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Abstract 

Icosahedral short-range order (ISRO) has been widely accepted to be dominant in 

Cu-Zr metallic glasses (MGs). However, the diffusion mechanism and correlation of 

ISRO and medium-range order (MRO) to diffusion in MGs remain largely unexplored. In 

this work, we performed a long time annealing up to 1.8 μs in molecular dynamics (MD) 

simulations to study the diffusion mechanism and the relationship between atomic 

structures and diffusion path in a Cu64.5Zr35.5 MG. It is found that most of the diffusing 

events performed by the diffusing atoms are outside ISRO and the Bergman-type MRO 

(BMRO). The long-range diffusion in MGs is highly heterogeneous, via collective 

diffusing events through the liquid-like channels in the glass. Our results clearly 

demonstrate a strong correlation between the atomic structures and transport in MGs.  

  



Metallic glasses [1] (MGs) are metastable materials. The metastability gives rise 

to various rearrangement processes at elevated temperatures [2,3], which calls for an 

understanding of the diffusion in MGs. Diffusion in metallic glasses is a highly collective 

processes [4], which is significantly different from diffusion in crystalline metals. 

Microscopically, diffusivity is closely related to the atomic mobility in MGs or 

supercooled liquids. A close relationship between atomic mobility and the local structure 

has been demonstrated in supercooled liquids [5]. However, the underlying influence of 

structure on atomic mobility is shown only local in time, fading out much shorter than the 

α-relaxation time [6]. Therefore many studies have been carried out focusing on a long 

time correlation, such as the dynamical facilitation which denotes propagation of the 

mobile regions due to the mobility transfer of mobile particles [7]. Molecular dynamics 

(MD) simulations of a supercooled Ni0.5Zr0.5 liquid with a time span of 1.0 µs has 

demonstrated marked correlations between atomic mobility and local structure 

parameters [8]. Regions of mobility change with time in the same system have also been 

revealed [9]. Recently, localized soft modes have been reported to have strong 

correlations to the atomic mobility and structures in Cu-Zr MGs [10].  

 

However, in order to achieve a comprehensive understanding of the long-range 

diffusion in MGs, the diffusion path and its correlation to the atomic structures must be 

established. The difficulty for MD simulations lies in the following aspects: firstly, many 

MD simulations have revealed the coexistence of nanometer-sized liquid-like and solid-

like regions in MGs [11,12]. The heterogeneous atomic structure can significantly impact 

the diffusion paths in MGs. Secondly, long-range diffusion in MGs is very hard to 

capture by MD simulations performed only at nanosecond timescale. Thirdly, the MGs 

produced by MD simulations are usually not well-relaxed due to the ultrahigh cooling 

rates.  

 

Cu-Zr binary MG is a prototype of various Cu-Zr-based MGs [13-15], therefore 

the correlation between diffusion paths and atomic structures in Cu-Zr MG is the 

footstone to understanding diffusion in many Cu-Zr based metallic glasses. Structurally, 

icosahedral short-range order (ISRO) is widely accepted to be dominant [16,17], which is 



responsible for low mobility in Cu-Zr supercooled liquids [18-20]. Vertex-, edge, face-

sharing and interpenetrating icosahedra have been proposed as the medium range order 

(MRO) [21,22]. The Bergman type MRO (BMRO) has been revealed as another key 

MRO in Cu64.5Zr35.5 MGs by our group [23]. Recently, a sub-Tg annealing has been 

demonstrated to effectively reduce the effect of ultrahigh cooling rates used in MD 

simulations [24], which opens a door to investigate the long- range diffusion in well-

relaxed MGs using MD simulations.  

 

In this study, we adopted the Cu64.5Zr35.5 MG to study the long-range diffusion in 

well-relaxed MGs using MD simulations up to 1.8 μs. Such a long time interval enables a 

more reliable statistics of atomic structures and diffusion analysis than conventional MD 

simulations conducted at nanosecond timescale [25,26]. By analyzing the trajectories of 

the diffusing atoms, we found a strong correlation between the diffusion paths and atomic 

structures. The diffusing atoms strongly avoid the ISRO and BMRO during the course of 

MD simulation, while the liquid-like regions (depleted in ISRO or BMRO) can 

interconnect and form diffusion paths. Therefore the long-range diffusion in well-relaxed 

MGs does not take place uniformly in space, but is rather confined in the liquid-like 

regions.  

 

Classical MD simulations of Cu64.5Zr35.5 MGs were performed using the Finnis-

Sinclair type potential developed in Ref [27]. Despite being less accurate compared to ab 

initio methods, classical MD simulations enable the study of diffusion using a larger 

model size and a longer timescale. In addition, the adopted empirical potential has been 

demonstrated to capture many structural [28] and dynamical [18,29] features of 

Cu64.5Zr35.5 MGs or liquids observed by experiments or ab initio MD simulations. 

Isothermal-isobaric ensemble (NPT, N=5000 atoms, P=0) and Nosé-Hoover thermostat 

were used throughout the simulation. The time step for integration was 2.5 fs. After a pre-

equilibration at 2000 K, the model was continuously quenched down to 700 K at 1010 

K/s. Previous study has revealed the glass transition occurs around 750 K [23]. Therefore 

the as-quenched model is already in glassy state. The as-quenched model was annealed 

isothermally at 700 K for 1.8 μs. The atomic trajectory was recorded every 1 ns to study 



the atomic structures and diffusion. The cluster alignment method [30] was adopted to 

characterize the atomic structure in terms of ISRO and BMRO. The self-diffusivity (D) is 

calculated using the Einstein’s relation. Details of structural analysis and calculation of 

self-diffusivity can be found in supplemental materials [31]. 

 

The evolution of self-diffusivity during the long MD run is illustrated in Fig. 1(a). 

Several features can be observed here: (1) the Cu diffusivity is always about an order of 

magnitude larger than the Zr diffusivity. It is consistent with many studies, where smaller 

atoms were found to have larger diffusivity than the larger atoms in both metallic liquids 

and glasses [32]. (2), both Cu and Zr diffusivity decrease significantly within t=0-0.6 μs, 

whereas only a small diffusivity drop can be found from t=0.6 to 1.8 μs. At t=1.8 μs, the 

Cu diffusivity decreases by 7-8 times compared to the as-quenched state. (3), Frank [33] 

proposed that the experimental diffusivity can be described by D(t)-D(0)=[D(tf)-

D(0)]exp(-1/τ), where D(t) is the instantaneous diffusivity, D(0) and D(tf) are the 

diffusivity before and after the relaxation, respectively, and τ is the relaxation time. The 

diffusivity of the simulated Cu64.5Zr35.5 MGs can be well fitted with τ=38.8 and 41.2 ns 

for Cu and Zr, respectively, indicating that the long MD run has captured similar trend in 

experiments.  

 

The time-dependent mean squared displacements (MSDs) are shown in Fig. 1(b). 

The MSDs of both Cu and Zr increase with time, indicating clearly a long-range diffusion 

behavior. Long-range diffusion in MGs has been found by experiments [34], whereas it is 

not readily accessible for MD simulation at nanosecond scale. The self-diffusivities of Cu 

at 700 K under various cooling rates without annealing were also measured and shown in 

Fig. 1(c). The self-diffusivity exhibits an overall trend to decrease exponentially with 

lower cooling rates. In the following we divide the whole MD run into two parts: (1) t=0-

0.6 μs was used to achieve a well-relaxed glassy state and (2) t=0.6-1.8 μs was used to 

study the diffusion in Cu-Zr MGs.  

 

We first set out to identify the diffusing atoms. Most of the studies on the 

dynamical heterogeneity or diffusion tried to monitor a certain fractions of mobile atoms 



[35,36]. We adopt the same approach here. The diffusing atoms were selected according 

to their final displacement (df) at t=1.8 μs, using their positions at t=0.6 μs as reference. 

Here we use the cutoff df =1.7 nm, the population of the diffusing atoms selected in this 

way corresponds to 5% of the total atoms in the simulation box (see supplemental 

materials [31] for details). It should be pointed out that all the diffusing atoms identified 

under this scheme are Cu atoms.  

 

Microscopically, the long-range diffusion in MGs is achieved by successive 

diffusing events. We define a diffusing event using both spatial and temporal metrics 

[37]: (1) the atom has to displace farther than a critical distance rc=0.2 nm and (2) the 

atom has to pass rc within 5ns (see supplemental materials [31] for details). Under this 

definition, we have identified 52,869 diffusing events performed by all the atoms during 

t=0.6-1.8 μs, among which 13,452 events performed by the diffusing atoms. Such a large 

number of events enable a reliable statistics. In the following we will focus on the 

diffusing events performed by the diffusing atoms. These events were classified 

according to the environments with respect to ISRO or BMRO before and after the event: 

(1) with respect to ISRO, there are three types of environments (ICO center, ICO 

neighbor and outside ICO). Hence there are nine types of events possible: e.g. events 

initiated outside ICO and ended at ICO center, ICO neighbor or remained outside ICO, 

etc. (2) with respect to BMRO, there are four types of environments (Bergman center, 

first shell, outer shell and outside Bergman). Thus 16 events types are possible. 

Nevertheless, the results shown in Fig. 2 (a) and (b) demonstrate that only several types 

of events are dominant. With respect to ISRO, 74.8% of the events take place outside the 

ICO. 10.3% of the events are from ICO neighbors to outside ICO. The events from 

outside ICO to ICO neighbors accounts for 10.8%. The possibility for events that initiate 

at ICO neighbor sites and end also at ICO neighbor is 3.3%. All the other types of events 

are negligible. Similar scenario is with respect to BMRO. 86.1% of the events occur 

outside the BMRO, which is the predominant type. 5.7% of the events are initiated at 

outer shells and ending outside the BMRO. The possibility for the reverse process, from 

outside to the outer shell of BMRO is almost equal (6.0%). Only 1.1% of the events 

occur within the outer shell. These results imply that diffusing atoms in Cu64.5Zr35.5 MGs 



try to avoid ISRO and BMRO strongly. We also counted how long the diffusing atoms 

have been in ICO center, ICO neighbor or outside ICO, similarly in BMRO center, first 

shell, outer shells or outside BMRO during t=0.6-1.8 μs. As illustrated in Fig. 2 (c) and 

(d), diffusing atoms stay averagely for 0.897 and 0.957 μs outside ICO and BMRO, 

respectively, corresponding to 74.6% and 80.9% of the simulation time. In contrast, they 

spent only 0.9% and 0.8% of the simulation time at the center of ICO or BMRO. The 

diffusing atoms can also be detected at the ICO neighbor sites, first or outer shell of 

BMRO with the possibilities of 24.5%, 3.2% and 16.3%, respectively. These results 

clearly show that the diffusing atoms try to avoid the ISRO or BMRO for the majority of 

the simulation time. 

 

Based on the above statistics, we further investigate the diffusion paths with 

respect to ISRO and BMRO in Cu64.5Zr35.5 MGs. Since the ISRO, BMRO and diffusing 

atoms undergo positional changes during the course of MD simulation, we use an 

isosurface to reflect the distribution density of ISRO and BMRO. Two isosurfaces were 

constructed: (1) all the atoms that have been involved in the ISRO or BMRO and (2) all 

the diffusion paths of the diffusing atoms (see supplemental materials [31] for details). It 

can be seen from Fig.3 that (1) the ISRO or BMRO aggregates to form a rigid network in 

Cu-Zr MGs and (2) the diffusion paths almost never overlap with ISRO or BMRO. 

Meanwhile, liquid-like regions (poor in ISRO or BMRO) can interconnect to form 

diffusion channels. It can be deduced that both the ISRO and BMRO networks will be 

much better developed in real Cu-Zr MGs (produced under even lower cooling rates) 

than the MD simulations. Therefore the liquid-like regions will be much smaller in size, 

resulting in the measured diffusivity to be several orders of magnitudes lower than the 

MD simulations [38].  

 

We now investigate the diffusing paths by focusing on individual diffusing atoms. 

The distribution of final displacements of the diffusing atoms at t=1.8 μs is present in Fig. 

4(a). The distribution follows an exponential decay. Some diffusing atoms can displace 

even as far as df=3.3 nm during t=0.6-1.8 μs. Here we select two diffusing atoms with the 

largest (3.3 nm) and smallest (1.7 nm) df to reveal the spatial correlation of their 



trajectories to the ISRO and BMRO. The time-dependent displacements of these two 

diffusing atoms are shown in Fig. 4(b). Both diffusing atoms are very active during t=0.6-

0.8 μs, as illustrated by a continuous increase in the displacement. During t=0.8-1.2 μs 

both diffusing atoms are sluggish, as reflected by the plateaus. However, the one with the 

largest df becomes active again during t=1.2-1.8 μs. These results demonstrate that 

diffusion in Cu-Zr MGs is composed of successive diffusing events in an intermittent 

nature, which is distinct from the diffusion in equilibrium metallic liquids (see 

supplemental materials [31] for details). The spatial correlations of the two trajectories to 

ISRO or BMRO are shown in Fig. 4(c-f). It can be clearly seen that the majority of the 

diffusion paths is located outside the ISRO and BMRO. Sometimes the diffusing atom 

will touch the boundary of the ISRO or BMRO, but they have very little chance to 

penetrate the ISRO and BMRO. We have further checked the diffusing events in the core 

of solid-like regions rich in ISRO. The trajectories of 20 atoms in the core of ISRO have 

been monitored at every MD step for 300 ns (see supplemental materials [31] for details), 

whereas no events of these atoms can be identified. It confirms that the atoms involved in 

the core of solid-like regions formed by ISRO have extremely low diffusivity. Lastly, we 

want to point out that all the correlations between the diffusion and the atomic structures 

are based on the behavior of Cu atoms. However, the diffusion mechanism of Zr atoms 

might be different. 

 

In summary, we performed a long time sub-Tg annealing up to 1.8 μs achievable by 

MD simulations to investigate the correlation between atomic structures and diffusion 

paths in a Cu-Zr metallic glasses. Long-range diffusion is clearly observed during the 

MD simulations. We found that diffusing atoms in Cu-Zr MGs strongly avoid the 

icosahedral short range order and the Bergman-type medium range order. Meanwhile, the 

liquid-like regions can interconnect and form diffusion channels. Therefore the long 

range diffusion in Cu-Zr MGs does not take place uniformly, but is rather confined in the 

liquid like regions.  
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Figures 

 
  

 
Fig. 1 (a) Self-diffusivity of Cu (full cycles) and Zr (open circles) atoms during MD simulation at 700 K. 

Solid lines indicate fitting using an exponential function. (b) The mean square displacements. (c) Cu Self-

diffusivities at 700K as a function of cooling rates. 

  



 

Fig. 2 Possibility of the predominant diffusing events with respect to ISRO (a) and BMRO (b), 

respectively. The type of events is indicated by the arrows, for example, “neighbor → outside” in (a) stands 

for events starting at ICO neighbor and ending outside ICO. Other types can be inferred similarly. The 

average time diffusing atoms have spent with respect to ICO and BMRO during t=0.6-1.8 μs were shown in 

(c) and (d), respectively. 

  



 

Fig. 3 (a) Spatial correlations of the diffusion paths with respect to ISRO (a) and the BMRO (b). The 

isosurface of the diffusion paths are colored in red, while the isosurface showing the time-averaged ISRO 

or BMRO is in gray.  

  



 
Fig. 4 (a) The distribution of final displacements at t=1.8 μs for the diffusing atoms. The solid line 

indicates fitting using an exponential decay function. (b) The time-dependent displacements of two 

representative diffusing atoms with the largest (in red) and smallest (in black) displacement at t=1.8 μs. 

The corresponding trajectories of the two diffusing atoms with respect to ISRO are shown in (c) and (e), 

respectively. Instantaneous atomic positions are colored in blue or red when the diffusing atom is an ICO 

neighbor or outside ICO, respectively. The same trajectories with respect to BMRO are shown in (d) and 

(f), respectively. Instantaneous atomic positions are colored in red or green when the diffusing atom is in 

the outer shell or outside the BMRO, respectively. The starting and end points of the trajectory are marked 

by the black and red arrows, respectively. All the atoms shown in this figure are Cu atoms. 

 


