent
computer simulations.
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I. INTRODUCTION

Understanding the microscopic nature of the fast dynam-
ics, i.e., molecular dynamics in the GHz–THz frequency
range in disordered materials remains a challenge. Spectra of
fast dynamics in amorphous materials deviate strongly from
the expectations of the Debye model.1 The latter assumes
homogeneous elastic continuum and usually describes well
the density of vibrational states g��� in crystalline materials
in the GHz–THz frequency range. However, all disordered
systems, including glasses and polymers, have two extra
contributions in comparison to the Debye density of vibra-
tional states gDeb���: �i� an anharmonic relaxation-like con-
tribution that appears as a broad quasielastic scattering
�QES� in light and neutron scattering spectra2–4 and �ii� a
harmonic vibration contribution which appears as a broad
peak, the so-called boson peak, in light and neutron scatter-
ing spectra.2–4 Although the boson peak is observed in spec-
tra of almost all disordered systems, the microscopic nature
of these excess vibrations remains a subject of active
discussions.5–18 There are essentially three main approaches
to description of the boson peak vibrations: �i� particular
vibrations localized �or quasilocalized� in specific �defect-
like� places of the disordered structure, e.g., soft potentials
and interstitials;5–8 �ii� strong scattering of acoustic-like
modes on elastic constants fluctuations in disordered
structure,9–11,13 and �iii� modes localized on some nanoscale
blobs that are assumed to exist in disordered structures.12

There are many experimental arguments in favor and against
of all these approaches that help theoreticians to modify and
develop deeper understanding of the microscopic nature of
the boson peak.

It is known that the strength of the boson peak in glasses
measured relative to the expected Debye level, ABP
=g��max� /gDeb��max�, depends significantly on chemical

structure of the system: it is high in network glasses and it is
relatively weak in many van der Waals and ionic
systems.13,19,20 The boson peak appears to be also sensitive to
the molecular weight in polymers21–23 and quenching and
densification of glass-forming systems.14,24–32 All these de-
pendences help to unravel the microscopic parameters of dis-
ordered structure that affect the boson peak vibrations. In
particular, application of external pressure �densification�
modifies the spectra of the boson peak significantly:14,27–32

its frequency �BP increases and the measured amplitude IBP
decreases with increase in pressure. The reverse has been
observed for quenched samples.24–26 These kinds of studies
provide advantages in analyzing the boson peak variations
without chemical modification of the samples and in this way
open a possibility for thorough tests of various
models.14,27–32

One of the main problems in these studies is that the
pressure and quenching affect many other properties of the
material, including elastic constants �sound velocity� and
density. As a result, direct comparison of the experimental
data on the boson peak variations to model predictions
should include changes in these parameters into account. So,
the measurements of the boson peak should be accompanied
by the parallel measurements of other important parameters.
Recent analysis of nuclear inelastic scattering suggests14,26

that the main variations of the boson peak after compression
and pressure release and also upon quenching follow the ex-
pected variations of the elastic continuum, i.e., the boson
peak frequency follows the variations of the sound velocity
and the amplitude of the boson peak decreases proportional
to the variations of the Debye level, i.e., the ABP remains
constant. However, detailed analysis of the fast dynamics in
poly�isobutylene� �PIB� clearly demonstrates that the elastic
continuum fails in this case.31 Also, earlier data on some
oxide glasses show clear difference in changes of the boson
peak frequency and sound velocity,28 and analysis of the bo-
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son peak amplitude in chalcogenide glasses also reveals that
its amplitude relative to the expected Debye level increases
under pressure.27 Thus some contradictions are reported in
literature.

The current paper presents studies of the variations of the
fast dynamics under pressure in five different polymers using
light scattering �Raman and Brillouin� techniques. In all
cases the boson peak frequency increases with pressure much
stronger than sound velocity, consistent with earlier observa-
tions reported in Refs. 28 and 31. The boson peak amplitude
decreases strongly with pressure. However, the major part of
these variations �but not all� can be related to the change of
the Debye level. We emphasize a correlation between
pressure-induced variations of the boson peak frequency and
intensity. Surprisingly, the spectral shape of the boson peak
remains the same indicating that the frequency distribution
of the vibrational modes remains essentially unaltered. Both
observations are consistent with the earlier data for PIB pre-
sented in Ref. 31.

II. EXPERIMENT

All five polymers used in our studies were pur-
chased from commercial sources: 1,2-polybutadiene
�PBD�, �85% of 1,2 content, with Mw=112,500 g /mol
and Mn=104,000 g /mol, Tg=269 K �Polymer Source�;
poly�methylphenyl siloxane� �PMPS� with Mw
=25,600 g /mol, Mn=15,800 g /mol, Tg=247 K �Polymer
Source�; oligomer of polystyrene �PS� with Mw
=580 g /mol, Mn=540 g /mol, Tg=253 K �Scientific Poly-
mer�; polyisoprene �PIP� with Mw=2,450 g /mol, Mn
=2,410 g /mol, Tg=201 K �Scientific Polymer�, and poly-
isobutylene �PIB� with Mw=3,580 g /mol, Mn
=3,290 g /mol, Tg=195 K �Polymer Standard Service�.
The samples were placed in a commercial anvil pressure cell
�from D’Anvils�, which can achieve pressure higher than 2
GPa. Both diamond and moissanite were used as anvil ma-
terials. The pressure in the anvil cell has been changed at
room temperature. Thus all the samples compressed in these
conditions are crossing their glass transition lines at a par-
ticular pressure above atmospheric P, and for all the samples
studied here the highest compression was applied to solid
polymers. The anvil cell was placed in an optical cryostat
�Janis ST-100 model� for temperature variations. The mea-
surements were performed at 140 K �i.e., far below Tg for all
the samples�.

The shift of the photoluminescence peak of ruby at wave-
length around 690 nm was used to estimate the pressure in-
side the cell. We used two pieces of ruby: one was placed
inside the sample, and the other one was attached to the
outside surface of the cell. This design compensates the ef-
fect of temperature on the photoluminescence peak shift and
allows very accurate measurements of pressure inside the
sample cell at any T. Additionally, we used mercury lamp for
precise measurements of the wavelength, and the final accu-
racy of the pressure estimates was better than 0.05 GPa.

Single-mode Ar+ ion laser �Lexel 3500� with wavelength
514.5 nm and �20–40 mW power on a sample was em-
ployed for the light scattering measurements. The angle be-

tween the incoming laser light and the scattered light was 90
degrees and the sample plane was crossing this angle in the
middle, i.e., was at 45 degrees relative to both incoming and
scattering light directions. This is the so-called symmetrical
scattering geometry that has the advantage to compensate the
refractive index and to exclude the influence of its pressure
variations on the final results.33 Brillouin scattering spectra
were measured using a tandem Fabry-Pérot interferometer
�Sandercock model� with two different free spectral ranges,
50 and 375 GHz. Longitudinal Brillouin modes were mea-
sured in polarized spectra. Depolarized scattering spectra
were used to measure transverse acoustic modes and the
quasielastic spectra. The Raman spectra were measured us-
ing a Jobin Yvon T64000 triple monochromator in a subtrac-
tive mode. The polarized Raman spectra were used to esti-
mate the sample temperature from the ratio of the Stokes and
anti-Stokes intensities. Depolarized Raman spectra down to
frequency ��100–200 GHz �good overlap with the tandem
data� were used to analyze the boson peak and microscopic
peak spectra. The intensity of the combined �Raman plus
tandem� depolarized scattering spectra were normalized at
high-frequency optical modes in the range ��4–11 THz.
This normalization provides intensity per mole of the
sample.

III. RESULTS AND THEIR ANALYSIS

The measured light scattering spectra �Fig. 1� show three
types of vibrational modes: �i� Brillouin peaks at �
�5–15 GHz that corresponds to transverse �TM� and lon-
gitudinal �LM� acoustic modes, �ii� the boson peak �BP� at
��700–900 GHz, and �iii� microscopic peak �MP� between
about 2 and 3 THz that presents an end of the acoustic-like
band. All three modes change significantly their frequency
and intensity under pressure.

The Brillouin peaks at different pressures were fitted by a
simple Lorentzian function �Fig. 2� to estimate the frequency
of the longitudinal �LA and transverse �TA Brillouin modes.

FIG. 1. Depolarized light scattering intensity measured on PBD
at T=140 K and P=0.57 GPa. The spectrum shows transverse
Brillouin mode �TM�, longitudinal Brillouin mode �LM, leak of
intensity due to nonperfect polarization scheme�, the boson peak
�BP�, and the microscopic peak �MP�.
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These frequencies were used to estimate the corresponding
sound velocity, VLA and VTA, using expression for the sym-
metric scattering measured at �=90°:

Vx =
��x

2 Sin
�

2

;x = TA,LA. �1�

Here �=514.5 nm is the wavelength of light. To analyze the
frequency and intensity of the boson peak, we present the
data as a spectral density that takes into account thermal
population of vibrational modes:

In�v� =
I�v�

v�n�v� + 1�
. �2�

Here n���= �exp�h� /kT�−1�−1 is the Bose temperature factor
and I��� is the measured intensity. Figure 3 shows the boson
peak spectra of PIP at various pressures. An increase in pres-
sure leads to a shift of the boson peak maximum �BP toward
higher frequency and a decrease in its amplitude. For the
quantitative analysis, the spectra were fitted by a previously
proposed expression,34

In�v� =
Av0

v0
2 + v2 + B exp�−

�ln�v/vBP��2

2W2 � , �3�

where the first term describes the quasielastic contribution
presented by a Lorentzian function with width �0 and ampli-
tude A, and the second term describes the boson peak ap-
proximated by a log-normal function with a width W, an
amplitude B, and a peak frequency �BP, both terms are as-
sumed to be statistically independent. The frequency of the
microscopic peak was analyzed in susceptibility presenta-
tion, ������ In�����= I��� / �n���+1�, where it is better visible
�Fig. 4�. This peak also shifts to higher frequency and de-
creases in amplitude with increasing pressure. To estimate
the frequency of the microscopic peak �MP, we fit the sus-
ceptibility spectra around the maximum by a simple Lorent-
zian �Fig. 4�. The data obtained from the fit for all five poly-
mers are presented in the Table I. We emphasize that due to
very strong quasielastic scattering, spectra of PBD and
PMPS at ambient pressure do not exhibit a clear boson peak
even at T=140 K. The boson peak is covered by the high-
frequency tail of the quasielastic scattering. So we were not
able to estimate �BP at ambient pressure with a reasonable
accuracy in these polymers.

IV. DISCUSSION

A. Estimates of the density variations

The calculated sound velocity �Table I� can be used for
direct estimates of the density variations in the samples un-
der pressure.35 The density variations can be expressed as

� ��

�P
	

T

= � ��

�P
	

S

+ 	�� �T

�P
	

S

. �4�

Here 	 is the thermal expansion coefficient, � is the density,
and S is the entropy. This equation can be expressed in terms
of the measured sound velocities:

FIG. 2. �Color online� Brillouin scattering spectra of PIP at 140
K at different pressures: �a� Transverse modes; �b� Longitudinal
modes. Symbols—experimental data and lines are the fits by a
Lorentzian function.

FIG. 3. �Color online� Depolarized light scattering spectra of
PIP presented as a spectral density at T=140 K and three different
pressures indicated in the plot: Symbols are experimental data and
lines are fits with Eq. �3�.

FIG. 4. �Color online� Microscopic peak in PIP �spectra pre-
sented as the susceptibility for more clear observation of the peak�:
Symbols are experimental data and lines are the fits by a Lorentzian
function.
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� ��

�P
	

T

=
1

VLA
2 −

4

3
VTA

2

+
	2T

CP
. �5�

Here CP is the specific heat. Thus, the pressure-induced
change in density, 
��P�, can be estimated by integrating
Eq. �5� and using the measured sound velocities.35 The sec-
ond term in Eq. �5�, 	2T /Cp, is much smaller than the first
term. For example, the second term is about 8% of the first
one for PS at 140 K and ambient pressure,36,37 and this ratio
does not change much with pressure.35 So we assume that

the second term provides additional 8% of the first term for
all the samples independent of pressure. This assumption
will add an extra error �1% to the final estimated density.

Using Eq. �5� we can only estimate the variation of den-
sity 
��P�. In order to get absolute values of density, we
need to know the density of the material at ambient pressure,
�0. We were not able to find in the literature �0 at T
=140 K for all the polymers studied here. Thus, in order to
estimate the initial density �0, we �i� extrapolated the known
density at ambient pressure from room temperature to Tg
using known thermal expansion coefficient in the liquid
state, and then �ii� extrapolated the density from Tg to T

TABLE I. Frequency of various modes as a function of pressure at T=140 K for the five studied
polymers. ��BP, �MP, �LA, and �TA are the frequency of the boson peak, microscopic peak, longitudinal, and
transverse Brillouin modes, respectively.� Also, longitudinal �VLA� and transverse �VTA� sound velocities and
density values calculated from the Brillouin spectra are presented. Accuracy of the density data is �2%.

Sample Pressure �BP �MP �LA �TA VLA VTA Density

�GPa� �GHz� �GHz� �GHz� �GHz� �km/s� �km/s� �g /cm3�

0.0001 725 2635 9.27 4.82 3.37 1.75 0.964

0.08 803 2675 9.39 4.87 3.42 1.77 0.976

0.3 992 2914 11.08 5.62 4.03 2.04 1.002

PIB 0.55 1091 3013 12.02 6.07 4.37 2.21 1.026

0.74 1176 3198 12.79 6.41 4.65 2.33 1.041

1 1262 3380 13.47 6.75 4.90 2.46 1.059

1.37 1271 3374 14.09 6.98 5.13 2.54 1.083

0.0001 605 1791 7.78 3.70 2.83 1.35 1.011

0.10 675 1888 8.15 3.99 2.97 1.45 1.030

0.20 779 2112 8.98 4.23 3.27 1.54 1.046

PIP 0.60 919 2382 10.41 4.92 3.79 1.79 1.095

0.90 1008 2580 11.32 5.17 4.12 1.88 1.124

1.10 1064 2702 11.81 5.38 4.30 1.96 1.141

1.37 1131 2855 12.51 5.67 4.55 2.06 1.162

0.0001 518 2411 7.61 3.66 2.77 1.33 1.066

0.14 581 2626 8.32 3.89 3.03 1.42 1.091

PS 0.55 677 2926 9.43 4.28 3.43 1.56 1.150

0.88 748 3115 10.34 4.60 3.76 1.67 1.188

1.2 862 3467 11.31 4.96 4.12 1.80 1.218

1.54 890 3674 11.81 5.15 4.30 1.87 1.246

0.0001 1.240

0.047 310 2431 7.04 3.53 2.56 1.28 1.252

PMPS 0.4 416 3034 8.73 4.05 3.18 1.47 1.320

0.95 525 3472 10.03 4.57 3.65 1.66 1.388

1.32 643 4058 11.18 5.08 4.07 1.85 1.427

0.0001 2754 6.78 2.47 0.960

0.07 658 2942 8.25 4.00 3.00 1.46 0.974

0.32 792 3078 8.98 4.17 3.27 1.52 1.012

PBD 0.57 906 3271 9.97 4.63 3.63 1.68 1.045

0.8 1015 3472 10.87 5.04 3.96 1.83 1.069

1.12 1197 3974 12.42 5.75 4.52 2.09 1.096

1.37 1323 4135 12.99 6.16 4.73 2.24 1.113
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=140 K using thermal expansion coefficient in the solid
state.38 This procedure provides additional uncertainty for
the calculation of the absolute density. However, the result-
ing calculation of the relative variations of density,

��P� /�0, will keep reasonable error bars, comparable to
error bars coming from other sources �accuracy of the mea-
surements and of the approximation used�. We estimate the
final accuracy for the relative density to be better than 2%.

The calculated relative density in all polymers shows
slightly sublinear variations with pressure, reaching

��P� /�0�12–17% at P
1.5 GPa �Fig. 5�. It is interest-
ing to note that PIB has the smallest density changes, while
PBD has the largest variations. We emphasize that compres-
sion of PIB up to P�0.8 GPa occurs in a liquid state, while
PBD is compressed mostly in the glassy state �due to its
higher Tg�. So if compression of both polymers would be in
a liquid phase, the difference in change of density will be
even higher. This difference in variation of 
��P� /�0 agrees
with the recent theoretical works39 connecting fragility to
frustration in packing of polymer chains. According to Du-
dowicz et al.,39 strong �in terms of fragility� polymers are
well packed, while fragile systems have strong frustration in
packing. Following this idea one would expect higher com-
pressibility �larger variations in density under pressure� for
more fragile polymers. Indeed, PBD is one of the most frag-
ile among the polymers studied here,40 while PIB is the least
fragile one.41,42

Equation �5� can also be written as

d ln �

dP
= 1/K�P� , �6�

where K�P� is the isothermal bulk modulus. In a good ap-
proximation, K�P� varies linearly with pressure, K�P�=K0
+K1P, and thus

� = �0�1 +
K1

K0
P	1/K1

. �7�

We note that our Brillouin scattering data provide adiabatic
moduli. The difference between the adiabatic and isothermal
modulus deep in the glassy state is small and can be related
to the same term 	2T /Cp �Eq. �5��. As we discussed above,
this term is much smaller than 1 / VLA

2 − 4
3VTA

2 . So we neglect
this small difference and use the Brillouin data to estimate
the isothermal modulus:

K�P� = ��VLA
2 −

4

3
VTA

2 	 . �8�

Parameters K0 and K1 obtained by a linear fit of K�P� are
given in Table II. In the rest of the paper, we do not differ-
entiate the isothermal and adiabatic bulk modulus, and only
use the term “bulk modulus.”

B. Change of the Brillouin and boson peak frequencies

Frequencies of the Brillouin modes, boson peak, and mi-
croscopic peak increase strongly with pressure in all the
polymers studied here �Fig. 6�. Variations of Brillouin modes
��LA and �TA� and of the microscopic peak are comparable in
all polymers, supporting the assignment of the microscopic
peak to sound-like modes. However, changes in �BP appear
to be stronger than pressure-induced changes in �LA, �TA,
and �MP �Fig. 6�. Also, changes in the frequency of the lon-
gitudinal modes appear slightly larger than variations of the
transverse modes in all polymers �Fig. 6�. Apparently densi-
fication of the sample affects bulk modulus stronger than
shear modulus.

Change of the mode frequency under pressure is often
characterized by the Grüneisen parameter � defined by the
equation43

FIG. 5. �Color online� Pressure variations of relative density at
140 K calculated for all the studied polymers using Brillouin scat-
tering data; �0 is the density at ambient pressure.

TABLE II. �BP, �LA, and �TA are Grüneisen parameters for the frequency of the boson peak, longitudinal,
and transverse Brillouin modes, respectively. K0 and K1 are parameters of the linear expansion of the
variation of the bulk modulus with pressure, K�P�=K0+K1P.

�LA �TA �BP K0 �GPa� K1 �TA /K1 �BP /K1

PIB 3.88 3.46 5.02 7.31 9.16 0.38 0.55

PIP 3.45 2.9 4.35 5.62 8.66 0.33 0.50

PS 2.81 2.18 3.48 5.75 7.48 0.29 0.47

PMPS 3.44 2.7 5.41 5.31 8.73 0.31 0.62

PBD 3.97 3.36 4.92 4.89 9.12 0.37 0.54
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� =
� ln �

� ln �
. �9�

The values of the Grüneisen parameter for longitudinal and
transverse Brillouin modes and for the boson peak frequency
are given in Table II. For the pressure dependence of the
mode frequency this gives after integration

��P� = �0���P�/�0��, �10�

where the subscript zero means the value of the respective
parameter at ambient pressure. Using the expression �Eq. �7��
for the pressure dependence of the density, we can rewrite
Eq. �10�:

� = �0�1 + P/P01��/K1 �11�

with P01=K0 /K1. Thus any mode in first approximation is
expected to have the power-law dependence on pressure. The
difference in the pressure dependence of longitudinal and
transverse modes and of the boson peak, as expected, also
appears in the Grüneisen parameters �Table II�: �BP��LA
��TA. Typical values of �BP in Table II are between 4 and 5,
�TA is around 3, and �LA is by 10%–20% larger than �TA.
The estimated Grüneisen parameters for PIB differ from the
earlier publication,30 where pressure was applied at higher T,
i.e., always in the liquid state. The exponent � /K1 in Eq. �11�
is of the order of 0.3–0.4 for the transverse and longitudinal
acoustic modes and �0.5–0.6 for the boson peak.

According to the idea of simple homogeneous elastic con-
tinuum, all the sound-like modes should shift with pressure
in a similar manner, just following changes in the sound
velocity. This is indeed observed for longitudinal and trans-
verse modes and also for the microscopic peak �Fig. 6�.
However, the frequency of the boson peak, which is in be-
tween the frequency of the Brillouin modes and of the mi-
croscopic peak, shifts much stronger in all polymers studied
here. This result �Fig. 6� clearly demonstrates that the varia-
tion of the boson peak frequency with pressure does not fol-
low the behavior expected for an elastic continuum. This
conclusion agrees with earlier report for PIB,30,31 and for
network glasses SiO2, GeO2, and B2O3 �Ref. 28�, and con-
tradicts to the results observed in Ref. 14 for a Na2FeSi3O8
glass.

Soft potential model �SPM� �Ref. 44� is currently the only
model that provides clear predictions for the variations of the
boson peak frequency under pressure. According to SPM
predictions

�BP�P� = �BP�0��1 +
�P�
P0
1/3

, �12�

where P0 is expressed via the bulk modulus K and two pa-
rameters of soft potentials: the strength of the random force
f0 between quasilocalized vibrations and a random deforma-
tion potential of the quasilocalized vibration 0,44

P0 = 3Kf0/0. �13�

It has been shown that Eq. �12� describes well the data for
various glasses if P0 is a constant.27,44 Assuming P0 constant,
Eq. �12� also describes reasonably well the observed behav-
ior of the boson peak frequency with pressure in all studied
polymers here �Fig. 7�a��. Equation �12� is actually similar to
the general Eq. �11�, but predicts the fixed value of the ex-
ponent �0.33. This exponent is lower than the exponent
�BP /K1�0.5–0.6 obtained from the free fit of the data
�Table II�.

The model,44 however, does not take into account varia-
tions of the elastic constants with pressure. Moreover, it is

FIG. 6. �Color online� Pressure induced variations of vibrational
frequencies at T=140 K in PBD �a�, PMPS �b�, PS �c�, PIP �d�, and
PIB �e�. All the frequencies are normalized to their values at initial
pressure �see Table I�. The symbols present: ���-boson peak; ���-
microscopic peak; ���-longitudinal modes, and ���-transverse
modes.
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not obvious from the model whether P0 should be a constant
�as, e.g., P01 in Eq. �11� for sound waves� or it should cor-
respond to actual values of parameters K, f0, and 0 at a
current pressure. For example, the bulk modulus K increases
significantly �up to a factor of 3� with pressure. We note that
in the derivation of Eq. �12� the authors used the Hooke’s
linear law for the strain tensor, �ik� = �P /3K��ik.

44 It means
that within this approximation the bulk modulus K should be
taken at ambient conditions. We checked, however, whether
Eq. �12� can describe the experimental data if one uses
pressure-dependent bulk modulus in the expression for P0
�Eq. �13��, while keeping parameters f0 and 0 constant, i.e.,
we use Eq. �12� in the form

�BP�P� = �BP�0��1 +
PK�0�
aK�P�1/3

. �14�

Here a is a constant and K�P� is given by Eq. �8�. Analysis of
our data for �BP vs PK�0� /K�P� shows clear disagreement of
this function with the experimental data even on a qualitative
level �Fig. 7�b��: �BP increases with PK�0� /K�P� superlinear,
while Eq. �14� predicts sublinear behavior. Figure 7 shows
data only for PIP, but the same is true for all other polymers
studied here. Thus, SPM prediction for the boson peak fre-
quency shift under pressure, Eq. �12�, describes the experi-
mental data only at constant P0 that corresponds to approxi-
mations made for derivation of this expression in Ref. 44. It
is not clear how strong variations of the elastic constants
under pressure affect the prediction of SPM.

Many models relate the boson peak frequency to some
kind of a characteristic length l �e.g., correlation length� in
amorphous structure:12,13,15–18,28

�BP �
VTA

l
. �15�

The transverse sound velocity is usually assumed because of
the strong depolarization ratio of the boson peak in most of
the studied glasses. In particular, recent computer simula-
tions suggest that there is a characteristic length scale, below
which homogeneous elastic continuum approximation for
deformation breaks down and structural heterogeneity be-

comes important.15–18 According to these studies, the charac-
teristic length scale is related to the boson peak frequency
through relationship �15�. It has been also shown in these
simulations17,18 that the characteristic length scale l de-
creases with densification, indicating that the homogeneous
elastic continuum works down to smaller length scales in
densified glass. Moreover, the authors found an analytical
relationship between the characteristic length and applied
pressure: l� P−1/4.

As we already emphasized above, our analysis shows that
the boson peak frequency varies under pressure faster than
longitudinal or transverse sound velocities �Fig. 6�. In order
to provide more quantitative analysis, Fig. 8 presents the
experimental data for the pressure dependence of �TA /�BP.

FIG. 7. �Color online� Pressure dependence of the boson peak
frequency in PIP compared to the prediction of the soft potential
model. Symbols are experimental data and lines are the fit: �a� The
fit assumes P0 is independent of pressure �Eq. �12��; �b� The fit
takes into account variations of the bulk modulus K �Eq. �14��. Here
K0 is the bulk modulus at ambient pressure. Similar results have
been obtained for all other polymers.

FIG. 8. �Color online� Pressure dependence of the ratio between
frequency of the transverse Brillouin mode and the frequency of the
boson peak at T=140 K: �a� PBD; �b� PMPS; �c� PS; �d� PIP; and
�e� PIB. Symbols are experimental data and lines present the fits to
a power law �Eq. �16�� with the ambient pressure point excluded
from the fit; x is the value of the exponent obtained from the fit.
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According to many models,12,13,15–18,28 change in the ratio
�TA /�BP essentially reflects change in the characteristic
length scale in the glassy structure �Eq. �15��. All polymers
studied here show significant decrease in the ratio with in-
crease in pressure �Fig. 8�, indicating a decrease in the char-
acteristic length scale, in agreement with the prediction of
simulations.17,18 Following the simulations results, we ana-
lyzed the presented experimental data as a power-law depen-
dence:

l �
�TA

�BP
� P−x. �16�

Here x is an exponent used as a free fit parameter. It is
obvious that this power-law approximation works only at
rather high pressure and cannot be extrapolated to the ambi-
ent pressure. So in our fit we used all the data excluding
ambient pressure point, i.e., the fit starts from P
�0.05–0.1 GPa �Fig. 8�. The so-obtained exponent varies
from x�0.04 in PIB up to x�0.1–0.11 in PMPS and PBD
�Fig. 8�. All these values are significantly below the exponent
x�0.25 found in the simulation.17,18 However, we should be
cautious in this comparison because the simulations focus on
soft-sphere packing at zero temperature, just above the onset
of jamming, and the polymers considered here are far from
that situation. Nevertheless, the presented analysis indeed
confirms on a qualitative level that the results obtained from
simulations and the observed stronger variations of the boson
peak frequency might be related to pressure-induced varia-
tions in some characteristic length of the glassy structure.

It is interesting to note that exponent x seems to change
with fragility of the material: It is the lowest in the least
fragile PIB and the highest in PMPS and PBD, the most
fragile among polymers studied here. Figure 9 indeed reveals
some correlations between the exponent x and fragility index
m of the polymers, and suggests that more fragile polymers
have stronger variations of the ratio �TA /�BP with pressure.
This suggestion is also confirmed by the analysis of the de-
crease in the ratio �Fig. 8�: It drops �35–30% in the case of

PBD and PMPS, while it drops only �15–20% in PIB and
PIP in the comparable pressure range. This result is consis-
tent with earlier report45 that dynamics of more fragile sys-
tems is usually more sensitive to variations of density. These
observations are very intriguing and invite some specula-
tions. But we leave them out of the current paper.

C. Variation of the boson peak amplitude

Amplitude of the boson peak is another important param-
eter that also changes significantly under pressure. According
to the elastic continuum approximation the contribution of
the sound-like modes should follow the Debye level, i.e., the
strength of the boson peak relative to the Debye level, ABP
=g��max� /gDeb��max�, should remain constant. This has been
observed in inelastic nuclear scattering experiments in a den-
sified Na2FeSi3O8 glass.14 However, an increase in ABP under
pressure has been reported from neutron scattering studies of
PIB.31

Our data also show strong decrease ��3–5 times� in the
boson peak intensity under pressure for all studied polymers
�Fig. 10�a��. This decrease can be compared to a decrease
expected for the Debye density of vibrational states. We
stress that the chosen normalization of the light scattering
intensity to the intensity of the optical modes �see Sec. II�
here provides spectra per mole of the material. So the analy-
sis of the Debye level variations should exclude density
variations and can be estimated from the measured sound
velocities:

ADebye � � 2

VTA
3 +

1

VLA
3 	 . �17�

Figure 10�b� compares the pressure-induced variations of the
boson peak intensity to the expected variations of the Debye

FIG. 10. �Color online� �a� Changes of the boson peak intensity
under pressure in all studied polymers at T=140 K; �b� The same
changes of the boson peak intensity scaled by the expected varia-
tions of the Debye level �Eq. �17��.

FIG. 9. The exponent x vs fragility m of the studied polymers.
Fragility data are from Refs. 23 and 41.
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level �Eq. �17��. Figure 10�b� demonstrates that the latter is
indeed the major factor in the observed decrease in the low-
frequency peak intensity.

Unfortunately, it is not possible to provide more quantita-
tive analysis of the boson peak amplitude from the light scat-
tering data because of the so-called light-to-vibration cou-
pling coefficient C��� �Ref. 46�:

In��� = C�v� �
g�v�
v2 . �18�

It has been shown in our earlier studies that the coupling
coefficient C��� decreases with pressure.30 Thus, the mea-
sured decrease in the boson peak intensity is affected by
additional variations of the coupling coefficient. One needs
to analyze experimental data that measure directly the vibra-
tional density of states g��� �e.g., neutron scattering data� in
order to provide quantitative analysis of the variations of the
strength of the boson peak ABP under pressure. This analysis
is important for testing of different models suggested for
description of the boson peak. We are aware of only two
papers with this kind of studies and they present contradict-
ing conclusions.14,31 Also, pressure-induced increase in the
amplitude of the boson peak in the Raman spectra relative to
the Debye level has been reported for a chalcogenide glass in
Ref. 27. This result once again emphasizes that although
change in the Debye level provides major variations in the
decrease in the boson peak amplitude under pressure, the
latter does not follow exactly the Debye level variations. It
means that the elastic continuum approximation also fails in
this case.

An unexpected observation reported in Ref. 31 is a rela-
tionship between the measurements in neutron scattering
spectra amplitude of the boson peak, IBP�neutrons�
= �g��� /�2�max, and the frequency of the boson peak:
IBP�neutrons���BP
const. As it has been shown in Ref. 31,
this observation is consistent with the SPM predictions. The
reason is the one predicted at ���BP proportionality of the
density of vibrational states to frequency, g���=D��, with a
prefactor D independent of pressure.44

As we already discussed above, the light scattering inten-
sity does not provide direct measure of the vibrational den-
sity of states. Nevertheless, we analyzed the relationship be-
tween our measured variations of the boson peak intensity
IBP and of the inverse frequency of the boson peak �Fig. 11�.
Data for all polymers show some kind of a linear relationship

FIG. 11. Relationship between variations of the boson peak intensity and the inverse boson peak frequency at T=140 K: �a� PBD; �b�
PMPS; �c� PS; �d� PIP; and �e� PIB.

FIG. 12. �Color online� The spectra of the boson peak at differ-
ent pressures scaled at the boson peak maximum: �a� PBD; �b�
PMPS; �c� PS; �d� PIP; and �e� PIB.

PRESSURE AND DENSITY DEPENDENCE OF THE BOSON… PHYSICAL REVIEW B 78, 134201 �2008�

134201-9



between these two quantities, emphasizing that there might
be a connection between the pressure-induced variations of
the boson peak amplitude and frequency. Currently we can-
not suggest any clear explanation for this observation.

We want to add a comment about a recent model of the
boson peak proposed by Schirmacher and coworkers.9–11 The
model relates the boson peak to fluctuation of elastic con-
stants in disordered structures. These fluctuations scatter
acoustic-like modes and lead to their effective softening and
appearance of the boson peak. Unfortunately, the model does
not provide any predictions for the behavior of the boson
peak under pressure that precludes analysis of our data in the
framework of this model.

D. Spectral shape of the boson peak

It is known that the boson peak has rather universal spec-
tral shape for many glass-forming systems.47,48 This univer-
sality is lost in materials with low strength of the boson peak
�ABP is below 2�.13 In that case the vibrational density of
states becomes closer to the expectations of the Debye
model, and the boson peak appears to be broader.13 Our ear-
lier studies on PIB demonstrate31 that despite significant
��2 times� decrease in the boson peak intensity and in-
crease in the boson peak frequency under pressure, its spec-
tral shape remains the same. We note that a different conclu-
sion has been achieved in studies of chalcogenide glass in
Ref. 27. However, the authors did not take into account the
trivial Bose temperature factor, and the observed variation of
the spectral shape of the boson peak might simply reflect the
difference in thermal population of vibrational states at dif-
ferent frequencies.

We performed careful analysis of the light scattering spec-
tra for the studied polymers. Spectral shape of the boson
peak appears to be essentially independent of pressure �Fig.
12�. Spectra of PMPS, PBD, and PS show some variations at
frequencies below the boson peak. These variations are re-
lated to the strong quasielastic scattering �QES� in these
polymers at ambient pressure. The quasielastic scattering in-
tensity decreases significantly under pressure and causes the
spectral changes observed at lower frequencies �Fig. 12�. In
the case of PIB, microscopic peak enters the high-frequency
region and leads to the apparent variations of the high-
frequency wing of the boson peak �Fig. 12�d��. This analysis
demonstrates that the spectral distribution of the modes
around the boson peak remains the same even up to the pres-
sure as high as 1.5 GPa. We achieved densification of the
samples �12–17% �Fig. 5�, changes in the boson peak fre-
quency �2–2.5 times �Fig. 6�, and variations in the boson

peak amplitude 3–5 times �Fig. 10�a��, but the spectral shape
of the peak remains essentially unaffected. This observation
emphasizes some universality in the spectral distribution of
the vibrational modes around the boson peak that should be
taken into account by any model that attempts to describe the
boson peak.

V. CONCLUSION

We presented detailed light scattering studies of the influ-
ence of pressure on the boson peak in five different poly-
mers. In all cases we observed that the pressure-induced shift
of the boson peak frequency is significantly stronger than
variations of the sound modes and of the microscopic peaks.
This observation disagrees with the expectations of a simple
elastic continuum variation. It is consistent, however, with
the results of recent simulations15–18 that suggest decrease in
characteristic length scale in a disordered structure under
densification. We demonstrate that the main variation of the
boson peak amplitude might be ascribed to the pressure-
induced variations of the Debye level. However, we cannot
perform more accurate quantitative analysis of the boson
peak amplitude variations because light scattering does not
provide direct measure of the vibrational density of states.
We also demonstrate that the spectral shape of the boson
peak remains essentially independent of pressure despite sig-
nificant changes in the peak frequency and amplitude. Com-
parison of our results to predictions of different models illus-
trates that soft potential model is consistent with our data,
although it should take into account significant variations of
elastic constants under pressure. It is difficult to judge other
models because they don’t provide quantitative predictions
for the pressure dependence of the boson peak. Our analysis
also reveals a few unexpected observations: �i� there might
be a connection between the pressure-induced variations of
the boson peak amplitude and of the boson peak frequency
and �ii� there might be some correlations in variations of the
materials properties �density, fast dynamics� under pressure
and its initial fragility. These observations deserve additional
experimental and theoretical studies and might help to shed
additional light on the microscopic nature of the boson peak
vibrations.
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