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The liquid-to-solid phase transition is a complex process that is difficult to investigate experimentally
with sufficient spatial and temporal resolution. A key aspect of the transition is the formation of a critical
seed of the crystalline phase in a supercooled liquid, that is, a liquid in a metastable state below the melting
temperature. This stochastic process is commonly described within the framework of classical nucleation
theory, but accurate tests of the theory in atomic and molecular liquids are challenging. Here, we employ
femtosecond x-ray diffraction from microscopic liquid jets to study crystal nucleation in supercooled
liquids of the rare gases argon and krypton. Our results provide stringent limits to the validity of classical
nucleation theory in atomic liquids, and offer the long-sought possibility of testing nonclassical extensions

of the theory.
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Crystallization, one of the most fundamental phase
transitions, is classically viewed as a two-step process.
Through a mechanism commonly known as homogeneous
crystal nucleation, thermal fluctuations in a supercooled
liquid trigger the spontaneous formation of a critical,
localized seed of the emerging ordered phase, which
subsequently grows to macroscopic dimensions. Crystal
nucleation plays a crucial role, for example, in the
description of ice formation in tropospheric clouds of
Earth’s atmosphere [1,2] and accretion of Earth’s inner
core [3]. Microscopically, homogeneous crystal nucleation
is described in the framework of classical nucleation theory
(CNT) [4,5]. Although nonclassical approaches to crystal
nucleation have received increased attention in recent years
[5-15], there is still a debate about the limits of validity of
CNT, both in supercooled liquids as well as in unconven-
tional condensed-matter systems [16]. Identifying the
systems for which CNT is valid would be important to
develop more sophisticated models of crystal nucleation
starting from the classical theory [11,17].

One of the most important observables that can be
calculated in CNT is the temperature (7') dependent crystal
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nucleation rate J(T), which represents the probability of
formation of a crystal seed per unit time and volume. It is
given by J(T) = n(T)x(T) exp [-AG*(T)/kgT] [4], where
n(T) is the volume number density of particles in the liquid,
k(T) is a kinetic factor, AG*(T) is the free-energy barrier
for critical crystal seed formation, and kg is Boltzmann’s
constant. The crystal nucleation rate sets the lifetime 7(7')
of a liquid sample of volume V according to z(T) =
[J(T)V]~'. A measurement of J(T') in atomic and molecu-
lar systems is challenging because at low temperatures 7(7')
can be very short, from nanoseconds to picoseconds,
thereby requiring extremely fast probing of microscopic
metastable liquid samples. In addition, studies of homo-
geneous crystal nucleation require the use of liquid samples
free of any contaminating particles to avoid heterogeneous
nucleation. The latter condition, however, is difficult to
establish reliably in experiments, thus potentially leading to
conflicting results [18,19]. When experimental homo-
geneous crystal nucleation rates are available, quantitative
comparison with CNT remains uncertain because J(7)
depends on many thermodynamic parameters, such as the
crystal-liquid interfacial free energy y, which are often
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difficult to determine with sufficient accuracy. For example,
an uncertainty by less than 5% in y can lead to variations in
the determination of J(7) by many orders of magnitude
[20-23].

An alternative route to estimating J(7) is provided by
molecular dynamics simulations [24], which offer a con-
nection between experiments and modeling. With few
exceptions [25,26], however, persistent inconsistencies
between experimental and simulated crystal nucleation
rates still prevent this approach from being fully exploited
for the study of homogeneous crystal nucleation [27]. A
prominent example that illustrates this impasse is super-
cooled water, where simulated nucleation rates can differ
from those measured experimentally by 10 orders of
magnitude [28]. It is believed that the inherent limitations
of the empirical models used to describe particle inter-
actions contribute substantially to the observed discrepan-
cies [27].

Lennard-Jones (LJ) liquids are the simplest atomic
model systems and thus of particular interest for molecular
dynamics simulations. They allow avoiding the problems
arising from complex interactions, and the simple, isotropic
LJ potential makes simulations exceedingly fast. Therefore,
despite the challenges associated with the stochastic nature
of crystal nucleation in terms of very long computational
time scales, the simulation of the entire crystallization
process, from formation of the critical seed in the super-
cooled liquid to crystal growth, was successfully performed
for a LJ liquid [29]. Recently, crystal nucleation rates from
molecular dynamics simulations of supercooled LJ liquids
have been reported for a wide range of temperatures [30—
32], suggesting the validity of CNT in these systems.

Here, we investigated experimentally crystal nucleation
in supercooled liquids of the atomic elements argon and
krypton. The interatomic interactions in condensed heavy
rare gases are well described by LI potentials [33]. Hence,
our results set new benchmarks for simulated crystal
nucleation rates and thus for assessment of CNT. To
investigate the early stages of crystallization from the
supercooled state we used microscopic liquid jets of argon
and krypton in a vacuum. A vacuum-exposed jet rapidly
cools by surface evaporation well below the melting
temperature before it eventually starts crystallizing with
the onset of homogeneous crystal nucleation [34-36]. The
crystal formation can then be effectively probed by femto-
second x-ray pulses [37], obtaining single-pulse diffraction
patterns that contain microscopic structural details of the
growing crystals.

The experiments were performed at the Materials Imaging
and Dynamics (MID) instrument at the European X-ray Free-
Electron Laser Facility [38]. The liquid jets were generated by
condensation of 99.999% purity argon or krypton gas in a
cryogenically cooled glass-capillary nozzle with diameter
dy = 3.5 £ 0.5 pm. The source pressures and temperatures
were Py =70 £ 1 bar and Ty = 93 £ 0.5 K, respectively,

(b) fcc (111) + hep (002)

fcc (200)

FIG. 1. (a) Stroboscopic image of the 3.5 pm-diameter krypton
jet. The interaction with the focused x-ray beam resulted in
plasma formation, visible as bright spot on the continuous
filament, followed by vaporization of a segment of the jet.
The trigger of the nanosecond laser-based background illumina-
tion was set to record an image of the jet after every fifth x-ray
pulse. (b) Selection of azimuthally integrated and background-
subtracted, powderlike diffraction profiles measured with the
krypton jet. The labeled peaks represent reflections of the fcc and
hep crystal structures.

for argon and Py = 70 &= 1 bar and T, = 123.7 £ 0.5 K for
krypton. Under these experimental conditions the flow was
laminar and the jet velocity, an important parameter in this

Letter, is therefore given by the Bernoulli equation v =

\/2Py/p(Ty) [39], where p(T) is the density of the liquid,
obtaining » = 101 & 1 ms~! for the argon jetand v = 76 &
1 ms~! for the krypton jet. The custom-built liquid-jet source
was mounted on a hexapod in the multipurpose vacuum
chamber of MID, allowing a three-dimensional displacement
and tilting of the liquid jet. The jets were probed by 9.7 keV
x-ray pulses with < 25 fs duration focused down to a spot on
the sample with diameter (FWHM) d = 300 £ 100 nm. The
x-ray pulses were delivered in 10 Hz pulse trains, with each
train consisting of 50 individual pulses at a repetition rate of
1.14 MHz. A stroboscopic image of the krypton jet hit by the
x raysis shown in Fig. 1(a). The self-replenishing nature of the
liquid jet allowed us to take advantage of the MHz repetition
mode of the European X-ray Free-Electron Laser Facility,
delivering a fresh sample at a comparable rate. The scattered
x rays were recorded by the adaptive gain integrating
pixel detector (AGIPD) [40], covering the ~1.4-2.3 A~!
range of the modulus of the photon wave vector transfer
q = (4x/2)sin(®/2), where A is the radiation wavelength
and O the scattering angle. Spatial scans were recorded as a
function of the distance z from the nozzle exit, and for each z
we recorded > 10° single-pulse diffraction images. The
determination of z was based on the analysis of integrated
pixel intensities of CCD camera images of the liquid jet as
shown in Fig. 1(a). Here, the positions of both the nozzle
orifice and the x-ray beam spot are visible, so their relative
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distance could be determined accurately (see Supplemental
Material [41]). Analysis of the CCD images also allowed us to
validate the accuracy of the Bernoulli equation in predicting
the jet velocity [41].

Figure 1(b) shows a selection of background-subtracted,
powderlike diffraction profiles (I(g)), obtained by azimu-
thal integration of averaged single-pulse diffraction images
from the krypton jet [41]. Close to the nozzle, (I(g))
exhibits a broad peak characteristic of the disordered liquid
phase. As z increases, the reduction of this broad compo-
nent, accompanied by the appearance and subsequent rise
of sharp diffraction peaks, are distinct features of jet
crystallization [36]. The three visible peaks are the (111)
and (200) reflections of the face-centered cubic (fcc) crystal
and the (100) and (002) reflections of the hexagonal close-
packed (hcp) crystal, with the (111) and (002) peaks
appearing at the same g. The presence of both fcc and
hep reflections likely results from the formation of crystals
with random stacking order or the coexistence of fcc and
hep crystalline domains [29], and reflects the small energy
difference between the two crystal structures.

To reliably identify the weak intensity scattered by small
crystals, we developed a data-reduction scheme to remove
instrument background, liquid scattering contributions, and
baseline drifts of the AGIPD. This allowed the identifica-
tion of crystal diffraction even in the presence of a
dominating liquid scattering signal. Details on the reduc-
tion procedure are described in the Supplemental Material
[41]. A diffraction pattern obtained from summation of
3.4 x 10* reduced single-pulse images measured with the
krypton jet at z = 695.8 pm is shown in Fig. 2(a). It
exhibits characteristic powderlike Debye-Scherrer rings of
the fcc and hep crystals. Yet the single-pulse images reveal
more complex diffraction patterns, as shown in Fig. 2(b),
displaying not only intense Bragg spots, but also intensity

FIG. 2. (a) Powderlike diffraction pattern obtained from 3.4 x
10* reduced single-pulse exposures of the AGIPD measured with
the krypton jet at z = 695.8 ym. The three visible Debye-
Scherrer rings are reflections of the fcc and hcp crystals, as
shown in Fig. 1(b), with the weak, innermost ring representing
the hcp (100) reflection. (b) Example of a reduced single-pulse
image, showing both Bragg peaks and intensity streaks.

streaks. The latter features directly result from a modifi-
cation of the three-dimensional intensity distribution in
reciprocal space [48,49], and have their microscopic origin
in structural defects such as stacking faults and twin
boundaries [50].

The primary experimental observable in this Letter,
directly related to crystal nucleation, is the fraction ¢ of
single-pulse images at each distance containing distinct
crystal features as in Fig. 2(b), plotted for the argon and
krypton jets in Figs. 3(a) and 3(b), respectively. The
measured ¢ values may be biased by the sensitivity of
the AGIPD to single-shot crystal detection, particularly at
the smallest distances where ¢ is small. We note, however,
that in experiments on X-ray scattering from water droplets
only a negligible fraction of undetected ice was estimated
[37]. The results shown in Fig. 3 were obtained by
considering only the first x-ray pulse of each train, thereby
reducing the number of diffraction patterns actually used in
the analysis to about 10*. For the remaining 49 pulses in the
train we found slightly different values of ¢. This obser-
vation can be rationalized by the propagation along the jet
direction of shock waves generated by the x-ray pulses
[51]. The time interval between two pulse trains (=100 ms)
was sufficient for complete jet recovery, but not that
between two successive pulses (0.9 ps) within a train,
as shown in Fig. 1(a). The pressure in the shock wave can
be high [52], up to ~10* greater than the Laplace pressure
of 6/d, ~ 1072 bar, where o is the surface tension, in the
unperturbed liquid jet, thereby suggesting a different crystal
nucleation pathway at high pressures.

In general, the probability X(7) that no nucleation event
has occurred in a sample of constant volume after a time 7 is
given by [20,53]

InE(f) = -V A "Jar, (1)

where the integral indicates that a nonstationary crystal
nucleation rate is considered. Because we were effectively
probing at time 7 = z/v, it is possible to identify 1 — Z(z)
with ¢ and, hence, use Eq. (1) to infer J(T') [54]. To convert
distance to temperature, one might approximate 7' by the
average temperature of the crystals that generated the Bragg
peaks in the diffraction patterns [41], shown as symbols for
the argon and krypton jets in Figs. 3(c) and 3(d), respec-
tively. However, these temperatures may differ from those
of the liquid at the onset of jet crystallization because of the
latent heat released during crystal formation, and so a
combined analysis of crystal nucleation and heat transfer is
required to deduce the actual temperatures [55].

Here, we used Knudsen’s kinetic theory of evaporation
to compute accurately the temperature of the liquid jet
[34,37,53,55,56]. The jet is approximated by a cylinder
divided into N concentric shells of uniform volume,
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FIG. 3. (a),(b) The symbols represent the measured ¢ values for the argon (a) and krypton (b) jets. The error bars account for different
assumptions in the data-reduction scheme [41]. The solid lines are plots of Eq. (2) with J(T') given by Eq. (3), with the shaded regions
representing the overall effect of the experimental uncertainties in nozzle diameter and jet velocity, and the variation of the crystal growth
rate between 10 and 25 ms~! for argon and between 15 and 20 m s~ for krypton. The dashed lines are fits of Eq. (2) to the experimental
data with ¢ in Eq. (3) as fitting parameter. The black dashed lines represent ¢p = 1. (c),(d) The purple, red, and blue solid lines represent
the average temperature and the temperatures of the inner and outermost shells, respectively, computed on the basis of Knudsen’s model
of evaporative cooling for the argon (c) and krypton (d) jets. The shaded regions represent variations resulting from the uncertainties in
nozzle diameter and jet velocity. The symbols represent the estimated temperatures of the crystals at the onset of crystallization of the
argon (c) and krypton (d) jets as described in the Supplemental Material [41]. The melting temperatures of argon and krypton are shown

as dashed lines.

allowing for evaporative cooling of the outermost shell. The
model then yields, as a function of z, the temperatures
Ti(z), i=1,...,N, of the individual shells. Knudsen’s
model has been described in detail elsewhere [37,53,55],
with all relevant thermodynamic parameters of argon and
krypton provided in the Supplemental Material [41]. The
computed average temperature and the temperatures of the
inner and outermost shells are shown in Fig. 3(c) for the
argon jet and in Fig. 3(d) for the krypton jet as purple, red,
and blue solid lines, respectively. In these computations we
used N =70 [41]. The marked temperature gradient
between the surface and the center of the jet results from
the finite thermal conduction that governs heat exchange
inside the jet [34,53,55]. We note that the estimated
temperatures of the crystals [41] in Figs. 3(c) and 3(d)
suggest that they primarily formed in the outer, colder
regions of the jet.

In view of the radial dependence of the jet temperature,
we deduced from Eq. (1) a theoretical fraction ¢(z) that
takes into account the crystal nucleation rate in each
cylindrical shell at its current computed temperature
T;(z) [41,53],

$(z) = 1 —exp {—% A Zile:J[T,-(z’)}Vi(z,z’)dz’}, 2)

being V,;(z,7z’) the common volume of the ith shell and a
cylinder with diameter d + 2(u/v)(z — Z’), and where the
second term in the last expression takes into account the
finite crystal growth rate u. The full calculation of V;(z, ')
is presented in the Supplemental Material [41]. Provided
that a parameter-free model for the crystal nucleation rate is
available, Eq. (2) thus allows for direct comparison
between theory and experiments.

As choice for J(T'), we assumed recent crystal nucleation
rates calculated using the CNT equations with the thermo-
dynamic parameters inferred from molecular dynamics
simulations of a LJ liquid [31] with the parameters of
argon and krypton [57],

In[J(T)/(m™3s™")] = c — 1.2829 <T1> B (1 —1) ~ )

m Trn

where ¢ = 98.2 for argon and ¢ = 97.7 for krypton, and
T,=838K and T, = 1158 K being the melting
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temperatures of argon and krypton, respectively. The
temperature dependence of Eq. (3) is that derived in
CNT using an approximation of J(7) [31], with ¢ =
In [n(T)k(T)] independent of T. The plots of Eq. (2) with
J(T) given by Eq. (3) are shown for the argon and krypton
jets as solid lines in Figs. 3(a) and 3(b), respectively. In
evaluating V;(z,7’), we neglected for simplicity the varia-
tion of the crystal growth rate with temperature [36],
assuming u = 25 ms~' for argon and u =20 ms~' for
krypton. We verified that a different choice of u in a
realistic range of values for the two liquids [36] only had a
minor effect, which we included in the estimation of the
total uncertainties shown as shaded regions in Figs. 3(a)
and 3(b).

To express the differences between the experimental
results and the theoretical predictions in Figs. 3(a) and 3(b)
more quantitatively, we fitted Eq. (2) to the measured ¢
values using ¢ in Eq. (3) as fitting parameter, with the fits
shown as dashed lines. We found ¢ = 92.17%2 for argon
and ¢ = 91.3f21:§ for krypton, which show that the crystal
nucleation rates predicted on the basis of molecular
dynamics simulations and CNT are by a factor of 50—
1000 for argon and 100-5000 for krypton larger than those
inferred from our experimental data. These are the most
stringent limits available to date on the accuracy of CNT in
supercooled atomic liquids.

Several models of homogeneous crystal nucleation
beyond CNT have been proposed, for example assuming
more realistic hypotheses with respect to the ideal spherical
shape of the critical nucleus in CNT [6,8]. It has also been
argued that the classical theory represents the limit of a
more general non-Markovian framework [9]. Two-step
nucleation scenarios, involving the initial formation of
precritical clusters structurally in a thermodynamically
metastable state, offer a further, widely debated extension
of CNT [11-15]. Overall, our results indicate that any
effects related to such corrections must be on the order
of the differences between experiments and theory in
Figs. 3(a) and 3(b). We therefore expect that our approach
will allow exploring the implications of different extensions
of CNT on the estimation of crystal nucleation rates in the
simple supercooled liquids of the present Letter. Ultimately,
the probing of liquid jets of argon and krypton using
femtosecond x-ray pulses, as demonstrated here, promises
to advance our current understanding of crystallization.

Data recorded during the experiment is available at [58].
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