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Atomistics of pre-nucleation layering of liquid
metals at the interface with poor nucleants
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Tao Jing1 & Hongbiao Dong 3

Liquid layering at heterogeneous solid/liquid interfaces is a general phenomenon, which
provides structural templates for nucleation of crystalline phases on potent nucleants.
However, its efﬁcacy near poor nucleants is incompletely understood. Here we use a combination of X-ray crystal truncation rod analysis and ab initio molecular dynamics to probe the
pre-nucleation liquid layering at the sapphire–aluminium solid/liquid interface. At the sapphire side, a ~1.6 aluminium-terminated structure develops, and at the liquid side, two prenucleation layers emerge at 950 K. No more pre-nucleation layer forms with decreasing
temperature indicating that nucleation of crystalline aluminium through layer-by-layer atomic
adsorption of liquid atoms is not favoured. Instead, the appearance of stochastically-formed
nuclei near the substrate is supported by our experiments. Nucleation on poor nucleants is
dominated by the stochastic nucleation events which are substantially inﬂuenced by the prenucleation layers that determine the surface structure in contact with the nuclei.
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n Classical Nucleation Theory (CNT), nucleation of a crystalline phase is believed to originate from the stochastically
formed nuclei1 (~10–1000 atoms2) driven by energy ﬂuctuations. Such nuclei may manifest as spherical caps when forming
on foreign surfaces, which is termed as heterogeneous nucleation.
Recently, this theory has been challenged by the observation of
pre-nucleation layers (PNLs) adjacent to the atomically smooth
solid surfaces3–10. Different from the nuclei described by the
CNT, the PNLs are thermodynamically stable structures that
normally appear at a temperature above the liquids (T1) by
spontaneous liquid layering, and the formation of the PNLs is
believed to be an adsorption process. When the temperature falls
below T1, it is reasonable to predict that the liquid layering may
continue and compete with the energy ﬂuctuations to govern
heterogeneous nucleation behaviours. If the liquid layering
dominates, heterogeneous nucleation of the crystalline phase
proceeds layer-by-layer through a structural templating process; if
the energy ﬂuctuations dominate, stochastically formed atomic
clusters may become the nuclei and heterogeneous nucleation
obey the rules described by the CNT.
The signiﬁcant role played by the PNLs in inﬂuencing heterogeneous nucleation of the crystalline phase has been well
explained for systems with potent nucleant substrates, such as
liquid Al with Al–Ti–B inoculation11–14. At the atomic scale, the
nuclei formed on potent nucleant substrates (contact angle θ <
20°) are predicted to be only several atoms thick15, which can be
approximated as two-dimensional (2D) layered structures. If
PNLs appear in the vicinity of the substrates, they will readily
transform into the 2D crystal nuclei when the temperature falls
below T1. These 2D nuclei trigger heterogeneous nucleation and
then grow in a manner described by the free-growth model11.
Hence, heterogeneous nucleation of the crystalline phase on the
potent nucleant substrates is most likely to be dominated by the
liquid layering, which causes the formation of the PNLs.
On the contrary, for systems with poor nucleant substrates
(θ > 40°), the critical nucleus size is large enough for the contact
angle to be well deﬁned. Therefore, the nuclei manifest as threedimensional (3D) atomic clusters, which are different from the
structures of the PNLs. However, it is worth noting that the poor
nucleant substrates normally have large lattice mismatches with
the crystals16,17, and the PNLs can act as a transition structure to
accommodate the substantial structural differences across the
interface thus reducing the energy barrier for heterogeneous
nucleation. As such, both the CNT-based 3D atomic clusters and
the 2D crystal embryo evolved from the PNLs could be the initial
nucleus structures. Therefore, it is desirable and imperative to
have a further understanding of the heterogeneous nucleation
mechanism of the crystalline phase on a poor nucleant substrate.
Sapphire (α-Al2O3) substrate is a typical poor nucleant substrate
for liquid Al18. However, only a limited number of studies4,7,19–24
exist regarding the sapphire–Al solid/liquid (S/L) interface. Zhang
et al.21 ﬁrst predicted the presence of the PNLs at the (0001)
sapphire–Al S/L interface using the reactive force ﬁeld. This prediction has been conﬁrmed by the direct experimental observation
by Oh et al.4 using high-resolution transmission electron microscopy (HRTEM). However, these studies obtained different atomic
conﬁgurations for the outermost layer of sapphire. Zhang et al.21
observed an Al–O mixed conﬁguration; Oh et al.4 obtained an Orich structure; while Kang et al.20, using ab initio molecular
dynamics (AIMD), obtained an Al-rich conﬁguration. The
inconsistency in the atomic arrangement at this interface has not
been clearly explained because of the difﬁculty in the atomic-scale
characterisation of the S/L interface both theoretically and
experimentally. As an interface-sensitive, angstrom-scale resolution surface X-ray diffraction (SXRD) and X-ray crystal truncation
rod (CTR) analysis has provided new insights into atomic
2

arrangements at surfaces and interfaces6,25–33. Compared with
HRTEM, the CTR technique is a spatially averaged (~0.2 × 0.25
mm2 in our experiment) method that can also easily distinguish
the atomic species34. Recently, Schülli et al.6 and Vonk et al.30
have explored the CTR technique in characterising the structural
features of the S/L interface, which conﬁrmed the capability of the
CTR technique in characterising the S/L interface.
Here the atomistics of the pre-nucleation liquid layering at the
(0001) sapphire–Al S/L interface is explored through the combination of the CTR measurement and complementary AIMD
simulations. Here we show that, when liquid Al is brought into
contact with (0001) sapphire surface at 950 K, liquid layering
occurs leading to the formation of two PNLs at the interface.
Meanwhile, the sapphire surface transforms into a ~1.6 Alterminated structure. Kinetic analysis indicates that the prenucleation liquid layering can be described as layer-by-layer
adsorption of liquid atoms onto the substrate. However, further
adsorption of liquid atoms onto the existing PNLs (even when the
temperature is much lower than T1) is difﬁcult, which impedes
the propagation of liquid layering into the bulk liquid. We propose that 3D nuclei may form stochastically near the surface of
the existing PNLs and then dominate the nucleation of crystalline
Al, which is supported by the in situ XRD and CTR experimental
results.
Results
Atomic-scale visualisation of PNLs. In this work, the Miller
indices (HKL), deﬁning the reciprocal space of the sapphire
substrate, are used to describe a CTR. The (01L) CTR curves
measured, respectively, from the (0001) sapphire surface, the
(0001) sapphire–Al S/S interface (Al deposited by the magnetron
sputtering) and the (0001) sapphire–Al S/L interface (at around
950 K) are depicted in Fig. 1. There is virtually no distinguishable
difference in the CTR curves measured at the sapphire surface
and the sapphire–Al S/S interface, while the difference between
the S/S and S/L interfaces is evident, particularly at L = 3–5. The
intensity peak at L = 3–5 in the CTR curve measured at the S/L
interface could be attributed to the presence of the PNLs. To
verify this, and to construct the sapphire–Al S/L interface model,
we employ a two-step ﬁtting approach to link the CTR curves to
the interfacial atomic arrangement. In the ﬁrst ﬁtting step, CTR
curves are ﬁtted to several (0001) sapphire surface models. As
shown in Fig. 2, four initial ﬁtting models are used in the ﬁrst
ﬁtting step. These four models have different (0001) sapphire
surface terminations: (1) the stoichiometric termination (1Al), (2)
the Al-rich termination (2Al), (3) the fully hydroxylated termination (3OH), and (4) the partly hydroxylated termination
(1Al+1OH). These terminations are all likely to exist under our
experimental conditions35,36. According to Eng at al.’s28 experimental study, the (0001) sapphire surface is readily hydroxylated
by the dissociation of water molecules, and water vapour pressure
of 1 torr is sufﬁcient to fully hydroxylate this surface. In our
experiments, the (0001) sapphire surface samples were stored in
the open air before the deposition of pure aluminium. Thus it is
reasonable to infer that surface hydroxylation occurred before the
magnetron sputtering was conducted to obtain the (0001)
sapphire–Al interface samples. This is why the fully and partly
hydroxylated (0001) sapphire surface models were considered in
the ﬁrst ﬁtting step. Although we demonstrate that the existence
of hydroxyls at the (0001) sapphire–liquid Al interface is not
favoured by the ﬁt, considering the hydroxylated (0001) sapphire
surface models in the ﬁrst ﬁtting step was necessary to make the
ﬁtting results more comprehensive. Note that all the hydrogen
atoms in the ﬁtting models are omitted because of the difﬁculty of
detecting them in the SXRD experiments28. Therefore, the fully
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Fig. 1 Comparison among the (01L) CTR curves of different samples. a (01L) CTR curve measured at the (0001) sapphire surface. b (01L) CTR curve
collected at the (0001) sapphire–solid Al interface. Solid Al is deposited onto the (0001) sapphire surface using magnetron sputtering during which highpurity Ar was used as the sputtering gas under a working pressure of 1 × 10−2 mbar and a high-purity (99.9999%) Al target was operated at 120 W. c (01L)
CTR curve of the (0001) sapphire–liquid Al interface measured at around 950 K, which was obtained by melting the (0001) sapphire–solid Al interface.
The cyan highlighted regions depict the differences among these three CTR curves, and it is proposed in this work that the intensity peak at L = 3–5 in c is
attributed to the formation of the PNLs. The error bars in all these three panels are derived from the statistical uncertainty of the measured intensity and
are set to 10% of the structure factor value whenever it is <10%, which is an estimate of the systematic error
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Fig. 2 Fitting of the (01L) CTR data to different surface models in the ﬁrst ﬁtting step. a–d Four (0001) sapphire surface models (inset in each panel, grey
circles denote Al atoms and brown circles denote O atoms) and the corresponding ﬁtting results using the (01L) CTR curve measured at the
sapphire–liquid Al interface under 950 K. The goodness of ﬁtting (normalised χ2) of each model is shown in parentheses. The error bars in all these four
panels estimate the statistical and systematic errors of the measured structure factor data in the (01L) CTR curve. The approach to obtain the error bars is
explained in the Methods section. It is obviously observed that the 2Al-terminated surface (c) is the best-ﬁt surface model among these four models.
However, it is also worth noting that large deviations at L = 3–5 between the experimental and ﬁtted CTR curves still exists even for the best-ﬁt surface
model (c). This implies that there exist other structures (such as the PNLs) at this interface that contribute to the intensity peak of the CTR curve at L = 3–5

and partly hydroxylated (0001) sapphire surface models can be
treated as 3O (Fig. 2a) and 1Al+1O (Fig. 2d) terminations,
respectively. Results of ﬁtting the CTR data to the above surface
models show that the 2Al model (Fig. 2c) gives rise to the best ﬁt
among the four models.

The above analysis shows that after interaction with the
liquid Al the (0001) sapphire surface evolves into an Al-rich
termination; however, signiﬁcant deviation between the theoretical and experimental CTR curves still exists (particularly at
L = 3–5), even for the best-ﬁt 2Al model. This deviation cannot
be attributable to the disordered bulk liquid Al atoms, which
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Fig. 3 (0001) sapphire–liquid Al interfacial structure obtained from the CTR measurement and AIMD simulations. a Sapphire (0001)//Al (111) orientation
relationship. Oxygen atoms in the 3O layer are displayed by the hollow red circles, and the solid blue circles indicate seven nearest-neighbour atoms on the
Al (111) plane. The 1.6 Al layer is omitted for clarity. Two different types of interfacial lattice mismatches arise for the fully coherent interface: f1 = −10.75%
(corresponds to oxygen 1 and 2, with interatomic distance dsapphire1 = 2.55 Å) and f2 = 1.4% (corresponds to oxygen 3, 4, 5, and 6, with dsapphire2 = 2.90 Å).
Interfacial lattice mismatch is calculated according to f = (dsapphire − dA1)/(dA1), so negative f means a compressive stress state in the aluminium, whereas
positive f means a tensile stress state. b, c Side view of the (0001) sapphire–liquid Al interfacial structure obtained from the CTR and the AIMD,
respectively. The small brown circles are O atoms, and the large grey circles are Al atoms. Only the two PNLs of liquid Al are shown in the CTR-based
structure. The horizontal orange lines that cross b, c depict four atomic layers (3O layer, 1.6 Al layer, PNL1 and PNL2, respectively) in the interface models.
The horizontal blue lines in b explain the layer amplitudes of the PNL1 and PNL2 (δ1 and δ2, which are the half of the widths depicted by the double-headed
arrows), respectively, whose values are listed in Table 1. d Atomic density proﬁles along the z-direction (the direction perpendicular to the interface) for the
interfacial structure obtained from the AIMD simulation and the CTR ﬁtting (shown in the inset of d). The peak positions of the PNL1 for these two proﬁles
are aligned with each other, as shown by the grey dotted vertical line in d. e CTR ﬁtting result with normalised χ2 ≈ 1.9, which shows that the theoretical
model used in the ﬁtting coincides well with the experimental result. The error bars in e show the statistical and systematic errors of the measured
structure factor data in the (01L) CTR curve. The approach to obtain the error bars is explained in the Methods section

contribute only to background noise. Thus the presence of
PNLs, which are partially ordered structures, is likely the
principal reason causing the deviations. In the second step,
several PNLs are added to the 2Al sapphire surface model. The
PNLs are modelled as several close-packed layers, which are
coherently combined with the sapphire substrate using the
widely accepted orientation relationship (OR)37: sapphire
ð0001Þ½1010 k Al ð111Þ½110 (Fig. 3a). During the ﬁtting, all
the atoms in the initial models are allowed to move
independently along the direction perpendicular to the interface. When dealing with the in-plane atomic arrangement, each
PNL is treated as a rigid body rather than several independently
moving atoms. The atomic occupancies and the in-plane
Debye–Waller (DW) parameters are applied to quantify
the degree of in-plane ordering of the PNLs. Fitting results
of the second ﬁtting step depicted in Fig. 3e show that addition
of PNLs nearly eliminates the differences between the
theoretical and experimental CTR curves. Additionally, the
results illustrate that the intensity peak at L = 3–5 of the CTR
curves measured at the sapphire–Al S/L interface is attributable
to the PNLs. The layer number of the PNLs is determined to be
two, as adding three or more layers does not give rise to
4

further improvement of the goodness of ﬁt (Supplementary
Figure 1).
Except for the (01L) CTR, ﬁve other CTR curves ((10L), (11L),
(20L), (21L), and (12L)) have also been ﬁtted using the ﬁtting
steps introduced above. It is found that better ﬁtting accuracy can
be obtained when the double-layer PNLs are included in the
initial ﬁtting model compared with the model without the PNLs
(Supplementary Figure 2), which conﬁrms the existence of the
PNLs at this interface. Table 1 shows the ﬁtting results based on
the six CTR curves, from which we ﬁnd that the parameter values
obtained from all the six CTR curves are close to each other.
The sapphire–PNLs interfacial structure obtained from the
(01L) CTR ﬁtting is shown in Fig. 3b. The double-layer PNLs are
buckled with atoms diffusing in the z-direction (the direction
perpendicular to the interface), indicating that the PNLs are not
fully ordered layers. To quantify the degree of out-of-plane
ordering of the PNLs, the layer amplitude δi (standard deviation
of the z-coordinates of the atoms within the layer, i represents the
index of a PNL layer) is calculated for each PNL and listed in
Table 1. The values of δi suggest that the ﬁrst PNL (PNL1) has a
much higher degree of out-of-plane ordering than the second
PNL (PNL2). This trend is also reﬂected by the out-of-plane DW
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Table 1 Values of the main parameters from the CTR data ﬁtted to the double-layer PNL model
Parameters
Surface roughness parameter, β
Liquid fraction, fα
Interlayer distance (PNL1–1.6 Al)

Interlayer distance (PNL2–PNL1)
δ1
δ2
D?
i
PNL1
PNL2
==
Di
PNL1
PNL2

(01L) CTR
0.040 ± 0.006
99.4% ± 0.6%
1.90 ± 0.03 Å
(2.19 Åa
3.5 ± 0.25 Åb)
2.84 ± 0.03 Å
(2.30 Åa
2.85 ± 0.25 Åb)
0.018 Å
0.042 Å

(10L) CTR
0.035 ± 0.006
98% ± 2%
1.79 ± 0.01 Å

(20L) CTR
0.035 ± 0.009
99% ± 3%
1.75 ± 0.07 Å

(21L) CTR
0.045 ± 0.007
98% ± 1%
1.8 ± 0.1 Å

(11L) CTR
0.039 ± 0.007
98% ± 2%
1.8 ± 0.1 Å

(12L) CTR
0.039 ± 0.006
98% ± 1%
1.92 ± 0.06 Å

2.78 ± 0.07 Å

2.9 ± 0.1 Å

2.8 ± 0.1 Å

2.9 ± 0.2 Å

2.8 ± 0.1 Å

0.023 Å
0.046 Å

0.019 Å
0.039 Å

0.011 Å
0.037 Å

0.021 Å
0.036 Å

0.015 Å
0.050 Å

1.3 ± 0.7
15.8 ± 0.4

1.0 ± 0.2
14.0 ± 0.5

1.0 ± 0.9
14.0 ± 2.2

1.0 ± 0.8
14 ± 9

1.0 ± 0.4
14 ± 2

1.0 ± 0.6
14 ± 2

1.5 ± 0.6
11 ± 2

1±1
10 ± 1

1.8 ± 0.8
10.1 ± 0.8

1.9 ± 0.5
10 ± 3

1.6 ± 0.5
11.5 ± 0.7

1.5 ± 0.6
10.6 ± 0.7

The liquid fraction parameter fα is used to estimate the coverage of the PNL structure on top of the substrate surface. All the other parameters have been introduced in the context
aAIMD results in this work
bResult from Oh et al.4

parameters (D?
i ), which characterise temperature inﬂuence on
the XRD intensity and also quantify the degree of ordering38.
?
From Table 1, we ﬁnd D?
2 >> D1 > 0, indicating that PNL2
contributes much less to the diffraction intensity than PNL1,
which is further evidence of the attenuation of the degree of outof-plane ordering with increasing distance from the substrate.
The interfacial structure obtained from the CTR experiments is
compared with the AIMD results, as shown in Fig. 3. Both
experiments and simulations show a double-layer PNL structure
near the (0001) sapphire substrate, with PNL2 being much less
ordered than PNL1, which conﬁrms the ability of the AIMD
method to faithfully reproduce the PNLs at the S/L interfaces. The
observation of double-layer PNLs in this work is similar to the
experimental ﬁndings of Oh et al.4 except for the interlayer
distance from PNL1 to the outermost layer of the sapphire
substrate, which is 1.90 ± 0.03 Å in this work compared with a
larger value (3.5 ± 0.25 Å) in Oh’s HRTEM results. This difference
may arise from the 1.6 Al layer (as shown in Fig. 3), which is the
outermost layer of the (0001) sapphire substrate in our
experiments and simulations, but is absent in Oh’s results. In
the ﬁtted interfacial structure (Fig. 3b), the layer-averaged atomic
occupancy (Oc) of the 1.6 Al layer is 81 ± 1% (corresponds to an
average of 1.6 Al atoms), which is consistent with the AIMD
result (Oc ≈ 83.3%, shown in Fig. 4a).
In-plane features of the PNLs are characterised by the in-plane
==
==
==
DW (Di ) and Oc. From Table 1, it is found that D2 >> D1 > 0,
meaning the decay in the degree of in-plane ordering of the PNLs
with distance to the interface increasing. Oc of PNL1 is
determined to be 82% ± 3% (relative to a close-packed atomic
layer) by ﬁtting the (01L) CTR curve to the interface model. In
AIMD simulations, the in-plane structure of the PNL1 is analysed
at different temperatures (Fig. 4b). It is expected that decreasing
temperature will increase the degree of in-plane ordering, which
is illustrated in Fig. 4b by the orientational order parameter39 q6
and in-plane coordination number Nin of the PNL1. q6 increases
from around 0.2 to approximately 0.45 as temperature decreases
indicating that the six-fold symmetry of the PNL1 is signiﬁcantly
enhanced by the reduction of system temperature. This trend is
also reﬂected by the 2D structural factor distributions in Fig. 4.
The above analysis implies that the PNL1 has the tendency of
becoming a close-packed layer with temperature decreasing;
however, it is worth noting that q6 is still substantially smaller
than 1.0, which is the q6 value for an atomic layer with a perfect

six-fold symmetry. Additionally, Nin of PNL1 (Fig. 4b) is
evidently <6.0 (Nin for a close-packed atomic layer) even at a
temperature (such as 700 K) much lower than the Al melting
point (around 933 K). This indicates that a large energy barrier
exists that prevents the PNL1 from becoming an ordered and
close-packed layer.
One impediment for the PNL1 to becoming ordered is the
interfacial lattice mismatch f between the (0001) sapphire surface
and PNL1. We analyse the theoretical f between the (0001)
sapphire surface and an Al (111) layer with Al atoms in the Al
(111) layer fully coherent with the underlying (0001) sapphire
surface, as shown in Fig. 3a. Interfacial lattice mismatch f is
calculated according to the following formula, f =(dsapphire − dAl)/
(dAl), where dsapphire and dAl are the interatomic distances at the
sapphire (0001) plane and the Al (111) plane, respectively,
as illustrated in Fig. 3a. Two sets of interfacial lattice mismatches,
f1 = −10.75% and f2 = 1.4%, arise at this interface, among which
the large negative mismatch f1 will induce enormous in-plane
compressive stress within the Al layers. Compared with the inplane tensile stress that is beneﬁcial to the accumulation of atoms,
the in-plane compressive stress drives the atoms out of each layer,
resulting in the atomic density depletion near the interface.
Hence, the PNLs near the (0001) sapphire substrate endure
tremendous resistance to becoming denser. According to the
studies of Alert et al.20,40 and Duan et al.9, atomic density plays a
pivotal role in the formation of liquid layers. Therefore, the low
atomic density of PNLs near the (0001) sapphire substrate caused
by the large negative interfacial lattice mismatch hinders the
further ordering of the PNL1.
In summary, a double-layer PNL structure is observed adjacent
to the ~1.6 Al-terminated (0001) sapphire–Al S/L interface. The
degree of the out-of-plane ordering of PNL1 is relatively high,
while its in-plane structure is poorly ordered even at the
undercooled liquid with a large undercooling. Additionally, the
degree of ordering (both out-of-plane and in-plane) decays
rapidly as the distance to the sapphire substrate increases.
Kinetics of pre-nucleation liquid layering. In this section, the
formation kinetics of the 1.6 Al layer and PNLs at 950 K are
analysed using the AIMD simulations. As depicted in Fig. 5a, the
(0001) sapphire–liquid Al interface undergoes drastic modiﬁcation within the ﬁrst 1.0 ps, during which the main features of the
1.6 Al layer and PNLs develop. Then as the S/L interfacial
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Fig. 4 In-plane structures of the 1.6 Al layer and the PNLs. a Comparison between the 1.6 Al layer in-plane atomic density (blue spots) and the in-plane
atomic arrangement of the 2 Al layer (hollow red circles) at the 2 Al terminated (0001) sapphire surface. From this panel, it is observed that Al atoms in
the 1.6 Al layer occupy approximately 83.3% of the Al atomic sites in the 2 Al layer. b Inﬂuence of system temperature on in-plane coordination number Nin
and orientational order parameter q6. These parameters are calculated within the PNL1 using the AIMD trajectories from 45.0 to 50.0 ps under each
temperature, respectively. For a perfectly ordered close-packed layer, Nin = 6 and q6 = 1. c–f Two-dimensional structure factor distributions of the PNL1 at
950, 900, 850 and 700 K, respectively, which are computed using the AIMD trajectories from 45.0 to 50.0 ps. qx and qy are respectively, the x- and ycomponents of the scattering vector q in the reciprocal space

interaction continues, the atomic density peaks corresponding to
the 1.6 Al layer and PNL1 sharpen (Fig. 5a), indicating an
increase in the degree of out-of-plane ordering for these two
layers. This simultaneous ordering of the 1.6 Al layer and the
PNL1 implies that their formation kinetics are inter-related. To
have a further look at the formation kinetics of the 1.6 Al layer
and PNLs, the (0001) sapphire–liquid Al interfacial force proﬁle
(Fig. 5b) and the (0001) sapphire surface force proﬁle (Fig. 5c) are
computed along the z-direction, respectively. To obtain the
interfacial force proﬁle, the z-components of the forces imposed
on each Al atom Fz(A1) are recorded and averaged during 0–1.0
ps. Figure 5b shows the interfacial force proﬁle, from which we
can correctly predict the positions of the 1.6 Al layer and the two
PNLs (depicted by the horizontal dotted blue lines). This suggests
that the pre-nucleation liquid layering is a spontaneous and
deterministic process driven by the forces imposed on the liquid
atoms at the initial stage of the S/L contact. Then the surface
forces are computed by placing an Al probe atom at different
positions close to the 3O-terminated (0001) sapphire surface,
whose z-components are averaged along the z-direction to obtain
surface force proﬁle (Fig. 5c where the top of the sapphire surface
is set as z = 0). By comparing Fig. 5b and Fig. 5c, we ﬁnd that the
surface forces are larger than the forces at the interface. This is
because, when the force distribution at the sapphire surface is
calculated, the probe positions are evenly distributed in each layer
including many far-from-equilibrium positions. The large number of probe positions averaged within each bin along the zdirection ensures the result depicted in Fig. 5c to correctly
describe the main features of the sapphire surface force proﬁle. It
is worth noting that only one atomic layer is predicted from
Fig. 5c (shown by the horizontal dotted blue line), which is
approximately at the position where the 1.6 Al layer appears
when liquid Al is present. The driving forces for the formation of
PNL1 and PNL2 are absent in Fig. 5c, which suggests that the
6

PNLs are induced by the substrate–liquid Al interaction rather
than the substrate alone and that the 1.6 Al layer is vital to the
PNL formation.
Charge transfer and bonding features are analysed to unveil the
substrate–liquid Al interaction. Planar-averaged deformation
charge density proﬁle Δρ(z) and electron localisation function
(ELF)37,41,42 are calculated to characterise the features of charge
transfer and bonding, as shown in Fig. 5e. Deformation charge
density is obtained according to the following formula:
atomic
Δρ ¼ ρsc
 ρatomic
Tot  ρAl
o

ð1Þ

atomic
where ρsc
and
Tot is the self-consistent charge density and ρAl
atomic
ρo
are the superposition of isolated atomic charge density.
The positive and negative Δρ(z) peaks in alternating order
indicate the formation of chemical bonds between two consecutive atomic layers (Fig. 5e). It is clearly shown in Fig. 5e that
the 1.6 Al layer, acting as an anchor, forms chemical bonds with
both the 3O and PNL1 layers by transferring electrons to the 3O
layer and accepting electrons from the PNL1. The isosurface of
ELF = 0.8, which exhibits the distribution of localised bonds
(such as the covalent or ionic bonds), is shown in Fig. 5e. It
clearly shows that the chemical bonds around the 1.6 Al layer (1.6
Al–3O and 1.6 Al–PNL1) consist of a large portion of localised
bonds. These localised bonds strengthen the connection between
the 1.6 Al layer and the PNL1 and maintain the relatively high
degree of out-of-plane ordering. The charge transfer and the
formation of the localised bonds are two characteristic features of
the sapphire–liquid Al interaction, which play critical roles in the
synergistic ordering of the 1.6 Al and PNL1 layers. For the PNL2,
its interaction with the sapphire substrate is much weaker (minor
charge transfer and a negligible portion of localised bonds)
compared with the PNL1, which leads to its poorly ordered
structure.
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Fig. 5 Kinetics and mechanism of pre-nucleation layering. a Atomic (Al atoms) density proﬁle evolution over time, which depicts the kinetics of prenucleation layering. The evolution of the 1.6 Al layer, the PNL1 and the PNL2 are highlighted in the cyan regions. b Force proﬁle in liquid Al at the (0001)
sapphire–liquid Al interface. The horizontal dotted blue lines in b show the predicted positions of the atomic layers at the studied interface, which are
approximately where the 1.6 Al layer, the PNL1 and the PNL2 appear, respectively. c Surface force proﬁle at the 3O-terminated (0001) sapphire surface. z
= 0 is aligned with the top of the sapphire surface. Only one atomic layer (horizontal dotted blue line in c) can be predicted from the surface force proﬁle,
which is close to the position where the 1.6 Al layer forms when liquid Al is present. Positive (or negative) forces imposed on Al atoms are described by the
pink (or green) bars in both b and c, which drive the atoms to move away from (or toward) the interface, as shown by the pink (or green) arrows.
d Electron localisation function (ELF) = 0.8 isosurface structure (shown by the green features in the left panel) showing the distribution of localised bonds
at the interface (small red spheres are the O atoms and large grey spheres are the Al atoms); planar-averaged deformation charge density distribution
(amber wave in the right panel) along the z-direction that depicts the charge transfer between the pre-nucleation layers (PNLs) and the sapphire substrate.
The three cyan dotted horizontal lines in d indicate the average positions of the 1.6 Al layer, the PNL1 and the PNL2, respectively

From the above discussion, we conclude that the PNLs near the
(0001) sapphire substrate are induced by the substrate–liquid Al
interaction, which is manifested by the charge transfer at the
interface and the formation of covalent/ionic bonds between the
1.6 Al layer and the PNLs. As a result of the substrate–liquid Al
interaction, Fz(A1) with oscillatory proﬁle develops in the liquid
Al adjacent to the sapphire substrate leading to the appearance of

the 1.6 Al layer and the PNLs. In other words, the pre-nucleation
liquid layering can be described as the adsorption of liquid atoms
onto the substrate, which is a spontaneous and deterministic
process.
Mechanistic insight into aluminium nucleation on sapphire
surface. In this work, the CTR curves are measured in situ to shed
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Fig. 6 In situ CTR and in situ X-ray diffraction at the (0001) sapphire–Al interface during the heating–cooling process. a Evolution of the CTR curves during
the Al solidiﬁcation on the (0001) sapphire surface. The intensity peak at L = 3–5, which is a typical feature attributed to the two PNLs at the interface, is
highlighted in the cyan region in a. No obvious change of the highlighted intensity peak can be observed, indicating that no more PNL forms during the
cooling process. b Schematic illustration showing the transformation of Al (111) (or (200)) diffraction feature from ring-like to spot-like as a result of the
coarsening of the Al grains after solidiﬁcation compared with the initial deposited grain structure. c Heating–cooling curve. d, e Two typical in situ XRD
results showing the evolution of the XRD patterns during the heating–cooling processes. A series of detector images in an entire scan are concatenated into
a single stack, and d, e are the orthogonal views of such stacks. In d, e, the ﬂuorescent (and blue) streaks show the evolution of the diffraction features of Al
{111} planes, sapphire (0006) plane and Al {200} planes during the heating–cooling cycles, respectively. By monitoring the change of the diffraction
features related to Al, the onset temperature melting and solidiﬁcation of Al can be determined, as shown by the two red dotted lines crossing c–e. The
reappearance of the diffraction features from Al {111} planes and Al {200} planes is observed in two independent heating–cooling cycles, respectively, as
shown in d, e. This is a result of the coarsening of the Al grains after solidiﬁcation compared with the initial deposited Al grain structure, which causes the
diffraction features to transform from ring-like to spot-like (as depicted in b). Considering the limited size of the detector, it is reasonable that the
diffraction features from the two different planes of Al were not collected in one scan. More importantly, the reappearance of both Al {111} planes and Al
{200} planes supports the heterogeneous nucleation behaviour through stochastically formed nuclei rather than the continuation of liquid layering

light on the evolution of the PNLs as temperature decreases. In
Fig. 6a, the CTR curves at four typical temperatures are displayed.
Interestingly, all these CTR curves, including those measured
after the solidiﬁcation of the liquid Al, have the typical feature of
the intensity peak at L = 3–5, which is attributed to the PNLs
according to the above analysis. Therefore, the PNLs retain
during the cooling process. In addition, the difference between
these CTR curves is negligible; this implies that no more PNLs are
triggered, because extra PNLs would signiﬁcantly change the CTR
curve, particularly the intensity peak at L = 3–5. A similar result
to the above experimental phenomenon is obtained in the AIMD
simulations by monitoring the liquid layering during the cooling
of the (0001) sapphire–Al S/L interface. As shown in Supplementary Figure 3 and Supplementary Figure 4, no evident liquid
layering occurs in the proximity of the double-layer PNLs even
when an extremely large undercooling (233 K) is reached.
8

By the combination of in situ CTR and AIMD analysis, we
unambiguously identify that the liquid layering cannot dominate the
heterogeneous nucleation of crystalline Al on (0001) sapphire
substrate and thus nucleation through layer-by-layer atomic
adsorption is not favoured. Therefore, it is intriguing to determine
how the heterogeneous nucleation of crystalline Al proceeds in the
undercooled liquid Al near the (0001) sapphire surface. Even though
the large undercooling cannot promote the liquid layering, it will
bring the crystal embryos originating from the energy ﬂuctuations to
stable nuclei according to the CNT. Therefore, we argue that these
stochastically formed nuclei dominate the heterogeneous nucleation
behaviour. It is worth noting that the intermediate layer evolved
from the PNLs becomes the surface structure to trigger the
heterogeneous nucleation of crystalline Al, so the pre-nucleation
liquid layering still plays a key role in determining the heterogeneous nucleation behaviours in this system.
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The stochastically formed nuclei with arbitrary orientations
tend to form non-coherent interfaces with the substrate to release
the interfacial stress thus manifesting different lattice parameters
from the substrate. The difference in the crystallographic
characteristics between the nuclei and the sapphire substrate
makes the nuclei’s contribution to the CTRs (with integer Miller
indices H and K) measured in our experiments negligible. This is
consistent with the in situ CTR results that no evident change of
the CTR curve can be observed during the nucleation and ensuing
solidiﬁcation process of crystalline Al phase. Figure 6 exhibits the
in situ XRD results during two independent heating–cooling
processes. The initial solid Al microstructure obtained from
magnetron sputtering contains both Al (111) and Al (200) peaks.
Upon heating, both peaks disappear at around 225 min under
around 935 K. During the cooling process, the reappearance of
both the Al (111) and Al (200) peaks is observed in Fig. 6,
which suggests that the Al grains with different crystal orientations
form during the cooling process. This phenomenon supports the
above argument that the appearance of stochastically formed
nuclei dominates the heterogeneous nucleation of crystalline Al.
We note that, compared with the Al microstructure obtained from
magnetron sputtering, the solidiﬁed Al microstructure may have a
larger grain size, which transforms the diffraction rings into
several discontinuous diffraction spots43 as shown in Fig. 6b.
Consequently, for a detector with a limited size, it is reasonable to
capture just one diffraction peak from the solidiﬁed Al. In
summary, both the in situ CTR and in situ XRD results support
the heterogeneous nucleation mechanism proposed above.
Thermodynamic analysis of pre-nucleation liquid layering.
Revealing the mechanism of pre-nucleation liquid layering is a
long-standing issue8,9,44–49. In the following, we will analyse the
liquid layering in the perspective of interfacial thermodynamics.
As schematically presented in Fig. 7b, an S/L interface with PNLs
can be divided into three regions along the z-direction: (1) region
of the solid substrate (S), (2) region of the PNLs (PNL), and (3)
region of the bulk liquid (L). As a reference, the initial S/L
interface without the PNLs is also shown in Fig. 7a. The total
energy (Einter) of an interface system can be expressed as the sum
of volumetric Gibbs free energy (Gv), elastic strain energy (Estrain)
and interfacial free energy (γ). Additionally, we note that the
degree of ordering for the quasi-layers in the PNL region decays
with distance to the substrate increasing. Hence, an extra gradient
energy (ϕ) due to the inhomogeneous feature of the PNL region is
also expected to contribute to the total energy. The total energy of
the initial interface (Fig. 7a) has the following formula:
initial
Einter
¼ gvS  A  WS þ gvL  A  WL þ gvL  A  WPNL þ γS=L  A ð2Þ

where gvS and gvL are the volumetric Gibbs free energy per unit
volume for the substrate and liquid regions, respectively; A
denotes the interfacial area; WS, WL and WPNL are the thickness
of substrate, liquid and PNL regions, respectively, as shown in
Fig. 7; and γS/L indicates the interfacial free energy of the S/L
interface as shown in Fig. 7a. Then the total energy of the
interface with the PNLs is expressed as follows:
layering

Einter

layering

¼ gvS  A  WS þ gvL  A  WL þ ðgvPNL þ φlayering
layering

þestrain Þ  A  WPNL þ ðγPNL=S þ γPNL=L Þ  A
layering

ð3Þ

In this formula, φlayering and estrain are the gradient energy
and elastic energy per unit volume in the PNLs and γPNL/S and
γPNL/L denote the interfacial free energy of the PNL/S and PNL/L
interfaces, respectively.

a

b

Liquid
(L)
WL

WPNL

PNL

WS
Substrate
(S)

Fig. 7 Schematic illustration of the three-region model used in the
interfacial thermodynamics analysis to reveal the liquid layering
mechanism. a The initial interface model without the PNLs. b The evolved
interface model with the PNLs, which can be divided into three regions (by
the horizontal dotted pink lines): the substrate region, the PNL region, and
the liquid region. The widths of these three regions are denoted as Ws,
WPNL and WL, respectively, as shown by the arrows in the ﬁgure. The green,
yellow and grey dots in this ﬁgure are used to schematically represent three
different atom types

Energy change due to the liquid layering can be readily
layering
initial
obtained by subtracting Einter
from Einter :
layering

ΔEinter

layering

layering

¼ ðgvPNL  gvL þ φlayering þ estrain Þ  A  WPNL
ð4Þ
þðγPNL=S þ γPNL=L  γS=L Þ  A

PNLs normally appear when the temperature is above T1. In
this temperature range, the disordered liquid phase has the lowest
volumetric Gibbs free energy. Pre-nucleation liquid layering
increases the crystallinity, which reduces the liquid phase entropy
thus increasing the volumetric Gibbs free energy, i.e.
layering
gvPNL  gvL > 0. Therefore, the volume-related parameters (g, φ
and e) are the barriers for the pre-nucleation liquid layering.
Consequently, the area-related term in Eq. (4) (or the interfacial
free energy reduction Δγ ¼ γPNL=S þ γPNL=L  γS=L ) becomes the
only possible driving force for the PNL formation.
The S/L interfacial energy reduction Δγ can be reﬂected in the
transitions of the valence charge density and the electrostatic
potential energy across the interface, as shown in Fig. 8. In the
sapphire substrate, the proﬁles of valence charge density and
electrostatic potential energy along the z-direction are strongly
oscillatory with valence electrons localised around the O atoms,
while in the bulk liquid Al, the proﬁles are nearly constant, as
expected for metallic bonds. The substrate–-liquid Al interaction
causes electrons to transfer from the liquid Al to the 1.6 Al layer of
the sapphire substrate. Consequently, the (0001) sapphire surface
becomes negatively charged. Then near this negatively charged
surface, oscillatory charge density occurs with positive and negative
charges arranging in alternating order (Fig. 8c). This phenomenon
is quite similar to the Friedel oscillations50 (or quantum
oscillations51), which are beneﬁcial to the energy optimisation of
the systems. As a result, the electrostatic potential energy is induced
to be oscillatory along the z-direction as shown in Fig. 8c, which can
be regarded as a continuation of that from the bulk sapphire.
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Discussion
According to the above thermodynamic analysis, we demonstrate
that the interfacial energy reduction Δγ provides the driving force
for the pre-nucleation liquid layering; however, this process is
hindered mainly by the interfacial strain energy that arises from the
lattice mismatch between the substrate and the partly ordered PNL
structure. Based this analysis, the poorly ordered in-plane structure
of the PNLs at the (0001) sapphire–liquid Al interface is readily
understood that Δγ is not sufﬁciently large to surmount the interfacial strain energy barrier caused by the formation of the PNLs
with highly ordered in-plane structure. In fact, the degree of
ordering of the PNL1 is critical to the further liquid layering process. In this study, we show that the in-plane structure of the PNL1
remains poorly ordered even when a large undercooling (233 K) is
reached. As a result, it is difﬁcult for the liquid layering to proceed.
Accordingly, we propose that nuclei caused by the energy ﬂuctuations may appear stochastically at the surface of the PNLs when
undercooling is large enough, which is supported by the in-situ
CTR and XRD experimental results. Therefore, the evolution of the
(0001) sapphire–Al interface structure is summarised as follows: (1)
when the liquid Al is brought into contact with the sapphire substrate at a temperature higher than T1, the 1.6 Al layer and the
double-layer PNLs appear; (2) after the temperature falls below T1,
the liquid layering competes with the energy ﬂuctuations to control
the heterogeneous nucleation behaviour, and at the studied interface
in this work, the energy ﬂuctuations dominate and heterogeneous
nucleation is controlled by the stochastic formation of the nuclei at
the PNL surface. In summary, the pre-nucleation liquid layering is
mainly determined by the competition between the interfacial
energy reduction Δγ and the interfacial strain energy barrier and
then the heterogeneous nucleation behaviour is dominated by the
competition between the liquid layering and the stochastic formation of the nuclei due to the energy ﬂuctuations in the liquid Al.

24

z (Å)

Fig. 8 Valence charge density and electrostatic potential energy proﬁles
across the (0001) sapphire–liquid Al interface. a Planar-averaged valence
charge density, planar-averaged electrostatic potential energy and atomic
(Al atoms) density proﬁle along the z-direction in the bulk sapphire. b, c
The proﬁles of the above three parameters across the interface averaged
over 0.0–1.0 ps (without the 1.6 Al layer and PNLs) and over 6.0–10.0 ps
(with the 1.6 Al layer and the PNLs), respectively. The positions of the 1.6 Al
layer, the PNL1 and the PNL2 are shown in b and c, respectively.
Substrate–liquid Al interaction causes electrons to transfer from the liquid
Al to the 1.6 Al layer of the sapphire substrate resulting in a negatively
charged sapphire surface. This negatively charged surface triggers
oscillatory charge density with positive and negative charges arranging in
alternating order (as schematically illustrated by the blue circles with + or
− charge symbols). Consequently, the electrostatic potential energy is
induced to be oscillatory along the z-direction. These phenomena are
believed to be connected with the interfacial energy reduction, which is the
driving force for the pre-nucleation liquid layering. The proﬁles in this ﬁgure
are obtained by averaging the valence charge densities or electrostatic
potential energies along the AIMD trajectory with error bars being the
standard deviations

10

Compared with the initial abrupt transition across the interface, the
oscillatory electrostatic potential energy proﬁle makes the interfacial
transition ‘smoother’ and more symmetrical and thus reduces the
electrostatic contribution to the interfacial energy. Therefore, we
believe this Friedel-oscillation-like phenomenon observed at the
(0001) sapphire–liquid Al interface can effectively reduce the
interfacial energy, which is the underlying reason for the occurrence
of pre-nucleation liquid layering.

Methods
Sample. Single-crystal sapphire substrates with the (0001) surface are provided by
Shanghai Institute of Optics and Fine Mechanics. The surface roughness of these
substrates is tested to be within nanometre scale (Supplementary Figure 5c) by
atomic force microscopy, and only Al and O elements are detectable on the surfaces by energy dispersive X-ray spectroscopy. To prepare the (0001) sapphire–Al
interface samples, magnetron sputtering is employed to deposit a 1-μm-thick Al
overlayer on the sapphire substrate. The Al overlayer thickness has been determined22 to be suitable for providing sufﬁcient material to hold the liquid region in
a reasonable shape upon melting, while ensuring enough X-ray beam penetration
through the Al layer into the bulk sapphire substrate.
CTR scattering measurement and analysis. The experimental set-up is schematically shown in Supplementary Figure 5. The samples are placed into an ultra-high
vacuum chamber in all experiments. X-rays of 15 KeV with an illuminated area of
0.25 × 0.2 mm2 are used in the Diamond Light Source beamline I07. CTRs of the
(0001) sapphire surface and the interface between (0001) sapphire and the deposited
Al are ﬁrst collected at room temperature. Then, to explore the evolution of the (0001)
sapphire–Al interface during the Al melting and solidiﬁcation process, particularly the
structural properties of the S/L interface, the sample with the deposited Al overlayer
undergoes several heating–cooling cycles during which CTRs are extracted in situ. In
situ XRD patterns are also recorded during the heating–cooling cycles to determine
the temperature range in which the Al overlayer is in a liquid state. This has been
discussed in detail in our previous work22. The collected intensity IHKL of the CTRs is
corrected for effective sample area, the polarisation of the X-ray beam and the Lorentz

COMMUNICATIONS CHEMISTRY | (2019)2:1 | https://doi.org/10.1038/s42004-018-0104-1 | www.nature.com/commschem

ARTICLE

COMMUNICATIONS CHEMISTRY | https://doi.org/10.1038/s42004-018-0104-1
pﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ
factor and then transformed into the structure factor FHKL through FHKL ¼ I′HKL
(I′HKL is the corrected intensity) before ﬁtting. The estimated experimental data error
is derived from the statistical uncertainty of the measured intensity and is set to 10%
whenever it is <10%, which is an estimate of the systematic error27.
CTR ﬁtting is conducted using the ROD software34. During the ﬁtting, the
atomic coordinates and the atomic occupancies are used as ﬁtting parameters,
which are the essential parameters in determining the surface/interface structures.
The DW parameters, which quantify the inﬂuence of temperature on the
diffraction, are also used as ﬁtting parameters. Besides, the surface roughness is
characterised using the approximate β model52. The small value of the ﬁtted surface
roughness parameter (β = 0.04 ± 0.006 obtained by ﬁtting the (01L) CTR) is
consistent with the nanometre-scale surface roughness of the sapphire substrates
used in the experiment (Supplementary Figure 5c).
AIMD calculation. AIMD is performed using Vienna ab initio simulation package53,54. Ion cores are treated using projector-augmented waves55,56 method with
the cut-off energy of 400 eV. Exchange-correlation energy is described by the
generalised gradient approximation of Perdew–Burke–Ernzerhof57, which proves
to be more accurate and closer to experimental results for the sapphire systems37,58.
Mixed block Davidson iteration with residual minimisation using direct inversion
in the iterative subspace and Gaussian smearing method with a smearing width of
0.01 eV are applied to obtain the ground-state charge density.
For molecular dynamics, canonical (NVT) ensemble is used with a time step of
1.0 fs. Nosé thermostat is employed to keep the temperature of the simulated
system around 950 K, which is just above the melting points of the AIMD model of
Al59,60. The initial S/L interfacial structure is prepared using the approach
proposed by Wang et al.61 by combining a (3 × 3) (0001) sapphire substrate (15
layers) with an equilibrated liquid Al sample obtained from the simulation in
LAMMPS62 using the Embedded-Atom model potential63. Larger supercell size
(4 × 4) has also been tested, which shows a statistically insigniﬁcant difference
compared to the (3 × 3) supercell used in this work (Supplementary Figure 6). The
interface is oriented normal to the z axis. A total of 417 atoms are contained in the
model, so only the Γ-point is used to sample the Brillouin zone. AIMD simulation
runs for 50.0 ps, during which atomic density proﬁle along the z-direction39 is
recorded to characterise the layering feature; the orientation order parameter39, the
in-plane coordination number Nin and the 2D structural factor distribution are
calculated to describe the in-plane structure.
Atomic density proﬁle is computed using the following formula:
<nz >
ρðzÞ ¼
ð5Þ
Axy Δz
where <nz> is the time-averaged number of atoms in the bin between z−Δz/2 and z
+Δz/2; AxyΔz is the volume of the bin. Orientation order parameter qn is calculated
according to the following formula:
P
< i;j;k cos½nθxy ðm; a; bÞ>
ð6Þ
qn ¼
Ncos
where n is an integer; m, a and b denote three atoms within the same liquid layer
with a and b being the nearest neighbours of m; and θxy(m, a, b) is the angle
between rma and rmb projected on the xy plane. Ncos is the number of cos[] added
in a time step. q6 is studied here as it varies from nearly 0 for a totally disordered
liquid to 1 for a perfect close-packed atomic layer (such as the (111) layer in an
FCC crystal)39. Nin is calculated by counting for each atom the number of nearest
neighbour atoms within the cut-off radius rcut = 3.5 Å and then averaging within
each bin. 2D structure factor distribution s(q) is calculated as follows:
2 
2

 X

N X
N
N
N
1 X
1 X
 

iqðra rb Þ
sðqÞ ¼ <
e
> ¼ <
cosðq  ra Þ þ
sinðq  rb Þ > ð7Þ
  b¼1

N a¼1 b¼1
N  a¼1
where q is the scattering vector, which is a vector in the reciprocal space; N is the
number of atoms in a liquid layer; i denotes an imaginary unit; and ra and rb are
the positions of atom a and atom b, respectively.
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