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2015 - 2018: three experimental campaigns
on supercooled Argon – Krypton liquid mixtures
@ PETRAIII synchrotron source c/o DESY

Ø Liquid microjets technique1

1. Grisenti et al., Adv. Phys. X (2018) 
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Ø Evaporative cooling

Ø X-rays diffraction on the
supercooled filament

Ø Distance from nozzle: 
time evolution (t=z/v,
v of the jet constant)
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Ø Crystal growth rate
extracted from the area 
below Bragg peaks in the
static structure factor

Ø Crystallization
slowdown!
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FCC crystal peaks

Ø Slowdown for Ar-rich and 
Kr-rich systems both
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Ø Crystallization of supercooled liquids: 
from climate science to amorphous solids

Ø Crystallization delay observed in various simulated systems
(binary metallic alloys1, Kob-Andersen2 model…) 
+ link with glass transition

Ø Why the slowdown?

Geometric frustration? Diffusion?

1. Tang et al., Nature Mat. (2013)
2. Pedersen et al., Phys. Rev. Lett. (2018) 

Ø Frenkel-Wilson equation
for crystal growth rate

Ø Does this model lack the dependence on
mixing ratio in 𝜈?
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Crystallization is a process of fundamental importance
in a variety of fields ranging from materials to climate
science. At the microscopic level, crystallization in su-
percooled liquids is described qualitatively by the classical
crystal nucleation and growth theories. In general, how-
ever, solid formation is a far more complex process [3–
5], and even the rich behavior observed in simple binary
mixtures greatly challenges our current understanding of
crystallization [6–10, 15, 16, 25–28, 32–34]. Here, we use
x-ray scattering from microscopic jets to study the concen-
tration dependence of the crystallization of supercooled
liquid mixtures of argon and krypton. Molecular Dynam-
ics simulations reveal that the observed striking behavior is
related to an increased probability for fluctuations between
crystal- and liquid-like states at the crystal/liquid interface
driven by the change in the potential energy landscape
with composition. We anticipate that the emerging picture
might be valid in general, providing a major step towards a
more sophisticated theory of crystal growth, but also rein-
forcing the hypothesis that the potential energy landscape
has a significant role on the behavior of glass-forming sys-
tems [37, 38, 50, 51, 53].

The classical crystal nucleation and growth theories describe
the process by which a solid phase forms within a supercooled
liquid. Crystal nucleation is the process of the formation by
thermal fluctuations of a small, localized nucleus of the new
ordered phase in the metastable liquid phase [1, 2, 17]. Once
the nucleus has reached its critical size, it grows at a rate that
within phenomenological kinetic theories of crystal growth is
given by [19]

u = fa⌫
⇣
1� e��G/kBT

⌘
, (1)

where f  1 is the fraction of active sites that contribute to
the growth, ⌫ is the crystal deposition rate at the liquid/crystal
interface, �G is the driving force of solidification given by
the di�erence in Gibbs free energy (per molecule) of the liq-
uid and the crystal, kB is Boltzmann’s constant, and T is the
temperature. In the Wilson-Frenkel theory [18], ⌫ is assumed
to be proportional to the atomic di�usivity, and hence ex-
hibits the strong temperature dependence associated with an
activated process. However, Broughton, Gilmer, and Jackson

[20] showed that rates computed by performing molecular dy-
namics simulations of the crystal growth from a Lennard-Jones
(LJ) melt could be reproduced by Eq. (1) with the characteristic
rate proportional to the average thermal velocity (T/m)�1/2,
where m is the particle’s mass. This collision-limited sce-
nario represents an extreme decoupling of crystal growth rates
from viscous flow and di�usion. Though Eq. (1) reproduces
reasonably well the temperature dependence of crystal growth
rates observed in a variety of melts [13], both experiments and
simulations show that this simple description completely fails
when key variables such as composition and particle size ra-
tio are varied in the simplest systems obtained by mixing two
species [7, 8, 15, 27, 28, 32, 33]. Here, we investigated both
experimentally and by computer simulations the dependence
on composition of the crystallization of supercooled liquid
argon-krypton mixtures, providing evidence for an overlooked
mechanism of crystal growth intimately related to the system’s
energy landscape.

Condensed argon and krypton are miscible in the whole
composition range in both the liquid and solid phases, with a
phase of diagram approaching that of an ideal solution [22].
This feature, combined with the about 8% di�erence between
the argon and krypton atomic radii and the absence of chemical
order make liquid mixtures of these two elements the labora-
tory realization of the most simple binary systems not plagued
by e�ects such as polydispersity and sedimentation found in
colloidal binary mixtures [8, 34]. In practice, however, the
cooling of argon-krypton liquid mixtures to temperatures sig-
nificantly below their melting points is di�cult, not to mention
the subsequent probing of the rapidly evolving liquid-to-solid
transition with su�cient time resolution. Here, we adopted
the approach based on the generation of a microscopic laminar
liquid jet in vacuum (Methods), which o�ers a powerful strat-
egy to investigate rapid structural transitions in supercooled
liquids [23, 31]. A liquid jet injected into a vacuum gen-
erates a continuous filament that rapidly cools (at rates of
⇠ 108 K s�1 in the case of argon and krypton) by surface
evaporation until it undergoes a liquid-to-solid phase transi-
tion driven by the onset of homogeneous crystal nucleation.
The clean, continuously replenishing vacuum-exposed jet sur-
face completely suppresses possible heterogeneous nucleation
sites. We probed the structure of liquid jets of several mixtures
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atomic size
crystal deposition rate

fraction of active sites
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Ø Elongated box, (100) and (111) directions,
from 9000 up to 21000 atoms, 3D PBC

Ø Simulation method: Molecular Dynamics
LAMMPS package (www.lammps.sandia.gov)

#1  The experiment
#2  The experiment – II
#3  Why?
#4  The method
#5  The method – II
#6  MD movie
#7  Local Bond Order
#8  Crystal growth rates
#9  The interface
#10 ⟨S⟩l(t)
#11 ⟨S⟩l analysis
#12  Fictitious systems
#13  The PEL
#14  What's next?

Ø Realistic central crystal seed
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1.  Perego et al., J. of Chem. Phys. (2015) 3.  Tang et al., Nature Mat. (2013)
2.  Radu et al., Phys. Rev. Lett. (2017)

Ø Uniform crystallization process à
constant pressure and chemical potential 1,2,3
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4.  Bussi et al., J. of Chem. Phys. (2007)

Ø barostat corrections only in external regions and along crystallization axis

Ø adaptive Bussi-Parrinello thermostat4
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100% Argon

15% Krypton - 85% Argon
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Ø Structural order parameter1,2

1. Steinhardt et al., Phys. Rev. B (1985)

2.   Lechner et al.,  J. of Chem. Phys. (2008)

Ø Find the crystal front position

Ø velocity of the crystal front crystal growth rate!
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Slowdown on both sides à No temperature effect!

Ø Good agreement with experimental data:
MD simulations capture relevant details!
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Ø No icosahedra or peculiar locally favoured structures
(typical reason addressed for slowdown)

Ø What happens at the crystal/liquid interface?

Ø Appreciable differences: 
crystal/liquid interface
is more variegated
for mixtures
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100% Ar

15% Kr –
85% Ar
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Ø Time evolution of ⟨S⟩l for a pure system and a mixture

Ø ⟨S⟩l drops
(different timescales!)

Ø Microscopic explanation of the
crystallization slowdown

Ø Regression towards a more
disordered state is more 
frequent in binary systems

Ø Define the layer average of S(i), ⟨S⟩l

100% Ar

15% Kr –
85% Ar

Ø Intrinsical slope of 
the ⟨S⟩l (t) curves
is almost identical
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Ø Statistical analysis of ⟨S⟩l (t) à Standard deviation of ⟨S⟩l (t)

Ø Striking similarity between
FWHM-1 and crystal growth rate
as a function of the composition

Ø Structural fluctuations between
the liquid and crystal states à
a fundamental feature of the 
mechanism of crystal growth
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Ø Note the x-log scale

Ø Height + width: extent
of the fluctuations

Ø Negative time: result of a
time-shift to allow statistical
analysis
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Ø Is the dominant effect a kinetic or a potential contribution?

Mass (i.e. diffusion) 
is not fundamental

Ø Particle size + potential depth effect
Potential Energy Landscape
relevant role

Ø Simulation of fictitious systems: distinguished masses,
but Kr-Kr potential for all pairs
à faster crystallization kinetics (no slowdown)
and the structural fluctuations decrease
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Ø Deep modifications
induced in the PEL
by the mixed interactions

Ø Measure of the average relative 
fluctuations of the potential energy at
the interface for the i-th particle
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FIG. 3. (a) Snapshots at three MD times of the crystal growth in one half of the simulation box. The particles are colored according to their
values of the LBO parameter S(i). (b) Layer order parameters hSil as a function of time shown for the pure argon system. For clarity, only the
odd-index layers between l = 1 and l = 17 were plotted. (c) The same as in (b) but for the 15% krypton mixture. The dashed line emphasizes
the correlation between drops in hSil occurring on/at di�erent layers. Note the di�erent time-axis ranges in (b) and (c). (d) Standard deviation
of hSil for the argon-rich mixtures obtained by averaging over all layers and simulation runs. Note the logarithmic time axis. The negative
values are the result of a time-shift to allow the statistical analysis. The light-shaded regions represent the 68% confidence intervals. (e)
Composition dependence of the inverse of the FWHM of the curves shown in (d) normalized to the pure argon value.

the statistical analysis, each computed standard deviation was
shifted by the time the respective hSil took to reach an arbi-
trarily chosen crystallinity threshold. The heights and widths
of the curves in Fig. 3(d) directly reflect the extent of the fluc-
tuations in hSil. In particular, since the peak’s full width at
half maximum (FWHM) is a measure of the temporal scale
of the crystal growth process, the inverse of the FWHM can
be associated with the characteristic growth rate. The com-
position dependence of the inverse of the FWHM normalized
to the value for pure argon is shown in Fig. 3(e). The strik-
ing similarities between Fig. 3(e) and Fig. 2(b) thus indicate
that structural fluctuations between the liquid and crystal states
should be considered a fundamental feature of the mechanism
of crystal growth in supercooled argon-krypton mixtures.

To identify the origin of these structural fluctuations, and
in particular their dependence on composition, we simulated
fictitious binary systems to examine separately the role of the
kinetic and potential energy contributions. The fictitious mix-
tures were composed of two particle species with the masses of
argon and krypton at the same temperature but interacting with
the Kr–Kr LJ potential. We did not simulate fictitious mixtures
with distinguished masses but with the Ar–Ar LJ pair inter-
action. In fact, the temperature of these simulations exceeds
the Ar melting temperature, thus haltering the crystal growth
process. Fig. 2(b) (blue symbols) displays how the di�erent
potential energy term resulted in a much faster crystallization
kinetics, even with respect to the pure krypton case. Indeed,

analysis of the order parameters hSil showed that for the fic-
titious systems structural fluctuations were largely absent, as
was the case for the pure systems [Fig. 3(b)]. We also evalu-
ated the kinetic contribution, by simulating the pure Kr at the
temperatures of the mixtures. In this case, the crystal growth
rates are even higher than the pure Kr ones, due to the lower
temperatures. These results evidence the relevant role played
by the potential energy landscape (PEL) in the crystallization
of our argon-krypton mixtures. To further substantiate this key
role of the PEL, we show in Fig. 4 the dependence on composi-
tion of the average relative fluctuations of the potential energy
V (i) =

P
j( 6=i) V↵(i)�(j)(|ri � rj |), which is the sum of the

LJ interaction potentials (see Methods) for the ith particle be-
longing to the crystal/liquid interface. A comparison of Fig. 4
with Fig. 3(e) now shows a clear trend, with the crystal growth
rate inversely related to the magnitude of the potential-energy
fluctuations at the crystal/liquid interface. We thus propose
that a direct connection exists between our measured crystal-
lization rates and a change in the manner of exploration of
the PEL caused by the substantial modification of the number
of accessible states and of the heights of the barriers among
these states. To further appreciate the dependence of the PEL
on composition in Fig. S4 of the supplementary material we
show the joint probability, p(S(i), V (i)), of the values of S(i)
and V (i) visited by pure systems and mixtures at the crys-
tal/liquid interface. These results support the hypothesis that
the PEL may play a leading role also in systems characterized

Ø Direct link between the crystal growth rate
and the modification of the PEL exploration
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Our work:

What’s next?

Ø How to effectively include these concepts into a more 
sophisticated theory of crystal growth, extending present models?
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ü Simulated & experimental crystal growth rates
à substantial agreement

ü Fictitious systems (mass/size effects)

ü Detection of ⟨S⟩l (t) structural fluctuations
à slowdown microscopic origin!

ü Potential energy landscape key role1

Ø Energy minimization at the interface2

Ø Nucleation study
Ø More powerful experimental technique (XCCA)

ü First experiment ever on x-ray diffraction of liquid/solid
filaments à real sample & ideal model for binary LJ mixtures
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2. Sun et al., Nat. Mat. (2018)

Ø Free energy enhanced sampling methods

1. Schottelius, Mambretti et al., under review in Nat. Mat. (2018) 



Thanks to Davide E. Galli, the Milano team,
Robert E. Grisenti, Alexander Schottelius, 
the Frankfurt team and the DESY PETRA III team

- CINECA LISA 2016:
PUMAS project

- ISCRA C 2017: 
GLEMD project

- ISCRA B 2018:
MEMETICO project

Ø Need for HPC resources: MARCONI & GALILEO
supercomputing facilities (CINECA)

Thanks for your time!
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