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ABSTRACT: Being a key feature of a glassy state, low temperature relaxation has T
important implications on the mechanical behavior of glasses; however, the
mechanism of low temperature relaxation is still an open issue, which has been
debated for decades. By systematically investigating the influences of cooling rate and
pressure on low temperature relaxation in the Zrs,Cus, metallic glasses, it is found
that even though pressure does induce pronounced local structural change, the low
temperature-relaxation behavior of the metallic glass is affected mainly by cooling
rate, not by pressure. According to the atomic displacement and connection mode
analysis, we further demonstrate that the low temperature relaxation is dominated by
the dispersion degree of fast dynamic atoms rather than the most probable atomic
nonaffine displacement. Our finding provides the direct atomic-level evidence that
the intrinsic heterogeneity is the key factor that determines the low temperature-

relaxation behavior of the metallic glasses.

lass is usually made by fast quenching of a high-

temperature liquid, which is in a nonequilibrium
metastable state.”” As a result, the relaxation behavior of
glass-forming systems diversifies;’ " that is, only one relaxation
mode is present in the glass-forming liquid at a sufficient high
temperature, while it seems to split into two modes, primary
relaxation (so-called a relaxation) and secondary or Johari—
Goldstein relaxation (so-called f-relaxation), when the temper-
ature drops into the supercooled liquid regime.’™” At the glass-
transition temperature (T,), the a-relaxation is frozen while the
P-relaxation still remains, even below T, which becomes the
source of glass dynamics at low temperature, and it is important
for us to understand many physical properties of glassy
solids.””"” In the broad glass literature, the physical nature of
low temperature relaxation has been debated for decades, which
still constitutes one of the vital topics as of today.” ** Metallic
glasses (MGs) are often being viewed as a simple glass system
made up of atoms randomly distributed in a disordered
structure, which constitutes an ideal system to study the low
temperature-relaxation behavior.

Recently, some experimental results showed that the low
temperature relaxation in MGs could be related to shear
transformation zones (STZs)**~** and diffusion of atoms”>*°
and has significant influence on tensile plasticity”’ and
fragility.” However, no consensus has been reached yet on
whether low temperature relaxation is of a local or cooperative
motion.””® Some researchers believed that low temperature
relaxation acts as a precursor of a-relaxation,”'”** while others
claimed that low temperature relaxation has an independent
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relaxation mechanism.”” Previous theoretical and experimental
works suggested that low temperature relaxation (or internal
friction) of MGs could be attributed to “fast” or “mobile”
atoms'* and strongly correlated with the spatial heterogene-
ity.”” Recently, Yu et al.’' claimed that the viscoelastic moduli
for one glass state under different time scales are mainly
determined by the most probable atomic nonaffine displace-
ments rather than the fast-moving atoms. However, because
glass is in a nonequilibrium state due to fast quenching, the
state or atomic structure of metallic glass can be significantly
tuned by changing the cooling rate'” or pressure.””*” Thus it
should be interesting to investigate the cooling rate and
pressure dependence of low temperature-relaxation behaviors
and thereby the atomic level mechanism of low temperature
relaxation in metallic glasses.

In this work, MD simulations that combine dynamic
mechanical spectroscopy (MD—DMS) method and isoconfi-
gurational ensemble were employed to investigate the low
temperature-relaxation behavior and motion of each atom in
the Zrsy,Cusy MGs with different cooling rates and pressures. It
is found that the low temperature relaxation is affected by
cooling rate but not by pressure, even though pressure does
induce pronounced local structure changes. Unfortunately, the
most probable atomic nonaffine displacement’ is not a good
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parameter to describe the cooling rate and pressure effects.
According to the atomic displacement and connection mode
analysis, we conclude that the dispersion degree of atoms with
large displacement is correlated with the intensity of low
temperature relaxation. This provides direct evidence from the
atomic level that the intrinsic heterogeneity is the key factor in
determining the low temperature-relaxation behavior of the
metallic glass, which is supported by recent experimental
results.*

The details of our model systems and MD—DMS method are
presented in the Simulation Methods and Supporting
Information (Figure S1). In brief, glassy samples are prepared
by different cooling rates under various pressures. The features
of these samples are listed in Table SI1. All samples can be
separated into two groups: zero-pressure samples with different
cooling rates (denoted as S1, S2, and S3) for considering the
cooling rate effect and the corresponding high-pressure samples
(denoted as P1 and P3) for investigating the pressure effect.
First, we present how the state of metallic glasses is tuned by
the cooling rate and pressure during the quenching process.
The difference between the total energy, E, and the energy of
harmonic vibrations (3kT) as a function of temperature, T, for
various systems is shown in Figure la. For each system, we can
define the T, as the crossover temperature between the
behaviors of E — 3kgT for lower temperatures and higher
temperatures. Obviously, the T, is affected not only by cooling
rate but also by pressure, which is consistent with the previous
works.'»**** This indicates that the atomic structure of these
samples should be different. The total radial distribution
functions (RDFs) of S1, S3, P1, and P3 are shown in Figure 1b.
The pressure introduces more pronounced changes to the
atomic structure than cooling rate from the RDF perspective.
The left shift of the first peak indicates the higher density, and
the weakness of first peak intensity suggests the averaged
atomic number decreases in the first neighbor shell. The
obvious splitting of the second peak implies the enhanced
medium range order in high-pressure samples. For more
information about the pressure effect, the partial RDFs and the
averaged coordination numbers are shown in Figure S2.
Obviously, all of these influences could be represented by the
local atomic packing information. As shown in Figure I,
pressure does induce pronounced local structure changes, such
as the fraction of <0,0,12,0> cluster (denoted as f,). By
comparing the data of S1 and P1, the f;., increases nearly three
times due to the high-pressure effect, which is comparable to
the results in ref 33. Because both the cooling rate and pressure
could affect the atomic configuration (state) of metallic glasses,
the low temperature-relaxation behavior should represent the
cooling rate effect and pressure effect. Furthermore, the
pressure effect should be stronger according to the dramatic
structure changes under higher pressure.

On the basis of the systematic MD—DMS simulations, the
loss moduli E” as a function of T for various samples are shown
in Figure 2a. All of the E” curves exhibit a peak at T,
corresponding to the a-relaxation, which signals the transition
from glassy to supercooled liquid states. It is found that there is
almost no influence on T, for the samples with different
cooling rates, which is consistent with previous results.”* The
right shift of T, for higher pressure samples is consistent with
the conclusion that the glass-transition temperature increases as
pressure increases (see Figure la). According to the conclusion
in ref 31, we may obtain the collapse of data E” as a function of

Uy the most probable atomic nonaffine displacement. To

4946

a -5.36 1 ---- P1(0.1 Klps, P=15GPa)
---- P3(10Klps, P=15GPa)
——81(0.1Klps, P= 0GPa)
-5.40 |- ——82( 1Klps, P= 0GPa)
——S83 (10 K/ps, P= 0 GPa)
~
ﬁl -5.44
53]
-5.48
-5.52
| IS S S Y T WO Y ST SN SN N T S S |
100 500 900 1300 1700
T (K)
b 4F ——51(0.1 Kips, P= 0GPa)
| ——83(10Klps, P= 0 GPa)
0GPa ____ p1(0.1 Klps, P=15GPa)
3L ---- P3 (10 Klps, P=15 GPa)
o~ S
s
S0, L
1
0 L
C
V] P1 (0.1 Kips, P=15 GPa)
20 /] P3 (10 Kips, P=15 GPa) -
g I s1 (0.1 Kips, P= 0 GPa)
_ | Il s2( 1Kips, P= 0GPa)
QN .
é g Il s3 (10 Kips, P= 0 GPa)
= %
Swlp) 7
g .7
Ml ] e
=sL d | will |/
il § 1
S/ V|

<

=}
=}

120><01102><0282><01104>
Voronio index

Figure 1. Fundamental structural information on all samples tested.
(a) Difference between total energy and the energy of harmonic
vibrations (3kzT) as a function of temperature for samples with
various cooling rates and different pressures. (b) Atomic pair
correlation functions g(r) of all atoms for samples of S1, S3, P1, and
P3. (c) Histogram of Voronoi clusters for all of the samples (S1, S2,
S3, P1, and P3). The simulated temperature is 300 K.

confirm this inference, we calculated u(t,), the mean square
atomic displacement for each atom i within time interval ¢, for
all simulated samples, and obtained the probability distribution
density function p(u) (see the Supporting Information for more
details). The p(u) for different temperatures of each sample are
shown in Figure S3, and the non-Gaussian distribution suggests
the heterogeneous atomic level dynamics during the cycle
loading. As shown in Figure 2b, we plotted E” as a function of
u,, the peak position of p(u) for all samples. Unfortunately, we
do not obtain the collapse of data for these samples. This
means that the scaling between E” and u, obtained based on
the same materials but at different frequencies is not
appropriate for describing the influence of cooling rate and
pressure on low temperature relaxation.
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Figure 2. Loss modulus and the atomic displacement information. (a) Temperature dependence of loss modulus E” for samples with various cooling
rates and pressures. The filled symbols are results of the zero-pressure samples. The open ones present results of the high-pressure (15 GPa)

samples. (b) E” as a function of u,. u

PP

represents the most probable atomic nonaffine displacement.(c) Reduced loss modulus E” /E" peak as a function

of T/T,. (d) p(u) for different samples at the scaled temperature T/T, = 0.47. The inset of panel d shows the E” for different samples at T/T, =

0.47.

To understand the intrinsic behaviors of low temperature
relaxation, we plotted the reduced loss modulus E"/E" . as a
function of T/T, for avoiding the effects of T, and the peak
intensity. The reduced loss modulus curves for various samples
are shown in Figure 2c. In general, the value of E"/E".,
decreases as cooling rate decreases at low scaled temperatures.
This suggests that the relative intensity of low temperature
relaxation reduces as the cooling rate decreases, which is
consistent with the experimental works.*>**35 Furthermore, it
is amazing to find the collapse of the E"/E",. curves for
samples (S1 and P1, S3 and P3) with the same cooling rate,
even though the pressure is different. The collapse indicates
that the cooling rate dominates the essential properties of low
temperature relaxation in MGs. This reveals that low
temperature relaxation is affected by cooling rate, but not by
pressure, even though pressure does induce pronounced local
structure changes. So, it should be interesting to study whether
there is an important parameter dominating the low temper-
ature relaxation.

To find the hints for understanding the intrinsic parameter of
low temperature relaxation, we analyzed the atomic-level
dynamic properties of each sample. As shown in Figure 2d,
we plotted p(u) for each sample at the same reduced
temperature T/T, = 0.47. We were surprised to find that
these curves have the same value of u, = 024 + 0.02 A but
appreciable difference at the tails of p(u) when u > 0.50 A.
Remarkably, the related values of E” are different for these
samples (see inset of Figure 2d). This implies that the most
probable atomic nonaffine displacement u,, for different samples
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is mainly determined by the reduced temperature T/T,, at least
under the same loading frequency 1/t,. The collapse of p(u)
curves for samples with same value of E”/E” ., suggests that
the reduced loss modulus is determined by the tail of p(u).
Moreover, the fast dynamic atoms can be viewed as major
contributors to the relaxation'* and the microscopic features of
fast atoms may help us to understand the features of low
temperature-relaxation dynamics.

Here we selected the top 5% of atoms with the largest
displacements (400 atoms, based on the p(u) in Figure 2d for
each sample to characterize the microscopic features of the fast
dynamic atoms). However, there no strong correlation can be
extracted between the low temperature-relaxation intensity and
the microscopic features of these selected atoms, such as the
free volume and potential energy, except for the spatial
connection method of these atoms. To characterize the spatial
connection behaviors, we calculated the possibility of forming
clusters by these atoms.’® The inset of Figure 3a presents the
discrete counts of the clusters with different sizes for various
samples. It exhibits a power-law distribution from the small to
intermediate size clusters and the obvious deviation for large
clusters””*® for samples with different cooling rates. The
fractions of the clusters with larger sizes are shown in Figure 3a.
It is clear to see that the samples with higher cooling rate tend
to form larger clusters, which indicates the aggregation of fast
atoms in faster quenched MG systems. However, pressure has
almost no influence on the packing method of these atoms. To
further investigate the spatial distribution of clusters, we
analyzed the connectivity of these atoms. The connectivity
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Figure 3. Connectivity and spatial heterogeneity of selected 5% atoms with largest displacements. (a) Histogram of the clusters with larger sizes
(more than 10 atoms). The inset of panel a is the special distribution of the selected atoms. (b) Connectivity distribution of the selected atoms. (c,d)
2D snapshots of atomic connectivity in S1 and S3 at the scaled temperature T/T, = 0.47, respectively. The green atoms represent zirconium and the
blue atoms represent copper. The orange lines exhibit the atomic bonding with a cutoff distance d, = 3.8 A.

degree k of atom i is defined as the number of selected atoms in
its nearest-neighbor shell. The distribution of connectivity
degree k is characterized by p(k), which gives the probability
that an atom is connected to k selected atoms.”® The higher
p(k) at large k presents a higher probability for forming big
clusters, which reflects a lower dispersion degree of atoms. As
shown in Figure 3b, the broadening distribution of p(k) for the
faster quenched samples confirms that the dispersion degree of
these atoms increases as the cooling rate decreases but depends
less on pressure, which is consistent with the results of E"/
E" e The spatial distribution and connection behaviors of
these atoms at scaled temperature of 0.47 are shown in Figure
3¢,d for SI and S3, respectively. The more evident spatial
heterogeneity of these atoms in faster quenched sample S3 with
stronger low temperature relaxation indicates the correlation
between the low temperature relaxation and the spatial
heterogeneity in MGs, which is consistent with the recent
experimental results.’” The weak influence of pressure to p(k)
suggests that the spatial heterogeneity of fast dynamic atoms in
MG is mainly controlled by cooling rate rather than pressure in
our studied pressure range. The outcome provides the direct
evidence from atomic level that the intrinsic heterogeneity is
the key parameter that determines the low temperature-
relaxation behavior of the metallic glass. The reason why the
dynamical spatial heterogeneity is mainly controlled by cooling
rate but not pressure and the relation between intrinsic
dynamical heterogeneity and local structure will be discussed in
the future work. On contrary, the dynamic heterogeneity is a
time-scale dependence parameter that is strongly correlated to
the observation time. So, it is reasonable to observe different
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dynamic heterogeneity behaviors for the same value of E”
under various loading frequencies in ref 14, and we may only
compare the dynamic heterogeneity behaviors for DMS
measurement on the same time scale or under the same
loading frequency. Furthermore, it should be interesting to
check whether u, is correlated with T/T, and the connection
method (spatial heterogeneity) of fast atoms under different
loading frequencies.

In summary, we have shown that the low temperature
relaxation in metallic glass is mainly affected by cooling rate
rather than by pressure. The spatial heterogeneity of atoms with
fast mobility is responsible for low temperature-relaxation
behaviors, which can be dramatically tuned by cooling rate
rather than pressure. Our finding provides the direct atomic-
level evidence that the intrinsic heterogeneity is the key factor
that determines the low temperature-relaxation behavior and
may shed light on how to understand the origin of relaxation in
glassy materials.

B SIMULATION METHODS

Molecular dynamics simulations have been performed by
utilizing the open source code-LAMMPS.*’ The prototypical
binary system Zrs,Cug, was selected for its superior glass-
forming ability and the detail about the optimized embedded
atom method (EAM) potential generated by Sheng et al. can be
inferred from ref 40. Initially, 8000 atoms of the required
composition are placed in a cubic box randomly, with periodic
boundary conditions applied in all three directions. After
equilibrating at 1900 K under various external hydrostatic
pressures P (P = 0, 15.0 GPa) with the constant number,
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pressure, and temperature (NPT) ensemble for at least 10 ns,
samples are quenched to 50 K step by step at the various rates
(0.1, 1.0, and 10 K/ps) with the NPT ensemble. For all
simulations, the time step of integrating the equation of motion
is 2 fs and the temperature is maintained by the Nosé—Hoover
thermostat.

MD-DMS simulations that combine with isoconfigurational
ensemble were employed for investigating the relaxation
behavior in the Zry,Cus, system. We apply a sinusoidal shear
strain (t) = &, sin(27t/t,) along the xy direction of the model
MG, where t, represents the period of stress and &, means
maximum strain value. Here ¢, is selected as 100 ps and ¢, as
2% (which is in the linear elastic region) for all MD—DMS
simulations. All of these MD—DMS measures were carried out
in constant number, volume, and temperature (NVT)
ensemble. To unravel the influence of the initial state on the
resultant stress in the cyclic loading process, isoconfigurational
ensemble introduced by Harrowell et al.""** was employed: 50
independent sinusoidal shear deformation simulations were
performed, which all started from the same initial configuration
but with momenta randomly assigned from the Maxwell—
Boltzmann distribution at the interested temperatures. For each
MD-DMS loading, 10 full cycles were used; that is, t in the
range [0, 10 t,] and the mean stresses were fitted to the
function o(t) = 6, + o, sin(2at/t,) + &), where o, is the
maximum resultant stress and 6 is the phase shift between the
strain and the stress. Then, the storage (E’) and the loss (E”)
modulus were calculated with the formulas E' = 6,/¢, cos(5)
and E” = o,/e, (5) (see the Supporting Information),
respectively.
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