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Pressure dependence of intermediate-range order and elastic properties of glassy Baltic amber
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Amber is a unique example of a fragile glass that has been extensively aged below its glass transition
temperature, thus reaching a state that is not accessible under normal experimental conditions. We studied the
medium-range order of Baltic amber by x-ray diffraction (XRD) at high pressures. The pressure dependences of
the low-angle XRD intensity between 0 and 5 Å−1 were measured from 0 to 7.3 GPa by the energy-dispersive
XRD. The first diffraction peak at 1.1 Å−1 and ambient pressure has a doublet structure consisting of the first
sharp diffraction peak (FSDP) at 1.05 Å−1 and the second feature at 1.40 Å−1. The peak position and the width
of the FSDP increase as the pressure increases, while the intensity of the FSDP decreases. Below P0 = 2.4 GPa,
the rapid increase of the FSDP peak position was observed, while above P0, the gradual increase was observed.
Below P0, voids and holes in a relatively low-density state are suppressed, whereas above P0, the suppression
becomes mild. Such a change suggests the crossover from the low- to high-density state at P0. There is a
close correlation between the pressure dependence of XRD and previously reported sound velocity results. The
correlation between the mean-square fluctuation of the shear modulus on the nanometer scale and fragility in
amber and other glass formers is also discussed.
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I. INTRODUCTION

Many liquids can be supercooled and undergo a liquid-
glass transition at a glass transition temperature Tg. Upon
cooling a liquid, the main structural relaxation time τα or
viscosity η rapidly increases toward Tg and reaches at τα =
100 s or η = 1013 poise at Tg. The concept of fragility was
introduced based on the temperature dependence of the main
structural relaxation time (or viscosity) [1]. That of typical
strong glass obeys the Arrhenius law, while that of typical
fragile liquid obeys the Vogel-Fulcher-Tammann law [2]. As
a more quantitative measure of different levels of fragility, the
fragility index m is defined by

m =
[

d log10 τα

d
( Tg

T

)
]

T =Tg

. (1)

The range of m is from 17 for very strong glasses to >100 for
very fragile ones [3].

Crystal structures have a translational symmetry due to the
long-range structural order, whereas glasses have no long-
range structural order, but may exhibit medium-range order
(MRO) on the scale of several nanometers [4–6]. Covalent
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network glasses can exhibit structural order over both short-
and medium-length scales, the latter reaching 20 Å or so.
MRO is characterized by the first sharp diffraction peak
(FSDP) in the static structure factor S(Q), where Q is the
wave vector in neutron and x-ray diffraction (XRD) measure-
ments [7]. It is proposed that the FSDP of network glasses
and liquids is a prepeak in the concentration-concentration
structure factor due to the chemical ordering of interstitial
voids around cation-centered clusters in the structure [5]. A
real-space ordering with MRO in a reciprocal space is given
by

Lm = 2π

Q1
, (2)

and the static structure correlation length is defined by

Lc = 2π

�Q
, (3)

where Q1 and �Q are the peak position and the peak width
of the FSDP, respectively [7–11]. The temperature and pres-
sure dependences of the FSDP intensity and its peak position
were discussed according to various models. The temperature
and pressure dependences of the FSDP in silica glass were
quantitatively interpreted by the void-based model [12]. The
FSDP of alkali borate glasses was attributed to the periodicity
of boundaries of nanovoids homogeneously distributed in the
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network [13]. In chalcogenide glasses, it was reported that
the FSDP corresponds to void-species nanostructure [14]. The
doublet of FSDP of hydrogen-bonded water was assigned to
the position of the first peak in the low-density (LD) and
high-density (HD) forms of amorphous ice [15]. The FSDP
and MRO of covalently bonded glasses have been extensively
studied, while the study of those of organic glasses is still
not enough. The temperature dependence of the width of the
FSDP was analyzed in many kinds of glasses [16]. It was
found that the width of the FSDP correlates with fragility, and
it is significant in high-fragility liquids. Therefore, the study of
the pressure dependence of the FSDP in fragile organic glass
is important.

Glasses are nonequilibrium states whose microscopic
properties vary depending on their thermal history. Amber
is formed via a fossilization process by cross-linking of the
original organic resin via free radical polymerization [17].
Amber is a very complex organic polymer/copolymer material
formed from plant resins that have aged for many million
years at temperatures well below Tg [18,19], thus reaching a
thermodynamically stable state that is not accessible under
normal experimental conditions [20]. Anderson et al. [18]
reported a classification of fossil resins, and Baltic amber be-
longs to the Class I category. The bulk of Baltic amber consists
of a polymer of labdatrienoid compounds including commu-
nic acid and communal with its hydroxyl groups partially
succinylated. Amber also contains a few percent of many
other compounds such as terpinol, succinate, and hemisucci-
nate esters [21]. The density of Baltic amber is 1.0–1.1 g/cm3,
and its refractive index is 1.54. The melting temperature is
250–300 °C, and the glass transition temperature is 182 °C
[20]. It is a typical fragile glass with a fragility index of 90
[22]. The MRO of structural disorder in Baltic amber glass
has not yet been studied.

In this paper, energy-dispersive XRD was studied in Baltic
amber glass with high fragility using a Paris-Edinburgh press
at Sector 16-BM-B (HPCAT) of the Advanced Photon Source
(APS), Argonne National Laboratory. The pressure depen-
dence of the diffraction spectra was measured up to 7.2 GPa.
The structure correlation length Lc and medium-range length
Lm were determined from the x-ray peak width and peak
position of the FSDP, respectively. The correlation between
the pressure dependences of the MRO and sound velocity
determined by Brillouin scattering [23,24] is discussed.

II. EXPERIMENTAL METHODS

Baltic amber is a fossil pine resin of the Eocene Period
and is about 40 million years old. Baltic amber imported from
Lithuania was purchased from Planey Co., Ltd., Japan, and
used without any thermal treatment. An experimental setup
for high-pressure liquid structure studies with synchrotron
XRD using the Paris-Edinburgh press has been installed at
station 16-BM-B (HPCAT) of the APS, Argonne National
Laboratory. By collecting energy-dispersive data with a syn-
chrotron white beam at various 2θ angles, the present device
allows us to obtain the structure factor S(Q) over a wide
range of Q(= 4πsinθ/λ) owing to the excellent angular ac-
cessibility of up to 9 ° in 2θ and that of high-energy photons
well beyond 100 keV. We have successfully collected XRD

FIG. 1. Pressure dependence of diffraction intensity I(Q). The
sharp peaks at Q = 2.6, 3.0, and 4.3 Å−1 are the diffraction peaks
from the pressure cell.

data on Baltic amber with the scattering wave vector Q up
to ∼5.0 Å−1 and pressure up to 7.3 GPa at room tempera-
ture [25,26]. The pressure dependences of longitudinal and
transverse sound velocities have also been measured by the
pulse-echo method [27]; however, these results will be pub-
lished separately.

III. RESULT AND DISCUSSIONS

A. High-pressure XRD

Representative diffraction profiles I(Q) as a function of the
scattering wave vector Q are shown in Fig. 1. The broad first
diffraction peak was observed at ∼1.1 Å−1, and its intensity
decreases as the pressure increases. The pressure dependence
of the diffraction peak in a homogeneous glass is given by(

∂I

∂P

)
T

= ρ

B

(
∂I

∂ρ

)
T

, (4)

where B and ρ are bulk modulus and density, respectively
[12]. As the pressure increases, the void volume is concomi-
tantly reduced, and hence, the density of glass is increased,
and the peak intensity also decreases, leading to a negative
sign for the term (∂I/∂P)T . This behavior is like the tem-
perature dependence of the diffraction peak intensity, which
decreases as the temperature increases [28].

The first diffraction peak at ∼1.1 Å−1 has a doublet struc-
ture consisting of a sharp peak at 1.05–1.16 Å−1 and a weak
shoulder at 1.23–1.56 Å−1. The doublet peak reflects a het-
erogeneous structure such as the coexistence of LD and HD
amorphous states caused by polyamorphism [1]. In silica
glass, the strong-fragile transition was reported as polyamor-
phic behavior [29]. Under pressure, both peak positions of
Baltic amber shift to higher wave vectors, and their widths
increase. To fit the asymmetric shape of the diffraction peak,
we checked a few versions of the fitting function for the
structure factor. The first one is the sum of two Gaussian
functions with maxima ∼1 and 1.5 Å−1; the second one is
the sum of two Lorentz functions; the third is the sum of a
Gaussian for the first peak and a Lorentzian for the second
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FIG. 2. Fits of I(Q) by a sum of two � distributions. Representative fits at ambient pressure, 3.6, 6.6, and 7.9 GPa are shown. The individual
contributions of the two peaks are shown by thin solid lines.

peak. These three fitting functions are qualitatively consistent
with the shape of I(Q), but all three clearly overestimate the
existence of the second peak. They exhibit a pronounced
shoulder not observed in the experimental data (see an ex-
ample in Fig. S1 in the Supplemental Material [30]), although
the shoulder is within the scatter of the experimental points.
Moreover, the Lorentz function cannot describe the first peak
at the base. A much better fit can be obtained if the two
peaks themselves are asymmetrical in shape, namely, if they
are right tailed. One of the common functions that is used in
such cases is the two-parameter � distribution. It is a very
flexible distribution that can provide diverse shape parameters,
making it a perfect fit to different datasets. As an exam-
ple, it describes well the size distribution of nanocrystalline
domains [31].

To demonstrate the � distribution can be used in disordered
materials, a few examples are listed below. (a) It describes the
size distribution of the Voronoi cells associated with spatially
randomly distributed particles (Poisson-Voronoi tessellation)
[32]; (b) the � distribution is strongly associated with the
grain size in a Poisson-Voronoi nucleation growth model [33],
(c) granular materials and packing models [34], (d) the molec-
ular weight distributions of polymers [35], and (e) volumes
of the basins of attraction for mechanically stable particle
packings [36]. We do not have a microscopic picture that
justifies the application of the � distribution in the case of the
diffraction peak in amber. Rather, it appeared to be the best
choice among the common functions that we applied to fit the
asymmetrical peak in our data.

The � distribution is described by the function:

I (Q) = B

(
Q

Qm

)α

exp

(
−αQ

Qm

)

= exp

{
b + α

[
log10

(
Q

Qm

)
− Q

Qm

]}
. (5)

It corresponds to a slightly asymmetric peak with a maximum
at Q = Qm. The fit parameters b, α, Qm, and the half width
at half maximum (HWHM) of both peaks as well some other
estimated parameters of the diffraction peaks at all pressures
are given in Table S1 in the Supplemental Material [30].
The exponent α is in the range 50–35 for the first peak and
5.9–7.1 for the second for pressures from ambient to 7.9 GPa.
The width at half maximum is determined by the difference
between the two roots of the equation:

� − log10 (1 + �) = log10 (2)

α
, (6)

where � = (Q − Qm)/Qm. In our case, the HWHM can be
approximated by the expression �Q � Qm [2 log10(2)/α]1/2

which can be obtained from Eq. (5) by expanding log10(1+�)
in powers of � up to �2. This approximation has an accuracy
of ∼0.1% for the first peak and ∼0.5% for the second peak.
Representative fits at 10−4, 3.6, 6.6, and 7.9 GPa are shown
in Fig. 2, which also shows the individual contributions of the
first and second peaks.

The resulting values of the peak positions, Q1 and Q2,
are shown in Fig. 3(a) as a function of pressure. Both peak
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FIG. 3. Pressure dependences of (a) peak positions, Q1, Q2, and
(b) half widths at the half maximum, �Q1, �Q2 of first sharp diffrac-
tion peak (FSDP) and second peak, respectively.

positions shift to higher Q from 1.05 to 1.16 Å−1 for FSDP
and from 1.23 to 1.56 Å−1 for the second peak, with in-
creasing pressure from ambient to 7.3 GPa. The pressure
dependences of the HWHM for the two peaks are shown
in Fig. 3(b). The width of FSDP, �Q1, increases from 0.17
to 0.23 Å−1, and the width of the second peak �Q2 also
increases from 0.59 to 0.69 Å−1 with increasing pressure.

The pressure dependence of FSDP peak position Q1 of
Baltic amber is compared with that of Kel F-800 polymer
glass [37], as shown in Fig. 4. The value of Q1 of Baltic amber
is smaller than that of Kel F-800 polymer glass. Both Q1’s
increase with pressure, while their rate of increase becomes
small as the pressure increases. In the high-pressure region >3
GPa, dQ1/dP (where P is the pressure) is nearly the same.

In a study of FSDP of poly(4-methyl-1-pentene) (P4MP1)
under pressure, the intensity of the FSDP decreases with pres-
sure, while that of the second peak increases. The ratio of
the intensity of the FSDP to the second peak also decreases
[38]. Abrupt changes were observed in the slope in this ratio
at 0.7 kbar at 290 °C and in the position of the FSDP. The
abrupt change was also studied by the specific-volume mea-
surements, and it was attributed to the boundary between the
LD and HD melts.

The pressure dependences of the peak intensities of the
FSDP and the second peak and their ratio were also studied

FIG. 4. The pressure dependences of Q1 of Baltic amber and Kel
F-800 polymer glass [37]. Dotted lines with the same dQ1/dP are
guides to the eyes.

in Baltic amber. As the pressure increases, the intensity of
the FSDP decreases, while the intensity of the second peak
increases. These results are like those of P4MP1. In glasses,
the intensity of an nth diffraction peak I(Qn) is related to
the local electron concentration of the nth structural unit,
which has the periodicity related to a peak position Qn. In the
present result, the number density of the first structural units
of FSDP decreases, while the number density of the second
structural units of the second peak increases as the pressure
increases. The pressure dependence of the ratio IR = I2/I1

is shown in Fig. 5. The slope of the ratio IR also shows a
change at about P0 = 2.4 GPa. This fact indicates that the
crossover between the first structural units of FSDP and sec-
ond structural units of the second peak occurs at ∼2.4 GPa.
This crossover may be related to the transition from LD to
HD states, which was observed in silica glass [39], amorphous
GaSb [40], and amorphous ice [22]. In such transitions in
tetrahedral network glass, a breaking of local tetrahedral sym-
metry occurs, whereas a different local symmetry breaking
into a close-packed structure is necessary for the transition

FIG. 5. The pressure dependence of the ratio IR = I2/I1. The
dotted linear line is a guide to the eyes. The change of slope of IR

occurs at ∼2.4 GPa.
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of amber. The remarkable change in low pressures below
P0 suggests that voids and holes in a relatively LD state
are being effectively suppressed. Above P0 in a relatively
HD state, the main change is the decrease in intermolecular
distance. Similar pressure dependences were reported also in
polyetherimide (PEI), polyethersulfone (PES), and polyvinyl
chloride (PVC) [41]. The sound velocities and densities of
these polymer glasses rapidly increased <2 GPa, followed by
a slowly increase between 2 and 11 GPa.

The origin of the FSDP of polymers is related to the cor-
relation between backbones. In P4MP1, the rapid decrease in
the intensity of the FSDP with pressure indicates a disordering
of backbone-backbone correlations. The shift of Q1 to higher
momentum transfers was attributed to a reduction of the void
spaces between backbones. In contrast, polyethylene does
not have any side chains to create a void structure, and it
is significantly less compressible at low pressures [38]. The
structure of amber is quite like that of polymers with phenyl
ring side chains [42]. Therefore, the origins of rapid decreases
of intensity and Lm in amber with side chains are attributed
to the decrease in backbone-backbone correlations and the
reduction of the void spaces between backbones, respectively.

B. Structural correlation length and MRO

Based on the FSDP, two length scales have been discussed.
The scale of MRO, Lm, is the repetitive characteristic distance
between structural units. Here, Lm is ∼4–6 times smaller
than the value of the boson peak correlation length, which is
defined by

Lb = V

νb
, (7)

where V and νb are transverse sound velocity and boson peak
frequency, respectively. Therefore, it corresponds to a much
smaller size of the structural units related to a boson peak [43].
As the pressure increases, Lm decreases from 6.0 to 5.4 Å, as
shown in Fig. 6(a). The pressure dependence of Lm of Baltic
amber is compared with that of Kel F-800 polymer glass [44],
as shown in Fig. 6(a). The value of Lm of Baltic amber is
smaller than that of Kel F-800 polymer glass, and both lengths
decrease as the pressure increases. At the same time, their
pressure dependence becomes small as the pressure increases
above P0 = 2.4 GPa. The structure correlation length of a
disordered structure, Lc, is known to be closely related to Lb

[43]. The pressure dependence of Lc is shown in Fig. 6(b). It
decreases with increasing pressure from 18.0 to 13.5 Å, by
∼20%, from ambient pressure to 7.3 GPa.

The ratio Lc/Lm indicates the relation between periodic
structural units and the correlation length of the disorder.
The ratio decreases with increasing pressure, from 3.02 to
2.53, as shown in Fig. 7. This fact indicates that Lc decreases
faster than the distance between structural units. Therefore,
the decrease of Lc is not just a trivial consequence of the de-
crease of the interdistance of backbone chains with increasing
pressure. Applying pressure leads to a decrease in the number
of atoms in the correlated nanoregion. Below about P0 = 2.4
GPa, the ratio markedly decreases, which indicates the de-
crease of long-range disorder. Above ∼2.4 GPa, the change
of ratio becomes small, and it indicates that the decrease rate

(a)

(b)

FIG. 6. (a) Comparison of the pressure dependence of Lm of
Baltic amber with that of Kel F-800 polymer glass [44]. (b) The
structure correlation length Lc is determined by the width of the first
sharp diffraction peak (FSDP) and the scale of medium-range order
(MRO) Lm by the position of the FSDP.

of long-range disorder is like that of short-range disorder. For
comparison, the intensity ratio I1/I2 is also plotted in Fig. 7.
The pressure dependences of Lc/Lm and I1/I2 are similar. This

FIG. 7. The ratio of the structure correlation length and the scale
of medium-range order (MRO) as a function of pressure. For the
comparison, the intensity ratio I1/I2 is also plotted.
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FIG. 8. Correlation of longitudinal velocity VL and 1/Lm under
pressure.

fact indicates that the main part of Lc may consist of the
second structural units related to the second peak, while the
main part of Lm may consist of the first structural unit related
to the FSDP. For detailed analysis, further investigations are
needed, such as studying broad spectra of I(Q).

C. Correlation between FSDP, structure, and elastic properties

Structural disorder of glassy materials is closely related
to their elastic properties. The strong correlation between the
FSDP position and compressional sound velocity Vp or Pois-
son’s ratio has been reported in SiO2 glass [27]. This result
implies that the change of Vp or Poisson’s ratio is mainly influ-
enced by intermediate-range ordering rather than short-range
ordering in these structures.

The result of FSDP for Baltic amber is compared with the
sound velocities determined by Brillouin scattering [23,24].
The value of VL determined by Brillouin scattering in the giga-
hertz range is close to the high-frequency limit of velocity, and
the dispersion of velocity by the structural relaxation is not
included. The correlation in Fig. 8 suggests that VL is nearly
proportional to 1/Lm. Here, VL is equal to (L/ρ)0.5, where L is
the longitudinal modulus and ρ is the density. The dominant
bonds in amber are van der Walls bonds, and the hydrogen
bonds are partially included. The L decreases much faster than
the density, and this correlation may hold accidentally. It is
not a universal relation in glasses but a special correlation in
amber.

In the present measurement at Argonne National Labora-
tory, not only XRD but also ultrasonic pulse-echo measure-
ment in the megahertz range on longitudinal and transverse
velocity were simultaneously measured. However, the ultra-
sonic measurement needs detailed analysis of the multiple
reflections of ultrasonic echo waves inside a very small sample
in the high-pressure cell. Such an analysis is not yet finished.
We will discuss the physics of the correlation between all elas-
tic moduli and diffraction data and the dispersion of velocity
in the megahertz and gigahertz range in another paper.

In Refs. [43,45], the mean-square fluctuation of the shear
modulus on the nanometer scale in various glass 〈(�G/G)2〉
was estimated using the heterogeneous elasticity theory and

the Ioffe-Regel criterion for the transverse vibrations in
glasses. A correlation between 〈(�G/G)2〉 and fragility of
glass formers was found on the nanometer scale, which cor-
responds to the characteristic of the boson peak vibrations.
Higher fragility corresponds to lower 〈(�G/G)2〉, i.e., to
more homogeneous nanostructure. In this theory, to estimate
〈(�G/G)2〉, one needs to know the longitudinal and trans-
verse sound velocities vl and vt , the structure correlation
radius Lc, and the boson peak frequency ωb. It was shown that

〈(�G/G)2〉 = L3
b

32π4L3
c f

, (8)

where Lb = 2πvt/ωb, in which Lb is the wavelength of the
transverse acoustical vibration with the frequency of the boson
peak, and f is a dimensionless function of the ratios Lb/Lc

and vt/vl . The exact expression of this function is derived
in Refs. [45,46]. The data on vt = 1.6 km/s and vl = 2.71
km/s for Baltic amber are known from Ref. [24], and for Lc

in this paper, we get 18 ± 1 Å from the width of the FSDP
at the ambient pressure. We note that this value of Lc is in
reasonable agreement with the correlation length of the shear
modulus fluctuations ξ = 21 ± 1 Å found in pristine Spanish
amber using the heterogeneous elasticity theory [48] fit of the
boson peak. To find the dynamical length Lb, one needs to
know the boson peak frequency in amber. We take ωb = 1.5
meV, as in Spanish amber [47]. In this case, Lb = 27.7 Å.
The ratio Lb/2Lc = 0.77 is in good agreement with the gen-
eral correlation of Lb/2Lc with fragility for various glasses,
as shown in Fig. 1 of Ref. [45]. With these parameters, Lb,
Lc, vt , and vl , the function f in Eq. (8), according to its
definition in Ref. [45], is equal to 0.0115, and 〈(�G/G)2〉 =
0.10. This value corresponds well to the correlation between
〈(�G/G)2〉 on the nanometer scale and fragility in glasses of

FIG. 9. The correlation between the mean-square fluctuation of
the shear modulus on the nanometer scale and fragility in glass
formers of different chemical positions and types of bonding, in-
cluding glasses with covalent and hydrogen bonding, and molecular
and metallic glasses [45] (blue circles). The data for amber of this
paper are shown by a green square. The dotted line is inverse linear
dependence ∼m−1. The best-fit value gives the exponent −1.004 ±
0.054.
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different chemical composition and type of bonding, found in
Refs. [39,40]. Figure 9, which includes data from Ref. [45],
includes the point that corresponds to amber (green square).
The fragility of amber is about m = 90 [48].

IV. CONCLUSIONS

Pressure dependences of the low-angle XRD between 0
and 5 Å−1 were measured on Baltic amber up to 7.3 GPa.
The peak positions and the widths of the FSDP and the sec-
ond peak increase as the pressure increases. The intensity of
the FSDP decreases while that of the second peak increases.
Below 2.4 GPa, the rapid increase of the FSDP peak position
was observed, while above P0 = 2.4 GPa, the more gradual
increase was found. The remarkable change at P0 suggests that
voids and holes in a relatively LD state are being suppressed
below P0. This fact suggests the crossover from LD to HD
states occurs at P0. The pressure dependences of the MRO
and the structure correlation length were determined from the
peak position and the width of the FSDP, respectively. The
correlation between pressure dependences of the MRO and
the longitudinal sound velocity reported in Ref. [23] is found.

This is also the evidence of correlations between the mean-
square fluctuation of the shear modulus on the nanometer
scale and fragility of amber and other glass-forming materials.
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