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The development of short-to-medium-range order in atomic arrangements—that is, the
aggregation or packing of short-range order (SRO) atomic clusters—has generally been
observed in noncrystalline solid systems such as metallic glasses. Whether such medium-
range order (MRO) can exist in materials at well above their melting or glass-transition
temperature has been a long-standing important scientific challenge. Here, using ab initio
molecular dynamics simulations, we show that a novel, persistent MRO exists in liquid Al-
Cu alloys near the composition of CuAls. The correlated atomic motions associated with
the MRO give rise to a substantially enhanced viscosity in the vicinity of the composition.
The component of the MRO liquid state gradually decreases with increasing temperature,
and it disappears above a crossover temperature T c. The continuous liquid-liquid
crossover (LLC) through a percolation-like transition leads to a pronounced heat capacity

peak at Ty c.



Liquids are not structureless; unlike what they appear to be at first glance, liquid metals
in general contain characteristic atomic structures over short ranges. For instance, the
icosahedral atomic cluster (Ih13) is one of the most common, locally favored structures in
liquid metals and alloys, and represents the tendency to form short-range order (SRO) [1-
4]. Understanding liquid structures is important for both fundamental and applied research,
because such an atomic ordering can significantly affect the dynamical properties of liquid
phases. Recently, a sharp peak in the viscosity isotherms of Al xCuy alloys was observed at
a composition of CuAl; (i.e., x = 0.25) above the liquidus temperature [5]. The appearance
of a viscosity peak in liquid CuAls is notable, given that the binary phase diagram of AlCu
has a single liquid phase over a wide composition range including x = 0.25 and that no
intermetallic solid CuAl; compound is present [5, 6]. In order to explain the viscosity
anomaly in Al-Cu alloys, a hypothetical “microgroupings” of atoms has been proposed [5].
However, the precise nature of the liquid structure and the associated dynamics is largely

unknown.

More generally, in the AI-TM liquid alloys (TM = Mn, Fe, Co, Ni, and Cu), the
formation of medium-range order (MRO), which is characterized by a pre-peak in the
structure factor, has been reported based on high-temperature X-ray and neutron diffraction
measurements [7—11]. The short-to-medium range order in the Al-TM liquid alloys is
remarkable, considering that a large number of Al-based binary or ternary alloys, e.g., Al-
Mn [12] and Al-Cu-TM [13], form quasicrystalline (QC) solid phases via a unique packing
of atomic clusters [13, 14]. Hence, fundamental studies of anomalous liquid properties of
Al-based alloys could provide a new insight into understanding the short-to-long range

ordering in QC-forming Al-based systems [11].



The presence of the MRO in the bulk Al-TM liquid alloys raises an intriguing question
whether or not such a high degree of order in liquid states can persist when the size of
alloys decreases to the nanometer scale. Understanding the role of the liquid surface phases
in the structural and dynamical properties of nanoparticles are of particular importance for
nanotechnology, because metallic nanoparticles in liquid states are widely used as catalysts

in the vapor-liquid-solid growth of nanostructures and for other applications [15—17].

Using ab initio molecular dynamics (MD) simulations, we demonstrate that a short-to-
medium range order transition based on fivefold SRO clusters occurs in the liquid states of
both Al-Cu nanoalloys and bulk alloys at around a composition of CuAl;. We first show
that the MRO formation in the liquid surface of Alss.nc,Cune, clusters leads to anomalous
peaks in the calculated viscosity and heat capacity. Next, we generalize the results of the
nanoalloys to the case of bulk Al-Cu liquids, and elucidate how an MRO network emerges
in the bulk liquid with reduced dimensionality. In this study, total energies were calculated
within the generalized gradient approximation (GGA-PBE [18]) to the density functional
theory (DFT) as implemented in the VASP package [19]. For MD simulations at constant
temperatures, the Nos¢ thermostat [20] was used, and the time step was chosen to be 3 fs.
Heat capacities of nanoalloys were calculated by using the multiple-histogram method [21—
23]. The viscosity of a liquid state at a given temperature and composition was calculated

from the Stokes-Einstein relation [24, 25] (see Methods in the Supplemental Material [26]).

Figure 1(a) shows the simulated heat capacity C(Nc¢y, T) of Alssne,Cune, nanoalloys
which reveals three distinct states, S, L and L*, in the Al rich region (Cu content up to 33

at. %). Here, S and L denote solid-like and liquid-like states, respectively. These states are



separated by a noticeable peak in the heat capacity, whose position is denoted by a dot in
Fig. 1(a). For N¢, < 10, the heat capacity curve exhibits a single sharp peak at the melting
temperature Ty, [Fig. 1(b)]. In contrast, for N ranging from 11 to 17, a second heat capacity
peak associated with an L*-L crossover (LLC) appears at Ty c, which is substantially
higher than Ty, [Fig. 1(c)]. The separation of the two peaks, Ty c—Th, is especially large for
N = 13-15 in the vicinity of the composition CuAl;. The Als;Cu;; exhibits an S-bend in the
microcanonical caloric curve near Ty, [Fig. S1 in the Supplemental Material], which is
characteristic of a first-order-like transition in the nanoclusters [21, 27, 28]. In contrast, the
microcanonical caloric curve near Ty ¢ increases monotonically, indicating that the LLC

differs from the first-order-like S—L* transition.

The intermediate L* state is characterized by substantially large dynamic viscosity (L)
compared to that of the normal liquid state L. The simulated isotherms of p for T, < T <
TrLc exhibit a peak at about N = 14, which corresponds to the composition CuAl; [Fig.
1(d)]. The unprecedented peaks in the heat capacity and the viscosity raise the following
questions: (i) How does the structure of the abnormal L* state differ from that of the normal
L state? (i1)) How does the continuous LLC occur near Ty ¢? (iii) What is the microscopic

origin of the viscosity anomaly at CuAl; for T < Ty ¢?

From the analysis of the atomic motions in liquid states, we found that the SRO
structure in the Al-Cu nanoalloys has a pentagonal arrangement of surface atoms, as shown
in the snapshots of AlsyCu;; [Fig. 2(a)]. Interestingly, this icosahedral fragment with a
fivefold local symmetry has been shown to be favorable in many other bulk liquids such as

Pb, Ni, Zr, Fe, and AuSi [1-4]. At a given temperature, the number of the SRO structures



(Nsro) in a nanoalloy exhibits large thermal fluctuations over time because the SRO is a
dynamic order with a relatively short lifetime. Therefore, the probability distribution of
Nsro (Psro) is very broad, ranging from Nggro = 0 up to 15, with an average number of 5.9

and 1.6 at T = 850 and 1300 K, respectively [Fig. 2(b)]. We found that (Nsro ) generally

decreases with increasing T.

The liquid surface of the Al-Cu nanoalloys provides an ideal medium for the formation
of the SRO clusters. When its density is sufficiently large, the SRO clusters aggregate to
form a medium-range order cluster. In an MRO cluster, the pentagonal clusters are
connected to each other by sharing an edge or a vertex [Fig. 2(a)]. Schematic diagrams in
Fig. 2(a) illustrate the formation of an MRO cluster represented by a connected network of
dots. Here, s is the number of the SRO clusters in an MRO cluster and s,,,. denotes the
maximum size at a given moment. To quantify the MRO formation, we calculated the

ensemble-averaged <smax> as a function of Nggro from the MD trajectories of Aly,Cu;s at T
=850 K. (smax> generally increases with increasing Ngro, approaching to the value of Ngro

(i.e., perfect clustering). The emergence of the large MRO cluster spanning the surface is
analogous to the way in which a percolation cluster is formed through the continuous
percolation transition. According to the site-percolation theory for an infinite system [29],

the first-order derivative k = A (Smax )/ANsro is zero if the filling probability p is smaller

than a percolation threshold p.. At p = p., ¥ jumps to a finite value and it gradually
decreases with increasing p. We find that the k of the nanoalloy exhibits a peak at N¢c = 9,
although the peak is broadened due to a significant finite-size effect [Fig. 2(c)]. This

indicates that the short-to-medium-range order transition occurs near N¢ and that only the



tail of Psro with Ngro > N¢ can contribute to the MRO formation [Fig. 2(b)]. Therefore, the
liquid state at T = 850 K contains the MRO structure with noticeable probability, while the

MRO cluster does not form at T = 1300 K.

We define an order parameter Pyro as a probability of having an Ngro above N¢ at a

given temperature T and composition, i.e., P, (T)= ZPSRO(NSRO;T). Then, Pwmro

Nsro2Nc
measures the component of the anomalous liquid state (Lymro), which is negligible for the
majority of the temperatures and compositions investigated in Fig. 1(a), except for the

region denoted by L*. Noticeable Pyro i1s achievable only when (NSRO) is sufficiently

large at a given T and composition. We found that the compositions near CuAls,

corresponding to N¢, = 13—15, has substantially larger (NSRO) than other compositions for

T < Trre [Fig. 2(d)]. Figure 2(e) shows the calculated Pyro as a function of T for two
representative compositions, N¢y = 10 and 13. At T > Tyrrc, the Puro is nearly ‘zero’ for

both compositions, because (NSRO) is well below N¢ = 9 [Fig. 2(d)]. As T is lowered

below Tyrrc, the Pyro of the AlgyCuys starts to gradually increase from zero. Thus, the LLC
is a continuous structural crossover of liquid states through the gradual increase of the Lyvro
component, leading to the heat capacity peak at Ty ¢ [Fig. 1(c)]. In contrast, the Pyro of the
AlysCujp remains small for the entire temperature range. Consequently, the AlssCuyg

exhibits the practically featureless heat capacity above Ty, [Fig. 1(b)].

The MRO formation in the L* state for N¢, = 13—15 leads to a notable peak in the
viscosity isotherms near the composition of CuAls [Fig. 1(d)]. Figure 2(f) compares the

viscosity wW(T) for two different compositions, N¢y, = 10 and 13. For T > Tyic, both



nanoalloys are in the normal liquid state L with similar viscosity. In contrast, the viscosity
of the Al4;Cuy; in the L* state at T < Ty ¢ is substantially higher than that of the AlysCuyo
in the L state. The difference between the two viscosity curves (filled boxes) clearly shows
the additional viscosity component of the L* state due to the gradual increase of Luro

component below Ty ¢, as quantified by Pyro in Fig. 2(e).

The viscosity anomaly of liquid Al-Cu nanoalloys at the composition of CuAl; is
remarkable, especially considering that a viscosity peak has previously been found in
experiments on bulk Al-Cu alloys at the same composition [Fig. 1(e)]. Our simulations also
exhibit a peak in the bulk liquid viscosity at T = 1000 K and x¢, = 25% [Fig. 1(e), filled
boxes]. Although the simulated peak is not as sharp as it is in the experiment, most likely
because of the small supercell size (256 atoms) used in our MD simulations, the overall
agreement is excellent. Also, we found that the Al;sCuys liquid alloy exhibits a pre-peak in
the simulated partial structure factor [Fig. S3], which is a hallmark of the MRO formation
in liquids [7-11]. To identify the constituent SRO structure of the MRO in the simulated
liquids, we performed a common neighbor analysis [4, 30]. In this method, pairs of atoms
are classified by four Honeycutt—Anderson indices [30] that are determined by the number
of nearest-neighbors and their connectivity. For instance, the 1551 pair in the inset of Fig.
3(a) represents a SRO structure with fivefold symmetry, which corresponds to the
pentagonal structure in the surface of the Al-Cu nanoalloys. Our common-neighbor analysis
for different compositions reveals that the pentagonal cluster with the 1551 pair at the
center is the SRO structure responsible for the MRO formation and the viscosity anomaly

near Xc, = 25%. Figure 3(b) shows the probability distributions (Psro) of the number of the



1551 pairs (Nsro) in a supercell for the Al;sCuys and pure Al liquids. As compared to the
case of pure Al, the density of the fivefold SRO clusters is significantly enhanced in the

presence of Cu atoms due to chemical ordering effects [31].

Figure 3(a) shows a representative snapshot of the Al-Cu alloy at x¢, = 25% and T =
1000 K. Here, only the 1551 pairs and the associated pentagonal rings are displayed from
the bulk liquid to illustrate the clustering of the fivefold SRO clusters. The number of the
1551 pairs in the snapshot is 18 per supercell, which is much larger than the average value
of Nsro = 11.4 [Fig. 3(b)]. The snapshot illustrates the formation of a network of the
fivefold SRO clusters with reduced dimensionality beyond the length scale of a few
clusters, representing a dynamical MRO, in analogy with the static MRO of metallic
glasses [31, 32] and the percolation of the icosahedral clusters near the glass transition
temperature of model systems [33]. To estimate a percolation threshold in Ngro, we
calculated the percolation probability (P) as a function of Nsro [Fig. 3(c)]. Here, P is a
probability of finding at least one MRO structure that connects two opposite boundaries of
a cubic supercell. Due to finite-size effect, the percolation probability gets smeared out
around the threshold, which is estimated to be N¢ = 19.5/supercell. Interestingly, the
probability distribution Psro for xcy = 25% is highly asymmetric around the peak, with
slowly decreasing Psgo for Nsgro > 12. This indicates that once SRO clusters are formed,
they promote the formation of additional SRO clusters near the already-formed SRO
clusters. Such a “cooperativity” of SRO was shown to play decisive roles in determining
the general nature of liquid-liquid transitions [34]. Because the threshold density is higher

than the average density of the SRO clusters, we expect that a long-range order (LRO)



would not form beyond the length scale of tens of nanometers. However, the local density
of the SRO clusters can become substantially higher than the average density due to
thermal fluctuations [Fig. 3(b)]. Hence, a dynamical MRO network is formed when the
local density of the SRO clusters exceeds the threshold, leading to a finite density of the

local MRO regions in a sample and subsequently the viscosity anomaly.

In conclusion, we have found that a short-to-medium-range order transition exists in Al-
Cu liquid alloys near the composition of CuAl; that appears to be induced by a percolation-
like transition. The microscopic mechanism responsible for the formation of MRO in Al-Cu
alloys can be easily generalized to other liquid systems that have a tendency to form a high
density of SRO structures. Therefore, the finding of an anomalous liquid state in the Al-Cu
nano- and bulk alloy systems may have far-reaching implications for understanding the
appearance of liquid structures, the properties of metallic glasses and a wide variety of

nanoalloy systems.
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Fig. 1. (color online) Anomalous liquid state of AI-Cu nanoalloys. (a) The color map of the
simulated heat capacity C(N¢y, T) of Alssne,Cune, nanoalloys is shown for a different
number of Cu atoms (N¢,) and temperature (T). For some compositions that we did not
consider here, we used interpolated values for the map. For each simulated Nc¢,, the peak
positions of the simulated heat capacity are marked by dots. The solid lines connecting the
dots represent phase boundaries between two liquid states L and L* and one solid state S.
In (b—), two representative heat capacity curves are shown for Ng, = 10 and 13,
respectively. (d) The simulated isotherms of dynamic viscosity (i) of the AI-Cu nanoalloys
are shown for three different temperatures below Ty c. (¢) The simulated kinetic viscosities
(v) of bulk Al-Cu alloys at T = 1000 K are shown for compositions around xc, = 0.25
(filled boxes). The experimental isotherms of the kinetic viscosity (taken from Ref. 5) are

also shown for comparison (filled and open circles).
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Fig. 2. (color online) Short-to-medium-range surface order. (a) A representative Aly,Cu;s
cluster at T = 850 K is shown. The atoms of the pentagonal SRO clusters (Al: yellow and
Cu: red) are highlighted for contrast with the disordered atoms (grey). A schematic figure
below illustrates a percolation-like cluster of the SRO structures (represented by dots) with
a size Spq = 7, forming an MRO cluster. (b) Two representative probability distributions

(Psro) of Ngsgro are given for the Aly,Cuys at T = 850 K (filled circle and black line) and
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1300 K (open circle and blue line). (c) The plot of k = A (smax )/ANsro shows a percolation-
like transition from the SRO liquid state to the MRO liquid state with a threshold N¢ = 9.
For different compositions (N¢, = 10 and 13) and temperatures, (d) the number of the
pentagonal clusters (Nsro) and (e) the order parameter Pyro are presented. In (f), the
viscosity p is compared for N¢, = 10 and 13 as a function of temperature above Ty,. The
difference of the two viscosity curves (filled square) is also given to show the additional

component of p for the L* state below Tyrpc.
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Fig. 3. (color online) Percolated network of the fivefold SRO clusters in bulk liquid
Al75Cuys. (a) A representative snapshot of the CuAl; alloy in liquid state at T = 1000 K
(Al: yellow and Cu: red). Here, only the 1551 pairs and the associated pentagonal rings are
chosen from the bulk liquid to illustrate the clustering of the fivefold SRO structures. The
inset shows an isolated SRO structure. (b) Probability distributions (Psro) of the number of
the 1551 pairs (Nsro) in a 256-atom supercell are given for the Al;sCuys (filled circle and
red line) and pure Al (open circle and black line) liquid states at T = 1000 K. (¢)
Percolation probability (P) is shown as a function of Ngro. The vertical dashed lines in (b—

c¢) denote the estimated percolation threshold.



