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Temperature effects on the structural evolution and diffusivity of CugyZr,, in the liquid and glassy
states were studied by molecular dynamics simulations using the Finnis—Sinclair potential. The pair
distribution functions and common-neighbor analysis were used to investigate the structural
variations. It is found that the amount of pentagonal bipyramids increases sharply in a short
temperature range of about 200 K above the glass transition temperature 7,, leading to the
increasing of the icosahedral cluster centered by Cu atom and larger Kasper polyhedral cluster
centered by Zr atom. The mean square displacement and the self part of the van Hove function were
calculated to evaluate the relaxation and transport properties. The cage effect is found to appear at
1100 K. The mode-coupling theory equation is more suitable than the Vogel-Fulcher—Tammann
equation to describe the change in diffusivity in the liquid state. The critical temperature 7., a
predicted glass transition temperature in mode-coupling theory, for CugzZr,, glass former is 1008.2
K. At temperatures near 7., there is a dynamic crossover. In supercooled liquid state, the dynamic
heterogeneity is detected. The comparison of the activation enthalpies of the two components shows
that the small atoms transport faster obeying the size effect. © 2009 American Institute of Physics.

[doi:10.1063/1.3245324]

I. INTRODUCTION

Glass transitions take place when liquids are cooled
down with a sufficiently high cooling rate. Above the glass
transition temperature 7T, diffusion drops drastically upon
cooling and deviates from the prediction of the Arrhenius
equation.l’2 The diffusion mechanisms in metallic glasses
(MGs) are completely different from those in crystalline met-
als. Collective hopping processes involving a large number
of atoms are found to exist in both the glassy state and the
liquid state.”” Understanding the mechanisms governing the
slowing down of the liquid relaxation is one of the main
questions in modern condensed-matter physics.6712 The
mode-coupling theory (MCT),"*" the most advanced glass
transition theory, predicts a microscopic glass transition tem-
perature T,, which is always above the caloric glass transi-
tion temperature 7, and usually below the freezing tempera-
ture. At this temperature, the atom is trapped by the cage
formed by its neighboring atoms. As a result of this cage
effect, liquidlike viscous flow vanishes below T,, and the
diffusion proceeds exclusively via activation hopping pro-
cesses. In MGs, simulations of the Co,_,Zr, system15 show
that 7. varies significantly with the concentration; but similar
investigations in other systems on the concentration depen-
dence of T, are rare. In the Cu—Zr system, the 7, for Cuy3Zrg;
is reported to be 1025 K,16 but values for other concentra-
tions are scarce.
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Recently, the atomic structures of binary systems have
been widely studied by simulations.'”™" The microscopic
structure  of the CugyZryy MG has been studied
experimentally,20 the first peak positions of the partial pair
correlation functions and the nearest-neighbor coordination
numbers (CNs) were obtained while other structural details
were not studied. The structure of MGs is generally believed
to have short-range order instead of long-range order. In our
previous study on the CugyZry, MG, interpenetrating and
face-sharing icosahedra are found to be dominant at 400 K.
But how the icosahedral ordering develops in liquid and
glassy CugyZr, upon cooling is not clear.

In this work, the structural evolution and diffusion in
CuggZryy metallic liquid and glass are investigated by mo-
lecular dynamics (MD) simulations using the LAMMPS code”
and the Finnis—Sinclair (FS) potential,23 a potential com-
monly used for transition metals. The pair distribution func-
tion (PDF) and common-neighbor analyses are used to inves-
tigate the structural evolution. The mean square displacement
(MSD) and the diffusion coefficient D are calculated to
evaluate the relaxation and transport properties. The purpose
of this paper is to demonstrate the development of short-
range order and the diffusion properties in the metallic liquid
and glass. The results are expected to shed light on the un-
derstanding of the glass transition in these metallic systems.

Il. SIMULATION AND ANALYSIS METHODS

In the present study, the FS potential was adopted to
simulate CugyZry metallic liquid and glass. The total energy
of this interatomic potential has the form
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where a and B are the types of atomic elements, r;; is the
interatomic distance between atoms i and j, ¢,g(r;;) is the
two-body potential, F is the embedding energy, and p,s(r;;)
is the electron density function. This type of potential has
been used to model the structure and elastic properties of
Cu—Zr alloys.24’25

MD simulations were performed on a cubic box with
1269 atoms involving 756 Cu atoms and 513 Zr atoms under
three-dimensional periodic boundary conditions. The con-
stant pressure and temperature NPT ensemble was used and
controlled with the Nosé—Hoover algorithm.26 The initial
density of the alloy was taken as 7.53 gem™, corresponding
to the reported experimental value.” The system was de-
signed to be melted and equilibrated at 1800 K for 200 ps
under the pressure of 0 Pa, then cooled down to 400 K with
three different cooling rates of 2.5X10'3, 2.5X 102, and
2.5x 10" Ks™' to test the effect of cooling rate on the 7.
The integration time step was taken as 1 fs, a value suffi-
ciently small to reduce the fluctuations of the total energy.
Simulations of 500 ps were carried out after equilibration for
200 ps for every 100 K to collect the corresponding proper-
ties, then the conjugate gradient algorithm was used to obtain
the inherent structure, in which random configurations corre-
sponding to the selected temperatures were extracted for
structural analysis.

The PDF presents the information of the local atomic
structure and is frequently used in the investigation of non-
crystalline systems. This function is defined as

o( = }VEJ Sr—ry).

where N is the number of atoms in the simulation box. The
PDF shows the probability of finding another atom at a dis-
tance r from an origin atom.

The MSD is given as

N
(P)=1 3 o) = r O,
i=1

where r;(¢) is the atomic position at time z, and (...) the
ensemble average.

The diffusion coefficient D can be calculated from the
long-time evolution of the MSDs,

D) = lim3(0)'

t—oo

where [ denotes the atoms Cu or Zr.

lll. RESULTS AND DISCUSSION

Upon cooling, average atomic volume, a parameter de-
scribed by the ratio of volume of the system to number of
atoms, is generally used to evaluate the density variation in
the system studied. Figure 1 shows the average atomic vol-
ume V of the alloy CugyZr,, during the cooling processes
with the three cooling rates of 2.5X 10'3, 2.5Xx 10", and

J. Appl. Phys. 106, 073520 (2009)

18.0

—=— 2.5 X 10" ks
1784 -0 2.5 X 10* Ks™
-®#-25 X 10" Ks™
176

17.4

V (A%atom)

17.2 o

17.0 4
=” T
16.8 QiQ' :

T T T T T T T T

400  BO0 800 1000 1200 1400 1600 1800
TK)

FIG. 1. (Color online) Average atomic volumes V as a function of tempera-
ture for the CugyZry, alloy for the three cooling rates: 2.5X10'3, 2.5
X 10'2, and 2.5x 10" Ks~!.

2.5x10'"" Ks™!. The change in the slope of the average
atomic volume indicates the glass transition of this alloy for
the three cases studied. The slight difference in the three
curves implies that the average atomic volume is insensitive
to the cooling rate in the given cooling-rate range, in agree-
ment with previous calculations.'® The intersection of the
extrapolations for curves representing the supercooled melt
and the glass denotes the glass transition temperature, T,. As
is well known, the T, is not fixed but depends on the thermal
history. In the present simulation the values of T, of the
CugyZryy MG for the cooling rates of 2.5X 10'3, 2.5 X 10'2,
and 2.5X 10" Ks™!' are 907, 946, and 942 K, respectively,
all are higher than the experimental value of 711 K.% The
systematic cooling-rate dependence of 7, is not obvious in
our simulations. In what follows, the system obtained with
the highest cooling rate 2.5 X 10'3 Ks™!' will be discussed in
detail.

Figure 2 shows the partial PDFs (pPDF) g(r) of the alloy
CuggZry at temperature intervals of 100 K between 1800 and
400 K. In the three groups of plots corresponding to Cu—Cu,
Cu—Zr, and Zr—Zr pairs, the first peaks increase in height and
decrease in width upon cooling, indicating that the structures
become more condensed as the temperature lowers. Splitting
of the second peaks can be observed in the Cu—Cu and
Cu—Zr pairs as the temperature decreases and the first sub-
peaks grow higher than the second ones. The splitting of the
second peaks for the Cu—Cu and Cu—Zr pairs at lower tem-
peratures gives further evidence of the formation of the
CuggZry undercooled liquid and glass.27 The increase in the
heights of the two subpeaks indicates that the atoms rear-
range in a more orderly fashion upon cooling. For the case of
the Zr—Zr pair, no split is found in the second peak but a shift
in the second peak position to the left and an increase in
height during the cooling process appear. This reveals that
the local environments of the Cu and Zr atoms are different
in the CugyZr,, metallic liquid and glass.

The position of the first peak in the PDF denotes the
most probable first-neighbor bond length. Figure 2 shows
that the positions of the first peaks remain nearly unchanged
upon cooling. The first peak positions derived from the

. . 20,28
present work and those obtained from experiment™ ™ are
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FIG. 2. (Color online) pPDFs g(r) for the CugyZry, alloy in the temperature
range from 1800 K to 400 K at an interval of 100 K. (a) Cu—Cu pair,
(b) Cu—Zr pair, and (c) Zr-Zr pair.

listed in Table I. It should be noted that the cooling rates are
significantly different due to the different processes. The cal-
culated first-neighbor bond lengths are consistent with the
corresponding experimental values, indicating that the FS
potential used herein is suitable to describe the structure of
the CugyZr,, metallic liquid and glass.

The CN is used in structural studies to provide a statis-
tical description of the nearest-neighbor atoms in liquid and
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TABLE I. Experimental and simulated first peak positions r for the CugyZry
alloy.

I'cu-Cu cu-7r T'ze-7r

&) &) A)

XRD* 2.73 3.13
EXAFS® 252 2.69 3.15
MD* 2.54 2.85 3.23

“Reference 20.
PReference 28.
“This work.

amorphous systems. The partial CNs z;; and z;;, correspond-
ing to the i-i and i-j pairs, respectively, are calculated by
integrating the first peaks of the pPDFs to the first minima,
and the total CNs z; for the i atoms can be estimated by
means of z;=z;;+z;;. Figure 3 shows the partial and total CNs
z as a function of temperature for the present alloy CugyZr .
Insignificant variations in the nearest-neighbor CNs upon
cooling indicate that the average CN is temperature indepen-
dent. Thus upon cooling the number of atoms in the first
shell is nearly unchanged but the atoms arrange themselves
more orderly as the formation of a structure with fivefold
symmetry described below. This result is in good agreement
with previous simulation result for CuyeZrs, MG.% The total
CN for a Cu atom is about 11.8 with 5.67 Cu atoms and 6.17
Zr atoms around it. For the case of Zr, the total CN is about
15 involving 9.25 Cu atoms and 5.75 Zr atoms. These results
suggest that in the first shell, the central Cu atom is sur-
rounded by two subshells, one with 5.67 Cu atoms at an
average distance of 2.54 A (Cu—Cu bond length) and 6.17 Zr
atoms at an average distance of 2.85 A (Cu—Zr bond length).
Thus the average composition of the clusters centered by Cu
is Cug ¢7Zr14 17, close to Cu,Zrg. For the central Zr atom, the
two subshells are 9.25 Cu and 5.75 Zr at average distances of
2.85 and 3.23 A (Zr—Cu and Zr—Zr bond lengths), respec-
tively. Therefore the Zr-centered cluster is Cug,sZrg75 on
average, close to Cug¢Zr;, a larger cluster than the Cu-
centered cluster due to the fact that the atomic radius of the
central Zr atom is larger than that of Cu.

As an example, Fig. 4 shows a 13-atom cluster Cu,;Zrg
centered by Cu atom and a 16-atom cluster CugZr; centered
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FIG. 3. (Color online) CNs z for the CugyZry, alloy as a function of
temperature.
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FIG. 4. (Color online) (a) Cu-centered icosahedral cluster with the compo-
sition of Cu,Zrg, (b) Zr-centered polytetrahedral cluster with the composi-
tion of CuygZr;, and (c) a pentagonal bipyramid derived from a random
configuration at 400 K. The blue and yellow balls denote Zr and Cu atoms,
respectively. The connecting bars represent the bonds between the surround-
ing atoms within the first nearest-neighbor distance.

by Zr atom obtained from a configuration at 400 K. It is to be
noted that, besides the Cu;Zrg and CuyZr;, there are many
other types of clusters with different numbers of atoms or
space distributions in any configuration upon cooling, result-
ing in the structural complication of the CugyZry, alloy.

To evaluate the coordination tendency of the Cu and Zr
atoms in CugyZry,, the Cowley chemical short-range order
parametﬁ]g(lCSRO) for the nearest neighboring shell is calcu-
lated as

a;=1-z;/clz;i+2z;),

where c; is the concentration of particle j and z;; is the num-
ber of particle j around a particle i within a sphere of radius
R;;. For random atomic distribution, the value of «;; is zero.
The positive and negative values of «;; indicate a preference
for like-neighbor and unlike-neighbor bonds, respectively.
The calculated CSRO parameters for alloy CugZry, are dis-
played in Fig. 5. Negative values for ¢, are found in the
whole temperature range studied indicating that unlike-
neighbor bonding is more likely to occur in this alloy. This
result is consistent with the PDF data where the first peak of
the Cu—Zr pRDF is higher than those of Cu—Cu and Zr—Zr.

The topological SRO is analyzed using the common-
neighbor analysis,32 which serves as a decomposition of the
radial distribution function according to the environment of
the pairs. In this method, a sequence of three indices, jk/, is
used to characterize the local environment of the pair. The
first index, j, denotes the number of neighbors common to
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FIG. 5. Chemical short-range order parameter « as a function of
temperature.
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FIG. 6. (Color online) Normalized fraction of CN pairs f in the CugyZry,
alloy as a function of temperature upon cooling at the rate of 2.5
X108 Ks™!,

both atoms. The second index, k, denotes the number of
bonds between these common neighbors and the third index,
[, is the number of bonds in the longest continuous chain
among the k common neighbors. Different common-
neighbor pairs are associated with different local structures.
For instance, the index 555 is characteristic of icosahedral
order, while 433 and 544 are characteristic of defect icosa-
hedral structure, and 421 and 422 are characteristic of fcc
and hcp structure. The only bonded pairs in the fcc crystal
are 421, while the hcp crystal has equal numbers of 422 and
421. The 666 and 444 pairs are related to a bcc crystal. The
311 pair represents the rhombus symmetrical feature of the
short-range order.

The normalized fractions of common-neighbor pairs f as
a function of temperature are given in Fig. 6. The results
show that the pairs in the majority are 555, 433, and 544
pairs, indicating the dominance of icosahedral packing due to
a more favorable energy.33 The presence of small fractions of
422 and 421 pairs denotes insignificant crystalline short-
range order. Percentages of other pairs (including 322, 666,
444, 311, and 211) are low. It is found that the structural
evolution of alloy CugyZry upon cooling can be divided into
three stages according to the change in the amount of 555
pairs because of its relatively larger change than those of
other pairs. Above 1200 K, the 555 pair fraction increases
slowly from 16.3% to 20.9% with the decrease in tempera-
ture, and then between 1200 and 1000 K, this fraction in-
creases sharply from 20.9% to 30.1%, while below 1000 K,
that is, in the glassy state, the 555 pair fraction nearly re-
mains invariable with a value of about 31%. Therefore, the
amount of pentagonal bipyramids, as shown in Fig. 4(c),
develops slowly upon cooling above 1200 K, and in the sec-
ond stage, grows rapidly within a short temperature range
above T,. As evolving into the glassy state, the amount of
pentagonal bipyramids remains nearly unchanged. Consider-
ing that in the CugyZr,, metallic liquid and glass, the Cu and
Zr atoms are evenly mixed, the pentagonal bipyramids might
involve any possible combination of seven Cu and Zr atoms
and this partly reveals the diversity of the local structure. The
appearance and growth of the pentagonal bipyramid illumi-
nates that the atomic arrangement tends to form the fivefold
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FIG. 7. (Color online) A log-log plot of the time dependence of the MSD for
Cu (a) and Zr (b) in the CugZry, alloy at the cooling rate of 2.5
X 1013 Ks~!. Temperatures vary from 1800 K (the top line) to 800 K (the
bottom line).

symmetry, characteristic of icosahedral cluster. Thus the
icosahedral clusters will increase in number with the evolu-
tion of pentagonal bipyramids and are mainly centered by Cu
atoms, as shown in Fig. 4(a), as the average CN of Cu atom
is close to 12. The sharp increase in icosahedral clusters in
liquid state well above T, improves the liquid stability and in
turn enhances the glass forming ability of the CugyZr,, alloy.
As for Zr atoms, they will form larger Kasper polytehedral
cluster, as shown in Fig. 4(b), because of its large average
CN of 15.

The MSD of the Cu and the Zr atoms are calculated for
metallic liquid and glass CugyZry, and plotted against time,
as shown in Fig. 7. At a short time (less than 0.1 ps), an
increment in MSD proportional to #> is observed which is
due to the vibrations and ballistic motion. With the lowering
of temperature MSD decreases slightly. For a longer time
(more than 10 ps), MSD increases proportionally to 7 at tem-
peratures higher than 1200 K, indicating the long-range dif-
fusion which is typical for a simple liquid. At an intermediate
period of time (0.1-10 ps), a plateau appears and becomes
pronounced when the temperature is lowered below 1100 K.
The approaching and the subsequent departure from the pla-
teau defines the S-relaxation regime as described by the
MCT. The appearance of the plateau is caused by the cage
effect; it takes time for an atom to escape from the “cage”
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FIG. 8. (Color online) Arrhenius plots of the diffusion coefficients D for
CugyZr,, metallic liquid and glass. The long dashed lines, short dashed lines
and solid lines are the VFT fits, the power-law fits and the linear fits,
respectively.

formed by its surrounding neighbors.7 The lower the tem-
perature, the longer the time required for escape, thus the
more distinct the plateau. In the glass state, at a temperature
below 800 K, the atoms are trapped in the cages and no
long-range diffusion is found on the time scale studied. Simi-
lar results for tests of MCT have been reported elsewhere.**

Figure 8 shows the temperature dependence of the self-
diffusion coefficients D for Cu and Zr in both the liquid state
and the glassy state. The results presented are obtained for
temperatures above 700 K, because at low temperatures
meaningful calculations are unattainable due to the very
small atomic mobility. It is found that the diffusion coeffi-
cient of Cu is larger than that of Zr, which is due to the fact
that the Cu atom has a smaller atomic radius and a smaller
mass. At temperatures above T,, both curves show nonlinear
Arrhenius behavior, i.e., the effective activation enthalpy
—kzd In D/JT"" increases upon cooling, which is attributed
to the incomplete relaxation to the metastable equilibrium
state at these temperatures.

The diffusion coefficients above T, are fitted by the
power-law expression predicted in the MCT

DI(T) = |T-T,

Y
>

where T, is the critical temperature, which is located well
above the caloric glass transition temperature T, and does
not depend on the experimental time scale. MCT predicts a
purely dynamical phase transition at 7. It is believed that the
mode-coupling temperature marks a crossover between two
types of dynamic regimes: one based on single-diffusion and
the other on cooperative hopping.14 The fitting parameters
are listed in Table II. It is found that for Cu, TCC”=991 K,
Ycu=1.6, and for Zr, T"=1034 K, v,,=1.37. T for the en-
tire system can be evaluated using the expression T
=ce IS+ ¢, T and giving the value of 1008.2 K, which is
somewhat higher than T, of the present system and lower
than 7, of 1025 K in a previous simulation of Cus3Zrg; using
the modified embedded atom method.'® The critical tempera-
ture 7. of Cu is smaller than that of Zr, indicating that the
smaller atoms (Cu) have a faster relaxation. In our simula-
tion, yc, is larger than vy, but in Cusz3Zrg;, the result is
reverse, with yc,=1.34 and y,,= 1.92.'° The physical mean-
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TABLE II. Diffusivity fitting parameters using the MCT power-law func-
tion, the VFT function, and the Arrhenius law.

Cu® cu’ Zr* Zr°
T, (K) 991 1025 1034 1025
1.6 1.34 1.37 1.92
Dyt (m?s™)  41x10°  37x10°%  143x10°%  2.65x1078
EVTT (eV) 0.24 0.3 0.15 0.28
Ty (K) 573.33 477 750.73 641
D™ (m2s7)  1L72X10°  141x107°  2x107°  1.09x 107
EA™ (V) 1.01 11 1.23 1.7
“This work.

®Data in Ref. 16.

ing of the parameter vy is not clear. Diffusion is also fitted by
the Vogel-Fulcher-Tammann (VFT) equation

DVFT - D(\)/FT exp[— EVFT/kB(T - TO)]’

with the fitting parameters given in Table II. Figure 8 shows
that the power-law fits are much better than the VFT fits at
temperatures above T,.; therefore the results presented here
substantiate the reliability of MCT.

In the glassy state, the diffusivities are fitted by the
Arrhenius equation

DArrh — D(/)erh exp(— EArrh/kBT),

where EA™ is the activation enthalpy. The best fits for the
alloy CugZryy, are Dy™=172x10° m?s~!, EA™
=101 eV, for Cu, and D)™=2X10"° m?s7",
=1.23 eV for Zr, consistent with the values obtained by
Kluge et al. 1 1t is found that the activation enthalpy of Cu is
smaller than Zr, indicating that the smaller Cu atoms diffuse
faster than the bigger Zr atoms. The size dependence of the
activation enthalpy is believed to reflect essential features of
the actual diffusion mechanism.” Obviously, the activation
enthalpy changes significantly near 7, for both Cu and Zr
atoms, indicating that there should be a dynamic crossover.®
At temperatures above T, it is convenient for the atomic
motion to be detected by the self part of the van Hove func-
tion G,(r,t) which gives the probability of finding the same
atom at a distance r at time ¢ from its origin position at time
t=0and takes the form
N
Gy(r,n)= (I/NZl or—rt) +r(0)]),
i=

EArrh

where &(r) is the & function.***’ Figure 9 shows 472G (r,1)

for CugyZr,, alloy in liquid state of 1300 K, supercooled
liquid state of 1100 K, and glassy state of 900 K. It is found
that at 1300 K, the curves broaden and decay regularly as ¢
increases, indicating that, on the average, the atoms travel
further with time and hence present a liquidlike flow.

In the supercooled liquid state, 47r>G(r,t) has a Gauss-
ian form to a first approximation but deviates with time in-
creasing, suggesting the presence of dynamical hetero-
geneities.Sg_40 Therefore, at the temperature 7=1100 K,
most of the atoms vibrates near their original positions and
are trapped in the cages formed by their neighbor atoms at a
time less than 10 ps. Then the amount of atoms diffusing to
distances larger than 2.5 A, the first nearest-neighbor dis-
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FIG. 9. 472G (r,t) as a function of r varying with time. (a) T7=1300 K, (b)
T=1100 K, and (c) T=900 K. In (b), the time takes r=1 ps and ¢
=10 nps with n=1,2...,16. The inset in (c) is the enlargement of the
curves at 900 K at a distance between 2.2 and 3.6 A.

tance for Cu—Cu pairs, gradually increases with time, corre-
sponding to the late S relaxation when the atoms move to the
positions on the cages or even further. In the case of glassy
state, the deviation of 47r°G(r,t) from the Gaussian form
still exists at a time longer than 100 ps, as shown in the inset
of Fig. 9(c), revealing that there are still a few atoms escap-
ing from their initial cages. Similar behavior has been found
in the experimental measurements for Co,_/Zr, and
Pd,;(Cus(NioPyg systems and numerical simulations for
Lennard-Jones binary mixture and Al systerns.s"”’%42
Figure 10 shows 47*G,(r,t) for the two component el-
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FIG. 10. 47r*G(r,t) for Cu (a) and Zr (b) atoms at 1100 K.

ements Cu and Zr at 1100 K. It can be seen that for Cu
atoms, a small peak gradually appears at a distance around 3
A for a time longer than 80 ps, but for the case of Zr atoms
there is no such peak at the same region. The presence of the
small peak is believed to be the characteristic of the hopping
processes, corresponding to thermally assisted transitions
over energy barriers from one potential minimum to
another.”*** Hence for Cu atoms the activated hopping
process takes place in the supercooled liquid state, while the
case is not true for Zr atoms.

The difference in the dynamics for the two types of at-
oms is due to the different local environments around them.
For Cu atoms, the CNs are relatively small, thus the atoms
exist in much smaller local clusters where the interaction
forces are weaker and the barrier heights are relatively lower,
which is favorable for Cu atoms to achieve the activated
process, leading to the larger diffusivity of Cu atoms than
that of Zr atoms.

IV. CONCLUSIONS

The atomic structure and the diffusion behaviors of the
CugpZry metallic liquid and glass were studied by MD simu-
lations with FS potential. The results reveal that upon cool-
ing, the average first-neighbor bond lengths and first nearest-
neighbor CNs approximately remain unchanged, but the
atoms arrange themselves more orderly. The amount of pen-
tagonal bipyramids increases sharply in a short temperature

J. Appl. Phys. 106, 073520 (2009)

range of about 200 K above the glass transition temperature
T,, promoting the growth of icosahedral cluster centered by
Cu atom and larger Kasper polyhedral cluster centered by Zr
atom. At temperatures above 1200 K, two stages, short-time
vibrations and long-time flow, are found in the liquid relax-
ation. When the temperature is lowered below 1100 K, the
cage effect appears on the time scale of the 3 relaxation. The
critical temperature 7. in MCT theory for CugyZry, alloy is
found to be 1008.2 K. As expected, the small atoms diffuse
faster than the larger ones. In the liquid state the MCT
power-law equation is more suitable in describing the diffu-
sion kinetics than the VFT equation. At temperatures near 7.,
there is a dynamic crossover. At 1100 K, the dynamical het-
erogeneity is detected. The activated hopping process takes
place for Cu atoms but not for Zr atoms.
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