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Local fivefold symmetry in liquid and undercooled Ni probed by x-ray absorption
spectroscopy and computer simulations
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Presence and significance of fivefold configurations in liquid metals are investigated by combining x-ray
absorption spectroscopy and computer simulations (molecular dynamics and reverse Monte Carlo) in liquid and
undercooled liquid nickel. We show that icosahedral short-range ordering (ISRO), probed by common-neighbor
(CNA) and spherical invariant (Ŵ6) analysis, involves a limited fraction (14–18% in undercooled nickel for
different structural models) of local atomic configurations. The emerging picture for the liquid structure is that
of a mixture of nearly icosahedral structures embedded in a disordered network mainly composed of fragments
of highly distorted icosahedra (40–45% of the total), structures reminiscent of the crystalline phase, and other
configurations.
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The nature of local point symmetry in simple monoatomic
liquids has been a fundamental open question for almost 40
years of computational and experimental studies, following
Frank’s initial hypothesis [1] about the presence of icosahedral
short-range ordering (ISRO) in liquids. The presence of such
close-packed fivefold configurations, incompatible with trans-
lational symmetry but favored by energetic considerations,
was considered as a possible explanation for the peculiar
undercooling properties of liquid metals studied by Turnbull
in the early fifties [2]. Crystal nucleation [3] is hampered
by the positive liquid-crystal interfacial energy, resulting in
the possibility of bringing a liquid sample into a metastable
(undercooled) molten state below the melting temperature Tm.
Experiments based on repeated temperature cycles on droplet
specimens are commonly used to infer nucleation rate [4]
and information on nucleation barriers [5]. The debate about
the presence and amount of ISRO in undercooled liquids is
still open, in part because of the experimental difficulties in
accessing deeply undercooled states and the limited structural
information supplied by x-ray diffraction experiments.

In recent decades, several computational and experimental
studies were devoted to investigating locally preferred struc-
tures in simple atomic liquids (see, for example, Refs. [6–10]),
and most of these works support the existence and importance
of ISRO. X-ray absorption spectroscopy (XAS), which is
suitable to investigate liquid matter [11] and sensitive to
higher order distribution functions and local geometry, was
previously exploited for undercooled Pd [12] and Cu [13].
For undercooled copper, it was shown that the fraction of
nearly icosahedral configurations is around 10%, evidence
later supported by molecular dynamics (MD) simulations
[14,15]. In the case of liquid and undercooled nickel, an
element very close to copper in its structural properties,
MD simulations [16,17] and diffraction experiments [18,19]
indicated that a large fraction of atoms show local icosahedral
symmetry. However, the detailed structural analysis reported
in Ref. [19], shows that the fraction of nearly icosahedral
configurations is similar to that found in liquid Cu [13].

Stimulated by these recent results, we have performed
an extensive investigation on liquid and undercooled nickel,
combining state-of-the-art experimental and computational
techniques, for the purpose of evaluating the amount of ISRO
and establishing reliable criteria for assessing the nature of
local geometries in close-packed liquids. In this work, the
local order probed by XAS is analyzed using a reverse
Monte Carlo (RMC) [20,21] approach, yielding structure
models compatible with the measurements. Realistic models
for the liquid structures are also obtained using advanced
MD simulations. Reliable information about the presence and
amount of ISRO in MD and RMC models is extracted using a
suitable geometrical analysis.

The XAS experiment was performed at the BM29 beamline
[22] of the European Synchrotron Radiation Facility (ESRF,
Grenoble). Samples for high-temperature measurements were
prepared from submicrometric Ni and alumina (Al2O3) powder
mixtures with a 1:20 mass ratio that were suspended in alcohol,
filtered, and pressed into 100-μm-thick, 13-mm-diameter pel-
lets. The furnace consisted of a 130-mm-diameter cylindrical
Pyrex glass vessel with a suitable window for simultaneous
x-ray diffraction (XRD) and XAS data collection. The pellets
were placed inside the crucible of the furnace and the heat
treatments were performed under high-vacuum conditions of
P � 10−5 mbar. Similar to the Pd case [12], alumina was
not found to react with nickel at the temperatures involved in
the experiment. Temperature measurements were performed
using a high-temperature pyrometer (estimated uncertainty is
20 K). The temperature behavior of the sample and its phase
transformations were monitored throughout the experiment by
x-ray absorption temperature scans [22] and x-ray diffraction
measurements, collected with an area detector. Temperature
scans were performed while monitoring the x-ray absorption
at the energy E∗ = 8.338 keV on the rising part of the Ni K
edge chosen to maximize the absorption contrast between solid
and liquid Ni. A typical temperature scan is shown in Fig. 1,
left panel. The hysteresis cycle through the solid-liquid phase
transition is a proof of the deep undercooling of ≈350 K
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FIG. 1. (Color online) Left panel: X-ray absorption temperature
scans of the Ni sample. The change of the absorption coefficient δα

at E∗ = 8.338 keV (see XAS spectra in the inset) is plotted with
respect to the c-Ni absorption level during repeated thermal cycles
(see arrows). The hysteresis highlights an exceptional undercooling
(≈350 K) of the Ni droplets. Right panel: temperature dependence
of the Ni nucleation rate from the cooling scan compared with the
fitting model introduced in Ref. [5] within (solid curve) and outside
(dashed curve) the previously accessed undercooling range.

achievable by the submicrometric Ni droplets. The molten
nature of the high x-ray absorption state at E∗ was also
confirmed by the absence of Debye-Scherrer rings in the
diffraction pattern. The sharp absorption rise at T � Tm is
clearly associated with the melting of the fcc Ni crystal.
The relatively broader decrease in absorption in the cooling
process when T � 1470 K is associated with the progressive
nucleation of the broad mass droplet distribution in the sample.
Analysis of this part of the scan using previous methods [23]
allows us to extract the Ni nucleation rate in a relatively wide
T range. Comparison of this data with results of a previous
investigation [5] (Fig. 1, right panel) indicates that the process
is initially dominated by heterogeneous nucleation effects,
while the tail for T � 1400 K is compatible with the (possibly
homogeneous) nucleation rate previously observed.

XAS measurements have been collected at different temper-
atures: in the solid phase (c-Ni) at room temperature (300 K)
and at 1493 K; in the stable liquid phase (l-Ni) at 1733 K, near
the melting temperature, and in the undercooled state (u-Ni)
at 1493 K.

As anticipated, RMC modeling was applied to the measured
XAS data [21], using a 1372-atom cubic cell with periodic
boundary conditions and fixed density. Due to the short-range
nature of the XAS signal, the RMC refinement was carried out
using a measured pair distribution function g(r) (see Ref. [24])
only as a constraint for long-range order. A total of 100
different box configurations, obtained after convergence to a
minimum and reproducing our experimental data, were finally
considered.

In Fig. 2 the experimental EXAFS (extended x-ray absorp-
tion fine structure) signals of l-Ni (1733 K) and u-Ni (1493 K)
are compared with the model signal for the RMC equilibrated
structures. The short-range pair distribution is fully included in
the simulation [13] through the irreducible two-body XAS γ (2)

signals, while the three-body contribution is accounted for by a
three-body Gaussian distribution of equilateral configurations,
which represents the most prominent higher-order XAS signal
γ (3). The results reported in Fig. 2 show that RMC simulations
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FIG. 2. (Color online) Comparison of calculated (RMC simula-
tion, green [gray]) and experimental EXAFS χ (k) signals for u-Ni
(dots, red [gray]) and l-Ni (dots, blue [gray]) at 1493 K and 1733 K
respectively. The flat residual confirms the quality of the refinement.
The two experimental EXAFS signals are compared in the inset.

are able to reproduce the experimental XAS signal including
the contribution of both short-range two-body and three-body
distributions. The EXAFS signals of l-Ni and u-Ni show
slightly different amplitude and phases highlighted in the inset
of Fig. 2.

The normalized bond-angle distributions f (θ ) obtained by
RMC simulations of l-Ni and u-Ni, reported in Fig. 3, are
those typical of a close-packed liquid metal, showing structures
that were already observed in liquid and undercooled Cu
[13]. The short-range pair distribution functions of l-Ni and
u-Ni measured by EXAFS and reconstructed by RMC are
reported in the inset of Fig. 3 and compared with previous
determinations [19] of the g(r) in this high-temperature liquid.

The validity of the structural results obtained by RMC data
analysis have been put to a test performing molecular dynamics
(MD) simulations of l-Ni and u-Ni using an empirical inter-
atomic potential, as implemented in the LAMMPS code [25].
The interatomic potential uses a many-body potential scheme
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FIG. 3. (Color online) Normalized bond angle distributions f (θ )
calculated from MD (dashed) and RMC configurations for u-Ni (blue
[gray]) and l-Ni (red [gray]). Inset: first peak of the pair distribution
function g(r) obtained by RMC-XAS for l-Ni (red [gray]) and u-Ni
(blue [gray]), compared with MD results (dashed) and previous XRD
data [19] (dot-dashed).
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to catch the essential band character of the metallic bond [26].
The equations of motion used are those of Shinoda et al. in
Ref. [27], which combine the hydrostatic equations of Martyna
et al. [28] with the strain energy proposed by Parrinello and
Rahman in Ref. [29]. The time integration schemes closely
follow the time-reversible measure-preserving Verlet and
reversible reference system propagator algorithm integrators
[30].

The NPT MD simulations consist in an atomic system
of 4000 atoms, initially arranged randomly in a cubic cell
at the experimental liquid density. Constant-temperature and
constant-pressure MD simulations were performed to melt the
system at high temperature (T = 2000 K and room pressure).
During the high-temperature simulation, atoms covered a
distance as long as about 50 Å, ensuring the final configuration
retains no memory of the initial geometry. Then instantaneous
quench was performed from the equilibrated high-temperature
configuration to two temperatures: 1733 K (l-Ni) and 1523 K
(u-Ni).

After 200 ps of annealing at the final temperature, statistical
averages and relevant data for structural analysis have been
calculated over time trajectories of 50 ps.

Bond-angle distributions of liquid Ni (within first-neighbor
atoms) obtained by RMC and MD simulations are compared
in Fig. 3. As a cutoff to consider first neighbors we chose
the first minimum in the radial distribution function, Rcut =
3.30 Å, whose first peak is also reported in Fig. 3 (inset).
The bond-angle distribution f (θ ) shows a prominent peak at
about 60◦ and a broad peak at 110◦. The height of these two
peaks is an indication [13] of preferential local icosahedral
ordering respect to fcc-like ordering characteristic of the solid
phase. The bond-angle distribution (RMC data shown in Fig. 3)
displays smoother peaks in l-Ni than in u-Ni.

MD and RMC results are found to be in very good
agreement both for what concerns the general shape of the
pair and bond-angle distributions and for the observed trend
decreasing the temperature from liquid to undercooled Ni.

Two different approaches have been used to analyze the
local geometry: the common-neighbor analysis (CNA) as
introduced in Refs. [31,32] and the calculation of spherical
harmonics invariants as introduced in Ref. [33]. In the first
analysis each pair of nearest-neighbor atoms is classified by
using a set of three indexes jkl: j is the number of nearest
neighbors common to both atoms, k is the number of bonds
between the common neighbors, and l is the number of
bonds in the longest continuous chain formed by the k bonds
between common neighbors. This method is able to distinguish
between various local structures: 555 pairs are characteristic of
icosahedral structures (ICOS), 544 and 433 are characteristic
of strongly distorted or defective icosahedra (DICOS), 666 are
found in bcc structures, and 421 and 422 are characteristic of
fcc and hcp ordering [19]. These geometrical structures are the
most abundant in our models for liquid and undercooled Ni,
and their relative weights are reported in Fig. 4, normalized to
the total number of nearest-neighbor pairs.

It is evident that the highly distorted or defective icosahedra
(DICOS) are the most frequent configurations (around 40%)
and their presence slightly increases (by 2%) in the under-
cooled liquid state. Similarly nearly icosahedral structures
(ICOS) increase from 11–12% in the liquid to 14–15% in
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FIG. 4. (Color online) Percentage of nearest-neighbors pairs
with given symmetry (CNA analysis of MD and RMC configura-
tions). ICOS, icosahedral (555 pairs); DICOS, distorted icosahedral
(544 and 433 pairs); BCC, bcc (666 pairs); and FCC/HCP, fcc and
hcp (421 and 422 pairs).

undercooled Ni, indicating that ISRO is enhanced in the
supercooled state. Structures representative of crystalline-like
order are also found, mainly corresponding to fcc and hcp local
ordering.

The structural models have been also analyzed by another
method, used previously for liquid and undercooled Cu
[13–15]. Within this method, a set of bond order parameters is
calculated for each atom, depending on the orientation of the
vector joining the atom with its nearest neighbors within the
cutoff. In particular we considered the Ŵ6 parameter for its
high sensitivity to icosahedral symmetry (Ŵ6 = −0.169754
for a perfect icosahedron, Ŵ6 ∼ 0 for other structures [33]).
The normalized Ŵ6 parameter distributions for u-Ni are shown
in Fig. 5. The MD and RMC distributions are slightly different
but have the same shape and behavior, extending towards
the icosahedral value. As shown in Ref. [13], a reasonable
upper limit to consider icosahedral and nearly icosahedral
configurations is Ŵ6 = −0.09. Using this criterion, the ISRO
fraction is around 14% in the RMC configurations and around
18% in the MD configurations for undercooled liquid u-Ni.
Practically no differences were found for the stable liquid
(l-Ni) in both cases. Clearly, those results are compatible with
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FIG. 5. (Color online) Normalized distribution of the spherical
invariant Ŵ6 calculated from MD and RMC configurations in u-Ni.

060102-3



RAPID COMMUNICATIONS

A. DI CICCO et al. PHYSICAL REVIEW B 89, 060102(R) (2014)

the number of ICOS structures found by the CNA analysis
shown in Fig. 4, showing that the two methods are both useful
tools for detecting nearly icosahedral configurations. Highly
distorted or defective icosahedral configurations (DICOS)
detected by CNA analysis are merged in the Ŵ6 distribution
that shows more stringent conditions for the identification of
icosahedral symmetry.

In conclusion, we have evaluated the presence and amount
of ISRO in liquid and undercooled Ni by combining the
XAS, RMC, and MD techniques. Different indicators for local

geometry (spherical invariants and CNA) have been used
which give consistent results for both liquid and undercooled
liquid Ni. The fractions of fivefold nearly icosahedral config-
urations were in the ranges 14–18% for u-Ni and 11–14% for
l-Ni respectively. The emerging picture for the liquid structure
is that of a mixture of nearly icosahedral structures embedded
in a disordered network mainly composed of fragments of
highly distorted icosahedra (indicated by 544 and 433 pairs,
40–45% of the total), structures reminiscent of the crystalline
phase (422 and 421 pairs), and other configurations.
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