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Abnormal breakdown of Stokes—Einstein relation
in liquid aluminium*
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We present the results of systematic molecular dynamics simulations of pure aluminium melt with a well-accepted
embedded atom potential. The structure and dynamics were calculated over a wide temperature range, and the calculated
results (including the pair correlation function, self-diffusion coefficient, and viscosity) agree well with the available experi-
mental observations. The calculated data were used to examine the Stokes—Einstein relation (SER). The results indicate that
the SER begins to break down at a temperature 7x (~ 1090 K) which is well above the equilibrium melting point (912.5 K).
This high-temperature breakdown is confirmed by the evolution of dynamics heterogeneity, which is characterised by the
non-Gaussian parameter ¢ (¢). The maximum value of 0 (f), &2 max, increases at an accelerating rate as the temperature
falls below Tx. The development of &3 .x Was found to be related to the liquid structure change evidenced by local five-
fold symmetry. Accordingly, we suggest that this high-temperature breakdown of SER has a structural origin. The results
of this study are expected to make researchers reconsider the applicability of SER and promote greater understanding of

the relationship between dynamics and structure.

Keywords: diffusion, viscosity, dynamics heterogeneity, local five-fold symmetry

PACS: 66.20.Cy, 66.10.cg, 02.70.Ns, 61.20.Ja

1. Introduction

Dynamics in liquid metals, such as diffusion and viscos-
ity, play a critical role in governing crystal nucleation and
growth, as well as glass transition.[?! In simple liquids, the
self-diffusion coefficient D is associated with the viscosity
1 through the Stokes—Einstein relation (SER) D = %,[3’4]
where kg is the Boltzmann constant; d is the effective particle
diameter, which is assumed to be a temperature-independent
constant; and ¢ is a constant whose value depends on the
boundary conditions: 2 for slip boundary conditions and 3 for
stick boundary conditions. SER was first proposed to describe
the Brownian motion of suspended particles that are spherical
in form and have a diameter of d.1®/ The relation has been
widely tested in application to many different types of sys-
tems, such as molecular liquids,!”) Lennard—Jones liquids,®!
hard-sphere fluids,! and metallic glass-forming melts.''% Tn
many cases, SER applies quite well at temperatures above the
critical temperature T, (T ~ 1.2T,,!!1'2 where T, is the glass
transition temperature) predicted by the mode coupling theory
(MCT).!13] Because T; is always far lower than the melting
point Ty, it is generally believed that SER describes the rela-
tionship between D and n well at T > Tp,,. However, previ-
ously, we found that SER breaks down for Cus3 3Zrg67 melt

[14]

at the critical temperature Ty, which is well above Ty, and

such an abnormal breakdown has also been observed in an-
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other multicomponent glass-forming metallic liquid.!'>) The
abnormal breakdown reported in Refs. [14] and [15] has been
ascribed to enhanced dynamics heterogeneity. Because en-
hanced dynamics heterogeneity is present in a wide variety
of liquid systems, we wondered whether a similar breakdown
could be detected in a simpler system, such as a monatomic
melt. A survey of the literature suggests that the validity of
SER for monatomic systems has rarely been tested. We un-
dertook this study because we believed that an exploration of
the applicability of SER to a monatomic metallic melt such
as that which occurs in liquid aluminium (Al) would have a
universal and fundamental physical significance.

As a popular engineering material, pure Al has been
widely studied as a prototype metal.['22] A precise determi-
nation of D and 1 is required to test the validity of SER for
liquid Al. Recently, the D and 7 of liquid Al have been mea-
sured by several researchers.>3-261 It should be stressed that
these researchers’ measurements were limited to narrow tem-
perature ranges and did not involve the undercooled state. We
are not aware of any experimental data on D and 7 for under-
cooled liquid Al in the literature. There are two main aspects
to the difficulty of obtaining experimental data on undercooled
liquid metal. First, the metastable undercooled state is hard to
maintain for long periods of time during experiments. Sec-
ond, considerable uncertainty exists in the experimental data
because of convection inside the sample in terrestrial measure-
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ments. Molecular dynamics (MD) simulation was employed
in this study to consider a broad temperature range and avoid
experimental difficulties. The advantage of MD is the deter-
mination of the trajectory of all atoms in a simulation sys-
tem, which is difficult to achieve by other methods. MD sim-
ulations have provided in-depth knowledge of the structural
and transport properties of liquid metals, and recently the MD
method has garnered considerable attention.

Although ab initio MD simulation can achieve high accu-
racy, the system size (usually ~ 200 atoms) that can be simu-
lated at present is too small to solve the dynamics and struc-
ture of liquid metal. The results obtained will inevitably ex-
hibit a size effect. Therefore, classical MD simulation with
a well-accepted Finnis—Sinclair potential was performed in
this study, using a large simulation cell containing more than
30,000 atoms.

2. Simulation methods

All of the simulations were carried out using the
large-scale atomistic/molecular massively parallel simulator
(LAMMPS) code.[?”] Details of the potential used in the simu-
lations are provided in Ref. [28]. Based on our previous work,
the Ty, of Al for this potential was taken to be 912.5 K.[?%]
The simulation box (8.1 x 8.1 x 8.1 nm) had 32000 atoms,
with periodic boundary conditions in three directions. The
isothermal—isobaric (NPT) ensemble was used. The external
pressure was maintained at zero using the Parrinello-Rahman
algorithm.[*") The temperature was controlled by the Nosé—

Hoover thermostat. [31-32

I A time step of 1 fs was applied, us-
ing the velocity Verlet algorithm[*3! to integrate Newton’s mo-
tion equation. The system was heated to 2050 K and held at
2050 K for 0.6 ns to obtain a homogeneous liquid. The lig-
uid was then cooled to 50 K at a cooling rate of 1 x 1010 K/s.
During the cooling, atomic configurations were recorded at in-
tervals of 20 K for use in further dynamic and structural analy-
ses. The recorded configurations were then equilibrated at the
corresponding temperature for 0.3 ns to obtain the equilibrium
state. During the equilibration and sampling processes, the
volume and energy were monitored and found to remain con-
stant, i.e., the aging effect was negligible (see Appendix A).
The structure-like pair correlation function was derived and
averaged from ten equilibrium configurations. The dynamics-
like mean square displacement was computed by averaging
over a large number of trajectory snapshots. We used three
independent samples of a system of 32000 atoms to improve
accuracy and minimize errors. The evaluation time was care-
fully modified, based on the temperature considered, to obtain
a time-independent value. The final calculated values of D and

1 were the averages for the three independent samples.

3. Results and discussion
3.1. Narrative description of the cooling

Figure 1 shows the profile of the system during cooling.
The profile is characterised by the energy per atom (E) and
the density (p) of the system. As the temperature decreases, £
decreases and p increases. Discontinuous changes in E and p
were observed at 600 K, which means that the system cannot
maintain a liquid state at that temperature, and crystallisation
takes place. Because of the pure circumstance in MD simula-
tion, substantial undercooling of 300 K (~ 0.3T;,) is normal.
It should be noted that the cooling rate (1 x 10'0 K/s) that we
employed is close to the upper limit that can be achieved by
MD simulation. Because of the limitations of computer power
and computing time, a cooling rate between 1 x 10'! and
1 x 10'3 K/s is widely used. However, configurations recorded
during the cooling process at a slower cooling rate will re-
quire a shorter time to reach the equilibrium state, which is
important in the subsequent calculation of relevant ensemble-
averaged quantities.
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Fig. 1. (color online) Total energy per atom (E) and density (p) are
plotted as a function of temperature.
3.2. Structure
3.2.1. Pair correlation function
The pair correlation function g(r) has been used to de-

scribe the structural feature of the liquid system. It is ex-
pressed as follows:

Pg(V)ZN_1<Z5(V+Ri—Rj)>, ey
i#j

where g(r) is the probability of finding an atom in the range
from r to r+ dr; N is the number of atoms; p is the average
density of the system; R; and R; are the positions of atoms i
and j, respectively; and 0 is the Dirac delta function. For a
monatomic system, g(r) can be simplified as follows:

v n(r,dr)
8(r) = N <47rr2dr>7 @

where n(r, dr) is the number of atoms within the distance be-

tween r and r + dr. As a contrast, we show the simulated and
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experimental g(r) values at 943 K, 1023 K, and 1323 K in

Fig. 2. Overall good agreement is observed between the simu-

34,35

lated and experimental g(r) values,'3** which indicates that

our simulation approach is reasonable.
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Fig. 2. (color online) The simulated g(r) and the experimental one for
liquid Al. The data are sparsely depicted to clearly show the compari-
son. The experimental data for 943 K and 1323 K are from Ref. [34],
for 1023 K from Ref. [35].
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Fig. 3. (color online) Pair correlation functions g(r) at diverse temper-
atures (as shown by the arrow, the temperature changes from 1950 K to
650 K with a step of 100 K). The inset is the calculated coordination
number.

Figure 3 illustrates the variation in g(r) and how the peaks
and shoulders develop from high temperature to low temper-
ature. As figure 3 shows, the height of the first peak in g(r)
increases step-by-step with decreasing temperature, implying
an enhancement of short-range order in the first coordination
shell. A gradually enhanced shoulder is found on the right-
hand side of the second peak, indicating a gradual change in
the liquid structure as the liquid passes from superheating to
supercooling. This gradual change is generally considered to
be associated with the formation of atomic clusters.3%371 We
will return to this point later.

The inset figure illustrates the coordination number (CN)
as a function of the temperature. CN is derived from g(r) using

the following equation:
Tmin
CN = 47n / rg(r)dr, (3)
0

where 7 is the atomic number density and ry, is the first mini-
mum position in g(r). As the inset figure shows, CN increases
linearly from 10.68 +0.10 to 12.69 4 0.10 with decreasing
temperature as the liquid changes from superheated at 1950 K
to supercooled at 650 K.

3.2.2. Angle distribution analysis

The change in the liquid structure with cooling involves
not only the number and length of the bonds but also their
directions. To obtain a comprehensive picture of the structural
change, the dihedral-angle distribution and the bond-angle
distribution were studied. As figure 4(a) shows, the dihedral-
angle distribution function has a distinct peak at approximately
60° and a second peak at approximately 108°. As the temper-
ature decreases, the first peak shifts to a larger angle and the
second peak shifts to a smaller angle, indicating a continu-
ous change in the liquid structure. As figure 4(b) shows, the
bond-angle distribution function has two peaks, centred at ap-
proximately 56.30° and approximately 107.60°. It should be
noted that the peak positions in Fig. 4(b) are not far from the
characteristic bond angles of icosahedrons (namely, 63.5° and
116.5°), suggesting the possible presence of a large number of
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Fig. 4. (color online) Evolution of the angle distribution functions for

liquid Al with decreasing temperature. (a) The dihedral-angle distribu-

tion, and (b) the bond-angle distribution.
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icosahedral-like clusters. As the figure shows, those peaks be-
come higher with decreasing temperature, which demonstrates
the strengthening of clustering. In addition, a gradually en-
hanced hump is observed at approximately 150°. The hump
is pronounced for the undercooled liquid but spreads out for
the superheated liquid. Therefore, this hump is believed to be
related to the structural character of the undercooled liquid.

3.3. Dynamics

3.3.1. Mean square displacement and self-diffusion co-
efficient

The time dependence of the mean square displacement
(MSD) reflects important information on atomic diffusivity.
The self-diffusion coefficient D can be calculated from the
long-time evolution of MSD[*®! as follows:

Y [rit) = r(0))7, )

D=1lim —(r*(1)), &)

where ( ) is the ensemble average.
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Fig. 5. (color online) (a) Log-log plot of the MSDs for liquid Al at
varying temperatures. (b) Self-diffusion coefficients (D) extracted from
MSD plotted in the logarithmic scale against the inverse temperature.
The squares are the present simulated results. The triangles and circles
are the experimental data of Refs. [23] and [24], respectively. The lines
are their Arrhenius fits.

For a solid system, MSD saturates to a finite small value,
while if the system is liquid, MSD increases significantly with

time. As shown in Fig. 5(a), the significant increase in MSD
indicates that the systems, including the deeply undercooled
ones, were in a liquid state during the calculation of the rele-
vant ensemble-averaged quantities. Because of the high cool-
ing rate and the pure circumstance during simulation, liquid
Al can remain in the deep undercooled regime for a long time.
For short time intervals, MSD increases in proportion to 2,
which is typical of the ballistic motion of atoms. For long
time intervals, MSD exhibits a linear dependence on ¢, i.e.,

The calculated values
23,24]

the atom motion becomes diffusive.
of D are shown in Fig. 5(b). The experimental results!
are shown for comparison. The calculated results are in good
agreement with the experimental results. Both the calculated
and experimental data obey the Arrhenius equation. Because
of the broad temperature range considered in the simulation,
the Arrhenius fitting of the calculated D values can be sepa-
rated into two parts intersecting near a temperature of 1090 K.

3.3.2. Viscosity

The viscosity 7 is calculated by integrating the autocor-
relation function of the pressure tensor, based on the Green—
Kubo relation!?!

V )
n:k?T/o <a§ﬁpaﬁ(f)1’aﬁ(0)>dt, (6)

where Pyg(t) is the off-diagonal element (ot # 8, o, B = x, y,
) of the pressure tensor at time ¢, V is the volume of the sys-
tem, and kp is the Boltzmann constant. Using Eq. (6), three
values of 1 can be determined independently from the three
off-diagonal pressure components (Pyy, Py, and P,;). In real
liquids, 7 is considered to be isotropic, so these three inde-
pendent 11 must converge to one single value. A dimension-
less quantity & is introduced to estimate the convergence error
quantitatively:

_ 2 _ 2 _ 2
g 1 \/(nn Nave)* + (Mxz — Mave)* + (Myz — Nave) (7

" Mave 3
where

My + Tz + Nz
3 )

N,y is the viscosity calculated from Py, 7,; is the viscosity

Nave = (8)

calculated from Py, and 1), is the viscosity calculated from
Py;. As an example, we present the three normalised autocor-
relation functions of the pressure tensor at 650 K in Fig. 6(a).
Because 650 K is the lowest temperature considered in this
study, it required the longest integration time for the auto-
correlation function to decay. As figure 6(a) shows, the in-
tegration time was sufficiently long to characterise the decay
process, and the differences among the three pressure compo-
nents were negligible. The calculated 1 and & for 650 K are
plotted against the integration time in Fig. 6(b). The figure
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shows that 7n,ye eventually reaches a constant value. The con-
vergence error £ is 4.75%. Figure 7 shows the average nor-
malised autocorrelation functions (i.e., the arithmetic means
of Pyy(1)/Pey(0), P (t)/Piz(0), and Py(t)/P,;(0)) at different
temperatures. Figure 7 shows that as temperature increases,
the decay of the autocorrelation functions accelerates.
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Fig. 6. (color online) (a) The three normalised autocorrelation func-
tions of pressure tensor (Pyy (£) /Py (0), Pe (1) /Piz(0), and Py (1) /P, (0))
at 650 K. (b) Viscosities 1] calculated from the three off-diagonal pres-
sure components, and the convergence error £ are plotted as a function
of the integration time for liquid Al at 650 K.
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Fig. 7. (color online) The average normalised autocorrelation functions
of pressure tensor at diverse temperatures.

Figure 8(a) shows the convergence errors at different tem-
peratures. The convergence error & fluctuates within a small
range and decreases with increasing temperature. The cal-
culated viscosities are presented in Fig. 8(b), along with the
experimental data.?>?%] The calculated viscosities agree well
with the experimental data and fall between the two sets of ex-
perimental data. The calculated viscosities can be fitted to the
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T/K
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——MCT: n=156.15(T—511.58)~0.789 T
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Fig. 8. (color online) (a) The convergence error (§) versus temperature.
(b) The computed viscosities using the Green—Kubo relation are plotted
against temperature, and their temperature dependence is fitted by the
MCT, VFT, and Arrhenius expressions. The error bar is to show the
discrepancy in the calculated value among three independent samples,
and the same below.

MCT power law:
(1) =ng" (T = T) 7. ©)

This fitting yields parameter values of y = 0.789 and T, =
512 K. The temperature dependence of 1 can be described
by fitting the 1) values to the Vogel-Fulcher—Tammann (VFT)

law [40-42]

B
n(T)=ng"" exp (T_TO). (10)

This fitting yields parameter values of B = 1314 K and T =
123 K. Both the MCT fitting and the VFT fitting describe the
temperature dependence of the calculated viscosities well over
the entire temperature range considered in the simulation. Fol-
lowing the usual convention, we fitted 7 utilising the Arrhe-
nius equation. Because the Arrhenius fitting is highly depen-
dent on the fitting range, we tried many times to modify the fit-
ting. We ultimately found that one Arrhenius expression was
not sufficient to characterise the evolution of 1. Generally
speaking, the Arrhenius fitting fails to capture the evolution
of 1 in the low-temperature range. In the deeply undercooled
state (< 800 K), the evolution of 1) is clearly different from that
indicated by the high-temperature Arrhenius fitting (HTAF).
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To be more specific, upon cooling at 7 < 800 K, 7 increases
at a much more rapid rate than that described by the HTAF.
The change from Arrhenius to non-Arrhenius dependence in-
dicates a crossover from uncorrelated to correlated dynamics
in the liquid. Because of the variation in the calculated values,
it is difficult to determine the crossover temperature directly
by examining the discrepancies between the calculated 1 val-
ues and the HTAF-predicted values. However, we noted that
the MCT and VFT fittings yield very reasonable predictions
in the low-temperature range. We considered it to be better to
use the degree of deviation of the MCT or VFT curve from the
HTAF line to determine the crossover temperature. However,
because the HTAF line intersects the MCT curve, it is not con-
venient to use the MCT curve for this purpose. We therefore
defined the onset deviation point as the temperature at which
the discrepancy between the HTAF line and the VFT curve
was up to 2%. Based on this definition, the onset deviation
temperature (i.e., the crossover temperature 7x) was found to
be ~ 1090 K.

3.3.3. Self-intermediate scattering function and «-
relaxation time
Figure 9(a) shows the temperature dependence of the self-

intermediate scattering function Fs(q,t), which is expressed as

N
Fs(q:1) = % <_Zlexp{—iq- [7(2) —rj(0)1}>- (1)
=

Fs(q,t) characterises the mean relaxation time of a system.
The wave number ¢ in Fs(gq,t) is the position of the first peak
in the static structure factor S(g). As shown in Fig. 9(a), the
time needed for Fs(g,7) to decay increases with decreasing
temperature because of weakened atomic mobility. Over short
periods of time, Fs(gq,t) exhibits a Gaussian-like decay repre-
senting the ballistic motions of atoms. Over long periods of
time, Fs(g,t) decays to zero in nearly exponential fashion on
a picosecond timescale, suggesting that the motion of atoms
becomes diffusive. The slow diffusion stage is also called a-
relaxation. The o-relaxation time 7 can be empirically de-
fined as the time required for Fs(g,t) to reduce to 1/e.[4344]
The increase in T with decreasing temperature is illustrated
in Fig. 9(b). As with 7, calculated values of T can be fitted
using the MCT, VFT, and Arrhenius expressions. We do not
attempt to present a detailed discussion of the fitting of T here
because it is similar to that of . However, we emphasise
that with decreasing temperature, the deviation of 7 from the
HTAF line becomes very clear, and the failure of the Arrhe-
nius equation is demonstrated again. Using the same criterion
as in the analysis of 1) described above, we found that for 7,

the crossover from Arrhenius to non-Arrhenius behaviour also

occurs at ~ 1090 K. It should also be noted that, according to
MCT, 7 is related to T;. according to the following equation:

o(T) =2(T—T.) 7. (12)

Regression analysis yielded parameter values of ¥y = 0.78 and
T. = 542 K for this equation. The fitted y value is nearly the
same as that derived from the calculated viscosities. The fitted
T. is close to but slightly higher than the value extracted from
n. It is worth noting that the fitted 7; value is lower than the
crystallisation temperature of 600 K. According to the fitted
T:. value, SER should hold quite well within the temperature
range considered in this study, as we discuss in the next sec-
tion.
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Fig. 9. (color online) (a) Self-intermediate scattering function Fs(q,7) at
different temperatures, and the time is plotted in the logarithmic scale.
The a-relaxation time 7 is determined by the 1/e cut of Fs(g,t), as
illustrated by the dashed line. (b) ¢t-relaxation time T versus inverse
temperature, and the lines are the MCT, VFT, and Arrhenius fittings.

3.4. Breakdown of Stokes—Einstein relation

Once D and 1 have been calculated, the validity of SER
can be evaluated. According to SER, under slip boundary con-

ditions, the effective diameter d can be determined from the
kT

2znD*
constant, SER is thought to hold; otherwise, SER breaks

down. As figure 10(a) shows, the calculated d is close to the

equation d = As long as d is a temperature-independent

first nearest-neighbour distance in g(r). At high temperatures,
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d fluctuates around a value of approximately 2.85 A. At low
temperatures, d deviates significantly from the constant. More
precisely, d exhibits a decrease at T < T (~ 1090 K). To as-
sess the possibility of a size effect in the MD calculation, we
conducted additional tests for systems of 4,000 and 108,000
atoms. There was no obvious size effect evident in the results
for d (see Appendix B). The reduction in d is indicative of
increasingly correlated atom motions. Because 7 is propor-

2.151 it is reasonable to

tional to T via the Maxwell relation,!
assess the validity of SER using the parameter D7/T, which
is plotted with respect to temperature in Fig. 10(b). Clearly,
the evolution of Dt/T with temperature can be divided into
two regimes with different characteristic slopes. At 7' < T
(~ 1090 K), Dt/T increases with decreasing temperature at
a constant rate that is four times larger than that at T > Tx.
Based on the results of d and Dt/T, the onset of SER break-
down is considered to occur at Ti. It must be emphasized that
the crossover temperature Ty is higher than 7; and T;, by ap-
proximately 550 and 177 K, respectively. To the best of our
knowledge, this is the first time that the abnormal breakdown
of SER in a monatomic liquid metal has been observed.
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Fig. 10. (color online) (a) Effective Stokes—Einstein diameter d deter-
mined by the calculated D and 1. The dashed line is the first nearest-
neighbour distance derived from g(r), 2.8 A, which is nearly indepen-
dent of temperature. The dotted-dashed line is the fitting result for d.
Correlation coefficient RZ = 0.75 for T < Ty, and 0.79 for T > Ty. (b)
Parameter DT/T versus temperature. The lines are the linear fittings
with R? = 0.84 and 0.86 for the low and high temperature ranges sepa-
rated by T, respectively.

3.5. Dynamics heterogeneity and clustering

3.5.1. Non-Gaussian parameter

In a previous study, we found that the abnormal break-
down of SER occurred in Cus3 3Zrgg 7 melt as a result of a sud-

(141 We subsequently

den increase in dynamics heterogeneity.
investigated dynamics heterogeneity in liquid Al using the

non-Gaussian parameter o (¢):[4!

3(Ar*

(13)
where Ar?(t) is the MSD and Ar#(t) is the mean quartic dis-
placement. For an isotropic system, o () = 0. When o (r) >
0, a number of atoms have a higher mobility than others, or the
atom mobility varies. The variation in mobility is illustrated by
a colour coding of atom displacement over a time interval of
1000 fs at 650 K in Fig. 11(a). Figure 11(a) displays a broad
distribution of atom displacements, suggesting varying atom
mobilities.

Like those of MSD and Fs(g,t), the evolution of ()
can be divided into different regimes based on its time depen-
dence. Initially, o () starts at zero because of the ballistic mo-
tion of atoms and increases slightly because of the anisotropies
of ballistic motion. a;(¢) then increases with time according to
a power-law relation (proportionally to /7). Eventually, o (¢)
decays to be approximately proportional to 1/ and tends to
zero because of diffusive motions.[#®! Therefore, between the
short-time ballistic regime and the long-time diffusive regime,
there exists a maximum value of 0(z), referred to here as
0 max- In general, 0 max increases with decreasing temper-
ature, and the time required to reach o max becomes longer.
0 max provides information on correlated jumps of atoms over
time and complicated clusters in space.

As figure 11(b) shows, the evolution of 0p(f) is con-
sistent with the above descriptions. As the temperature de-
creases, O max increases by an order of magnitude, which is
evidence that the dynamics of liquid Al becomes progressively
more heterogeneous. To illustrate its temperature dependence,
0 max 1s plotted with respect to temperature in Fig. 11(c). As
the figure shows, 0 max increases upon cooling at a consider-
ably enhanced rate at T < Ty (~ 1090 K), and SER begins to
fail. Atoms with high mobility make large contributions to D,
whereas 1 and 7 are strongly influenced by atoms with low
mobility. Therefore, an enhanced dynamic heterogeneity can
result in the breakdown of SER.
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Fig. 11. (color online) (a) Snapshot of atom position at 650 K. Colours
represent the displacement of atom during the time interval of 1000 fs.
(b) Non-Gaussian parameters o () for liquid Al versus time at vary-
ing temperatures. (¢) Maximum of the non-Gaussian parameter 0 max
depicted in the semi-logarithmic scale against 1000/7. The red line is
the Arrhenius fitting for high temperature (HT fit), and blue line for low
temperature (LT fit). At temperature around Ty, a kink is observed.

3.5.2. Icosahedral cluster and local five-fold symmetry

It is widely accepted that liquid metals are composed of

s [47-52

atomic cluster: I Atoms in a cluster usually have lower

mobility because they have to coordinate with each other.
Consequently, dynamics heterogeneity in liquid metal is be-
lieved to be initiated by the formation of atomic clusters.
Icosahedral clusters, which are an important and fundamental
type of atomic cluster, are thought to be responsible for the un-

l.[53

dercooling ability of liquid metal.[3 It is therefore important

s [54-58

to study icosahedral cluster: | Research has shown that

icosahedral clusters play an important role in the dynamics—

p.%-931 For example, Jakse ez al. noted

structure relationshi
that an increase in icosahedral clusters is responsible for non-
Arrhenius dynamics slowing down in liquid and undercooled
CussHfys and CugpHfsg alloys.[%%) Similarly, Cheng et al.
demonstrated that the icosahedral cluster type could be consid-
ered the structural origin of non-Arrhenius dynamics.[®3 Be-
cause non-Arrhenius dynamics is closely related to the break-
down of SER, it is important to examine the possible correla-
tion between the breakdown of SER and icosahedral clusters.
Therefore, the focus of the analysis described below was the
icosahedral cluster type.

As the structural results for g(r) and the angle distribu-
tion suggest, atomic clusters in liquid Al gradually become
pronounced as the temperature decreases. To obtain more de-
tailed information, we characterised atomic clusters by means

5.16465] A Voronoi polyhedron

of a Voronoi tessellation analysi
is similar to a crystallographic Wigner—Seitz cell. The Voronoi
index (n3,na,ns,ng) is a type of coordinate polyhedron sur-
rounding a central atom, where n; is the number of the face
with i vertices. The total number of faces is equal to the CN
of the central atom. The Voronoi index of a perfect icosahe-
dral cluster is (0,0, 12,0). Voronoi polyhedra with indices of
(0,2,8,1), (0,2,8,2), (0,3,6,3), (0,1,10,2), and (1,0,9,3)
have been identified as icosahedral-like clusters (or distorted
icosahedra).[9-%8] As figure 12(a) shows, perfect icosahedra
({(0,0,12,0)) only occupy a small proportion of liquid Al
The majority of these Voronoi polyhedra are distorted, and
distorted icosahedra marked by (0,1,10,2) are the most fre-
quent. We can see from Fig. 12(a) that (0,0, 12,0), (0,2,8,2),
(0,1,10,2), and (1,0,9,3) increase with decreasing temper-
ature. Unlike these four types, (0,3,6,3) and (0,2,8,1) are
nearly temperature independent.

To reflect various clusters in a unified way, a structural in-
dicator of local five-fold symmetry (LFFES)[%°! can be defined

as follows on the basis of Voronoi tessellation analysis:

ds = ns / Y ni (14)

According to Eq. (14), LFFS is the ratio of the number of
pentagons to the number of Voronoi faces. LFFS has been
proven to be sensitive to glass transition and mechanical
deformation.!”-73 Figure 12(b) illustrates the evolution of
LFFS with cooling. The figure shows that LFFS increases with
decreasing temperature and that the temperature dependence
of LFFS has two linear regimes: a high-temperature regime
and a low-temperature regime. Within the high-temperature
regime, the slope is ~ 3.72 x 10> K~!, whereas in the low-
temperature regime, the slope is ~ 1.77 x 107* K~!. The two

regimes intersect at a temperature of ~ 1090 K, which is the
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same temperature as 7x. Based on the previously described re-
lationship between atomic clusters and dynamic heterogeneity,
it is reasonable to conclude that a correlation exists between
the development of LFFS and dynamic heterogeneity. This
correlation suggests that the abnormal breakdown of SER has
a deeper origin which is linked to change in the structure of
the liquid.

T T T T
(1,0,9,3) (0,1,10,2) (0,2,8,2) (0,0,12,0)

(0,3,6,3) (0,2,8,1) __

Fraction/%

0 1
600 1000

1
1400
T/K

1800

0.54

0.52

0.50

LFFS/ds

0.48

0.46

0.44

1 ‘ 1 1
600 1000
T/K

1 1
1400 1800

Fig. 12. (color online) (a) Fractions of icosahedral and icosahedral-like
clusters at different temperatures. (b) Evolution of LFFS with decreas-
ing temperature.

4. Conclusion

We studied the structure and dynamics of liquid Al using
molecular dynamics simulation. The calculated results for the
structure included the pair correlation function, the dihedral-
angle distribution, and the bond-angle distribution. The struc-
tural results suggest that the liquid structure changes signifi-
cantly from high temperature to low temperature. The dynam-
ics results included the self-diffusion coefficient D, the vis-
cosity 7, and the a-relaxation time 7. The calculated D and
n values were in good agreement with experimentally mea-
sured values. We used the calculated D, 1, and 7 values to
assess the validity of the Stokes—Einstein relation, SER. The
results reveal that SER breaks down at a critical temperature
Tx ~ 1090 K, which is higher than 7; as determined by MCT

fitting and is also higher than the melting-point temperature
Tin- Such a high temperature breakdown of SER has rarely
been reported for a monatomic liquid metal.

To explain this abnormal breakdown, we used the non-
Gaussian parameter to describe the dynamics heterogeneity.
The results show that dynamics heterogeneity is accelerated
with decreasing temperature at T < Tx. Accordingly, this ab-
normal breakdown of SER is considered to be rooted in en-
hanced dynamics heterogeneity. Because dynamics hetero-
geneity is closely associated with atomic clustering, we in-
vestigated icosahedral and icosahedral-like clusters by means
of Voronoi tessellation analysis. We found that the number of
clusters increases considerably with cooling. LFFS, which is
defined as the ratio of the number of pentagons to the num-
ber of Voronoi faces, was introduced to facilitate a uniform
description. The results suggest that the evolution of LFFS
is consistent with the development of dynamics heterogeneity.
Based on this finding, we propose that change in the structure
of the liquid is the intrinsic reason for the abnormal breakdown
of SER.

Appendix A: The monitoring profiles within
0.1 ns

2000F ; - ' o (a)

1600

T/K

1200F =

800 ]

- . :
YT Y o et AR A A, WY U YW b
A Ay Lha bbb Al At hd WY IR ¥
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0.5 Py et
20,0 e g
19.5F j
19.0F 4
18.5

V/atom/A3

= (o)
—3.00

—3.05
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PE/atom/eV

-3.20F =

0 20 40 60 80 100
t/ps
Fig. A1. (color online) The monitoring profiles of temperature (a), vol-
ume (b), and potential energy (c) for the system of 32 000 atoms during
the sampling (from bottom to top, the temperature changes from 650 K
to 1950 K with a step of 100 K).
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Appendix B: A set of data for the systems of 4000 and 108000 atoms

n/mPa-s

3.2
3.0

2.8
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2.6
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T, ]
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Fig. B1. (color online) Upper panel including (a), (b), (c) is for the system of 4000 atoms, and lower panel including (d), (e), (f)) for the system
of 108000 atoms. (a), (d) Self-diffusion coefficient D. (b), (e) Viscosity 1. (c), (f) The effective Stokes—Einstein diameter d. The solid lines in
panels (a), (b), (d), and (e) are the Arrhenius fittings. The dotted-dashed lines are the guide to the eye. In panels (a), (b), (d), and (e), they are for
showing that one Arrhenius fitting is not enough to describe the evolution of D and 1. In panels (c) and (f), they are used to illustrate the variation

trend of data.
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