
PHYSICAL REVIEW B 95, 144210 (2017)

Coupling between dynamic slowing down and chemical heterogeneity
in a metallic undercooled liquid
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We investigate the connection between local structure and dynamics in the liquid and undercooled Al93Cr7 alloy
using ab initio molecular dynamics simulations. In the liquid phase, we show the striking effects of Cr alloying
on the atomic-scale structure, characterized by a heterogeneous local ordering around each component, due to a
strong interplay between chemical short-range order and icosahedral short-range order. In the undercooled phase,
this interplay leads to the formation of an icosahedral-based medium-range order (IMRO) referring to Cr atoms.
In examining the dynamic properties, we observe that this chemically induced structural heterogeneity gives rise
to a substantial decoupling of component diffusion in the liquid phase, far above the liquidus temperature. In
the undercooled regime, we find the breakdown of the Stokes-Einstein relation and a pronounced increase of the
non-Gaussian parameter, indicating the onset of dynamic heterogeneities. Using the isoconfigurational ensemble
method, we evidence that the structural origin of dynamics heterogeneities is clearly related to the formation of
IMRO. Finally, we discuss the role played by IMRO in nucleation on the preexisting icosahedral cluster in the
liquid phase.
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I. INTRODUCTION

Understanding dynamics in liquids upon undercooling
represents one of the major challenges in condensed matter.
Perhaps the most striking feature is the increase in viscosity
and relaxation time of liquids towards the glass-transition
temperature, Tg , despite little change in their static structure,
in contrast with crystallization.

The increasing rate of viscosity with falling temperature
down in the deep undercooling regime has been used by
Angell [1] to classify liquids by introducing the concept
of fragility. A liquid is called strong or fragile depending
on the change in viscosity as a function of temperature.
Viscosity of strong liquids exhibits an Arrhenius-temperature
dependence, η = η0exp(E/kBT ) where η0 is a constant and
E is an effective activation energy. For fragile liquids, E is
not constant when the temperature decreases and a good fit
of viscosity is given by the Vogel-Fulcher-Tammann (VFT)
law, η = η0exp[BT0/(T − T0)] where η0 and B are material-
dependent parameters. Note that the divergence of viscosity at
a finite temperature, T0, is not a prerequisite to obtain a good
representation of experimental data [2].

Another interesting feature of undercooled liquids is that
their dynamics results from microscopic cooperative pro-
cesses. Both experimental and numerical studies [3–8] have
revealed that a liquid does not fall into a glass in a spa-
tially homogeneous fashion because near the glass-transition
temperature, the rates of atomic rearrangements can differ by
orders of magnitude from one region of space to another [4,6].
This phenomenon, called “spatially heterogeneous dynamics”
or dynamic heterogeneities (DHs), may evolve over time since
undercooled liquids are ergodic systems; a slow region will
eventually become fast and vice versa. DHs are apparently a
universal feature of undercooled liquids since they have been
observed for strong as well as fragile liquids [9,10].

Furthermore, the presence of DHs has been argued to give
rise to the decoupling of the self-diffusion (DS) and viscosity
and then to the breakdown of the Stokes-Einstein (SE) relation,

DSη/T = cste [10]. Specifically, the breakdown of the SE
relation has been related to the particles in fast regions
while particles in slow regions obey the SE relation [11].
However, some other studies indicate that the situation is much
more complicated. For polymeric liquids, the dispersion of
relaxation times is temperature independent and eliminates
the possibility that DHs are at the origin of this decoupling
[6]. Other contributions have shown that it is not necessary to
use DHs to explain the breakdown of the SE relation [12–14].
Moreover, particles in both fast and slow regions were found
to deviate from the SE relation [12,15].

The issue of the structural origin of DHs remains open for
many systems and it is still debated as to whether there exists
a static length scale that underlies the growing length scale
for the dynamic correlations. To go beyond the pair corre-
lations (or static structure factors) which usually display no
significant changes as temperature decreases, many attempts
have been proposed to identify locally favored structures
and to investigate the change in population as a function of
temperature [16–20]. For metallic liquids, structural motifs
based on the fivefold symmetry or polyhedral ordering, as first
suggested by Frank [21], have been used to present the glass
transition as a frustration against crystallization. Within these
approaches, frustration can be due to geometrical arguments
[22], and random disorder effects or competing orderings [23].
However, the exact relationship of such polyhedral ordering to
dynamic heterogeneities is still unclear even if measurements
have shown that the polyhedral domains are slow to relax
[24]. We note that even polyhedral ordering can be regarded
as a structural motif in (quasi-) crystalline ground states like
icosahedra in quasicrystal approximants [25]. Moreover, it has
been suggested that critical-like fluctuations of the crystalline
order are the origin of DHs in certain classes of undercooled
liquids [26,27]. Let us mention that other recent attempts to
identify structural features underlying the DHs have been
proposed via various models such as the self-hole process
[28], or through the concept of weakly effective particle [29].
Detection of icosahedral clusters up to the nanometer scale in a
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metallic glass under stress and corresponding to the extension
of the DHs has also been reported [30].

To unveil connections between structure and dynamics,
it is tempting to link structural heterogeneity to dynamical
heterogeneity. A causal link has been established on the
basis of numerical simulations with the introduction of
the isoconfigurational displacement (or propensity) field. A
reasonable assumption is that stable structures should move
less than unstable ones and in this manner, Widmer-Cooper and
co-workers [31–33] showed that different local environments
in the liquid structure lead to faster or slower relaxing regions,
thus proving a structural origin for DHs. Note that within
this approach, connections between liquid structure and liquid
dynamics are all the more explicit that strong fluctuations in
composition [34,35] or structure [25] are present.

In this paper, we address the important issue of the relation
between structural and dynamic properties of the binary
Al93Cr7 liquid upon undercooling by performing a series of
first-principles molecular dynamics (AIMD) simulations as a
function of temperature.

The main motivations to choose this system are that it
belongs to one of the most representative class of materials, i.e.,
Al-based alloys, in which the crystallization of close-packed
structures and the formation of quasicrystalline and amorphous
structures compete as a function of the alloying composition
and the cooling process [36,37]. Interestingly, Kurtuldu et al.
[38,39] have recently shown that Cr addition in liquid Al-Zn
alloys is believed to promote icosahedral short-range order
(ISRO) in order to explain the refinement of the α-Al grain
structure. Such an ISRO would lead to the formation of an
Al-Cr icosahedral quasicrystal or a fragment of the stable
approximant phase, Al7Cr, which acts like a template for
the nucleation of the α-Al phase upon cooling. Importantly,
nucleation on this kind of quasicrystalline template may
explain the remarkably high fraction of grain boundaries across
which there is a twin or near-twin orientation relationship.

Finally we mention that this system has never been studied
by molecular dynamics simulations and the presence of ISRO
remains a merely speculative assumption in the absence of a
direct experimental observation.

First, our findings show that the local structure is char-
acterized by a strong Al-Cr affinity which favors the oc-
currence of the ISRO around Cr atoms, leading to different
local ordering around each component. In the undercooled
regime, this heteroatomic affinity causes the development of
an icosahedral-based medium-range order (IMRO) referring
to Cr atoms surrounded by Al atoms, which increases the
structural heterogeneity at the atomic scale. In examining the
dynamic properties, we observe that this chemically induced
structural heterogeneity leads to a pronounced decoupling
of component diffusion in the liquid phase, far above the
liquidus temperature. In the undercooled regime, we find the
breakdown of the Stokes-Einstein relation and a pronounced
increase of the non-Gaussian parameter, indicating the onset of
dynamic heterogeneities. Using the isoconfigurational ensem-
ble method, we reveal that the structural origin of dynamics
heterogeneities is clearly related to the formation of IMRO. In
particular, we evidence that fast-dynamics regions are made up
of only Al atoms while slow-dynamics regions are enriched in
Cr atoms with respect to the chemical composition of Al93Cr7.

II. COMPUTATIONAL METHOD

AIMD simulations of liquid Al93Cr7 alloys were carried out
using the Vienna ab initio simulation package (VASP) [40]. All
the dynamical simulations were performed in the local density
approximation [41] while the core-valence electron interaction
was described by the projected augmented plane waves with
a plane-wave cutoff of 270 eV. Newton’s equations of motion
were integrated using the Verlet algorithm in the velocity form
with a time step of 1.5 fs within the NVT canonical ensemble
by means of a Nosé thermostat to control temperature.

Some 256 atoms with the desirable composition are
arranged in a cubic simulation box with standard periodic
boundary conditions. Only the � point is used to sample the
Brillouin zone. We have shown that such approximations re-
produce the transport properties of liquid aluminum correctly
[42].

The liquid samples were first prepared at a temperature well
above the highest one studied to reach thermal equilibrium.
This was followed by a cooling to the successive lower desired
temperatures for the given alloy with a rate of 3 × 1012 K/s.
We have considered height temperatures in the range going
from 1400 to 700 K, the experimental liquidus temperature
being close to 1000 K. At each temperature, the volume V of
the simulation cell was chosen to reproduce the experimental
densities [43]. The pressures calculated in the simulation
cell do not exceed 0.9 GPa with a typical fluctuation of
1.2 GPa. Therefore, structural and dynamic properties are not
influenced by pressure effects. Above the liquidus temperature,
the run was continued for equilibration during a time up to
120 ps while 400 ps is used in the undercooled region. For
T = 700 K, the equilibration was continued up to 700 ps. For
each temperature, the equilibration time represents at least
twice the relaxation time of the liquid alloy, which ensures the
determination of structural and dynamic properties with a good
statistical accuracy under equilibrium conditions [44]. For pure
liquid Al, we have used our results from Ref. [43], which we
have extended here in the temperature range between 1400 and
700 K. We also adopt the same procedure to describe structural
and dynamic properties of pure liquid Cr in the temperature
range between 2200 and 1700 K.

III. RESULTS AND DISCUSSION

A. Local ordering

At first, the structure of Al93Cr7 represented by the partial
pair-correlation functions and a detailed three-dimensional
image of the local ordering of each component provided
by the common-neighbor analysis (CNA) [45] is routinely
determined.

1. Partial pair-correlation functions

We computed the pair-correlation functions gij (r) (i,j =
Al or Cr) from 1000 independent equilibrated configurations
using standard techniques [46,47]. In Figs. 1(a)–1(c), we
show the temperature dependence of gij (r) up to the deep
undercooling region.

Upon cooling, the first peak position remains essentially un-
changed for Al-Al and Al-Cr partials (rAlAl = 2.74 Å, rAlCr =
2.54 Å) while it slightly increases for the Cr-Cr partial from
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FIG. 1. Calculated partial pair-correlation functions from ab ini-
tio molecular dynamics simulations for temperatures T = 1400 K,
1200 K, 1000 K, and 700 K: (a) Al-Al, (b) Al-Cr, and (c) Cr-Cr.

rCrCr = 2.14 Å at T = 1400 K to 2.24 Å at T = 1000 K. The
most interesting feature concerns the intensities of the first
and second peaks of the three partials and their evolution
with temperature requires several comments. First, we note
that the amplitude of gAlCr(r) becomes more and more pro-
nounced with respect to gAlAl(r) and gCrCr(r) when temperature
decreases below T = 1300 K, which is an indication of an
increase of the heterocoordination in the alloy with preferred
Al-Cr bonds, leading to the formation of a pronounced
chemical short-range order (CSRO). Another indication of
CSRO is the striking temperature dependence of the first
peak of the Cr-Cr partial. Below 1000 K, it becomes lower
than the second peak with a significant trend to disappear. As
reported by Maret et al. from measured partial pair-correlation

FIG. 2. Snapshot of the AIMD simulation showing a typical
configuration at T = 800 K (left panel). Cr atoms are drawn in blue
while Al atoms surrounding Cr atoms are light pink and the other
Al atoms are shown in dark pink. Moreover, Al atoms in two typical
Cr-centered icosahedra are highlighted in yellow as a guide for the
eyes. For visual purposes, some of the atoms in the configuration are
shown outside of the simulation cell by application of the periodic
boundary conditions. The right panel shows the nearest-neighbor
environment of Cr atoms extracted from the left-side configuration.
It consists of a network of 160 atoms out of the 256 atoms with 142
Al atoms and 18 Cr atoms.

functions in liquid Al-based alloys [48] such a behavior is
also in favor of an extension of chemical ordering to larger
distances than the first Al-Cr one and can be related to the
development of a medium-range order (MRO) referring to Cr
atoms surrounded by Al atoms. Additionally, this MRO with
the strong intermixing between Cr and Al atoms causes an
increase of the structural heterogeneity at the atomic scale
because Al atoms as the first-nearest neighbors of Cr atoms
are less than Al atoms expected from the alloy composition.

To illustrate this structural heterogeneity, we show the
atomic structure of a typical configuration obtained at 800 K in
Fig. 2. The left panel evidences structural heterogeneities with
regions made up by Cr atoms surrounded by their first-nearest
neighbors and others with Al atoms only. The right panel
shows the network formed by Cr atoms with their surrounding
Al atoms, extracted from the simulation box shown on the left
side.

Finally, note that the development of a shoulder in the sec-
ond peak of gAlAl(r) and gAlCr(r) with decreasing temperature
can be related to an evolution of topological short-range order
[49]. To better quantify topological evolutions as a function of
temperature, we then determined local ordering around each
component using the common-neighbor analysis.

2. Common-neighbor analysis

Among the methods to get a three-dimensional picture of
the local ordering surrounding each pair of atoms, common-
neighbor analysis (CNA) is able to discriminate between
various local topologies like fcc, hcp, bcc, and icosahedral,
as well as more complex polytetrahedral environments. The
classification of each pair of atoms according to the number
and topology of their common neighbors is done by means of
a set of four indices as described in details in our preceding
papers [49,50].

To perform CNA at a given temperature, we have first
selected ten configurations regularly spaced in time and
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FIG. 3. Bonded pairs determined from the common-neighbor
analysis as a function of temperature obtained from the common-
neighbor analysis around Al and Cr atoms, as well as the total one:
15xx (1551+1541), and 1431. The analyses for pure Al and pure Cr
are also included for comparison.

extracted their inherent structures. In this approach, the
objective is to bring the configurations in local minima of
the potential energy landscape (PEL) [51], so called as the
inherent structure energies (ISEs). This is done numerically
by carrying out a conjugate gradient energy minimization in
order to suppress the kinetic energy. Therefore, the structural
properties can be studied in their finer details without thermal
noise.

In Fig. 3, we report the most abundant bonded pairs, the
1431 and 15xx, representing the sum of 1551 and 1541 pairs,
respectively, for the Al and Cr component in the Al93Cr7 alloy.

We find that the local ordering of Al93Cr7 is dominated
by 15xx pairs which are representative of the icosahedral
symmetry (ISRO). The comparison between two components
indicates that ISRO is much more pronounced around Cr
atoms and increases more rapidly upon cooling. The respective
abundance of the 1431 pairs, which can be considered as either
distorted icosahedra or distorted close-packed structures [52],
reinforces the fact that the local environments around Al and
Cr are different.

Interestingly, we also report the 15xx pairs for pure Cr and
Al liquids in Fig. 3. We observe that the ISROs of Al and Cr in
Al93Cr7 are quite different from those observed in pure Cr and
Al liquids, which is still an indication of the strong interplay
between CSRO and ISRO.

Furthermore, as the formation of medium-range order in
the undercooled state refers to Cr atoms, we can conclude that
such MRO displays a strong icosahedral bond-orientational
order (IMRO). It is illustrated in the left panel of Fig. 2 in
which two typical Cr-centered icosahedra are highlighted in
yellow for visual purposes. How such IMRO can be compared
to structural models proposed by Laws et al. [53] is beyond
the scope of the present study.

B. Dynamic properties

One of the main objectives of this work concerns the
investigation of single-particle dynamics and the related
relaxation phenomena upon cooling in Al93Cr7. Self-diffusion

coefficients are characterized by the individual atom displace-
ment through the mean-square displacement for each species
i (i = Al or Cr),

R2
i (t) = 1

Ni

Ni∑
k=1

〈[rk(t + t0) − rk(t0)]2〉t0 , (1)

where rk(t) represents the position of atom k of species i at
time t . The angular brackets represent the average over time
origins t0. The self-diffusion coefficient Di can be determined
from the long time slope of R2

i (t), namely,

Di = lim
t→∞

R2
i (t)

6t
. (2)

Relaxation phenomena can be studied through the structural
relaxation time. To obtain this quantity, we start from the self-
part of the van Hove (vH) function that is defined for each
species i by [54]

Gs,i(r,t) = 1

Ni

〈
Ni∑

k=1

δ[r − |rk(t + t0) − rk(t0)|]
〉

t0

. (3)

The function GS(r,t) gives a measure of the probability that
a given particle has undergone a displacement r after a time t

from the time origin t0 . Spatial Fourier transform of GS(r,t)
yields the self-intermediate scattering function

Fs,i(q,t) = 1

Ni

〈
Ni∑

k=1

exp {iq[rk(t + t0) − rk(t0)]}
〉

t0

, (4)

where q = (2π/L)(nx,ny,nz) are wave vectors compatible
with the length L = V 1/3 of the simulation cell and nx,ny ,
and nz are integers. At long times, FS(q,t) should undergo a
final decay, known as the α-relaxation process characteristic
of the diffusive regime, from which the structural relaxation
time τα can be determined [54].

1. Self-diffusion coefficients

We start our analysis of the dynamic properties with the
diffusion properties through the mean-square displacements
(MSDs), which are commonly drawn in the log-log scale in
Figs. 4(a) and 4(b), respectively, for Al and Cr. The curves
are shown for temperatures ranging from T = 1400 K in the
stable liquid to T = 700 K in the deep undercooling. For both
components, MSDs display common characteristic features
with a ballistic regime at short times, where an atom does
not encounter any other atoms in its vicinity. In this case, the
distance traveled is linearly proportional to the time interval
considered, and thus MDS is proportional to t2. Beyond
the ballistic motions, there is a plateau that is much more
pronounced at lower temperatures and indicative of the onset
of a caging effect. Finally, at longer times, atoms collide with
one another and in this regime MSD enters linear behavior as
a function of time corresponding to a diffusive regime. It is
worth mentioning that MSD curves for Cr atoms display some
small oscillations around the linear behavior at long times.
This is due to the statistics which is not as good as the one
for Al, the number of Cr atoms being small. The progressive
shift of MSD curves to larger times upon cooling indicates a
decrease of the self-diffusion coefficient.
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FIG. 4. Mean-square displacement for all investigated tempera-
tures for Al atoms (a) and Cr atoms (b).

A comparison of Figs. 4(a) and 4(b) reveals that the
MSD of Al is the largest and that of Cr is the smallest,
whatever the temperature. In the undercooled regime, a more
pronounced cage effect for Cr than for Al is observed, and
therefore increases the difference between the diffusion of two
components.

In Fig. 5, we show the temperature dependence of DAl and
DCr in Al93Cr7 as well as those of pure Al and Cr liquids.
In the alloy, their inverse temperature dependence displays

FIG. 5. Arrhenius plot of the Al and Cr self-diffusion coefficients
as well as for pure liquid Al and pure Cr atoms. Dashed lines are the
Arrhenius fit in the high-temperature range.

an Arrhenius-type behavior at high temperatures while we
detect a sharp deviation from the Arrhenius fit below 1000 K.
This is indicative of the onset of correlated dynamics of the
system, where the system transitions from a state with the
uncorrelated liquid dynamics at high temperatures to a state
with increasing cooperativity in various regions in time and
space [10].

Interestingly, the ratio between the two self-diffusion
coefficients displayed in the inset of Fig. 5 reveals that Cr
dynamics is clearly decoupled from Al and this decoupling is
accelerated below 1000 K. This decoupling can be attributed
to local orderings around Al and Cr which become more and
more different upon cooling, through the interplay between
CSRO and ISRO as discussed above. As a matter of fact,
icosahedral motifs are known to be the most compact local
structures and consequently they favor the caging effect [55].
This decoupling of dynamics can also be an important mech-
anism causing heterogeneous dynamics [4] as it will be seen
below.

Finally, the influence of local ordering on self-diffusion
coefficients is also seen in Fig. 5 through the comparison of
self-diffusion of both components in the alloy with those of
pure liquids. We find a strong increase of DCr upon alloying
while we observe the opposite for DAl , which can be still
connected to the important alloying effects in Al93Cr7. As
expected, these alloying effects impact more strongly minority
atoms, Cr, than majority ones, Al.

2. Structural relaxation

We now examine the self-intermediate scattering function
(SISF) that gives additional information on liquid Al93Cr7

concerning the structural relaxation. Figures 6(a) and 6(b)
show the temperature dependence of SISF drawn as a function
of time in the log scale, for each component. We have

considered a wave number q = 2.75 Å
−1

corresponding to
the position of the first peak of the structure factor S(q) (not
shown) [56]. At short times, typically below 0.1 ps, SISF
shows a Gaussian-like behavior indicative of the ballistic
regime. In the high-temperature range, it is followed by an
exponential decay which is an indication of a homogeneous
diffusion regime. At lower temperatures, in the undercooled
region, SISF reveals two relaxation mechanisms separated by
a shoulder corresponding to the plateau in MSD. The early
relaxations are usually referred to as the so-called β-relaxation
regime while the final decay from this shoulder to zero
corresponds to a slower relaxation process referred as the
so-called α relaxation. At low temperature, we can see that
the decay to zero of SISF is more rapid for Al, indicating
that the structural relaxation is faster for this component.
This is consistent with the faster diffusion of Al observed
in MSD.

The α-relaxation time, τα , is obtained at the time needed
for the corresponding self-intermediate scattering function
Fs(q,t) at the first peak of S(q) to be equal to 1/e as was done
in Ref. [57]. The deviation from a simple Arrhenius behavior is
easily observed in Fig. 7 plotted in a semilogarithmic scale. It
is interesting to note that the deviation of τα from the Arrhenius
behavior is observed around T = 1000 K for Cr while it occurs
around 800 K for Al.
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FIG. 6. Self-intermediate scattering functions for all investigated
temperatures for Al atoms (a) and Cr atoms (b). The chosen q values

of 2.75 Å
−1

correspond to the position of the total structure factor
maximum.

C. Dynamical decoupling and dynamic heterogeneities

1. Decoupling of elemental dynamics

Single-particle dynamics of components occurs in various
time scales. This can be readily quantified by taking the ratio
of self-diffusion coefficients and the relaxation times of Al

FIG. 7. Arrhenius plot of the α-structural relaxation time for Al
and Cr. The values for Al are also included for comparison. The
dashed line corresponds to the Arrhenius fit in the high-temperature
range.

FIG. 8. Ratio of the self-diffusion coefficients as well as the α-
structural relaxation times of the components for Al and Cr.

and Cr as shown in Fig. 8. Al and Cr diffusion and relaxations
are observed to clearly decouple even at high temperatures, in
the liquid regime. For instance, the ratio of DAl/DCr is found
to be roughly equal to 3 at the liquidus temperature and the
decoupling is strongly accelerated below this temperature.

We observe the same trend for the ratio of α-relaxation
times even if this ratio gives evidence of a much larger α-
relaxation time for the heavy Cr atoms as expected. More
interesting would be the determination of the ratio between
the α-relaxation time of Al atoms located in the IMRO-based
region and that of Al atoms outside this region. However, due
to the ergodic character of the system at the temperatures we
study, Al atoms in IMRO can move in the other region and
vice versa, leading to some difficulty of determining this ratio
quantitatively. Therefore, in Fig. 7, we report the α-relaxation
time of Al in pure liquid Al and from comparison with the
α-relaxation time of Al in Al93Cr7 we can determine the effect
of Cr addition. In particular, we observe a strong difference
at low temperatures due to the non-Arrhenius behavior of the
α-relaxation time of Al in Al93Cr7. Therefore, we can attribute
the departure from the Arrhenius law to Al atoms located in
IMRO and we evidence, although indirectly, that Al atoms in
the IMRO-based region have a higher α-relaxation time than
that of Al atoms outside this region.

We can then suspect that the decoupling of dynamics
between the two components can be an important mechanism
causing heterogeneous dynamics in Al93Cr7 in the undercooled
state.

2. Breakdown of the Stokes-Einstein relation

Having computed both self-diffusion coefficients and struc-
tural relaxation times, we can test the validity of the Stokes-
Einstein (SE) relation. The latter provides a simple connection
between the diffusion coefficients and the relaxation time
through D ∼ (τα/T )−1 that works remarkably well for many
liquids over a wide range of temperatures. In the undercooling
regime, a decoupling leads to a violation of the SE relation
[10]. Figure 9 shows the evolution of the ratio y = Dτα/T as
a function of temperature for both Al and Cr. It can be seen that
the SE relation is obeyed up to 1000 K for each component, as
y remains essentially constant. The temperature derivative of
y drawn in the inset of Fig. 9 reveals that the breakdown
becomes significant below T = 1000 K which corresponds
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FIG. 9. Stokes-Einstein ratio y = Dτα/T as a function of tem-
perature for Al and Cr atoms. Inset: Temperature derivative dy/dT

for Al and Cr atoms as a function of temperature.

roughly to the crossover from Arrhenius to non-Arrhenius
behavior observed for both self-diffusion coefficients and
structural relaxation times.

3. Non-Gaussian parameter

The decoupling between diffusion and relaxation time is
often related to dynamic heterogeneities (DHs) [10], denoting
higher and lower mobility of atoms with respect to the long
time average in which an equal mobility of all the atoms
is recovered. Therefore, the onset of the growth of DHs
is considered to be at the origin of the breakdown of the
SE relation [58–60]. However, some other studies found no
connection between the breakdown of SE and DHs [8,12].
To address this question for the metallic Al93Cr7 liquid we
quantify DHs by means of the non-Gaussian parameter [61]
defined as

α2(t) = 3R4(t)/5[R2(t)]2 − 1, (5)

where R2(t) and R4(t) are, respectively, the mean-square dis-
placement given by Eq. (1) and mean-quadruple displacement.
Typically, α2(t) reaches a maximum value αmax

2 around 0.2
on the subpicosecond scale due to the anisotropy of atomic
motions in the ballistic regime. Then, a rapid decrease towards
zero, inversely proportional to time, is observed at long times,
which is an indication of a homogeneous diffusive regime.
Otherwise, an increase of the amplitude of αmax

2 above 0.2 is
associated to an increasing degree of DHs.

In Fig. 10, we display the evolution of the temperature
derivative of αmax

2 for Al and Cr while in the inset, we plot the
curves of α2(t) for two temperatures, which are characteristic
of the high-temperature regime and the undercooled regime,
T = 1100 and 700 K, respectively. Below 1000 K our findings
indicate a strong temperature dependence of dαmax

2 /dT for the
two components, indicating that DHs grow with an increasing
rate in the undercooled regime. Then we find that in Al93Cr7,
DHs emerge almost at the same temperature as the breakdown
of the SE relation.

FIG. 10. Temperature derivative dαmax
2 /dT for Al and Cr atoms

as a function of temperature. Inset: Non-Gaussian parameter of Al
and Cr for temperatures T = 1100 K (solid lines) and 700 K (dashed
lines).

4. Spatial distribution of dynamic heterogeneities

In a multicomponent alloy, the spatially dynamic hetero-
geneity is believed to be initiated by the varying mobility of
each component that forms clusters and moves cooperatively.
However, a physical picture in the atomic scale is yet not
fully developed [4] and is unlikely to have a universal answer
[59,61]. Because of the highly localized nature of coopera-
tive dynamics, it is necessary to establish relevant quantity
that distinguishes local fluctuations in atomic positions and
velocities [62]. One particularly useful simulation-based tool
for quantifying the influence of structure on dynamics is the
isoconfigurational ensemble where many molecular dynamics
simulations are performed starting from the same initial
configuration but with momenta sampled randomly from a
Boltzmann distribution [31–33]. Each molecular dynamics
simulation is performed for an equal time interval, of the
order of τα , to permit the observation of DHs, and the
MSD is calculated for each atom. The atom’s propensity for
displacement is then defined from the averaging of MSD
of each atom over the various simulations, where a higher
value of propensity indicates greater mobility of atoms. In this
manner, spatial heterogeneities are immediately evident with
the reasonable assumption that particles with low propensity
have a larger measure of local structural stability.

To quantify the spatial distribution of the Al93Cr7 dynamic
heterogeneity, we performed simulations in the isonfigura-
tional ensemble at the undercooled temperature, T = 800 K.
Starting from the same initial configuration, isoconfiguration
analysis was conducted using 50 NVT simulations with
different initial velocities drawn randomly from a Maxwell-
Boltzmann distribution. To permit the observations of DHs,
the time of each simulation was equal to four times the
α-structural relaxation time, τα , computed above. The mean-
square displacements for each isoconfiguration were measured
and averaged for each atom in order to correlate the atom’s
propensity for displacement to its local structural order. The
propensity map is shown in Fig. 11(a). From inspection,
we note that the heterogeneous structure of Al93Cr7 at T =
800 K is well pronounced in both the localized sites of high
propensity and the extended domains of low propensity. In
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FIG. 11. (a) Propensity map of all atoms in the simulation box
at T = 800 K. The color scale corresponds to the propensity in
angstroms squared. (b) Positions of the Cr atoms in the initial
configuration of the isoconfiguration ensemble simulations (see text).
In both panels the positions of Cr atoms are projected onto the x-z
plane.

Fig. 11(b), we report the spatial distribution of Cr atoms in
the alloy. Interestingly, from comparison with Fig. 11(a), we
observe that Cr atoms are present only in the domains of low
propensity. Then we can conclude that IMRO induced by the
correlated Cr atoms via the strong Al-Cr affinity is responsible
for slow dynamics while localized fast-dynamic regions are
formed by Al atoms only, those which are not involved in
the IMRO-based region.

Finally, we note that that IMRO may play a key role
in the quasicrystal-enhanced nucleation mechanism observed
recently in Al-Zn alloys with Cr additions [38,39]. Indeed,
Kurtuldu et al. have examined in detail how nucleation of Al
grains might occur when Cr is added to liquid Al-Zn alloys
[38]. The authors assume a process that may resemble spinodal
decomposition, where added Cr develops local concentration
at which there is icosahedral ordering of atoms in the liquid.
Such a cluster grows into an icosahedral phase or a fragment
of the approximant Al7Cr phase [63] which acts then as a
template for the formation of many Al grains having twin or
near-twin relationships between them. Within this approach,
preexisting icosahedral solid clusters promote the formation
of the crystalline Al phase even though no icosahedral or
the approximant stable Al7Cr phase was detected in the
experimental study. To explain this absence, Kurtuldu et al.
assume that the preexisting or primary phase undergoes
a peritectic reaction with the liquid to give the final Al
phase.

From our study, we can imagine a slightly different
scenario: IMRO-based regions enriched in Cr may lead to
the formation of transient structures which could act as a
nucleation center for the rest of the Al atoms since their
dynamics is much slower than that of Al atoms upon cooling.
However, we cannot exclude the formation of Al7Cr as a
primary phase since the chemical composition as well as the
fivefold symmetry of the IMRO-based regions are in close
correspondence with this phase. In both cases, our findings
would support that icosahedra in a metallic liquid could be
regarded also as a structural motif linked to the formation of
a crystalline ground state as already proposed by Tanaka [23]
and not only at the origin of frustration leading to the glass
formation [22].

IV. CONCLUSION

In summary, we have performed a series of ab initio
molecular dynamics simulations in order to evidence the
striking effects of Cr alloying on structural and dynamic
properties of liquid and undercooled Al93Cr7 alloy.

The local ordering evolutions are examined through the
partial pair-correlation functions and abundance of bonded
pairs by means of the common-neighbor analysis. Our results
indicate that the local structure is characterized by a strong
Al-Cr affinity which favors the occurrence of the ISRO around
Cr atoms, leading to different local ordering around Al and
Cr. In the undercooled regime, below 1000 K, we observe
the formation of an icosahedral-based medium-range order
(IMRO) referring to Cr atoms. This formation with the strong
intermixing between Cr and Al atoms increases the atomic-
scale heterogeneity because Al atoms as the first-nearest
neighbors of Cr atoms are less than Al atoms expected from
the alloy composition.

Then, we evidence the evolution of this chemically induced
structural heterogeneity on dynamic properties like the self-
diffusion coefficients and relaxation times.

We obtain that Al and Cr diffusion and relaxations strongly
decouple even at high temperatures, in the liquid regime.
For instance the ratio of DAl/DCr is found to be roughly
equal to 3 at the liquidus temperature, 1000 K, and the
decoupling is strongly accelerated below this temperature.
Such a decoupling is also observed for the α-relaxation time
with, however, a less dramatic evolution at low temperature.

We find that T = 1000 K corresponds roughly to a
crossover behavior from an Arrhenius to a non-Arrhenius-
temperature evolution of diffusivity and relaxation time.
Moreover we show that this temperature is also the onset of
DHs via the breakdown of the SE relation and the increase of
the non-Gaussian parameter.

To quantify the spatial distribution of the Al93Cr7 dynamic
heterogeneity, we performed simulations in the isonfigura-
tional ensemble at the undercooled temperature, T = 800 K.
From the propensity map, we observe that the heterogeneous
structure of Al93Cr7 at T = 800 K is well pronounced in both
the localized sites of high propensity and the extended domains
of low propensity. Moreover, we find that IMRO induced by the
correlated Cr atoms via the strong Al-Cr affinity is responsible
for slow dynamics while localized fast-dynamic regions are
formed by Al atoms only.

Finally, the present ab initio simulations suggest that
chemically induced structural heterogeneities that promote
dynamic heterogeneities may also have an important implica-
tion in a quasicrystal-based nucleation mechanism of multiply
twinned Al grains. What the relationship is between these two
phenomena needs, however, a more detailed study.
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