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Abstract
In the present work, investigation of structural evolution of  Cu33Zr67 specimen during the cooling process from 2500 down 
to the 300 K, 200 K, 150 K, 100 K, 50 K, and 10 K has been performed at cooling rate of 5 K/ps using molecular dynamics 
simulation. The pair distribution function (PDF) reveals that Zr‒Zr pair causes the splitting of the first peak of the  Cu33Zr67 
glass at a lower temperature with an increase in height. Splitting of the first and second peaks supports the presence of the 
inhomogeneous structure with a statistical average of crystal-like and disordered structural regions in the  Cu33Zr67 glass. 
Voronoi cluster analysis indicated that quasi icosahedral clusters such as < 284 > , < 0285 > , and < 0282 > ; mixed-type 
cluster such as < 0364 > ; and crystal-like clusters such as < 0446 > are responsible for stabilization of glassy phase at 300 K, 
200 K, 150 K, 100 K, 50 K, and 10 K. Similarly, the maximum population of the Cu-centered and Zr-centered < 0286 > quasi 
icosahedral clusters support the stability of the glassy phase over the studied temperature range. Besides, the maximum 
population of Cu-centered < 0367 > and Zr-centered < 0364 > , < 0367 > , < 0363 > , and < 0365 > mixed-type clusters and 
Cu-centered < 0448 > and Zr-centered < 0448 > , < 0445 > , < 0446 > , and < 0444 > crystal-like clusters support the possibility 
of the presence of intermediate phase of  CuZr2 at lower temperatures as observed from PDFs. Mean square displacement 
(MSD) for the  Cu33Zr67 glass shows that the diffusion coefficient of Cu and Zr atoms reduces with decreasing temperature 
from 300 to 10 K. Diversity parameter (d) was found to decrease with decreasing temperature.

Keywords Molecular dynamics (MD) simulations · Cryogenic temperatures · Voronoi clusters · Mean square displacement 
(MSD) · Diversity (d)

Introduction

It is known that the excellent mechanical properties of 
metallic glasses (MGs) such as high elasticity and strength, 
high corrosion resistance, and hardness are overshadowed 
by their intrinsic brittleness [1, 2]. Therefore, improving 
the ductility, plasticity, and hardness of the MGs has been 
subject of immense interest [1, 2]. In recent years, different 

nanostructures have been widely used as reinforcement 
materials to improve the mechanical properties for poly-
mers [3, 4] and metallic glasses [1, 5–7]. Earlier studies to 
improve the mechanical properties of  Cu25Zr75,  Cu50Zr50, 
and  Cu75Zr25 MGs have shown that the reinforcement by 
nanofillers is independent of the chemical compositions 
of the alloys [1, 6, 7]. On the other hand, attempts were 
also made to improve the strength and increase the fracture 
toughness of the alloys for cryogenic structural applica-
tions [8]. Although the high strength of the material can be 
achieved by reducing thermal activation at cryogenic tem-
peratures, it is difficult to achieve improved toughness in 
ordinary alloys [8–10]. Besides, earlier reports [11–14] have 
shown the possibility to achieve high strength with improved 
ductility in bulk metallic glasses (BMGs) at low tempera-
tures. High yield strength along with high fracture toughness 
at cryogenic temperatures in BMGs is achievable by reduc-
ing shear–band viscosity, shear–slip velocity, and the stress 
drop in the serrated flow [12, 13]. Therefore, the knowledge 
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of the effect of thermal activation of metallic glasses (MGs) 
on the change of physical properties is necessary for pre-
dicting the material behavior for their practical applications 
[15]. Recent studies have suggested that the medium-range 
order (MRO) clusters are connected via a fractal network 
with a dimension of 2.31 in BMGs [16, 17]. These clusters 
are responsible for the stable glassy phase thereby provid-
ing resistance to the nucleation and growth of crystalline 
phases [18, 19]. In particular, it has shown that the presence 
of full icosahedra < 00,120 > is one of the most important 
Voronoi clusters (VCs) for the stability of the MGs [20, 21]. 
The VC < 00120 > is responsible for the slowing down of 
relaxation dynamics compared to other polyhedral [20, 21]. 
Recently, Cu–Zr binary glasses [22–25] have been investi-
gated for their mechanical properties such as tensile strength, 
surface damage under the impact of a nanosized projectile. 
Additionally, CuZr-based BMGs [26–28] were also studied 
due to their enhanced mechanical properties at room tem-
perature. However, the fundamental understanding of the 
glass-forming mechanism and its effect on properties is still 
unclear at cryogenics. This alloy provides a large composi-
tional range from 25 to 72 at % of Cu to explore the struc-
tural dynamics at the atomic level and its relationship with 
glass-forming ability (GFA) [29, 30].

Earlier, Kluge, and Schober [31, 32] have studied the 
diffusion and jump length in the  Cu33Zr67 glass from 2000 
to 700 K with different cooling rates. Similarly, Han and 
Schober [33] and Liu et al. [34] have reported the diffu-
sion studies in the temperature range of 2400 to 1200 K and 
2000 to 800 K, respectively, in  Cu33.3Zr66.7 glass. However, 
the study of this glassy alloy was not addressed at lower 
temperatures which have created a lack of understanding in 
glass behavior under cryogenic conditions. The significance 
of the low-temperature applications and the importance of 
the  Cu33Zr67 glass have motivated us to perform the low-
temperature studies of the  Cu33Zr67 glass from 300 to 10 K 
and address the structural evolution at the atomic scale using 
molecular dynamics (MD) simulations. In the present work, 
MD has been used to address the GFA and the structural 
evolution with temperature. Our overall goal of the pre-
sent study is to address the underlying physical mechanism 
responsible for the structural rearrangements during cool-
ing from 300 to 10 K in  Cu33Zr67 alloy and its role in GFA. 
The role of different Voronoi polyhedral clusters behind the 
glass-forming mechanism at the atomic scale has also been 
evaluated.

Computational details

An investigation of structure evolution during the cooling 
process from 300 to 10 K was performed for  Cu33Zr67 
by MD simulations using Large-scale Atomic/Molecular 

Massively Parallel Simulator (LAMMPS) platform [35]. 
Embedded atom method (EAM) interatomic potential 
developed by Mendelev et al. [36] has been  used. A simu-
lation box of 10 nm × 10 nm × 10 nm dimensions contain-
ing approximately 87,808 atoms has been constructed by 
applying the periodic boundary condition. The motion 
equations were solved by the velocity–Verlet algorithm in 
the velocity form [37]. The isothermal–isobaric ensemble 
(i.e., NPT) with a constant atom number (N), pressure 
(P), and temperature (T) have been used. The temperature 
is controlled by Nose–Hoover thermostat [38], and zero 
pressure is maintained using Nose–Hoover barostat [39, 
40], respectively. The specimen has been heated from 300 
to 2500 K with a time step of 0.002 ps at a heating rate 
of 5 K/ps. Further, the specimen has been equilibrated at 
2500 K for 50 ps and then cooled down to 300 K, 200 K, 
150 K, 100 K, 50 K, and 10 K at a cooling rate of 5 K/
ps. From the literature survey [1, 6, 7, 19–25, 29–34, 37, 
40–43], it has been observed that Cu‒Zr binary MGs 
and Cu‒Zr-based MGs have been quenched at different 
temperatures with a wider cooling rate ( RC ) ranging from 
0.04 to 500 K/ps. Among them,  Cu33Zr67 was studied at 
RC of 0.04 K/ps, 0.2 K/ps, 1 K/ps, and 5 K/ps, 25 K/ps by 
Kluge et al. [31, 32]. Similarly, Han et al. [33] and Liu 
et al. [34] investigated the  Cu33.3Zr66.6 MGs at RC of 1 K/
ps and 0.4 K/ps, respectively. Being large in atomic size 
( Zrradius , 1.603 Å) [44] compared to that of Cu ( Curadius , 
1.278 Å) [44], it was presumed that the introduction of 
Zr in Cu will re-structure the geometry of the Cu lead-
ing to the new geometrical arrangement at atomic scale 
in binary  Cu33Zr67 MG. Moreover, Zhang et al.[41] have 
reported that the orientation of the crystalline structure 
becomes more prominent at lower cooling rate, i.e., 10 K/
ps for 2D Cu. Considering all these aspects, it was pro-
posed that the use of lower cooling rate, i.e., 5 K/ps, 
would provide significant structural evolution at lower 
temperatures. On the other hand,  Cu46Zr54 [45] and Cu‒
Zr‒Ag [46] MGs have been studied at the same heating 
rate ( Rh ) and cooling rate ( RC ) in addition to the dif-
ferent RC to study their effect on thermal properties of 
the system. Like RC , there is a critical heating rate ( Rh ) 
to maintain the amorphous structure while heating to 
the liquid state [47]. It indicates the lowest heating rate 
required to avoid devitrification when heating a perfect 
amorphous sample to a liquid in equilibrium [47]. Earlier 
[47–49], it was reported that the difference in RC and 
Rh causes asymmetry in crystallization and divarication. 
Therefore, to avoid any such discrepancy and to investi-
gate the structural evolution in  Cu33Zr67 as function of 
temperature alone in the present work, both Rh and RC 
were kept identical, i.e., 5 K/ps. The structural details 
have been retrieved by pair distribution function (PDF) 
[50, 51], coordination number (CN), and Voronoi cluster 
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(VC) analysis [29, 52, 53]. Mean square displacement 
(MSD) [54] studies for Cu and Zr atoms have also been 
performed in the temperature range of 300 to 10 K. MSD 
will provide information on the atomic diffusion of the 
different atomic species such as Cu and Zr. Equation (1) 
is for the calculation of MSD [54].

In Eq. (1), N represents the number of atoms, t is the 
time duration, and ri(t) − ri(0) is the vector distance trave-
led by a specific atom over the time duration. Besides, 
diversity (d) in the clusters at different temperatures is 
also evaluated.

(1)MSD =
⟨

r2(t)
⟩

=

⟨

1

N

∑N

i=0

(

ri(t) − ri(0)
)2

⟩

Results and discussion

Pair distribution functions (PDFs)

For obtaining interatomic distances and coordination num-
ber (CNs) of the rapidly quenched specimen of the  Cu33Zr67 
MG, total pair distribution function (PDF) and partial pair 
distribution function (pPDF) have been studied. Figure 1 
shows the typical nature of the total and pPDF at 300 K 
with the 3D specimen structure of the  Cu33Zr67 glassy alloy. 
Variations in total PDFs of the liquid to the glassy state of 
 Cu33Zr67 with decreasing temperature have been illustrated 
in Fig. 2.

Splitting of the first peak with a sharp increase in its 
height has been observed in Fig. 2, while quenching the 
liquid melt from 2500 to 10 K. The height of the second 
sub-peak was found to be increasing monotonically irrespec-
tive of the first sub-peak when the temperature decreases 
from 300 to 10 K. Similarly, the evolution of the splitting of 
the second peak has also been noticed at 300 K compared 
to that of 2500 K. The first sub-peak of the second main 
peak has been found to increase monotonously as the tem-
perature decreases down to 10 K from 300 K irrespective 
of the second sub-peak. Besides, a small peak between the 
first and second main peaks is found to grow with decreas-
ing temperature. To elucidate the splitting mechanism of 
the first and second peaks, pPDFs have been carried out for 
Cu–Cu, Cu–Zr, and Zr–Zr pairs as shown in Fig. 3 Identical 
illustration, as observed in Fig. 2, of the increasing mag-
nitude of the first peak and its splitting has been observed 
in  gZr–Zr(r) as shown in Fig. 3c. Like Fig. 2, splitting of the 
second peak has been noticed for  gCu–Cu(r) and  gZr–Zr(r) in 
Fig. 3a and c respectively. Splitting of the second peak of 
the PDF and pPDF is the indicator of the formation of the 
glassy state [34]. Growth of the first sub-peak with lowering 
temperature was found to be more pronounced compared to 

Fig. 1  Total and partial PDFs of  Cu33Zr67 MGs. The inset is a 3D 
configuration of  Cu33Zr67 MG. The red and blue balls represent Cu 
and Zr atoms, respectively

Fig. 2  a Total PDFs of  Cu33Zr67 
MG at 300 K, 200 K, 150 K, 
100 K, 50 K, 10 K obtained 
using MD simulations. a1 g(r) 
in the range of 2.0 to 4.0 Å.
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that of the second sub-peak in  gCu–Cu(r) and  gZr–Zr(r). Unlike 
 gCu–Cu(r) and  gZr–Zr(r), no splitting of the second peak has 
been observed for  gCu–Zr (r) in Fig. 3b. However, at 300 K 
onwards, two small unusual peaks were found to emerge 
at the minimum of the first peak on the higher R side of 
 gCu–Zr(r) as noticed in Fig. 3b. The second sub-peak was 
found to increase with lowering the temperature compared to 
that of the first sub-peak. An increase in height of one such 
peak has also been noticed for  gZr–Zr(r) in Fig. 3c. From these 
observations, it can be presumed that with lowering the tem-
perature from 300 to 10 K, atoms are trying to arrange them-
selves in some order fashion leading to the coexistence of 
the crystal-like and disordered structural region which will 
be discussed in detail in the section “Proposed crystal struc-
ture evolution during cooling from 300 to 10 K.” Besides, 
in Fig. 3a1, b1, and c1, intensity and height of the peaks 
at different temperatures have been enlarged. These figures 
show that the peak of the  gCu–Cu(r) shifts towards the lower 
R value with decreasing temperatures. Similarly, the peak of 
the  gCu–Zr(r) is found to shift towards higher R values with 
decreasing temperature. On the other hand, splitting of the 
first peak in the opposite directions for  gZr–Zr(r) can be seen 
in Fig. 3c1. Competition of first peaks in  gCu–Cu(r),  gCu–Zr(r), 
and  gZr–Zr(r) to grow in opposite directions with decreasing 
temperature is responsible for splitting of the first peak in 
total PDF as shown in Fig. 2. To shed a light on such pecu-
liar behavior, in Fig. 4, variations in interatomic distances 

obtained from MD simulations with temperature are plotted. 
Interatomic distance is found to decrease for Cu–Cu pair and 
increase for Cu–Zr pair with decreasing temperature, respec-
tively, as shown in Fig. 4. For Zr–Zr pair, identical behavior 
of variation in the interatomic distance with temperature as 
that of Cu–Cu pair has been observed. These results support 
the shifting of peaks for Cu–Cu, Cu–Zr, and Zr–Zr with 
temperature as shown in Fig. 3a-c.

The difference of the Cu–Cu, Cu–Zr, and Zr–Zr pPDFs 
causes the splitting of the first peak of the total PDF at 300 K 
represented in Fig. 2. From Fig. 2, it can be seen that in 
total PDF, splitting of the second peak begins at 1.42σ1 and 
1.79σ1. σ1 = 3.05 Å is the first peak position as shown in 
Fig. 2. The distances  rCu–Cu,  rCu–Zr, and  rZr–Zr are estimated 
from the first peak maxima of the  gij(r). At 300 K, the dis-
tance of  rCu–Cu,  rCu–Zr, and  rZr–Zr obtained from Fig. 3a-c is 
2.51 Å, 2.79 Å, and 3.13 Å, respectively, which is in good 
agreement with the experimental data  (rCuCu = 2.47  Å, 
 rCuZr = 2.85 Å, and  rZrZr = 3.20 Å) for the  Cu50Zr50 MG [29]. 
Earlier reports [55, 56] have shown that the first peak posi-
tion is mainly determined by the Zr–Zr partials in the Zr-rich 
liquids. The R values close to the Zr–Zr bond length cor-
responds to the Zr-rich liquid [57]. It appears that when the 
peak in g(r) is dominated by one of the partials, it follows the 
temperature dependence of those partials which can shift to 
the smaller/larger R with increasing/decreasing temperature. 
The relative growth rates and contributions of the partials 
may result in a contraction or expansion of the first shell 
[56]. In the present work, the value of peak position at 300 K 
obtained from MD simulations is 3.05 Å which is close to 
that of Zr–Zr partials. Therefore, it can be said that the total 
g(r) follows the temperature dependence of Zr–Zr partials.

Further, the splitting of the second peak was found to 
begin at an identical temperature of 300 K as observed in 
the  gCu–Cu(r) and  gZr–Zr(r) pPDFs, as displayed in Fig. 3a and 
Fig. 3c. Besides, the interatomic distances at which split-
ting of the second peak begins are also calculated. It was 
found that splitting has emerged at 1.83σ1 and 2.17σ1 for 
the Cu–Cu pairs and 1.78σ3 and 1.94σ3 for the Zr–Zr pairs, 
respectively, where σ1 = 2.51 Å and σ3 = 3.13 Å are the first 
peak position, respectively, in the Cu–Cu and Zr–Zr pPDFs. 
However, no splitting of the second peak for the Cu–Zr pair 
has been observed. Present calculations match well with 
available literature [29, 52, 58] and reflect the universal-
ity of PDFs in MGs. Table 1 shows that atomic distances 
Cu–Cu, Cu–Zr, and Zr–Zr are less than that of Goldsmith 
radius [44, 59] of the crystalline positions. It is known that 
when first neighbor distances are shorter than crystalline 
positions, the atoms in the short-range order (SRO) regime 
acquired the position with minimum local energy and 
stabilizes the glassy phase [60]. It shows that the present 
EAM interatomic potential [36] is suitable to explain the 
structure of  Cu33Zr67 MG. Besides, small shoulder peaks 

Fig. 3  Partial PDFs of  Cu33Zr67 MG for a  gCu-Cu(r), b  gCu-Zr(r), and 
c  gZr-Zr(r) at 300 K, 200 K, 150 K, 100 K, 50 K, 10 K obtained using 
MD simulations. a1, b1, and c1 represent partial g(r) for  gCu-Cu(r), 
 gCu-Zr(r), and  gZr-Zr(r) in the range of 1.8 to 3.4 Å, 2.2 to 3.2 Å, and 
2.6 to 3.8 Å, respectively

◂

Fig. 4  Variation in interatomic distances obtained by MD simulations 
at 300 K, 200 K, 150 K, 100 K, 50 K, 10 K for  Cu33Zr67 MG
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are found to grow between first and second peaks on right 
at 300 K onwards as shown in Fig. 3b and c for  gCu–Zr and 
 gZr–Zr, respectively. With further decrease in temperature, 
the peak intensities of the right shoulder boost and split 
into two sub-peaks as shown in Fig. 3b thereby showing 
the initiation of the ordered structure. The growth of the 
right sub-peak becomes more pronounced with decreasing 
temperature thereby supporting the possibility of orientation 
in the ordered structure at the atomic scale. In an earlier 
report [60], it has been stated that such a bump might result 
from the presence of atoms between the first and second 
coordination shells during cooling. This suggests that some 
of the atoms move towards each other thereby pushing other 
atoms between the first and second neighbor distance in the 
SRO regime [60]. The splitting of the second peaks for the 
Cu–Cu and Zr–Zr pairs at lower temperature supports the 
formation of the  Cu33Zr67 glass [41, 42]. The growth in the 
height of the two sub-peaks can be attributed to the atomic 
rearrangement during cooling. For Zr–Zr pair, the second 
peak shifts to the right with an increase in height during the 
cooling process with no splitting. This shows the different 
environments of the Cu and Zr atoms in the  Cu33Zr67 glass.

Earlier, it was reported that the Cu–Zr system exhibits 
longer Zr–Zr bonds, intermediate Cu–Zr, and short Cu–Cu 
in the first coordinating shell [35, 52]. These observations 
are consistent with the present findings as shown in Table 1 
and can be confirmed with those of σ1 = 2.51 Å, σ2 = 2.79 Å, 
and σ3 = 3.13 Å. In addition to the first shell, longer-range 
pair correlations such as second and third atomic shells have 
also been analyzed. The substantial differences in the pPDFs 
 gCu–Cu(r),  gCu–Zr(r), and  gZr–Zr(r) between the liquid and glass 
states can be remarkably noticed as shown in Fig. 3a-c. The 
pPDFs in the liquid at 2500 K show a significant degree of 
similarity, while at 10 K, plots show distinct variation. It was 
observed that the second shell for Cu–Cu and Zr–Zr partials 
shows a large degree of peak splitting. On the other hand, the 
Cu–Zr partial shows a considerable difference when compar-
ing the liquid to the glassy state with the splitting of the peak 
at the first minima as shown in Fig. 3b. Strong temperature 

dependence of the separation of the peaks and their rela-
tive intensities has been observed as illustrated in Fig. 2 and 
Fig. 3a-c. The fluctuation in the height of the partial pairs 
beyond 7 Å is reasonably higher for the glass state. This 
shows the structural re-ordering of the glass in the second 
and third atomic shells [61]. Moreover, the interatomic dis-
tances of the second and third shells were found to shift to 
smaller R by lowering the temperature from 2500 to 10 K 
for Cu–Cu and Zr–Zr pair. On the other hand, these peaks 
were found to shift towards the higher R by lowering the 
temperature from 2500 to 10 K for Cu–Zr. These changes 
in the pPDFs show the variation in the atomic ordering up 
to 10 Å. This could be stated as the densification of the 
atomic packing by lowering the temperature [62]. The val-
ues of interatomic distances at the first peak, second peak, 
and third peak for  Cu33Zr67, Cu–Cu, Cu–Zr, and Zr–Zr are 
given in Tables 2, 34 to 5, respectively. From Fig. 3a1‒c1, 
it can be seen that the different directions of the growth of 
the first peaks are responsible for the splitting of the first 
peaks with decreasing temperature in total PDF as shown 
in Fig. 2. Based on the evolution trend of first and second 
peaks with varying cooling rates and cooling temperatures, 
Zhang et al. [41] have suggested that the splitting of the 
first and second peaks can be viewed as an embryonic form 
of the crystal peak. Zhang et al. [41], as shown in Fig. 5, 

Table 1  Comparative analysis 
of interatomic distances R (Å) 
of Cu‒Cu, Cu‒Zr, Zr‒Zr as 
obtained by MD simulations 
for the  Cu33Zr67 glassy ribbons 
at 10 K, 50 K, 100 K, 150 K, 
200 K, and 300 K

Ri-j = interatomic distances calculated from the interatomic radius of the individual element as given in [44, 
59]

Tempera-
ture

Cu‒Cu (Å) Cu‒Zr (Å) Zr‒Zr (Å)

MD simulations Ri-j MD simulations Ri-j MD simulations Ri-j

10 K 2.49 2.56 2.81 2.88 3.09 3.21
50 K 2.52 2.56 2.81 2.88 3.10 3.21
100 K 2.49 2.56 2.79 2.88 3.10 3.21
150 K 2.52 2.56 2.79 2.88 3.11 3.21
200 K 2.51 2.56 2.79 2.88 3.13 3.21
300 K 2.51 2.56 2.79 2.88 3.13 3.21

Table 2  Interatomic distances R (Å) at the first peak, second peak, 
and third peak for  Cu33Zr67 MG

Temperature First peak Second peak Third peak

1st sub-peak 2nd sub-peak

2500 K 2.95 5.5 NA
300 K 3.05 4.33 5.46 7.92
200 K 3.02 4.46 5.46 7.92
150 K 3.03 4.36 5.48 7.92
100 K 3.06 4.19 5.46 7.93
50 K 3.03 4.12 5.47 7.94
10 K 3.04 4.12 5.47 7.96
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plotted the fraction of the crystal-like regions with the tem-
perature at different cooling rates. Zhang et al. [41] have 
divided the region into three zones as shown in Fig. 5. As 
shown in Fig. 2, it can be concluded that the shoulder peaks 
between first and second peaks and two sub-peaks on the 
second peak support the presence of short- or medium-range 
ordered structures in  Cu33Zr67 MG. With this consensus, it 
can be concluded that there is a formation of some short- to 
medium-range ordered structure at cryogenics which leads to 
the coexistence of the disordered and crystal-like structure.

Proposed crystal structure evolution during cooling 
from 300 to 10 K

Wang et  al. [63] have reported that the BMGs can be 
quenched compositionally neighboring the intermetallic 
compounds as close as 0.5 at.% [63]. Wang et al. [63] termed 
these BMG formers as “intermetallic glass” and showed that 
the liquid alloy neighboring the intermetallic compounds 
acquired lower Gibbs free energy compared to that of the 
compounds themselves [63, 64]. From the phase diagram 
as shown in Fig. 6 [63–65], it can be seen that the interme-
tallic phase  CuZr2 with tetragonal crystal structure exists 
near the same point where the glass-forming composition 
 Cu33Zr67 is present. Therefore, it can be presumed that the 
low-temperature crystallization leads to the initiation of the 
development of the  CuZr2 phase. This can be presumed from 
the growth of the small peak between the first and second 
peaks of the total PDF of the  Cu33Zr67 MG as seen in Fig. 2 
and the presence of the crystal-like and disordered structural 
regions as seen in Fig. 4. Therefore, it could be suggested 
that the low-temperature treatment can be extended to the 
Cu–Zr binary MGs to improve the structural properties in 
addition to other reinforcement strategies [1, 6, 7].

Atomic‑level structure analysis

From earlier reports [29, 52, 53, 62], it has been observed 
that the Voronoi cluster analysis is an effective way to iden-
tify the building units of atomic structures. Details about the 

Table 3  Interatomic distances R (Å) at the first peak, second peak, 
and third peak for Cu‒Cu

Temperature First peak Second peak Third peak

1st sub-peak 2nd sub-peak

2500 K 2.48 5.05 7.92
300 K 2.51 4.59 5.44 7.84
200 K 2.51 4.58 5.39 7.83
150 K 2.52 4.52 5.39 7.78
100 K 2.49 4.55 5.41 7.84
50 K 2.52 4.54 5.41 7.84
10 K 2.49 4.55 5.42 7.90

Table 4  Interatomic distances R (Å) at the first peak, second peak, 
and third peak for Cu‒Zr

Temperature First peak Second peak Third peak

2500 K 2.73 5.77 NA
300 K 2.79 5.35 7.81
200 K 2.79 5.36 7.82
150 K 2.79 5.38 7.88
100 K 2.79 5.38 7.84
50 K 2.81 5.41 7.85
10 K 2.81 5.43 7.85

Table 5  Interatomic distances R (Å) at the first peak, second peak, 
and third peak for Zr‒Zr

Temperature First peak Second peak Third peak

1st sub-peak 2nd sub-peak

2500 K 3.12 5.77 NA
300 K 3.13 5.56 6.07 8.07
200 K 3.13 5.54 6.10 8.05
150 K 3.11 5.52 6.18 8.02
100 K 3.10 5.50 6.15 8.02
50 K 3.10 5.53 6.16 8.04
10 K 3.09 5.49 6.15 8.01

Fig. 5  Relationship between the fraction of the crystal-like region 
and the splitting of the second peak with different cooling rates: black 
line, 500 K/ps; red line, 250 K/ps; blue line, 100 K/ps; brown line, 
50  K/ps; purple line, 25  K/ps; and dark blue line, 10  K/ps [41]. ( 
Reproduced with permission from AIP Publishing House)
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Voronoi tessellations can be found in [29, 52, 53]. Figure 7 
shows the plots of coordination number (CN) for  Cu33Zr67 
MG at (a) 300 K, (b) 200 K, (c) 150 K, (d) 100 K, (e) 50 K, 
and (f) 10 K, respectively. From Fig. 7, it can be observed 
that at all studied temperatures CN = 15 has maximum 
population fraction followed by CN = 14, 13, 16, and 12. 
CN = 11 and 17 have low population fraction compared to 
them. From Table 6, it can be seen that with decreasing 
temperature from 300 to 10 K, the fraction of CN = 12–15 
increases whereas the fraction of CN = 16–17 decreases. 
Moreover, a very small decrease in the fraction of CN = 11 
has been observed. Table 6 shows that with lowering the 
temperature, the tendency of atomic configuration evolution 
increases by 0.22%, 25%, 0.29%, and 0.16%, respectively, for 
CN = 12, 13, 14, and 15. On the other hand, CN = 16 and 17 
decrease by 0.64% and 0.26%, respectively. Therefore, the 
cluster evaluation in  Cu33Zr67 can be ascribed as the coordi-
nated clusters with CN 16 and 17 with a large bond length 
between center atoms, and the atoms in a shell declined into 

Fig. 6  Cu–Zr binary phase 
diagram, showing the evolution 
of critical sizes of intermetal-
lic glass formers near each 
intermetallic compound, as 
well as the location of eutectic 
glass formers in the system with 
glass-forming rage [63]. (Repro-
duced with permission from 
ELSEVIER Publishing House)

Fig. 7  Coordination number (CN) along with its corresponding popu-
lation fraction for  Cu33Zr67 MG at (a) 300 K, (b) 200 K, (c) 150 K, 
(d) 100 K, (e) 50 K, (f) 10 K, respectively

Table 6  Variation in 
coordination number (CN) with 
its corresponding population 
fractions (%) for  Cu33Zr67 MG 
at 300 K, 200 K, 150 K, 100 K, 
50 K, 10 K

CN 2500 K 300 K 200 K 150 K 100 K 50 K 10 K

11 2.43 4.43 4.44 4.50 4.41 4.45 4.41
12 7.44 12.01 12.03 12.01 12.23 12.10 12.23
13 15.12 16.27 16.35 16.40 16.52 16.46 16.52
14 21.28 21.85 21.97 22.08 22.14 22.08 22.14
15 22.71 24.53 24.61 24.64 24.69 24.83 24.69
16 17.12 15.17 14.80 14.79 14.53 14.53 14.53
17 9.01 4.44 4.41 4.29 4.18 4.25 4.18
18 3.35 0.58 0.61 0.58 0.56 0.57 0.57
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Fig. 8  Coordination number 
(CN) distribution around the a 
Cu and b Zr atoms, respectively, 
for  Cu33Zr67 MG at 300 K, 
200 K, 150 K, 100 K, 50 K, 
10 K, respectively

Table 7  Variation in Voronoi 
polyhedra (VPs) (%) with its 
corresponding population 
fractions (%) for  Cu33Zr67 MG 
at 300 K, 200 K, 150 K, 100 K, 
50 K, 10 K

CN VPs 10 K 50 K 100 K 150 K 200 K 300 K

10  < 0280 > 0.4 0.4 0.4 0.4 0.4 0.4
 < 0361 > 0.2 0.2 0.2 0.2 0.2 0.2

11  < 0281 > 2.4 2.4 2.4 2.3 2.3 2.2
 < 0362 > 0.4 0.4 0.4 0.4 0.4 0.4
 < 0443 > 0.4 0.5 0.5 0.5 0.4 0.5

12  < 00,120 > 0.8 0.7 0.8 0.8 0.7 0.7
 < 0282 > 3.3 3.2 3.2 3.2 3.1 3.0
 < 0363 > 2.5 2.3 2.4 2.3 2.3 2.3
 < 0444 > 1.0 1.1 1.1 1.1 1.1 1.1
 < 0525 > 0.3 0.3 0.3 0.2 0.3 0.3

13  < 01,102 > 1.8 1.8 1.8 1.7 1.7 1.7
 < 0283 > 0.9 0.9 0.9 0.8 0.9 0.8
 < 0364 > 4.8 4.7 4.8 4.6 4.5 4.4
 < 0445 > 1.3 1.2 1.2 1.3 1.2 1.2
 < 0526 > 0.7 0.7 0.7 0.7 0.7 0.7

14  < 00,122 > 0.5 0.4 0.5 0.5 0.4 0.4
 < 01,103 > 1.8 1.8 1.8 1.7 1.7 1.6
 < 0284 > 4.3 4.2 4.2 4.2 4.0 4.0
 < 0365 > 3.1 3.2 3.1 3.1 3.0 3.1
 < 0383 > 0.1 0.1 0.1 0.1 0.1 0.1
 < 0446 > 2.6 2.6 2.6 2.6 2.7 2.5
 < 0464 > 0.2 0.2 0.2 0.2 0.2 0.2
 < 0608 > 0.3 0.3 0.3 0.3 0.3 0.2

15  < 01,104 > 2.1 2.1 1.9 2.0 1.9 1.9
 < 00,123 > 0.4 0.3 0.4 0.4 0.3 0.3
 < 0285 > 3.6 3.6 3.5 3.4 3.4 3.2
 < 0366 > 3.1 3.1 3.2 3.1 3.0 3.0
 < 0447 > 1.7 1.7 1.7 1.7 1.6 1.7
 < 0528 > 0.2 0.2 0.2 0.2 0.2 0.2

16  < 00,124 > 0.1 0.1 0.1 0.1 0.1 0.1
 < 01,105 > 0.6 0.7 0.7 0.7 0.7 0.7
 < 0286 > 1.3 1.4 1.4 1.4 1.4 1.4
 < 0367 > 1.0 1.0 1.1 1.1 1.0 1.0
 < 0448 > 0.6 0.6 0.6 0.6 0.7 0.7

17  < 01,106 > 0.1 0.1 0.1 0.1 0.1 0.1
 < 0287 > 0.2 0.2 0.2 0.2 0.2 0.2
 < 0368 > 0.2 0.2 0.2 0.2 0.2 0.2
 < 0449 > 0.1 0.1 0.1 0.1 0.1 0.1
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a coordinated cluster of CN with 12–15 with smaller bond 
lengths upon cooling [56]. It is known that the icosahedral 
cluster has 12 neighboring atoms and has a CN = 12 [66, 67]. 
The population fraction of atoms with CN = 12 for  Cu33Zr67 
was found to be constant throughout the temperature range 
of 10‒300 K with a small variation of 0.1%. In the present 
investigation, CN analysis of  Cu33Zr67 has shown the higher 
population fraction of CN = 12 at 10 K indicating the higher 
GFA of the specimen. Considering the Cu and Zr atoms as 
the center of the polyhedron, distribution of CN, and differ-
ent Voronoi clusters (VC), analysis for the  Cu33Zr67 MG at 
300 K, 200 K, 150 K, 100 K, 50 K, and 10 K has been evalu-
ated. Figure 8 shows the variation in Cu- and Zr-centered 
CN at various temperatures. From Fig. 8, it can be seen that 
CN = 15 and 16 are the most dominating at all temperatures 
centered on Cu and Zr atoms. Zr-centered polyhedra are 
mainly CNs with 13, 14, 15, 16, 17, and even 18 for liquid 
 Cu64Zr36 and are decreased with further increasing Zr con-
tent [60]. The presence of Cu-centered CNs of 13 and 14 
has also been expected in some BMGs [60, 68]. From the 

common neighbor analysis [60], it has been unfolded that 
the presence of complex geometries in Cu–Zr MG is a result 
of the packing among nearby atoms as well as related to the 
chemical bonding.

Hidden topological orders in Cu33Zr67 metallic glass

Different characteristic constant sequences correspond to the 
different lattice structures [42]. Henceforth, to understand 
the different topological ordering in the  Cu33Zr67 MG, the 
scaled peak positions of the partial PDFs have been ana-
lyzed. Ratio Ri/R1 (i = 2,3,4) in Cu–Cu pPDFs chooses 
the characteristic constants of the fcc lattice structure. For 
Cu–Zr pPDFs, it has been observed that the values of R2/R1 
and R3/R1 follow bcc and fcc orders, respectively. Similar 
results were also observed in Zr–Zr partial PDFs. It has been 
observed that the R2/R1 and Ri/R1 (i = 3,4) follow fcc order 
and bcc order, respectively. Hence, in Cu–Zr and Zr–Zr 
pPDFs, the hidden order follows both fcc order and bcc 
order. Thus, three different hidden orders are identified in 

Table 8  Classification of VPs 
(%) based on Hwang [69] 
criteria for  Cu33Zr67 glass

Types VP 10 K 50 K 100 K 150 K 200 K 300 K

Perfect icosahedra  < 00,120 > 0.8 0.7 0.8 0.8 0.7 0.7
Quasi icosahedral  < 01,102 > 1.8 1.8 1.8 1.7 1.7 1.7

 < 01,103 > 1.8 1.8 1.8 1.7 1.7 1.6
 < 01,104 > 2.1 2.1 1.9 2.0 1.9 1.9
 < 01,105 > 0.6 0.7 0.7 0.7 0.7 0.7
 < 01,106 > 0.1 0.1 0.1 0.1 0.1 0.1
 < 0281 > 2.4 2.4 2.4 2.3 2.3 2.2
 < 0282 > 3.3 3.2 3.2 3.2 3.1 3.0
 < 0283 > 0.9 0.9 0.9 0.8 0.9 0.8
 < 0284 > 4.3 4.2 4.2 4.2 4.0 4.0
 < 0285 > 3.6 3.6 3.5 3.4 3.4 3.2
 < 0286 > 1.3 1.4 1.4 1.4 1.4 1.4
 < 0287 > 0.2 0.2 0.2 0.2 0.2 0.2

Mixed clusters  < 0362 > 0.4 0.4 0.4 0.4 0.4 0.4
 < 0363 > 2.5 2.3 2.4 2.3 2.3 2.3
 < 0364 > 4.8 4.7 4.8 4.6 4.5 4.4
 < 0365 > 3.1 3.2 3.1 3.1 3.0 3.1
 < 0366 > 3.1 3.1 3.2 3.1 3.0 3.0
 < 0367 > 1.0 1.0 1.1 1.1 1.0 1.0
 < 0368 > 0.2 0.2 0.2 0.2 0.2 0.2

Crystal-like clusters  < 0443 > 0.4 0.5 0.5 0.5 0.4 0.5
 < 0444 > 1.0 1.1 1.1 1.1 1.1 1.1
 < 0445 > 1.3 1.2 1.2 1.3 1.2 1.2
 < 0446 > 2.6 2.6 2.6 2.6 2.7 2.5
 < 0447 > 1.7 1.7 1.7 1.7 1.6 1.7
 < 0448 > 0.6 0.6 0.6 0.6 0.7 0.7
 < 0449 > 0.1 0.1 0.1 0.1 0.1 0.1
 < 0525 > 0.3 0.3 0.3 0.2 0.3 0.3
 < 0526 > 0.7 0.7 0.7 0.7 0.7 0.7

286   Page 10 of 21



Journal of Molecular Modeling (2021) 27: 286

1 3

 Cu33Zr67 glasses. Considering the present analysis, it can 
be stated that all three partial PDFs, as shown in Fig. 3a-c, 
are distinct indicating the different range of atomic packing 
orders in Cu–Cu, Cu–Zr, and Zr–Zr, respectively. The exist-
ence of different topological order in pPDFs can be attrib-
uted to the splitting of the first peak and second peak in total 
PDF as shown in Fig. 2. This analysis supports the good 
GFA of the Cu–Zr MGs in the present work.

Voronoi clusters (VC) in Cu33Zr67

Voronoi analysis has revealed that there are 38 VCs in the 
 Cu33Zr67 MG having CN of 10–17 at the studied temperature 
range. From Table 7, it can be seen that the population of 
the VCs < 0281 > , < 0282 > , < 0363 > , < 0364 > , < 0284 > , 
< 0365 > , < 0446 >  < 01104 > , < 0285 > , and < 0366 > was 
more than 2%. Besides, the population fraction of VCs < 
0444 > , < 01102 > , < 0445 > , < 01103 > , < 0447 > , < 0
286 > , and < 0367 > was in the range of 1 to 2%. Among 
them, < 0364 > was found to have a maximum population of 
4.4% and 4.8% at 300 K and 10 K, respectively. On the other 
hand, < 00124 >  < 01106 > , and < 0449 > were found to have 
the lowest population of 0.1% over the complete temperature 
range. A list of VCs over the temperature range can be found 
in Table 7. Further, these VCs have been classified into per-
fect icosahedra, quasi icosahedral, mixed-type clusters, and 

crystal-like clusters as proposed by Hwang [69] as listed in 
Table 8. Table 8 show that the quasi icosahedral VCs such 
as < 01102 > , < 01103 > , < 01104 > , < 0281 > , < 0282 > , < 
0284 > , < 0285 > , and < 0286 > ; mixed-type cluster such as 
< 0363 > , < 0364 > , < 0365 > , < 0366 > , and < 0367 > ; and 
crystal-like cluster such as < 0444 > , < 0445 > , < 0446 > , 
and < 0447 > majorly contribute to the formation of the glass 
and the splitting of the peaks (first and second) for  Cu33Zr67 
with decreasing temperature. For the present investigation, 
VCs with a fraction of more than 1% are considered. From 
Table 8, it can be noticed that the population fraction of 
quasi icosahedral VCs such as < 01102 > , < 01103 > , < 011
04 > , < 0281 > , < 0282 > , < 0284 > , and < 0285 > increases 
as the temperature decreases down to 10  K. Among 
them, < 0284 > , < 0285 > , and < 0283 > are the top VCs with 
maximum population fraction which increases with decreas-
ing temperature. Similarly, it can be seen that the population 
fraction of the mixed-type clusters such as < 0363 > , < 0364 
> , < 0365 > , and < 0366 > increases with decreasing temper-
ature. However, < 0364 > , < 0366 > , and < 0365 > have large 
fraction compared to other VCs. Uneven rise and fall in the 
population fraction of these can be seen in Fig. 9. Besides, 
a crystal-like cluster such as < 0445 > and < 0446 > increa
ses with lowering the temperature. However, < 0446 > has 
a large population fraction among other crystal-like VCs, 
and < 0447 > has the second largest population. Both the 

Fig. 9  Variation in popula-
tion fraction (%) of a quasi 
icosahedral, b mixed-type, c 
crystal-like Voronoi clusters 
at 10 K, 50 K, 100 K, 150 K, 
200 K, 300 K
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VCs are found to have an almost constant population over 
the studied temperatures. Further, quasi icosahedral VC such 
as < 0286 > and mixed-type cluster such as < 0367 > were 
found to decrease with lowering temperature as can be seen 
from Table 8. Moreover, the population fraction of mixed-
type clusters such as < 0367 > was found to increase first 
from 300 to 100 K and then decrease with a further fall 
of temperature from 100 to 10 K. Besides, crystal-like VC 
such as < 0447 > remains constant at all studied tempera-
tures. However, the population fraction of the perfect ico-
sahedra < 00120 > is almost constant (i.e., 0.7‒0.8%) in the 
temperature range of 10‒300 K. Therefore, in Fig. 8, only 
those VCs are plotted for which the population fraction is 
more than or equal to 1%.

Further, to clarify the role of both Cu- and Zr-centered 
polyhedral, VCs are classified into Cu-centered and Zr-cen-
tered as illustrated in Table 9. Figure 10a shows that Cu-
centered quasi icosahedral VCs < 0286 > and < 01105 > are 
constant with decreasing temperature from 300 to 50 K 
and slightly decreased further at 10  K. Moreover, Zr 

quasi icosahedral VCs such as < 0286 > , < 0282 > , 
and < 01105 > are majorly contributing towards the glass 
formation in  Cu33Zr67 as seen in Fig. 10b. It can be seen tha
t < 0286 > and < 01105 > remain constant over the tempera-
ture range of 300 K to 50 K and decrease slightly at 10 K. 
Similarly, < 0282 > remains constant as the temperature 
decreases from 300 to 100 K and then attains a minimum 
at 50 K. Further, with a decrease in temperature down to 
10 K, a population fraction of < 0282 > increases to its room 
temperature fraction. Figure 10c shows that < 0367 > has 
the highest population fraction of mixed-type VCs at Cu 
center compared to other VCs. It can be observed that the 
fraction of < 0367 > first increases and then decreases with 
lowering the temperature. At 100 K and150K, < 0367 > has 
the highest population fraction than other temperatures. 
From Fig. 10d, it can be seen that < 0364 > , < 0367 > , < 0
363 > , and < 0365 > are the major mixed-type cluster at Zr 
center. Although a fraction of < 0364 > decreased at 200 K, it 
remains constant and maximum compared to other clusters. 
Similarly, the fraction of < 0367 > increases first and then 

Table 9  Classification of VPs 
(%) based on Hwang [69] 
criteria at Cu- and Zr-centered 
atoms for  Cu33Zr67 MG

Types VP 10K 50K 100K 150K 200K 300K

Cu Zr Cu Zr Cu Zr Cu Zr Cu Zr Cu Zr

Perfect icosahedra  < 00,120 > 0 0.1 0 0.1 0 0.1 0 0.1 0 0 0 0.1
Quasi icosahedral  < 01,103 > 0 0.1 0 0.1 0 0.2 0 0.2 0 0.1 0 0.1

 < 01,104 > 0 0.1 0 0.1 0 0.2 0 0.2 0 0.1 0 0.1
 < 01,105 > 0.6 0.6 0.7 0.7 0.7 0.7 0.7 0.7 0.7 0.7 0.7 0.7
 < 01,106 > 0.1 0.1 0.1 0.1 0.1 0.1 0.1 0.1 0.1 0.1 0.1 0.1
 < 0281 > 0 0.3 0 0.4 0 0.4 0 0.4 0 0.4 0 0.4
 < 0282 > 0 0.7 0 0.6 0 0.7 0 0.7 0 0.7 0 0.7
 < 0283 > 0 0.5 0 0.5 0 0.5 0 0.5 0 0.4 0 0.4
 < 0284 > 0 0.7 0 0.6 0 0.6 0 0.6 0 0.6 0 0.6
 < 0285 > 0 0.3 0 0.3 0 0.3 0 0.3 0 0.3 0 0.3
 < 0286 > 1.3 1.3 1.4 1.4 1.4 1.4 1.4 1.4 1.4 1.4 1.4 1.4
 < 0287 > 0.2 0.2 0.2 0.2 0.2 0.2 0.2 0.2 0.2 0.2 0.2 0.2

Mixed clusters  < 0361 > 0 0.1 0 0.1 0 0.1 0 0.1 0 0.1 0 0.1
 < 0362 > 0.1 0.3 0 0.3 0 0.2 0 0.3 0 0.2 0 0.3
 < 0363 > 0.1 0.9 0.1 0.9 0.1 0.9 0.1 0.8 0.1 0.9 0.1 0.8
 < 0364 > 0.1 1.3 0.1 1.3 0.1 1.3 0.1 1.3 0.1 1.3 0.1 1.4
 < 0365 > 0.1 0.8 0 0.8 0.1 0.8 0.1 0.8 0.1 0.8 0.1 0.8
 < 0366 > 0.1 0.5 0.1 0.4 0.1 0.8 0.1 0.8 0.1 0.5 0.1 0.4
 < 0367 > 1.0 1.0 1.0 1.0 1.1 1.1 1.1 1.1 1.0 1.0 1.0 1.0
 < 0368 > 0.2 0.2 0.2 0.2 0.2 0.2 0.2 0.2 0.2 0.2 0.2 0.2

Crystal-like clusters  < 0442 > 0 0.1 0 0.1 0.1 0.1 0 0.1 0.1 0 0.1 0.1
 < 0443 > 0.1 0.4 0.1 0.3 0.1 0.3 0.1 0.4 0.1 0.4 0.1 0.4
 < 0444 > 0.1 0.5 0.1 0.6 0.1 0.5 0.1 0.6 0.1 0.5 0.1 0.5
 < 0445 > 0.1 0.5 0.1 0.5 0.1 0.6 0.1 0.6 0.1 0.6 0.1 0.6
 < 0446 > 0.1 0.6 0.1 0.5 0 0.6 0.1 0.6 0.1 0.5 0.1 0.5
 < 0447 > 0 0.3 0 0.2 0 0.2 0 0.2 0 0.2 0 0.2
 < 0448 > 0.6 0.6 0.6 0.6 0.6 0.6 0.6 0.6 0.7 0.7 0.7 0.7
 < 0449 > 0.1 0.1 0.1 0.1 0.1 0.1 0.1 0.1 0.1 0.1 0.1 0.1
 < 0525 > 0 0.1 0 0.1 0 0.1 0 0.1 0 0.1 0 0.1
 < 0526 > 0 0.1 0 0.1 0 0.1 0 0.1 0 0.1 0 0.1
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Fig. 10  a and b Quasi icosahedral-type Voronoi clusters at Cu- and Zr-centered atoms, c and d mixed-type Voronoi clusters at Cu- and Zr-centered atoms, 
e and f crystal-like Voronoi clusters at Cu- and Zr-centered atoms 
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decreases as seen in Fig. 10d and remains the second largest 
population fraction of Zr-centered mixed-type VCs. From 
Fig. 10e, it can be seen that there is only one < 0448 > Cu-
centered crystal-like VC with maximum population frac-
tion compared to other VCs. It can be seen that at 150 K, 

population fraction decreases and remains constant through-
out the temperature range. Four Zr-centered crystal-like VCs 
such as < 0448 > , < 0445 > , < 0446 > , and < 0444 > have 
been found with maximum population fraction at all stud-
ied temperatures compared to other VCs. It can be seen that 

Fig. 11  Time dependence of 
the mean square displacement 
(MSD) for a Cu and b Zr atoms 
in the  Cu33Zr67 MG at 10 K, 
50 K, 100 K, 150 K, 200 K, 
300 K

Fig. 12  Variation of the diffu-
sion coefficient (D) for Cu and 
Zr atoms of the  Cu33Zr67 MG 

Table 10  Diffusion coefficient (D) of the Cu and Zr atom in the  Cu33Zr67 MG at 10 K, 50 K, 100 K, 150 K, 200 K, and 300 K

D is in Å2/ps

Atom 10 K 50 K 100 K 150 K 200 K 300 K

Cu 1.24 × 10−7 1.84 × 10−6 1.09 × 10−5 5.19 × 10−5 2.98 × 10−4   6.11 × 10−4

Zr 1.21 × 10−7 1.03 × 10−6 1.82 × 10−6 3.50 × 10−5 5.27 × 10−5 3.57 × 10−4
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fraction of < 0448 > decreased at 150 K and remained con-
stant over the temperature range of 150 to 10 K. Similarly, 
the population fraction of < 0445 > decreased at 100 K and 
remained constant up to 10 K. Besides, < 0446 > and < 04
44 > show rise and fall of population fraction at different 
temperatures.

Mean square displacement (MSD)

The mean square displacement (MSD) of the Cu and Zr 
atoms has been calculated for the  Cu33Zr67 metallic glass at 
different temperatures such as at 10 K, 50 K, 100 K, 150 K, 
200 K, and300K. The variation of MSD for Cu and Zr atoms 
with time has been shown in Fig. 11. Typical behavior of the 
plots as reported by Sun et al. [43] for the  Cu60Zr40 metallic 
glass can be viewed in Fig. 11 for both Cu and Zr atoms at 
300 K, 200 K, and 150 K. Besides, MSD decreases sharply 
and remains almost constant at 100 K, 50 K, and 10 K, 
respectively, as seen from Fig. 11. The disappearance of the 
plateau below 150 K suggests that the atoms are trapped 
in the cages and no long-range diffusion has been obtained 
on the studied timescale. This can be evident from the cal-
culation of the diffusion coefficient (D). Figure 12 shows 
the temperature dependence of the D for Cu as well as Zr 
atoms in the glassy state. It has been observed that D of Cu 
and Zr decreases as 1/T increased. This behavior is identi-
cal to that of  Cu60Zr40 glass as reported by Sun et al. [43] 
thereby showing the universal behavior of the D for Cu and 
Zr, respectively. The diffusion coefficient of Cu was found 

to be more compared to that of Zr. It is due to the smaller 
atomic radius of the Cu (1.278 Å) compared to that of the 
Zr (1.603 Å) [44]. Numerical values of the diffusion coef-
ficient (D) are given in Table 10. A non-Arrhenius behavior 
of the diffusivity with temperature has been evaluated. The 
diffusivity in the highly undercooled state is an important 
property to understand the phase competition, glass tran-
sition, and microstructural response corresponding to the 
different processing conditions and vitrification [70]. For 
Al–Sm glassy alloy, rapid growth of local clusters, i.e., 
short-range ordering (SRO), has been observed by Wang 
et al. [70]. Similar observations were noted for the  Al450Sm50 
by Sun et al. [71]. It is reported that these clusters are ener-
getically favorable; therefore, it can be presumed that the 
atoms in these clusters could be less mobile and the rapid 
enhancement of SRO in the undercooled liquid state will 
slow down the dynamics making the deviation of the dif-
fusivity from the Arrhenius equation [70]. Therefore, non-
Arrhenius behavior of the diffusivity in the present work is 
likely caused by the local structural ordering as discussed 
in the PDF and pPDFs. This supports the present findings 
of the possibility of the evolution of the  CuZr2 structure at a 
lower temperature in the  Cu33Zr67 glass.

Diversity(d) Considering the importance of the diversity (d) 
in the evolution of the structures in the metallic glasses [72, 
73], in the present work, d is calculated for  Cu33Zr67 MG at 
different temperatures. Mathematically, it can be expressed 
as [72, 73]

Fig. 13  Variation in Shannon 
information (S) and diversity (d) 
with temperature in  Cu33Zr67 
MGs

Page 15 of 21    286



Journal of Molecular Modeling (2021) 27: 286

1 3

In Eq. (3), S is the Shannon information and pi is the frac-
tion of Voronoi clusters.

Wei et al. [72] have considered S = 0 and d = 1 for the 
single local structure, i.e., perfect crystal structure. Statisti-
cal results have shown that d > 100 for glass-forming compo-
sitions and d < 10 for crystalline states. 10 < d < 100 shows 
the intermediate structural diversities. In the present work, 
fraction pi for each of the clusters has been calculated by 
normalizing the fractions given in Tables 7 to 9. For exam-
ple, in Table 7, the addition of fractions of all clusters at 
10 K was carried out, and then each of the fractions of the 
individual clusters was divided by the total sum. A similar 
approach was carried out for the rest of the calculations. 

(2)d = exp(S)

(3)S = −
∑

i
pi ln pi

Table 11  Shannon information (S) and diversity (d) of  Cu33Zr67 glass 
at different temperatures

Temperature (K) Shannon information (S) Diversity (d)

10 3.185 24.176
50 3.187 24.221
100 3.196 24.441
150 3197 24.457
200 3198 24.482
300 3.201 24.548

Fig.14  Variation in diversity (d) of quasi icosahedral-type Voronoi 
clusters with temperature in  Cu33Zr67 MGs

Fig. 15  Variation in diversity (d) of mixed-type Voronoi clusters with 
temperature in  Cu33Zr67 MGs

Fig. 16  Variation in diversity (d) of crystal-like Voronoi clusters with 
temperature in  Cu33Zr67 MGs

Table 12  Diversity (d) of  Cu33Zr67 glass for quasi icosahedral-type, 
mixed-type, and crystal-like clusters at different temperatures

Temperature 
(K)

Diversity (d)

Quasi icosahedral-
type clusters

Mixed-type 
clusters

Crystal-
like 
clusters

10 9.178 5.183 6.746
50 9.292 5.184 6.841
100 9.293 5.210 6.841
150 9.248 5.240 6.717
200 9.347 5.229 6.776
300 9.336 5.243 6.948
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Shannon information (S) was calculated by putting these 
fractions in Eq. (3), and then diversity was calculated using 
Eq. (2). Figure 13 shows the variation in S and d as a func-
tion of temperature. This shows that with decreasing tem-
perature from 300 to 10 K, S and d decrease reflecting the 
probability of the localization of the atoms. The numerical 
value of d ( 10 < d < 100 ), as shown in Table 11, reflects 
the presence of the intermediate structural diversities in 
 Cu33Zr67 glass at the studied temperature ranges. Diversity 
was found to decrease by 40.2% from 300 to 10 K. These 
results support the reduction in the diffusion coefficient (D). 
Further, d was calculated for quasi icosahedral type, mixed-
type, and crystal-like clusters as given in Table 8 to explore 
their role in the diversity of the glassy structure in  Cu33Zr67 
at low temperature.

Figure 14, Fig. 15, and Fig. 16 show the variation in 
diversity for quasi icosahedral-type, mixed-type, and crys-
tal-like clusters with temperature. Numerical values given 
in Table 12 have shown that d < 10 . From Table 12, it can 
be seen that there is a decrease in d by 15.8%, 6%, and 
20.2% for quasi icosahedral-type, mixed-type, and crystal-
like clusters, respectively. Among these clusters, mixed-
type clusters have lower diversity favoring the formation 
of ordered structure. This result supports the probability of 
the embryonic development of the  CuZr2 phase in  Cu33Zr67 
at low temperatures as discussed in the section “Proposed 
crystal structure evolution during cooling from 300 to 10 K” 
and Fig. 5 and Fig. 6. Based on the Hwang [69] classifica-
tion scheme, some of the VPs were omitted to calculate S 
and d at all studied temperatures. Therefore, some abrupt 
changes at 150 K in diversity have been observed for quasi 
icosahedral-type Voronoi clusters, mixed-type Voronoi clus-
ters, and crystal-like Voronoi clusters in Fig. 14, Fig. 15, 
and Fig. 16, respectively. These VPs are < 0280 > , < 0361 
> , < 0383 > , < 0464 > , < 0528 > , < 0608 > , < 00,122 > , < 
00,123 > , and < 00,124 > . These VPS < 0280 > , < 00,122 
> , < 00,123 > , < 00,124 > , and < 0361 > and < 0383 > have 
been classified into quasi icosahedral-type Voronoi clusters 
and mixed-type Voronoi clusters, respectively. Similarly, 
VPs < 0464 > , < 0528 > , and < 0608 > can be classified as 
crystal-like Voronoi clusters. S and d values of these VPs 
for each of these cluster type are calculated. For quasi ico-
sahedral-type Voronoi clusters, S and d values are 1.09 and 
2.97. For mixed-type Voronoi clusters, S and d are 0.35 and 
1.42, respectively. Similarly, for crystal-like Voronoi clus-
ters, S and d are 0.78 and 2.18, respectively. It is important 
to note that diversity (d) for quasi icosahedral-type Voronoi 
clusters and crystal-like Voronoi clusters is more than 2. 
Therefore, the omission of these VPs based on the Hwang 
[69] scheme has resulted in the drop in the d value at 150 K 
as can be seen from Fig. 14 and Fig. 16. However, for mixed-
type Voronoi clusters, d is less than 1.5, and therefore small 

higher value is noticed as seen in Fig. 15. However, when 
these VPs are considered collectively as shown in Fig. 13, 
their individual characteristic gets disappeared and repre-
sents the average behavior for the system as a whole. From 
Fig. 17a, c and e, it can be seen that there is no conclusive 
trend in the diversity for quasi icosahedral-type, mixed-type, 
and crystal-like clusters at Cu-centered atoms. Diversity for 
quasi icosahedral-type cluster was found to remain con-
stant over a temperature range from 300 to 50 K and sud-
denly attains its maximum at 10 k with an increase in d by 
3%. Similarly, a linear decrease in d for mixed-type cluster 
was noticed from 300 to 50 K as shown in Fig. 17c which 
attained its maximum at 10 K with an increase of 65.9% 
in d. Besides, d remained constant from 300 to 200 K and 
dropped to its minimum by 21% at 150 K for crystal-like 
clusters. No change in the minimum value of d was further 
observed from 150 to 10 K as shown in Fig. 17e. Unlike 
Cu-centered cluster, a rise of 9.1%, 13%, and 23.1% was 
observed in d with decreasing temperature for Zr-centered 
quasi icosahedral-type, mixed-type, and crystal-like clusters 
as shown in Fig.17b, d and f. By analyzing different trends 
for d in Fig. 17 and numerical values in Table 13, it can be 
proposed that the decrease in d with temperature as observed 
in Fig. 13 to Fig. 16 is a collective behavior of low-diversity 
clusters such as Cu-centered quasi icosahedral clusters and 
Zr-centered mixed-type clusters.

Conclusions

In the present work, the dynamics of the structural evo-
lution of the rapidly quenched  Cu33Zr67 glass have been 
investigated by MD simulations at cryogenic temperatures 
10–300 K. Splitting of the first and second peaks with 
decreasing temperature is found to be more pronounced. 
The presence of a shoulder on the high R side of the 
second peak has suggested the existence of the icosa-
hedral short-range order (ISRO) in the  Cu33Zr67 glass. 
A quasi-two-dimensional model supports the splitting of 
the first and second peaks in the  Cu33Zr67. Zr‒Zr pair is 
found responsible for the splitting of the first peak of the 
 Cu33Zr67 glass at a lower temperature. The consensus of 
these observations has approved the validity of the EAM 
potentials used in the present work at cryogenics. Further, 
the Voronoi tessellation method has shown that quasi ico-
sahedral such as < 284 > , < 0285 > , and < 0282 > ; mixed-
type cluster such as < 0364 > ; and crystal-like cluster 
such as < 0446 > are responsible for the stabilization of 
the present glassy phase in the  Cu33Zr67 glass. On the 
other hand, Cu-centered and Zr-centered < 0286 > quasi 
icosahedral VC has maximum population fraction 
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thereby supporting the stability of the glassy phase over 
the studied temperature range. Besides, the maximum 
population fraction of Cu-centered < 0367 > and Zr-cen-
tered < 0364 > , < 0367 > , < 0363 > , and < 0365 > mixed-
t y p e  c l u s t e r s  a n d  C u - c e n t e r e d  <  0 4 4 8  >  a n d 
Z r - c e n t e r e d  <  0 4 4 8  >  ,  <  0 4 4 5  >  ,  <  0 4 4 6  >  , 
and < 0444 > crystal-like clusters support the possibility 
of the presence of intermediate phase of  CuZr2 at lower 
temperatures as observed from MD simulations. Rela-
tively high atomic packing efficiency in the Zr-centered 
clusters has been identified in the  Cu33Zr67 glass, and 
these compact clusters possess the local highest regular-
ity, contributing to the stability of this glass. Further, 
mean square displacement (MSD) studies have shown that 
the diffusion coefficient of both Cu and Zr decreases with 
that of temperature. A smaller atomic radius provides a 
higher diffusion coefficient of the Cu compared to that 
of the Zr. Reduction in diversity with temperature has 
been noticed. A decrease in d is found to be the collective 
behavior of low-diversity clusters such as Cu-centered 
quasi icosahedral clusters and Zr-centered mixed-type 
clusters. The present MD simulations have provided the 
pathway for the critical evolution of the structural dynam-
ics of the Cu–Zr metallic glass at cryogenic temperatures.
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