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Local ordering in simple liquids: undercooling and fivefold
symmetry

• Metallic melts can be deeply undercooled below their freezing point
[Langmuir(1943),Turnbull(1952)]

• Does the undercooling imply the existence of a more favourable local ordering
in the liquid state?

• An icosahedral arrangement of 13 atoms is more stable than a fcc cluster
[Frank (1952)] ...and also “A 13-atom LJ cluster embedded in a mean field
LJ potential prefers the icosahedral arrangement” [Mossa et al.(2004)]

• Barrier to the transition between the metastable liquid and the
thermodynamically stable solid

(a) fcc (b) hcp (c) icosahedral
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Local ordering in in simple liquids: some previous findings

• Signatures of five-fold local ordering have been previously found in several
x-ray and neutron diffraction experiments (Reichert et al., 2000; Schenk et
al., 2002; Kelton et al. 2007)

• Icosahedra, because of five-fold symmetry, are not consistent with crystal
symmetry. Crystallization would hence require a complete rearrangement of
the local order, which gives an explanation for undercooling.

[T. Schenk, D. Holland-Moritz, V. Simonet, R. Bellissent and D.

M. Herlach, Phys. Rev. Lett. 89, 075507 (2002)]

Evidence of icosahedral short-range order in
stable and deeply undercooled melts of pure
metallic elements is obtained using the
combination of electromagnetic levitation with
neutron scattering (pair distribution). Icosahedral
short-range ordering is shown to occur in the
bulk metallic melt independently of the system
investigated, increasing with the degree of
undercooling.
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X-ray absorption spectroscopy (XAS)
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in an energy region beyond the
core-edges, oscillations in the
absorbance are present in condensed
matter, referred as XAFS (X-ray
absorption fine structure)
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XAS and local geometry

XAS is extremely sensitive to short-range
order (higher order distributions) and
chemical selective, although being
substantially unsensitive to long-range
ordering. It is therefore especially
suitable for highly disordered materials,
amorphous and liquids and is strongly
complementary with
diffraction/scattering techniques.

XAS is also chemical selective.

〈χ(k)〉 =

∫ ∞
0

dr 4πr2ρ0g
(2)(r)γ(2)(r , k) +

∫
dr1dr2dφ 8π2r21 r

2
2 sin(φ)

× ρ20g (3)(r1, r2, φ)γ(3)(r1, r2, φ, k) +

∫
dr1dr2dφdr3dΩ 8π2r21 r

2
2 r

2
3

× sin(φ)ρ30g
(4)(r1, r2, φ, r3,Ω)γ(4)(r1, r2, φ, r3,Ω, k) + · · · (1)

Andrea Di Cicco (Unicam) Local ordering in liquid metals September 25, 2015 6 / 15



Combined XAS/XRD at high Temp./Pressures
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XAS for (undercooled) liquids
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XAS structure refinement by Reverse Monte Carlo (RMC)

In RMC, atom positions in a box are
refined reproducing experimental data
set(s). It is a variation of the standard
Metropolis Monte Carlo (MMC), the
agreement with experimental data
plays the role of the energy potential.

A new RMC data-analysis program
for XAS has been designed
(RMCXAS, based on the advanced
GNXAS multiple-scattering XAS
data-analysis program).
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Unique insight on liquids by XAS
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Bond angle distributions in different liquid metals

Typical close-packed liquid metal
distribution, with peaks centered at 60◦

and 110◦ degrees and a minimum
between.

These features are less pronounced for
liquid Cd and. For liquids (Sn)
containing open (mostly 4-fold)
configuration a much broader
distribution is obtained. 0
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[Di Cicco, Trapananti et al., Appl. Phys. Lett. 89,
221912 (2006)]

Andrea Di Cicco (Unicam) Local ordering in liquid metals September 25, 2015 11 / 15



Spherical harmonics invariant as a local geometry probe

Geometrical characterization of clusters through a set of spherical harmonics
invariants (Steinhardt et al., PRB 28, 784 (1982)) calculated for each atom of the
simulation at any equilibrium configuration.
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fcc → Ŵ6=-0.013161

icosahedron → Ŵ6=-0.169754
(Ŵl=0 if l<6)
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Ŵ6 distribution in close-packing liquids
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Common neighbours 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.

Different type of pairs are associated
with different type of local order.
421 and 422 - fcc and hcp
433 and 544 - defective and distorted
icosahedra
555 - icosahedra
666 - bcc

[Clarke and Jonsson, Phys. Rev. E 47, 3975 (1993)]

Andrea Di Cicco (Unicam) Local ordering in liquid metals September 25, 2015 14 / 15



CNA results on several liquids

Ni Cu Cd

421 + 422 16% 15% 19%

433 + 544 40% 38% 34%

555 11% 10% 7%

666 3% 3% 2%

Percentage of “perfect” local icosahedral
structures (555) are in line with Ŵ6

results. A large fraction of 433 and 544
local configurations, corresponding to
defective and highly-distorted icosahedra.
fcc/hcp-like structures (666, 422, 421)
are also found. Other disordered
configurations are not included.
Icosahedral ordering is found to increase
in the undercooled liquid.

[Di Cicco, Iesari et al., Phys. Rev. B 89, 0601021(R) (2014)]
[Celino, Rosato et al., Phys. Rev. B 75, 174210 (2007)]
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