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Amber is a typical natural glass with very long aging time. Elastic properties of amber at high pressures have been studied using Brillouin scattering
and a diamond anvil cell. Both longitudinal and transverse acoustic modes have been observed up to 12 GPa. The pressure dependences of
longitudinal, shear, Young’s, and bulk moduli, compressibility, and Poisson’s ratio were determined. The longitudinal, shear, Young’s, bulk moduli
show the remarkable increase, and compressibility shows a marked decrease with increasing pressure. However, it is found that the pressure
dependence of Poisson’s ratio is very small. The mechanism of this small pressure dependence was discussed. The Cauchy type relation between
longitudinal and shear moduli was examined. Its coefficients show the deviation from the Cauchy relation owing to the coexistence of different
intermolecular interactions in amber. © 2021 The Japan Society of Applied Physics

1. Introduction

The magnitude of the elastic moduli is governed by both the
atomic bond energy and the atomic packing density, while
the Poisson’s ratio is related to the degree of symmetry of the
structural units existing at the molecular scale. The pressure
dependence of these properties are very important, because
the pressure drastically shorten the interatomic distance and
density. Fragility of liquids is defined as E/(T,In10) where E
is the apparent activation energy of shear viscosity 7 or
structural relaxation time 7,, at the glass transition tempera-
ture T,. The fragility index m of a glass-forming liquid is
intimately linked to a very basic property of the corre-
sponding glassy states: Poisson’s ratio, or the ratio of
longitudinal and transverse sound velocity, Vi and Vr,
respectively.”  Analysis of a large number of glasses,
including covalent and hydrogen-bonded, van-der-Waals
and ionic glasses, shows a correlation between Vi/Vr and
m. The relation between Poisson’s ratio and m has attracted
attention.”

Regarding pressure dependence of fragility, it was reported
that three kinds of intermediate small-molecule glass-formers
do not show a pressure dependence of fragility within
experimental error.” The defect diffusion model (DDM)
explains these experimental findings, supporting a clustering
mechanism in the glass-forming process.

The pressure dependence of Poisson’s ratio of a typical
strong glass, SiO, shows the remarkable increase up to
13 GPa.¥ However, in the intermediate glycerol, at low
pressure it increases gradually, while at pressure higher
than 1 GPa it becomes constant.” Although pressure depen-
dences of the Poisson’s ratio have been studied for few glass-
forming systems, not much is known about the influence of
pressure on Poisson’s ratio.

In many polymer glasses, the fragility increases as
molecular weight increases. Amber is a unique example of
a glass that has been aging for a very long time below its
glass transition temperature, thus reaching a state which is not
accessible under normal experimental conditions.”’ Density,
melting temperature, and refractive index of Baltic amber are
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1.0-1.1g cm*3, 250 °C-300 °C, and 1.54, respectively. Main
part of Baltic Amber is a polymer of the labdatrienoid
compounds including communic acid and communal with
its hydroxyl groups partially succinylated. In addition, it
contains a few percent of many other compounds such as
terpinol, succinate and hemisuccinate esters.”

It is very fragile and its fragility index was reported to be
about 90. As fragility increases, the intensity of fast
relaxation process increases while the intensity of boson
peak decreases. The boson peak of Baltic amber is not yet
observed by Raman scattering and THz time domain spectro-
scopy reflecting the very high fragility index.” Recently
amber has attracted much attention as an ideal fragile glass.'”
In the present study the pressure dependence of elastic
properties of Baltic amber is investigated by Brillouin
scattering.

2. Experimental methods

Baltic Amber is fossil pine resin of the Eocene Period and is
about 40 million years old. The Baltic amber imported from
Lithuania was purchased from Crystal World Co., Ltd., and it
was used without any thermal treatment. Brillouin scattering
spectra of Baltic amber were measured in a symmetric
scattering geometry, with the scattering angle of 50 degree,
using a high-contrast 3 43 passes tandem Fabry—Perot
interferometer with a free spectral range of 25 GHz for
longitudinal acoustic (LA) and transverse acoustic (TA)
modes.'" The exciting source was a diode-pumped solid
state laser with a wavelength of 532nm. The pressure
dependence was measured using a symmetric diamond anvil
cell.'® The schematic illustration of scattering geometry for
DAC is shown in Fig. 1(a). The relation among wavevectors
of incident light k;, scattered light k;, and acoustic phonon g
are shown in Fig. 1(b). A piece of amber glass sample was
grounded first, then loaded into a 150 pum stainless steel
gasket hole. The pressure of a sample was determined by the
standard Ruby fluorescence method. No pressure medium
was added.'” Both compression and decompression curves
were measured between ambient and 12 GPa. Brillouin

© 2021 The Japan Society of Applied Physics
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Fig. 1.

wavevectors among incident, scattered light beams, and acoustic phonon.

scattering experiments were performed at Sector-13 of APS,
Argonne National Laboratory.'®

3. Results and discussion

3.1. Brillouin scattering and elastic properties

The pressure dependence of Brillouin scattering spectra of
Baltic amber is shown in Fig. 2(a). The intensity of the TA
mode is much weaker than that of the LA mode. Up to the
present, there is no report on the observation of the TA mode
of Baltic amber within our knowledge, while the TA peaks
were clearly observed as shown in Fig. 2(b).'® The pressure
dependence of LA and TA frequency shifts is shown in
Fig. 3. The sound velocity V is determined by the frequency
shift vg in a Brillouin scattering spectrum measured in a
symmetric scattering geometry using the following equation,

V:ﬂ. )

.0
2sm5

Here, ); and 6 are the wavelength of an incident beam and the
scattering angle, respectively.

The pressure dependences of LA and TA velocity are
shown in Figs. 4(a) and 4(b), respectively. The pressure
dependence of the LA mode velocity Vi is in a good
agreement with the previous study.'”'® The LA mode
velocity V| increases as the pressure P increases, and it
obeys the following empirical equation:

VL= W( + P/Py)". )

Here, Vo=2.70kms™",'” Py =0.25 GPa, n = 0.30.
The TA mode velocity Vr also increases as the pressure P
increases, and it obeys the following empirical equation.

Ve = V(1 + P/Pp*. 3

Here, Vo= 1.39kms™', Py =0.25 GPa, k=0.27.

Equations (2) and (3) are similar to the pressure depen-
dence of the boson peak frequency vgp predicted in the soft
potential model:'®
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(Color online) (a) Schematic illustration of Brillouin scattering experiment at high pressures using a diamond anvil cell. (b) The relation of

12!10;“:"1""1""l""“""" T
= Baltic amber at 295 K E

|
0

J\ 5.6 GPa

Intensity (arb. units)
[=2]

0
-15 -10 =5 5 10 15
Frequency shift (GHz)
(a)
300 HTTrTTTrTmTT T, rrrrrrTrTrTrT T T B
[ Amber 5.60 GPa ]
o~ [ ]
= 250 . 7
= [ ]
= [ ]
S X ]
g 200 ° TA .
N
> [ ]
A~ [ ]
& 150 ]
f’é b LA d
=
100 C T
b PR T T T T NN TN T N T R S AN AL T T ST S N TN TN TN T N T T TN T N T T Y
-10 0 10
Frequency shift (GHz)
(b)
Fig. 2. (Color online) (a) Pressure dependence of Brillouin scattering

spectra of Baltic amber. (b) Brillouin scattering spectrum of LA and TA
frequency shifts of Baltic amber at 5.60 GPa.

vep = vo(l + P/Py)'/3. 4)
The dependence of the type of Eq. (4) is also predicted by a
simple model. The relative change of the density with
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Fig. 3. (Color online) Pressure dependence of LA and TA frequency shifts

of Baltic amber.

pressure is determined by the bulk modulus K, which itself
depends on pressure:

dlnp
dp

= 1/K(P). 5)

In a good approximation, K(P) varies linearly with
pressure, K(P)=Ky+ K,P. The data of Fig. 5(a) predict
Ky=12.0+1.6 GPa, K; =5.5+0.2. With this linear depen-
dence of K(P) we have from Eq. (5)

1/K
K
=pl1 + =P| , 6
P Po( Ko) (6)

where pq is the density at ambient pressure. The change in
density leads to the change in the Brillouin frequencies,
quantified by the Griineisen parameter v = dlnv/dInp. If one
suppose that « is a constant, using Eq. (6) one has
vi(P) = vio(p(P)/py)%, where 7; (i =L, T) is the respective
mode Griineisen parameter. Taking into account Eq. (4), one
has

Baltic amber
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Fig. 4.
respectively.
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Vi = V,'()(l + %P)K] (7)

We note that the values of the exponents n and k are less than

those of polymers which are in the range 0.3-0.38 for the

transverse mode and 0.36-0.43 for the longitudinal mode.
For boson peak

Vr
vp = b—, 8
BP I (3

where L. is the structure correlation length, and b is a
parameter of the order of 1. If the structure does not change
under pressure, L. changes mainly due to the change of the
density, and then L. (P) x p(P)fU 3. In this case from Egs. (7)
and (8) we have

Tt %

K K
Vpp = yOBP(l + 2L P) b 9)
Ko

So, the boson peak frequency should change stronger with
pressure than the Brillouin frequencies, with the exponent in
Eq. (9) equal to

1
Nt 3 1
t 3:k+_

. 10
X 3K (10)

This exponent is equal to 1/3 in the soft potential model. This
prediction is reproduced if the Griineisen parameter for
Brillouin mode ~yr =1.5. For polymers vt ~ 2-5. In polymers
it was found that the exponent in Eq. (9) for boson peak is
larger than 1/3, reaching values 0.5-0.6."® Such value of the
exponent corresponds to vt ~2-3 in Eq. (10). We note that
the parameter b in Eq. (8) depends on the amplitude of spatial
fluctuations of shear modulus on nanometer scale,'® and so it
may depend on pressure. In Ref. 20 it was shown that b
increases if the amplitude of fluctuation decreases. That is
what one can expect when applying pressure. Effectively,
increase of b with pressure gives a positive contribution to
the exponent in Eq. (9). Further study of the pressure
dependence of the parameter A is needed, but in principle,
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(Color online) Pressure dependence of (a) LA and (b) TA sound velocities of Baltic amber. Solid lines in (a) and (b) are the fit by Eqs. (2) and (3),

© 2021 The Japan Society of Applied Physics



Jpn. J. Appl. Phys. 60, SDDA04 (2021)

S. N. Tkachev et al.

e e
1208 Baltic amber E
= o |
'?.'.' 100 FE o» Longitudinal moduhs ® E
hostf E Shear modulus ®
= 80 ___ 4 Bulk modulus 3
= E 4 Young modulus ® A
3t A A2
= 60F * & E
9 up " |
Z E A
mo20F A 3
O ':'1 1 1 1 1 1 1 1 1 L 1 1 1 il
0 2 4 6 8 10 12
Pressure (GPa)
(a)
Fig. 5.
amber.

the model (8) is capable to describe the pressure dependence
of the boson peak frequency.

We note also, that according to the data of Fig. 5(a), the
ratio Ky/K; ~2.2 GPa. This value should be compared with
Py ~0.25 in the fitting functions (3) and (4). The deviation of
P, from the prediction of the simple model of Eq. (7) may
mean that at such high pressures in amber the Griineisen
parameter depends on the pressure.

3.2. Elastic moduli at high pressures

The elastic properties are also sensitive to network structure
of glasses. Since glasses are isotropic, following elastic
constants are defined:

Longitudinal modulus: L = pr (1
Shear modulus: G = pVT2 (12)
Young’s modulus: E = 2G(1 + o) (13)
4

Bulk modulus: K = L — EG (14)
Compressibility: C = 1/K (15)

2 A2
Poisson’s ratio: o = lVLZ—ZVZT (16)

The pressure dependences of longitudinal, shear, Young’s,
and bulk moduli, and compressibility are shown in Figs. 5(a)
and 5(b), respectively. The longitudinal, shear, Young’s, and
bulk moduli show the remarkable increase, and compressi-
bility shows the marked decrease with pressure increase.

The pressure dependence of the Poisson’s ratio of Baltic
amber up to 12.0 GPa is shown in Fig. 6. It is found that the
Poisson’s ratio ¢ of Baltic amber is nearly constant against
pressure within experimental uncertainty. The elastic proper-
ties of three polymer elastomers, a cross-linked poly(di-
methylsiloxane) (Sylgard 184), a cross-linked terpolymer
poly(ethylene-vinyl acetate-vinyl alcohol), and a segmented
thermoplastic poly(ester urethane) copolymer (Estane”5703),
were measured up to 12 GPa by using Brillouin scattering.*”
The pressure dependence of elastic properties of PEI, PES,
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Fig. 6. (Color online) Pressure dependences of the Poisson’s ratio of Baltic
amber.

and PVC were also studied and similar results were reported.
The pressure dependences of Poisson’s ratio of these poly-
mers are also very small and the values are close to that of
Baltic amber.

Novikov and Sokolov have discovered that there exists a
correlation between, the ratio of the bulk modulus K to shear
modulus G and fragility m in various oxide and molecular
glass systems.l) Park et al. formulated the correlation
between fragility and Poisson’s ration,
0=-0.1794+0.312log m. They also suggested that the
fragility should be approximately independent of pressure
on the basis of the DDM.>** It may suggest that the
Poisson’s ratio is also approximately independent of pressure,
and this fact is in agreement with the observed pressure
dependence of Poisson’s ratio in Baltic amber. Considering
the correlation between fragility and Poisson’s ratio, the
fragility of amber may also remain constant value with
pressure change.

3.3. Cauchy type relation of amber at high pressures
The number of independent elastic constants is only two,
namely, the longitudinal (L or cq;) and the shear (G or c44)
modulus, where ¢y, and c44 are the elastic stiffness constants
in isotropic systems. Additional local symmetry conditions

© 2021 The Japan Society of Applied Physics
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pressures.

further reduce the number of independent elastic constants.
The L/G ratio is an indicator of the character of the force
field: if atoms interact through a central potential, L/G =3, if
through noncentral potential, L/G >3. However, the most of
glasses are far from central potential and Cauchy relation.
The Cauchy-type relation L=A + BG (A is the material
dependent constant) with B = 3 was reported to hold for the
high frequency limit values of L and G for some types of
glasses.”® The high frequency limits values of L and G in the
GHz range were determined by Brillouin scattering. Corezzi
et al. reported the Cauchy-type relation for the time and
temperature dependences of curing epoxy systems and
thermal glass formers.””*® For the compositional depen-
dence of L and G, these values are A =2.3 GPa and B =3.1
for the alkali content dependence in the single alkali borate
glasses.”” Philipp et al. studied the contribution of anharmo-
nicity to the Cauchy type relation in the polymerization
process of reactive polymers, and derived the equations for A
and B using the elastic constants ¢, c44, and the Griineisen
parameters of TA and LA modes.***" Maczka et al. reported
the Cauchy-type relation for the temperature dependence of
M,0-MgO-WO3;-P,05 glasses (M=K, Rb) glasses, in
which A =11.03 GPa, 9.72 GPa and B=2.67, 2.71 for K,
Rb, respectively.’” The studied oxide glasses were charac-
terized by relatively weak elastic anharmonicity in compar-
ison with polymer glasse, that have higher fragility. Such
difference obeys the correlation between the fragility and the
Griineisen parameters, since the anharmonisity increases as
the fragility increases.” Corezzi et al. discussed the breaking
of boson peak scaling with respect to the time of reaction and
temperature variation by the deviation from B =3, and
suggested that the deviation could be due to the development
of long-range stresses in glasses.””

The Cauchy type relation of Baltic amber for the pressure
dependence is shown in Fig. 7. The fitting values are A = 2.9
and B=4.4. The deviation from B =3 is large in a Baltic
amber. This implies higher fragility and the development of
long-range stresses under high pressures. The Cauchy type
relation of polymers for the pressure dependence up to
1.5GPa was examined using the observed values from
Ref. 21.%” The values of B for PS, PMPS, and PBD are

SDDA04-5

6.0, 5.6, and 4.6, respectively. This fact means that, for the
pressure dependences, the values of B are usually much
larger than 3 and the result for Baltic amber is normal for the
pressure dependence in polymers.

The amber is basically a polymer of the labdatrienoid
compounds, with addition of a few percent of other com-
pounds such as succinic acid. The Cauchy relation, L/G = 3,
holds for the interaction through a central potential that
depends only on the distance r from the origin. The
intermolecular interaction between the labdatrienoid com-
pounds is the Van der Waals force expressed through a
central potential. However, the intermolecular interaction of
succinic acids with hydroxyl groups is the hydrogen bond. Its
potential depends not only on interatomic distance but also
on bond angle, and, therefore it is not a central one. It may be
one of the origins of the deviation from the Cauchy relation
in amber.

4. Conclusions

Baltic amber is a natural polymer glass with high fragility
index. Elastic properties of amber at high pressures have been
studied using Brillouin scattering and a diamond anvil cell.
Both LA and TA modes have been observed up to 12 GPa.
The pressure dependences of longitudinal, shear, Young’s,
and bulk moduli, compressibility, and Poisson’s ratio were
determined. The longitudinal, shear, Young’s, and bulk
moduli show the remarkable increase, and compressibility
shows the marked decrease with pressure increase. However,
it is found that the pressure dependence of Poisson’s ratio is
very small. The mechanism of this small pressure depen-
dence was discussed. The Cauchy type relation between
longitudinal and shear moduli was examined. The obtained
results suggest that the higher fragility and the development
of long-range stresses under high pressures.
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