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We investigate the effects of high pressure and physical aging on the boson peak and thermal expansion of a typical metallic
glass. Specifically, the thermal expansion coefficient and boson peak intensity monotonically decrease during physical aging.
With the increase of high pressure, the boson peak intensity and the thermal expansion coefficient coincidently experience an
incipient decrease and then a subsequent increase. The boson peak intensity shows an approximately linear relationship with the
thermal expansion coefficient. The thermal expansion can be affected by structural relaxation or rejuvenation, which can reflect
the flow units variation and atomic packing of a metallic glass. Our results indicate a direct link between structural relaxation or
rejuvenation and fast boson peak dynamics, providing insights into the boson peak behavior and structural heterogeneity of

metallic glasses.
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1 Introduction

Glassy materials possess distinctive properties at low tem-
peratures in comparison with their crystalline counterparts
[1,2]. One of the low temperature properties of glasses is the
“boson peak”, which is in the terahertz region in the vibra-
tional spectrum and can be reflected in heat capacity C, by a
maximum over the Debye T’ law in the temperature 7 de-
pendence of C,/ T at approximately 10 K [1]. This universal
feature of glasses is the low-frequency enhancement of vi-
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brational density of states as compared with the Debye law
[1,2]. Several models have been proposed to explain the low-
frequency excited states. Such models include elastic het-
erogeneities [3-6], strongly anharmonic transition between
minima-dominated phase and the saddle-dominated phase of
the energy landscape [2,7], soft anharmonic potentials [8,9],
interstitialcy-like “defects” [10], smeared out van Hove
singularities [11,12], and structural parameter of “orienta-
tional order” [13]. These models are commonly related to the
spatially heterogeneous distributed regions contributing to
the excess vibrational density of states. Metallic glass (MG)
with the dense random packing of hard spheres structure [ 14-
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17] is considered as a relatively simple glass to study this
controversial issue in glass science [18-20]. Intensive in-
vestigations suggest that the boson peak has correlations
with shear bands [18,19] and S-relaxation [20] in MGs. It has
been implied that the boson peak in MGs originates from the
defective nano soft regions linked to the transverse vibra-
tional modes [18-21] or localized Einstein-type vibration
harmonic model [20,22,23]. However, the nature of the bo-
son peak in MGs remains controversial.

In general, MGs naturally relax to a lower energy state by
annihilating the defects of free volumes or flow units
[19,24,25]. By contrast, MGs can also be rejuvenated to high
energy states originating from defects of negative free vo-
lumes or negative flow units via various mechanical and
thermal treatments [26-28]. Thermal expansion is an intrinsic
feature of MGs and involves anharmonic atomic vibrations
[29], which can be affected by various mechanical and
thermal processes [30,31]. Previous studies on the thermal
expansion of MGs focused on the effects of relaxation or
crystallization [30-32], whereas few studies pay close at-
tention to the evolution of thermal expansion via high pres-
sure treatment [30]. Comparing with the thermal expansion,
some efforts have been exerted to understand the dynamic
behaviors of the boson peak under high pressure treatment,
but the pressure is lower [33-35]. Simulations and experi-
mental studies reported that the boson peak is correlated with
the structural relaxation manifested by a negative relation-
ship between the fragility of the glass-forming liquids and
the boson peak intensity of MGs [21], and a positive re-
lationship between the relative enthalpy change and the bo-
son peak intensity of MGs [25]. However, whether the
correlation between the thermal expansion and the boson
peak is significant in MGs remains unclear. Establishing this
relationship can help us further demonstrate the possible link
between structural relaxation or rejuvenation and boson peak
in MGs and provide insights into the boson peak behavior
and structural heterogeneity of MGs.

In this work, we trace the evolutions of boson heat capacity
peak and thermal expansion under high pressure and physi-
cal aging. Results show that the linear thermal expansion
coefficient and the boson peak intensity monotonically de-
crease toward the equilibrium of the metastable state upon
physical aging at a constant temperature. The linear thermal
expansion coefficient and the boson peak intensity of the
MGs show an obvious nonmonotonic behavior but in the
same changing tendency with increasing pressure under high
pressure at room temperature. The linear thermal expansion
coefficient shows an approximately linear relationship with
the boson peak intensity. The significant correlation between
the boson peak and the thermal expansion indicates a direct
link between the structural relaxation or rejuvenation and the
boson peak dynamics, which bring a new insight into the
dynamic behaviors and structural heterogeneity of MGs.
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2 System and experimental methods

Pd,oNi;(CusPyy bulk MG was prepared by sucking the
master alloy ingot into a water-cooled copper mold to obtain
cylindrical rods. The glassy nature of the samples was con-
firmed via X-ray diffraction and differential scanning ca-
lorimetry (DSC). The as-cast MGs were heated to the
supercooled liquid and then cooled down to room tempera-
ture (RT) at 60 K/min by DSC to obtain the standard MGs.
The standard MGs were subjected to high pressure experi-
ments using a hexahedral anvil and a 6/8 two-stage pres-
surized high pressure apparatus and then held under quasi-
hydrostatic pressure for 1 h at RT [36]. The as-cast MGs
were isothermally annealed at 0.857, (the glass transition
temperature 7, and crystallization temperature T, at a heating
rate of 20 K/min were 566 and 653 K, respectively) for
various times under a vacuum of ~1x10 " Pa in a furnace,
respectively, and then cooled down to RT for the further
measurements. The linear thermal expansion coefficient (a)
was measured through thermo-mechanical analysis (Netzsch
TMA 402F3) at a heating rate of 5 K/min in a compression
mode with an applied force of 30 mN. The low temperature
heat capacity C, was measured from 2 to 100 K using the
Quantum Design physical property measurement system
(PPMS 6000). ®Cu nuclear magnetic resonance (NMR)
experiments were performed using a Bruker Avance I 400
HD spectrometer with a 9.39 T magnetic field at RT. “cu
NMR spectra of the powdered samples (standard and high
pressure-treated MGs were broken into powders) were ob-
tained through Fourier transformation of spin-echo signals.
Hahn echo pulse sequence was used with a typical pulse
delay for the glassy alloys of 150 ms, and the time between
the first and second pulses was set to 10 us. The first pulse
length was set to 3.35 ps. All %Cu NMR shifts were refer-
enced to CuCl powders (=332 ppm at RT).

3 Results and discussion

The evolution of the thermal expansion and boson heat ca-
pacity peak in the MGs during high pressure and physical
aging was compared. Figure 1 shows the measured low
temperature heat capacity as (Cp—CpcrySt)/T.‘ versus T for the
standard, high pressure-processed, as-cast, and aged MGs,
making a visible contribution of the boson peak. C, and
C,™" represent the experimentally measured low tempera-
ture heat capacity of the various processed MGs and the
Pd,oNi (CusoPy crystalline counterpart, respectively. C, ™"
is a crucial heat capacity from electronic and lattice con-
tributions but has no contribution to the boson peak.
Therefore, it is used as a reference and subtracted from the
low temperature heat capacity of the MGs to make an ob-
vious boson peak contribution. Figure 1(a) presents the bo-
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Figure 1 (Color online) Evolution of boson heat capacity peaks of Pd-based MGs. Samples were (a) processed under high pressure at RT for different
quasi-hydrostatic pressures and (b) annealed by physical aging at 481 K for various aging times.

son peak evolution of the MGs under high pressure. The
boson peak becomes increasingly depressed with increasing
pressure. However, when the pressure is over 10 GPa, the
boson peak is much enhanced and pronounced than that of
the standard MG. The peak shifts to higher temperature with
pressure increasing from ambient pressure to 10 GPa, and
shifts to lower temperature when the pressure increases to
15 GPa. Such pressure effect on the boson peak is not ana-
logous to previous studies [33-35]. This discrepancy might
be due to the fact that the pressure applied on the MGs is
much higher than theirs. Figure 1(b) shows the boson peak
evolution of the MGs during physical aging. The boson peak
becomes increasingly depressed, and the peak shifts to
higher temperature with increasing annealing time, showing
a monotonic evolution tendency. After 180 min of annealing,
the boson peak intensity and position show relatively small
changes and gradually approach the saturation value. When
the annealing time is infinitely long, the boson peak intensity
and position approach the equilibrium value of this annealing
temperature [25]. The aging effect on the boson peak agrees
with previous studies observed in other MGs [18,19,25]. For
both high pressure and physical aging, it conforms that the
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higher strength of the boson peak, the peak maximum occurs
at the lower temperature.

The typical curves of the relative length change (AL and L,
are the length change and the initial length of the MGs,
respectively) versus T of the standard, high pressure-pro-
cessed, as-cast, and aged MGs are shown in Figure 2. The
relative length change AL/L, increases with temperature up
to the glass transition temperature and then rapidly decreases
until crystallization because of a softening caused by viscous
creep driven by the applied stress [32,37,38]. We focus on
the relative length change of the MGs before glass transition.
Under high pressure at RT (Figure 2(a)), the relative length
change curve of the MG shifts down with increasing pres-
sure, then rises up when the external quasi-hydrostatic
pressure increases over 10 GPa, and the slope of the relative
length change curve changes from gentler to steeper. During
the physical aging (inset of Figure 2(b)), as the aging time
increases, the relative length change curve of the MG gra-
dually shifts down, and the slope becomes smaller and
gentler (see Figure 2(b)), showing a typical structural re-
laxation of MGs [32,39,40]. The relative length change of
the MGs is more sensitive to pressure, showing a non-
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Figure 2 (Color online) Relative length changes of MGs after (a) high pressure treatment for various quasi-hydrostatic pressures at RT and (b) physical
aging at 481 K for various aging times shown from 390 to 448 K. Inset in (b) is the typical curves of the relative length change versus 7 of the as-cast and

aged MGs.
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monotonic evolution behavior, while it monotonically de-
creases toward the equilibrium value during isothermal
physical aging.

The linear thermal expansion coefficient o=AL/(LyXAT) is
the slope of the relative length change curve taken from 313
to 448 K [29]. Figure 3 compares the evolution of the boson
peak height (peak maximum of (C,~C, ™)/ 7°) and the linear
thermal expansion coefficient a vs. aging time (Figure 3(a))
and pressure (Figure 3(b)). Figure 3(a) plots that the o and
the boson peak height decrease with prolonged aging time,
and the most change occurs in the first 30 min. During
physical aging, the o and the boson peak height behave the
same decrease monotonically evolution, showing a typical
structural relaxation behavior. However, when various
pressures were applied on the standard MG samples, the
thermal expansion and the boson peak exhibit different be-
haviors (see Figure 3(b)). The pressure dependent o initially
decreases and then increases to a value that surpasses the
original value (see square dots in Figure 3(b)). Figure 3(b)
shows the surprising results that the pressure dependent
boson peak height initially decreases to a minimum and then
increases to a maximum, which is consistent with the ten-
dency of a. For the circle dots, with 15 GPa at RT, the boson
peak height value is higher than the initial value, which
agrees with a under the same pressure treatment. The mag-
nitude of the boson peak and the linear thermal expansion
coefficient a follow a similar evolution for physical aging
and high pressure treatment. As a consequence, after high
pressure or physical aging, the boson peak reflecting the
anomalous atomic vibration in the frequency spectra of MGs
behaves akin to the thermal expansion measurements. The
inset of Figure 3 plots the boson peak height vs. the linear
thermal expansion coefficient a. Within the accuracy limit of
the method of measuring the thermal expansion and boson
peak behaviors, the boson peak intensity exhibits an almost
linear relationship with the linear thermal expansion coeffi-
cient. Another important parameter associated with the bo-
son peak is the boson peak temperature, which can also
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characterize the correlation between the boson peak and the
thermal expansion. In addition, similar linear relationship
results can be found between the boson peak temperature and
the linear thermal expansion coefficient. The results show a
quantitative construction of the correlation between the
thermal expansion and the boson peak. The boson peak
height is in line with the linear thermal expansion coefficient
o during not only high pressure but also physical aging, in-
dicating a clear correlation between the thermal expansion
and dynamic behavior of the boson peak in the MGs.
Simulation results show that the transverse vibrational
modes associated with local low-density defective structures
contribute to the vibrational density of states or the boson
peak [21]. Recently, experimental and simulation results
have revealed that the soft local structure with excess free
volume enhances the boson contribution to the heat capacity
of MGs [18-23]. Previous studies also proved that defects
with excess free volume and low energy play a significant
role in thermal expansion [39,40]. Structural relaxation or
aging is due to the microstructural heterogeneity of MGs and
can be attributed to the movement of loose packing atoms in
the liquid-like soft regions or “flow units” [16,24,25,41-43].
The boson peak and thermal expansion are related to the soft
localized regions or flow units [20-23,25,39,40]. Recent X-
ray photo correlation spectroscopy studies of MGs provide
an atomic scale microstructure map for aging that affects the
density until the density heterogeneities are released com-
pletely [44]. On the basis of these scenarios, a microscopic
picture of the boson peak and thermal expansion of the
physical aging effect can be drawn. The flow units where the
atoms pack loosely and have higher potential energies can
easily be activated via thermal treatments. The rearrange-
ment and energy dissipation of atoms in flow units result in
structural relaxation behaviors caused by annealing. Physical
aging actually leads to an evolution of the annihilation of
flow units and a relatively microscopic homogeneous state of
MGs [24,25,41,42], resulting in the observed monotonic
decrease in linear thermal expansion coefficient and boson
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Figure 3 (Color online) Boson peak height (circle dots) and linear thermal expansion coefficient o (square dots) against (a) the time for physical aging at
481 K and (b) quasi-hydrostatic pressure for high pressure at RT. Insets in (a) and (b) show the relationship between the boson peak height and the linear
thermal expansion coefficient; data from physical aging (a) and high pressure (b) are embraced. The dashed line serves as a guide for the eyes.
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peak intensity. Conjecturally, the annihilation of defects of
flow units contributes to the consistent changing tendency of
the thermal expansion coefficient and boson peak intensity
during physical aging.

The relationship between the boson peak and thermal ex-
pansion under high pressure is similar to but slightly dif-
ferent from that under physical aging (see Figure 3).
Experimental results indicate that pressure, similar to tem-
perature, is liable to induce atomic rearrangement as well
[28,30,31,35,36]. Recent simulation results indicate that the
pressure can change the atomic configuration, e.g., icosa-
hedra and defects of soft regions of MGs [45,46]. The local
site symmetry and electronic properties of MGs were studied
by “Cu NMR spectroscopy [36,47,48], which can reflect the
effect of structural change of MGs on the thermal expansion
and the boson peak. Figure 4 plots the “Cu NMR spectra of
the standard and high pressure-processed MGs. The peak
position of the symmetrical central line can represent the
isotropic Knight shift of the MGs. Previous experimental
results prove that the structural change of MGs can be re-
flected by the change of Knight shift [47,48]. With increas-
ing pressure, the %Cu isotropic Knight shift decreases from
785 ppm for the standard MG to 735 ppm for the high
pressure-processed MG under 10 GPa, resulting in the ob-
served decrease in linear thermal expansion coefficient and
boson peak intensity. At a higher pressure of 15 GPa, the
%Cu isotropic Knight shift increases to 840 ppm, which is
larger than the initial value. Thus, an increase linear thermal
expansion coefficient and boson peak intensity behavior
were observed. The results demonstrate that the distribution
of local atoms at “Cu sites is changed by high pressure that
similar to the simulation results [46], indicating that the
changes of atomic configurations of the MGs contribute to
the thermal expansion and the boson peak behaviors. The
evolution of the Knight shift in Figure 4 further confirms that
the structures of the MGs are similar below 10 GPa but
significantly different from those above 10 GPa. The critical
change in Knight shift at approximately 10 GPa demon-
strates that the distribution of local atoms at “’Cu sites below
10 GPa is distinct from that above 10 GPa, indicating that the
critical change of structure of MG has been changed around
10 GPa.

Experimental results show that high pressure is an effec-
tive and controllable way to alter the properties and energy
states of MGs, indicating that the changes of local soft lo-
calized region structures and the bonding states between
atoms are the microstructural origins [28,30,33-36]. It is
widely accepted that the local defect atoms vibrations con-
tribute to the boson peak and thermal expansion of MGs
[2,6,10,20-22,25,26,30-32]. Thus, the behaviors of thermal
expansion and boson peak during high pressure procedure
can be interpreted. When the pressure is low, pressure pro-
motes the atoms in loosely packed liquid-like regions re-
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Figure 4 (Color online) NMR spectra of standard and high pressure-
processed (5.5, 10, and 15 GPa) MGs.

arrangement and efficiently packing [28,30,36]. It also
changes the width of the interatomic distance distribution
and thereby lowers the thermal expansion and boson peak.
The flow units annihilation dominates the process and results
in structural relaxation when the pressure is lower than
10 GPa [28,30,36]. Nevertheless, when the pressure is over
10 GPa, the MG is greatly compressed, and the atoms re-
arrange into a high packing density configuration [25-
28,30,31], leading to a higher thermal expansion coefficient
and boson peak intensity and resulting in rejuvenation. Ex-
perimental and simulation studies have confirmed that the
rejuvenated MG induced by high pressure originates from
the microstructural change that involves negative flow units
with a higher atomic packing density [28,46]. Combining
with the Lennard-Jones-like potential, the phenomena can be
further understood. With the pressure increasing up to
10 GPa, the interatomic distance decreases toward the cri-
tical distance located at the bottom of the potential well,
resulting in the defects of flow units shrinkage and annihi-
lation that correspond to structural relaxation. When the
pressure further increases over 10 GPa, the interatomic dis-
tance decreases and go across the bottom of the potential
well, leading to a higher potential energy and a more den-
sification structure of MGs that corresponds to rejuvenation
[25-28,30,31]. With increasing pressure, the flow units
change from positive to zero and finally to a negative value
that contributes to the nonmonotonic changes of the boson
peak and the thermal expansion coefficient. When the pres-
sure reaches approximately 10 GPa, the local structure of
flow units with low packing density and low coordination
changes to negative flow units with high atomic packing
density and high coordination, which could be the structural
origin of the extraordinary nonmonotonic phenomenon.
From these points of view, the intrinsically universal corre-
lation between the thermal expansion and the boson peak
indicates that the structural relaxation or rejuvenation is
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closely linked with the boson peak, and the local defective
microstructure is its structural origin [20-23,25-30,38,40].

4 Conclusion

Using high pressure and physical aging methods, we report
the evolution of thermal expansion and boson peak and then
sequentially bridge the structural relaxation/rejuvenation and
the boson peak in a typical Pd-based MG. The monotonic
and nonmonotonic boson peak evolution behaviors have
been observed under physical aging and high pressure re-
spectively, and the thermal expansion shows the similar
evolution tendency. The results indicate a close correlation
between the slow structural relaxation or rejuvenation and
fast boson peak dynamics. It benefits the understanding of
the anomalous low-frequency excited states and the hetero-
geneous nature of MGs.
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