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Nucleant substrates may induce formation of several quasilayers in the liquid metals in contact with the
solid substrates. These liquid layers, called prenucleation layers (PNLs), normally form above the liquidus
temperatures of the metal alloys and thus are believed to significantly affect the heterogeneous nucleation
mechanism. In this work, a comprehensive study of the (0001) sapphire-liquid Al interfaces was conducted
using the ab initio molecular dynamics method to unveil the key factors determining the substrate-liquid
metal interfacial structural features, focusing primarily on revealing the underlying mechanisms of the PNL
formation. Two types of (0001) sapphire surfaces, i.e., nonhydroxylated and hydroxylated surfaces, were
investigated. Essentially the same equilibrated interfacial structure was observed for all the interfaces with the
nonhydroxylated sapphire surfaces, featuring an Al-rich termination of the substrates and two distinguishable
adjacent PNLs. These typical structural features are similar to the (/31 x A/31) R £ 9° reconstructed surface,
which supports the previous experimental observation that the presence of liquid Al promotes the reconstruction
of the (0001) sapphire surface. A completely different structure was found at the interface with fully hydroxylated
sapphire surface: the PNLs are absent, replaced by an Al-depleted region. To unveil the factors influencing the
interfacial structure, we first analyzed the nature of interfacial bonding. Strong covalent bonds were observed
between the nonhydroxylated sapphire surfaces and liquid Al, which constitute a relatively large proportion of the
interfacial bonds at such systems. On the contrary, weak van der Waals force is the primary interaction between
the fully hydroxylated sapphire surface and liquid Al. Then we characterized the dynamical behaviors of the
substrate surfaces in the substrate-liquid Al interfaces. Better mobility and larger vibration amplitude were found
for the fully hydroxylated sapphire surface compared to the equilibrated nonhydroxylated sapphire surface. We
demonstrated that both the stronger bonding strength and the lower mobility of interfacial atoms contribute to the
formation of the PNLs at the nonhydroxylated sapphire-liquid Al interfaces. Finally, the formation mechanism

of the PNLs at the substrate-liquid metal interface is summarized.

DOI: 10.1103/PhysRevMaterials.4.023401

I. INTRODUCTION

Layering of liquid metals in the proximity of a substrate
surface has drawn great attention in recent years due to its
importance from both practical [1-5] and theoretical [6—14]
points of view. A wide variety of technological applications,
such as grain refinement by nucleating agents [1-3], thermal
energy storage by the metal/oxide core-shell nanoparticles [4],
epitaxial growth or heterogeneous catalysis by the ceramic
substrates [5,15], lubrication [16], etc., are all influenced by
the liquid layering. Additionally, further investigation of this
physical phenomenon is critical to a thorough understanding
of the heterogeneous nucleation mechanisms [17-23], which
are of fundamental importance in the theoretical study of
liquid-solid phase transformations.

In the widely used classical nucleation theory (CNT) [17],
the possible medium- or long-range order [24] of melts, par-
ticularly when they are in contact with a substrate, is ignored.
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Therefore, the phenomenon of liquid layering near a nucleant
[4-6,8,25-34] above the liquidus temperature (7,) is difficult
to account for within the CNT framework. At the same time,
recent experimental and modeling research indicates that the
prenucleation layers (PNLs), the quasicrystal layers formed
in the liquid near a nucleant substrate above Tp,, play a key
role in determining the heterogeneous nucleation behavior
and efficiency [28,35,36]. So, it is imperative to investigate
the details of the structural features of the interfaces present
during heterogeneous nucleation in order to develop a com-
prehensive understanding of the connection between the PNLs
and the heterogeneous nucleation mechanisms. In addition,
elucidating the mechanism of the PNLs formation and deter-
mining the factors controlling the characteristics of the PNLs
are important for better understanding the properties of the
substrate-liquid metal interfacial structures.

External environment, such as temperature and pressure,
and internal factors, such as structural [12,13,37,38] and
chemical [39-43] features of the nucleant substrate, etc.,
significantly affect the structure of the interfaces present at
nucleation. After the appearance of the PNLs, the interface
between a liquid metal and a substrate may be strained,
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which is determined by the structural difference between
the substrate and the PNLs. The structural difference is nor-
mally quantified by explicitly calculating the interfacial lattice
mismatch f. The two-dimensional (2D) lattice misfit model
proposed by Bramfitt [44] and the edge-to-edge matching
model of Zhang and Kelly [45] are well-accepted models to
calculate f. Interfacial lattice mismatch has been employed
as a criterion to search for grain refiners for metal casting in
industry [12,37,38,45—-48]. Smaller f means closer structural
features between the refiner and the crystalline metal, which
is believed to be beneficial to heterogeneous nucleation. A
number of successful examples show the efficiency of the f
criterion in predicting possible grain refiners for Al alloys
[48], Mg alloys [45—47], Fe alloys [38], etc. The f criterion
can be also applied in predicting the structural features of the
PNLs: the smaller f (between the substrate and the PNLs)
is, the higher propensity for the PNLs to form. However,
such an analysis is much too simplified, since it neglects
the chemical composition and dynamical properties of the
solid/liquid interfaces. Taking a closer look at the formation
process of the PNLs, we should note that the interfacial strain
energy, quantified by the value of f, is the barrier for the
PNL formation. Besides, the ordering of liquid atoms in the
PNLs at a temperature above Ty, is also not energetically
favorable, since it increases the volumetric Gibbs free energy
of the system. Hence, a driving force is still required for the
PNLs to appear. The driving force may originate from the
substrate-liquid metal interaction, which could create more
chemical bonds at the interface, thus reducing the interfa-
cial chemical free energy. Therefore, it is also necessary to
place more emphasis on the influence of bonding features
on the interfacial structures, especially the formation of the
PNLs.

It is also worth noting that change of atomic configuration
of the substrate surface or addition of alloying elements in the
liquid metal could substantially affect the bonding features
at the substrate-liquid metal interface and thus should be
combined with the lattice mismatch models [12,38,44—46]
to predict the structures of the interface. In addition, new
insight into the alloying effects (such as Zr poisoning [49]
with respect to the Al-Ti-B refiners or the tuning of hetero-
geneous nucleation of Al on the sapphire substrate by the
addition of Cu solutes [13,50]) is expected to be gained from
further investigation of the role of bonding in influencing the
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structural features of the substrate-liquid metal interfaces. The
above discussion emphasizes the fundamental importance of
bonding analysis in predicting the interfacial characteristics
that are vital effective selection or design of grain refiners for
a specified metal alloy.

Apart from the bonding features, the dynamical properties,
such as the vibration or diffusion of the substrate surface
atoms or the diffusion of the liquid metal atoms near the
surface, would also greatly change the structural properties
of the interface. As demonstrated in our previous studies
[35,36], the PNLs have structures that are greatly influenced
by the substrate, yet their dynamical properties show more
similarity to the liquid metal. This implies that the stiffness
and viscosity of the PNLs are much weaker compared to those
of the solid substrate. Therefore, substrate surface atom vibra-
tions with large amplitude (or their diffusion, which leads to
atomic-scale surface roughness) will definitely alter the in-
terfacial structures, and the PNLs may even be destroyed
under such conditions. Hence, it is also necessary to pay more
attention to the role of interfacial vibrations in altering the
substrate-liquid metal interfaces.

To serve as a good nucleant for liquid metals, the substrate
should at least remain undissolved when it is brought into con-
tact with the liquid metal. Accordingly, oxides [51], borides
[2], carbides [52], and some intermetallic compounds [1]
with high melting temperatures are considered to be potential
nucleant substrates for metal alloys. In this work, the sapphire
(x-Al,O3) substrate is chosen as a typical example to study its
interfaces with liquid Al. Sapphire is selected due to the fol-
lowing three reasons: (1) its interfaces with liquid Al represent
the typical bonding features in most of the substrate-liquid
metal interfaces where the transition from the covalent/ionic
bonds in the bulk substrates to the metallic bonds in the bulk
liquid metal is expected; (2) the (0001) sapphire surface has
a variety of terminations with different atomic configurations
(Fig. 1) [53-56], which may bond differently with liquid Al,
thus exhibiting distinct interfacial structures; (3) the (0001)
sapphire-liquid Al interface has been extensively explored
using a variety of experimental techniques [5,11,13,26,35,57],
and the existence of the PNLs was confirmed in these experi-
mental studies [5,35], which provides a solid basis for further
studies of the mechanisms of PNL formation.

Using the high-resolution transmission electron mi-
croscopy (HRTEM) and the surface x-ray diffraction (SXRD)

FIG. 1. Five different (0001) sapphire surface terminations used in the AIMD simulations. (a) O terminated; (b) 1Al terminated; (c) 2Al
terminated; (d) reconstructed; (e) fully hydroxylated. The large gray spheres are Al atoms, the small red spheres are O atoms, and the smallest

white spheres are H atoms.
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[58,59] respectively, Oh et al. [S] and Ma et al. [35] detected
stratified liquid Al structures in the vicinity of the (0001)
sapphire substrate. The degree of order of these quasiliquid
layers (which were observed at temperatures above Ty, and
thus were confirmed to be the aforementioned PNLs) decays
rapidly with increasing distance to the substrate. Although the
HRTEM and SXRD approaches may provide opportunities
to detect the substrate-liquid metal interfaces at the atomic
scale, they both have obvious drawbacks which limit their
applications. For the SXRD, only the crystalline substrates
show distinguishable crystal truncation rod (CTR) [60], which
is then mapped to the interfacial atomic arrangement by fitting
the CTR data to specific interface models [61]. Also, hydrogen
atoms are difficult to detect by this technique [62], which lim-
its its use for characterization of the hydroxylated interfaces.
For HRTEM, the electron irradiation damage of the ceramics
at an elevated temperature cannot be ignored [5]. Additionally,
it is difficult to distinguish the atomic species in such exper-
iments. According to our previous studies, the PNLs at the
(0001) sapphire-liquid Al interface form within about 20 pi-
coseconds (ps), which is far shorter than the timescales of the
aforementioned experimental methods. Furthermore, both the
SXRD and HRTEM experiments are much better at structural
characterization than at analyzing the bonding or dynamical
features at an interface. Hence, it would be extremely difficult
to use experimental approaches to analyze the influence of
interfacial bonding and atomic vibrations on the formation
mechanisms of the PNLs and other structural features at an
interface. This makes atomistic modeling essential for further
study of the substrate-liquid metal interfaces and the effects of
the chemical and dynamical features.

Compared with the homogeneous [29] or heterogeneous
metal-metal solid/liquid interfaces [32,63], the substrate-
liquid metal interfaces, where a mixture of different types
of bonds exists, are more complicated. For the sapphire-Al
system, Zhang et al. [6] developed a new Al-O interatomic
potential based on the framework of the reactive force field
(REAXFF). They found in their molecular dynamics (MD)
simulations that the interdiffusion of the Al and O atoms at
the solid/liquid interface promotes the wetting of liquid Al on
the (0001) sapphire surface. They also observed the formation
of approximately three PNLs at the (0001) sapphire-liquid Al
interface. The (0001) sapphire-liquid Al interfacial structure
obtained from the ab initio molecular dynamics (AIMD) in
Kang et al’s [4] study is similar to the finding of Zhang
et al. [6], except that the surface termination of the (0001)
sapphire in Kang’s calculations is Al rich instead of the Al-O
mixed configuration reported by Zhang and co-workers [6].
Interestingly, our experiments based on CTR measurement
also produced an Al-rich (0001) sapphire surface termination
in contact with a two-layer PNL. This experimental finding is
consistent with the AIMD results, suggesting that the AIMD
simulations can faithfully reproduce the experimentally ob-
served structural features at the (0001) sapphire-liquid Al
interface. Therefore, AIMD simulations are utilized in this
work to further investigate the effects of bonding and atomic
vibrations on the interfacial structures observed in the previ-
ous studies of Kang et al. [4] and Ma et al. [35].

Here we present a comprehensive study of the interfaces of
liquid Al with five different (0001) sapphire surfaces (Fig. 1),

which includes electronic, structural, thermodynamic, and
kinetic analyses. The rest of the paper is arranged as follows.
In Sec. II, the initial (0001) sapphire-liquid Al interface model
for the AIMD simulations is established, and the parame-
ters employed in this study are explained. In Sec. III A and
Sec. III B, the structural features of the interfaces of liquid
Al with nonhydroxylated (0001) sapphire and hydroxylated
(0001) sapphire surfaces, respectively, are described in detail.
In Sec. III C, the interfacial bonding features and the surface
dynamical behaviors are analyzed with their influences on the
structural features of the interfaces revealed. In Sec. IIID,
the formation mechanism of the PNLs at the substrate-liquid
metal interface is summarized. Conclusions are given in
Sec. IV.

II. METHODOLOGY

A. Construction of initial (0001) sapphire-liquid Al interfaces

The crystal structure of sapphire can be described as a
conventional hexagonal unit cell with oxygen atoms located at
the lattice points that form a hexagonal close-packed structure
and aluminum atoms occupying two-thirds of the octahedral
interstices of the 30 sublattice. Along the z ([0001]) direction,
the atomic layers arrange in the order “—~AlOAIAIOAIl-,” and
the subunit cell “AIOAI” can be treated as a basic unit. Five
(0001) sapphire surfaces with different surface terminations
were prepared first, as shown in Fig. 1. 1Al-terminated [one
Al atomic layer terminating the surface of a 1 x 1 (0001)
sapphire substrate, Fig. 1(a)], 2Al-terminated [Fig. 1(b)], O-
terminated [Fig. 1(c)], and reconstructed [Fig. 1(d)] (0001)
sapphire surfaces are four nonhydroxylated sapphire surfaces;
fully hydroxylated (0001) sapphire surface [Fig. 1(e)] was
used to represent the sapphire surfaces in a humid environ-
ment. It has been well established that the 1Al termination is
the most stable nonhydroxylated surface over a broad range of
oxygen chemical potentials and temperatures. When the tem-
perature is elevated (~1500 K) [34], a (V31 x v/31)R£9°
surface reconstruction appears and then becomes a stable sur-
face termination, which can be simplified to a 1 Al-terminated
(0001) sapphire surface with the two outmost oxygen layers
removed [Fig. 1(d)] [64,65]. Although the 2Al-terminated and
30-terminated (0001) sapphire surfaces are not as stable as
the 1Al-terminated one, they were also studied to investigate
in more detail the influence of surface chemical features on
substrate-liquid metal interfacial structures. Compared with
the nonhydroxylated (0001) sapphire surfaces, the hydrox-
ylated surfaces are more stable with lower surface energies
because of the passivation effect that eliminates the influence
of lone pair electrons at the surfaces [53,55,66]. It has been
demonstrated that water vapor pressure of 1 Torr (about
133 Pa) is sufficient to fully hydroxylated the (0001) sapphire
surface [62], that is, it is quite easy for water molecules to
adsorb and dissociate on a nonhydroxylated sapphire surface
to form a hydroxylated surface configuration.

It was verified that 5 basic units (15 atomic layers) are
large enough to eliminate the interaction between the two
(0001) sapphire surfaces in a (0001) sapphire slab model (see
Fig. S1 in Supplemental Material [67]). To faithfully re-
produce the solid/liquid interfacial structures in the AIMD
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simulations, the in-plane size of the interface models should
be as large as possible in order to eliminate the influence of
the image atom interactions due to periodic boundaries. How-
ever, very large supercells will make the AIMD simulations
a formidable task because of the enormous computational
cost. Consequently, the in-plane size effect is analyzed with
the aim of determining the minimum in-plane size ensuring
the evolution of the liquid phase to be negligibly affected
by the periodic boundaries. 1Al-terminated (0001) sapphire-
liquid Al interface model was taken as an example to test the
influence of in-plane size on the evolution of the interfacial
structure. The six models with different in-plane dimensions
(1 x 1, which is the conventional unit cell of sapphire, 2
x 2,3 x 1,3 x 2,3 x 3, and 4 x 4) were calculated.
For the 1 x 1 interface model, simulations broke down even
if the MD timestep was decreased to less than 0.1 fs; for
the 2 x 2 interface model, a timestep of 0.1 fs or less was
required to ensure the convergence of the total energy during
the MD runs; while for the rest of the interface models,
a timestep of 1.0 fs was verified to be appropriate for the
AIMD simulations. The small timesteps required for the
1 x 1 and 2 x 2 supercells are in part attributable to the violent
atomic collisions at the periodic boundaries in the x and y
directions due to the small in-plane size and relatively large
mobility of liquid atoms, which cause the increase of system
pressures and temperatures. When the timestep is set to a
large value in such small systems, the interface structures may
break down due to the sudden increase of system temperatures
which causes the simulation to crash.

The solid/liquid interfacial structures based on the 1 x 1
and 2 x 2 supercells will not be further analyzed because
these results are not reliable due to the obvious influence of
the periodic boundaries. Results from the other four supercells
3 x 1,3 x 2,3 x 3,4 x 4) are shown in Fig. S2 in
Supplemental Material [67]. Liquid layers are absent at the
3 x 1 interface, which is different from the 3 x 2,3 x 3,4 x
4 interfaces, where the formation of the PNLs is observed.
Therefore, it is concluded that the 3 x 1 in-plane size is
also insufficiently large to eliminate the influence of the pe-
riodic boundary conditions. Subsequently, orientational order
parameter g (insets in Fig. S3 in Supplemental Material [67])
and 2D structural factor distribution (Fig. S3 in Supplemental
Material [67]) are used to compare the in-plane features of
the PNLs. It is noteworthy that the in-plane structure of the
first prenucleation layer (PNL1) obtained using the 3 x 2
supercell is obviously more ordered than those in the 3 x 3
and 4 x 4 interface models. The anomalous ordering observed
in the 3 x 2 interface system is a manifestation of the size
effect caused by the in-plane periodic boundaries. Further
increase of the in-plane size from 3 x 3 to 4 x 4 shows
virtually no influence on both the out-of-plane and in-plane
features of the (0001) sapphire-liquid Al interface. Therefore,
it was determined that 3 x 3 is the smallest in-plane size
for the (0001) sapphire-liquid Al interface models. All the
simulations results presented in the rest of this work have been
performed on systems with the 3 x 3 unit cells in-plane size.

To construct the initial solid/liquid interfaces, the follow-
ing approach [8] was used: (1) a large solid Al supercell
with 32000 atoms was melted and relaxed thermostatically
at 950 K using the Large-scale Atomic/Molecular Massive

Parallel Simulator [68] (LAMMPS) based on the embedded
atom model potential [69]; (2) a random cuboid region that
matches the size of the surface models in the x and y directions
was extracted from the Al melts obtained in (1) with a 25-A
z-direction length. Additionally, the atomic density of the
selected subregion was ensured to be identical to that of the
whole liquid system obtained from LAMMPS, which was
necessary to maintain the essential features of the Al melts;
(3) the liquid region obtained in (2) was combined with the
five surface models and then in each solid/liquid interface
model, a 15-A-thick vacuum region was inserted to separate
the liquid region and the sapphire substrate in order to avoid
the influence of confinement effects [27,70,71].

B. AIMD simulations of the (0001)
sapphire-liquid Al interfaces

AIMD simulations were performed using the Vienna Ab
Initio Simulation Package [72—74] (VASP). In the simulations,
the interactions between the electrons and ions were described
by the projected-augmented waves [75] method, and the
Perdew-Burke-Ernzerhof [76] functional within the general-
ized gradient approximation (GGA) scheme was employed to
approximate the exchange-correlation energy. van der Waals
interactions may play an important role at the interface with
fully hydroxylated sapphire substrate. To deal with the van der
Waals interactions, Cavallotti et al. [77] used the local-density
approximation (LDA) to approximate the corrected recipe of
GGA by the van der Waals interactions, since they found
the bonding overestimation for sapphire-metal bonds by the
LDA functional was just able to compensates for the missing
van der Waals interactions. This is a computationally feasible
approach for large systems when only moderate accuracy (for
example, in AIMD simulations) is required. Therefore, the
LDA was used in the calculation of the fully hydroxylated
(0001) sapphire-liquid Al interface. For the five interface
models described in Sec. II A, the cutoff energies of the
plane waves were all set to 400 eV. The Gaussian smearing
method with smearing width of 0.01 eV was used to calculate
efficiently and accurately the total energy within each ionic
step. Considering the large supercells (around 500 atoms) in
all the simulations, only one k point, the I" point, was used
to sample the Brillouin-zone. For the molecular dynamics,
canonical (NVT) ensemble with Nosé thermostat was applied
to equilibrate the systems, as well as to maintain the system
temperature at around 950 K, which is just above the AIMD-
based Al melting point [78,79].

C. Analysis of the simulation results
1. Parameters to characterize interfacial structural features
To follow the evolution of the solid/liquid interfaces and
describe the layering features at the interfaces, atomic density

profiles p(z) along the z direction were calculated at all the
interfaces studied in this work:

(n;)
AxyAz’

p(2) = ey

where n, is the number of atoms in a bin between z — Az/2
and z 4+ Az/2; Az is the width of the bin (set as 0.1 A in
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this work) and Ay, is the cross-sectional area; (e) denotes
time average. In this work, the evolution of p(z) is monitored
as simulations proceed for all the five solid/liquid interfaces,
which demonstrates that the PNLs form at the four solid/liquid
interfaces with nonhydroxylated sapphire substrates while
they are absent near the fully hydroxylated sapphire sub-
strate (Sec. III B). In addition, layer widths, §, of the PNLs,
computed using Eq. (2), were used to quantify the degree of
out-of-plane order of these quasilayers in the melts.

1
5 =< 5> (za—z>2>, @)
aePNL

where a denotes an atom in a PNL; n is the number of atoms
in this PNL; z, indicates the z coordinate of atom a and Z is
the average of the z coordinates of all the atoms in the PNL.
In order to study the in-plane structure of the PNLs,
orientational order parameter g,, [80] and 2D structural factor
distribution S(q) were calculated. g,, is calculated as follows:

. <Zi$j,k cos[mby, (i, J, k)]>

NCOS (3)
where i, j, and k are three atoms within the studied PNL
with atoms j and k being the nearest neighbors of atom I;
0(i, j, k) is the angle between r;; and ry, and 6x,(i, j, k) is
the angle 0(i, j, k) projected onto the xy plane; N is the
number of cos(e) to be added. In this work, g4 and g¢ were
calculated, which are effective at distinguishing 2D structures
with fourfold and sixfold symmetries from a disordered bulk
liquid phase, respectively [80]. S(q) was calculated according
to the formula

N N
S(q) — %<Z Ze—ioqo(r(,—rb)>, 4)

a=1 b=1
where q denotes the scattering vector, which is a vector in the
reciprocal space; i is the imaginary unit; N is the number of
atoms in the system; r, and r;, are the positions of atoms a
and b, respectively.

2. Analysis of the diffusion and vibration behaviors at interfaces

Dynamical properties of interfaces were quantified by cal-
culating the diffusion coefficient D and the phonon density
of states (pDOS) I'(v). D was obtained from the slope of the
mean-square displacement (MSD) [80]:

1d &
2

=—-— r,(t) — ry(t , 5
car (Ira(t) — ra(to)l”) (%)

a=1
where N is the number of atoms in a region where D is
calculated and « is an atom in this region; #; is the time
origin; the brackets (e) denotes the average over fy, and in
this work this averaging was done over 1000 £, for the studied
interfaces. I'(v) was determined from the Fourier transform of
the normalized velocity autocorrelation function C(¢) [81,82]

SN Va(t) - Valto)
C@t) = , 6)
<25:1 Va(to) - Valto)

'v) = IZN/OOC(t)cos(27tvt)dt, @)
0

where v,(¢) is the velocity of atom a at time ¢, and 7y is the
time origin; the brackets (e) are the average over #;, which was
done over 1000 different uncorrelated 7y’s; v is the vibration
frequency. Equation (7) represents the Fourier transform of
C(t). In our calculations, the upper limit of the integral in
Eq. (7) is replaced by 20.0 ps which was tested to be large
enough to ensure a converged I'(v) in each calculation.

3. Electronic structure analysis

The electronic structures of sapphire surfaces and sapphire-
liquid Al interfaces were analyzed qualitatively and quan-
titatively through the charge-density distribution and Bader
charge, respectively. In addition, the electron localization
function (ELF) [54] was employed to study the interfacial
electronic features. The ELF quantifies the “degree of local-
ization” of electrons via analysis based on the Pauli principle
[83]. It is easy to distinguish the spatial distribution of local-
ized bonds, e.g., covalent bonds, whose ELF value is close
to 1.0, from the metallic bonds with the ELF value of 0.5.
Therefore, the interfacial bonding features are intuitively and
efficiently presented by the ELF analysis.

III. RESULTS AND DISCUSSION

A. Structural features of the prenucleation layers at the
nonhydroxylated (0001) sapphire-liquid Al interfaces

After it is brought in contact with the nonhydroxylated
(0001) sapphire surfaces, liquid Al becomes locally ordered
and forms partially ordered atomic layers at the interface
along the direction normal to the surfaces (the out-of-plane
direction). These liquid layers are termed PNLs following our
previous work [35], due to the fact that they form above T;, of
Al and play an important role in the heterogeneous nucleation
behaviors of crystalline Al. The formation processes of the
four interfaces with nonhydroxylated (0001) sapphire surfaces
are analyzed by monitoring the evolution of the atomic density
profiles p(z) (Fig. S4 in Supplemental Material [67]) and the
PNL layer widths § (Fig. S5 in Supplemental Material [67]).
It is found that the structural features of the PNLs at these
four interfaces are virtually unchanged after 20 ps. Thus, the
interfacial structures obtained after 20 ps are considered as the
equilibrated structures. Although the formation kinetics of the
PNLs adjacent to the four nonhydroxylated (0001) sapphire
substrates show differences (Fig. S5 in Supplemental Material
[67]), their equilibrated interfacial structures are essentially
the same, as shown in Fig. 2. In fact, this is expected since Al
atoms at the interfaces are expected to move freely between
the substrate surface and the liquid and thus irrespective of
the number of initial Al atoms at the substrate surface, the
final interfacial structure will contain the same number of Al
atoms in the interfacial layers. Therefore, in the following
description, the equilibrated interfacial structure calculated
using the O-terminated sapphire substrate is used to repre-
sent the nonhydroxylated (0001) sapphire-liquid Al interfacial
structure. Figure 3(b) depicts a typical snapshot showing
the atomic arrangement at the equilibrated nonhydroxylated
(0001) sapphire-liquid Al interfaces, which is compared with
the unevolved interface with the O-terminated sapphire as the
substrate [Fig. 3(a)]. The comparison of Figs. 3(a) and 3(b)
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FIG. 2. Atomic density profiles along z direction at the equili-
brated interfaces of liquid Al with (a) (0001) O-terminated sapphire
surface, (b) (0001) 1Al-terminated sapphire surface, (c) (0001) 2Al-
terminated sapphire surface, and (d) Reconstructed (0001) sapphire
surface, respectively. Surface Al atoms in the initial interface models
are depicted using dotted lines in each panel. Typical structural
features of the equilibrated nonhydroxylated (0001) sapphire-liquid
Al interface, i.e., Al-rich layer, PNL1, and PNL2 are highlighted
in (a).

illustrates the prominent features of the equilibrated inter-
faces of liquid Al with the nonhydroxylated (0001) sapphire
surfaces, which are summarized as follows: (1) an Al-rich
termination forms no matter which kind of surface is brought
into contact with the liquid Al; (2) several PNLs appear with
the one closest to the sapphire surface (designated PNL1
hereafter) showing a high degree of out-of-plane order.

It is intriguing to probe the equilibrated liquid Al-
nonhydroxylated (0001) sapphire interfacial structures in
more detail. From Fig. 2, it can be noticed that from the

(a)

Owﬁ)c>
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9&%? (6) g’” ‘:f i og;a ©
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ﬁ% PNL1

oDl

FIG. 4. In-plane atomic arrangement comparison between the
Al-rich layer at an equilibrated interface of liquid Al with a (0001)
nonhydroxylated sapphire surface (brown spheres) and the 2Al layer
at the (0001) 2Al-terminated sapphire surface (gray spheres). The
orange arrows point to the two Al atoms in the Al-rich layer that
deviate from the atomic sites occupied by the 2Al layer. The red
open spheres show the positions of the vacancies in the Al-rich layer
compared with the 2Al layer.

perspective of the out-of-plane structure the Al-rich layer
is similar to the 2Al layer [depicted by the dotted line in
Fig. 2(c)] at the 2 Al-terminated (0001) sapphire surface. How-
ever, these two structures exhibit apparently different in-plane
atomic structural features. In Fig. 4, the Al-rich layer (brown
spheres) and the 2Al layer (gray spheres) are stacked together
to compare their in-plane atomic arrangements. It is found
that the atoms in the Al-rich layer reside on approximately the
same sites as those in the 2Al layer, with only a few exceptions
(indicated by the orange arrows). Another prominent feature
of the Al-rich layer is that the atoms in this layer do not
occupy all the atomic sites in the 2Al layer. As shown in
Fig. 4, 3 out of 18 sites are not occupied in the Al-rich layer
as shown by open red circles in Fig. 4, which is observed for
all the equilibrated interfaces with nonhydroxylated sapphire
substrates. In other words, the Al-rich layer can be described

A
343
XAy

&

Al-rich

FIG. 3. Atomic arrangements at the initial and evolved (0001) sapphire-liquid Al interfaces. (a) The initial interface model with the O-

terminated (0001) sapphire as a substrate; (b) the evolved interfacial structures at 15.0 ps with the (b) nonhydroxylated and (c) hydroxylated
(0001) sapphire as substrates, respectively. The large gray spheres are Al atoms, the small red spheres are O atoms, and the smallest white
spheres are H atoms. In (b), the Al atoms in the Al-rich layer and in the PNL1 are highlighted as brown and cyan spheres, respectively.
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FIG. 5. Comparison of the in-plane structure and dynamical properties in the PNL1 and the bulk liquid Al. (a) and (b) are the in-plane
atomic arrangements of the PNL1 and of a layer in the bulk liquid Al (of the same thickness as the PNL1), respectively; (c) mean-square
displacements of the atoms in the Al-rich layer, PNLI1, and a bulk liquid Al layer, and the calculated diffusion coefficients with estimated
errors shown in parentheses; (d) pDOS within different regions at the equilibrated nonhydroxylated sapphire-liquid Al interface which were
calculated by combination of Eq. (6) and Eq. (7). The calculated C(¢) is shown in Fig. S6 in Supplemental Material [67]. These results were
calculated based on the interface with O-terminated (0001) sapphire surface.

as a vacancy-mediated 2Al layer with a vacancy concentration
of about 16%. According to Kang et al.’s research [4], the Al
chemical potential (1¢4;) in the 2Al layer is higher than that in
the bulk liquid Al, and the formation of vacancies decrease
a; in the 2Al layer. Therefore, vacancies will continue to
form until w,; in the 2Al layer equals to that in the bulk
liquid Al and the 2Al layer is transformed into the Al-rich
layer.

Next, the PNLs are studied in detail. From Fig. 2, we can
distinguish two PNLs forming above the Al-rich layer. With
increasing distance from the sapphire surface, the degree of
out-of-plane order of the PNL decreases rapidly. Considering
the fact that the in-plane order of a PNL lags behind its out-
of-plane order, the second PNL (designated PNL2 hereafter)
is not analyzed in this work because its layering feature is
difficult to distinguish from the liquid Al structure [Fig. 3(b)].
Therefore, our attention is focused on the PNL1 hereafter.
The out-of-plane structural features of a PNL can be directly
extracted from its atomic density profiles, and peak width § is
best suited to quantify its degree of out-of-plane order, which
can be understood as the z-direction vibration amplitude of
the atoms in the PNL. As depicted in Fig. S5 in Supplemental
Material [67], the PNL1 at all four interfaces with the
nonhydroxylated sapphire substrate form and stabilize within
20.0 ps, and 8 of the equilibrated PNL1 is around 0.7 A.
Layer width of the equilibrated PNLI is small enough to
distinguish itself from the Al-rich layer (interplanar distance

between the PNLI and the Al-rich layer is about 2.19 A)
and PNL2 (distance from PNLI to PNL2 is about 2.30 A).
Therefore, it is reasonable to conclude that the PNLI is
highly ordered in the out-of-plane direction. In Figs. 5(a) and
5(b), the in-plane bonding structures (with cutoff a distance
of 3.5 A) of the PNLI and of a bulk liquid “layer” (with
the same layer width as the PNL1) are displayed, which are
extracted from the equilibrated nonhydroxylated interface at
the simulation time of 40.0 ps. Compared with the bulk liquid
Al, the PNL1 shows a better connected in-plane bonding
structure with more hexagonal structures than the bulk liquid
layer. The in-plane order of PNL1 is also quantified by the
orientational order parameters [80] g4 and ge. g4 and gg
measured within PNL1 are 0.222 and 0.096, respectively, and
measured within a liquid Al slab of the same thickness are
0.067 and —0.043, respectively. According to Davidchack
et al. [80], g4 and gg, which embody the in-plane fourfold
and sixfold symmetry, will be close to 1.0 for highly ordered
tetrahedral and hexahedral structures, respectively. g4 and
ge of PNL1 are both closer to zero rather than 1.0, although
q¢ of the PNL1 shows a larger value than that in the bulk
liquid. This indicates that the degree of in-plane order is
still quite low for the PNL1 at the studied temperature
(950 K).

In addition to the structural characteristics analyzed above,
the diffusion behavior of the PNL1 is also analyzed to quantify
the dynamic behavior of this structure. In Fig. 5(c), MSD
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within the PNL1 and of the bulk liquid Al are extracted from
the equilibrated AIMD trajectory, from which the diffusion
coefficients are calculated correspondingly using Eq. (5). Un-
like the solid atomic layers with poor diffusivity [as demon-
strated by the MSD curve in Fig. 5(c)], the PNL1 shows a high
diffusivity which is at the same level as the bulk liquid Al. The
phonon density of states calculated within different regions at
an equilibrated (0001) sapphire-liquid Al interface is shown in
Fig. 5(d). pDOS of the PNL1 and the bulk liquid Al are similar
to each other, with peak frequencies at the same level and
obviously lower than those of the bulk sapphire and the Al-
rich layer. The above discussion demonstrates that the PNL1
at 950 K is more like the bulk liquid Al instead of a bulk solid
atomic layer from the perspective of the dynamical properties,
such as the diffusion and atomic vibration behaviors.

The structural features of the Al-rich layer and the PNL1
are separately studied above. When these two structures are
treated as the surface termination of the sapphire substrate as
a whole, it is interesting to find that this combined termina-
tion is almost the same as the reconstructed (0001) sapphire
surface, at least from the perspective of the out-of-plane
structure, which can be clearly seen in Fig. 2(d). In fact,
Shen et al. [7,57] have revealed using wetting experiments
that the presence of Al shifts the reconstruction transformation
temperature of this surface from higher than 1500 K to even
less than 1100 K. Therefore, we infer that the formation of the
Al-rich layer and the PNLI is the manifestation of the surface
reconstruction after the contact between the nonhydroxylated
(0001) sapphire and the liquid Al.

B. Al depletion region and chemical reactions at the
hydroxylated (0001) sapphire-liquid Al interfaces

Incorporation of hydroxyls at the (0001) sapphire surface
changes its chemical activity, nearly isolating the sapphire
surface from the source of electrons provided by the liquid Al.
In this section, the structural features and evolution behavior
of the fully hydroxylated (0001) sapphire-liquid Al interface
are studied in detail and compared to the nonhydroxylated
interfaces in order to determine whether the hydroxyls at the
interface could influence the structural evolution at the inter-
faces. Figure 6 shows the atomic density profiles at 40 ps (av-
eraged during the last 5 ps) for the fully hydroxylated interface
(the evolution of atomic density profiles at this interface is
shown in Fig. S7 in Supplemental Material [67]). Compared to
the nonhydroxylated case (see Fig. 2), two key differences are
observed: (1) the Al-rich layer is replaced by the Al-depleted
region, with the average Al atomic density of less than half
of that in the Al-rich layer; (2) there are no PNLs adjacent to
the hydroxylated sapphire substrate. The Al-depletion region
is a manifestation of the weak substrate-liquid interaction
due to the presence of the interfacial hydroxyls. Depicted in
Fig. 7 are the magnified atomic density profiles at the interface
region, and the evolution of oxygen and hydrogen atoms is
emphasized. Within the first 10 ps, atomic density profiles of
both oxygen and hydrogen atoms show little change; while
after about 20 ps, the oxygen and hydrogen atomic densities
are no longer zero at the z range from ~14 to ~15.5 A. This
means that some of the surface hydrogen and oxygen atoms
leave the sapphire substrate and diffuse into liquid Al. The

020 T T T T T T T T T T T T T
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p 0-35-40 ps
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FIG. 6. Atomic density profiles of Al and O atoms along z di-
rection at the fully hydroxylated (0001) sapphire-liquid Al interface.
The density profiles are extracted by averaging the interfacial atomic
configurations from 35.0 to 40.0 ps. The profile of surface hydrogens
is not presented.

dissolution of surface hydroxyls is well established according
to the following chemical reaction [84]:

20H™ 2 0 2— 2 n+
+;M—>20 +H2+;M, 8)
where M denotes a metallic adsorbate that is in contact with
the hydroxyls, and in this work, it is aluminum.

To shed light on the possible reaction pathways at the
hydroxylated (0001) sapphire-liquid Al interface, the nearest-
neighbor pair-distribution functions Pa_g(r) are calculated at
these interfaces.

®

Pan(r) = <NA_B(r — Ar/2,r + Ar/2)>

Na_g(total)

In the above formula, r denotes the length of a nearest-
neighbor pair; Nap(total) is the total number of nearest-
neighbor pairs between element A and element B; Np p(r —
Ar/2,r + Ar/2) is the number of A-B nearest-neighbor pairs
with pair distance between r — Ar/2 and r + Ar/2 and Ar is
set as 0.1 A. In Fig. 8(a), it is observed that a peak for Py g
emerges at approximately 0.75 A, which implies the forma-
tion of hydrogen molecules (H-H bond length in hydrogen
molecule is 0.74 A). Meanwhile, the primary peak of Po_(r)
and Po.ai(r) shifts to a larger and a smaller value, respec-
tively, suggesting weakening of the interfacial O—-H bonds and
strengthening of the interfacial O—Al bonds. These weakened
O-H bonds are ready to break down and release the hydrogen
atoms to form the hydrogen molecules as mentioned above;
oxygen atoms with unpaired electrons are also produced as
a result of the O-H bond breaking, which will attract the
Al atoms to form strong O—Al bonds. The above discussion
based on Fig. 8 supports the reaction mechanism in Eq. (7).
However, the outward diffusion of the surface oxygen atoms
shown in Fig. 7(b) is not accounted for through Eq. (7). In
fact, it is observed in our simulations that some of the surface
oxygen atoms tend to break away from the bulk sapphire and
dissolve into the liquid Al along with the dissolution of surface
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FIG. 7. Evolution of z-direction atomic density profiles of H (a) and O (b) atoms at the fully hydroxylated (0001) sapphire-liquid Al
interface. Outward diffusion of H and O atoms from the sapphire substrate into the liquid Al is found after 20 ps, which is manifested by the
appearance of density peaks between z = 14 A and z = 15 A, magnified in the inset in (b).

hydroxyls. This indicates that the presence of hydroxyls may
destabilize the surface oxygen layer of the sapphire substrate
compared with the one directly in contact with the liquid Al.

From the above discussion, the features of the fully hydrox-
ylated (0001) sapphire-liquid Al interface are summarized as
follows. First, an Al depletion region forms immediately after
the contact between sapphire surface and liquid Al, which
separates the sapphire substrate from the bulk liquid Al. Then,
after ~20 ps, a small number of the hydroxyls and surface
oxygen atoms overcome the energy barrier caused by the
sapphire substrate and diffuse into the liquid Al. Although
interfacial equilibrium at this interface is not reached in
our AIMD simulations due to the computational capacity
limitation, it is reasonable to predict that the dissolution of
the surface hydroxyls and diffusion of the surface oxygen
atoms into the liquid Al will prevail during the following
interaction at the interface. For now, we focus our attention
on the structural differences at the interfaces of liquid Al
and differently terminated (0001) sapphire surfaces and to the
underlying reasons causing such differences.

(a) (b)

4.5 L L

C. Electronic structures and dynamical behaviors of the (0001)
sapphire-liquid Al interfaces

A question arises from the comparison of the interfacial
structural features between the nonhydroxylated (Sec. IIT A)
and hydroxylated (Sec. III B) (0001) sapphire-liquid Al in-
terfaces: Why are the interfacial structures of liquid Al with
nonhydroxylated and hydroxylated (0001) sapphire substrates
different? To answer this question, it is necessary to first
study the electronic nature of the five different sapphire
surfaces in detail. Shown in Fig. 9 are the charge-density
distributions (yellow and green isosurfaces indicate valence
electron density values of 0.03 and 0.3 e bohrs —3, respectively)
at the (0001) sapphire surfaces, which qualitatively depict the
electronic features of these surfaces. Surface dipoles form
due to the accumulation and depletion of valence electrons
at the O-terminated [Fig. 9(a)] and 2Al-terminated [Fig. 9(c)],
reconstructed [Fig. 9(d)] sapphire surfaces, respectively, indi-
cating that these three surfaces are unstable. Incorporation of
one extra Al layer or H layer onto the O-terminated sapphire
surface leads to the 1Al-terminated [Fig. 9(b)] or the fully
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FIG. 8. Evolution of the nearest-neighbor pair-distribution functions of (a) H-H pair, (b) O-H pair, and (c) O-Al pair at the fully

hydroxylated (0001) sapphire-liquid Al interface from 0 to 40.0 ps.
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FIG. 9. Valence electron density at the five (0001) sapphire
surfaces with different terminations: (a) O termination, (b) 1Al
termination, (c) 2Al termination, (d) reconstructed surface, and (e)
fully hydroxylated surface. Valence electron density isosurfaces at
0.3 and 0.03 ebohrs~ are shown in green and yellow, respectively.
The large gray spheres are Al atoms, the small red spheres are O
atoms, and the smallest white spheres in (e) are H atoms.

hydroxylated [Fig. 9(e)] sapphire surfaces, respectively, which
effectively eliminates the surface dipole. Therefore, the 1Al-
terminated and fully hydroxylated sapphire surfaces are more
stable. Next, quantitative analysis of the surface electronic
features is conducted using the Bader charge method. In
Fig. 10, the calculated Bader charge distributions at the five
studied sapphire surfaces are shown. Al and O atoms in the
bulk sapphire are shown to be +2.48 e and —1.66 e charged,
respectively, indicating that Al and O atoms in the bulk
sapphire are bonded by a mixture of ionic and covalent bonds.
The stability of a surface can be judged by the charge states
of the surface atoms compared with their bulk counterparts:
the more similar to the charges to those in the bulk, the
more stable the surface. Accordingly, the O-terminated, 2Al-
terminated, and reconstructed [Figs. 10(a), 10(c), and 10(d)]
surfaces are unstable because the Bader charges of the surface
oxygen atoms (~—0.88 ¢) and the surface Al atoms (~+1.5 ¢
at the 2Al-terminated surface and ranging from ~-+1.18 to
~+0.15 e at the reconstructed surface) for these three surfaces
are substantially different from the charges of these atoms
in the bulk sapphire. This conclusion is consistent with the
observation of surface dipoles in Fig. 9. At the 1 Al-terminated

surface, shown in Fig. 10(a), Bader charges of both the surface
Al and O atoms are close to those in the bulk sapphire, so
this surface is more stable. Similarly, the presence of surface
hydroxyls narrows the difference of Bader charge for oxygen
atoms at the sapphire surface and in the bulk, which confirms
the stabilizing effect of the surface hydroxyls at the sapphire
surface.

From the above qualitative and quantitative electronic anal-
ysis it is found that the 1Al-terminated and full hydroxylated
sapphire surfaces are the most stable surfaces among the
five studied surfaces, which is consistent with the previous
findings from the perspective of interfacial thermodynamics
[34,55,64]. The presence of liquid Al changes the stable
surface terminations of (0001) sapphire substrate. Al chemical
potential, 4, is calculated using the approach proposed by
Kang et al. [4] In the bulk sapphire it is calculated to be
—8.522 eV which is lower than the bulk liquid Al (ua =
—4.287eV). Meanwhile, Bader charge of Al in the bulk sap-
phire is ~42.5 e and around zero in the liquid Al (as shown
in Fig. 11). Normally, chemical potential and Bader charge of
the same element are intimately related [42], which means that
in the sapphire-Al interface systems, the ~+2.5 e charged Al
ions show lower chemical potential than the neutral Al atoms.
Accordingly, to minimize interfacial energy, it is expected
that some of the liquid Al atoms may transfer their electrons
to the sapphire substrate and become Al ions with positive
charges. According to the above analysis (Fig. 10), surface Al
ions (with ~+4-2.42 ¢) at the 1Al-terminated (0001) sapphire
surface is a much better electron acceptor than the H ions
(with ~+0.64 ¢) at the fully hydroxylated (0001) sapphire
surface. This indicates that transfer of electrons from the
liquid Al to the 1Al-terminated sapphire surface is much more
significant than to the fully hydroxylated sapphire surface. Ac-
companying the electron transfer, the oxidized Al ions adsorb
onto the sapphire substrate, which changes the initial sapphire
surface termination. Similar to the electron transfer, many
more newly oxidized Al ions are expected to adsorb onto
the 1Al-terminated sapphire surface compared to the fully
hydroxylated one. Bader charge distributions extracted from
the equilibrated nonhydroxylated (0001) sapphire-liquid Al
interface and the fully hydroxylated (0001) sapphire-liquid Al
interface at 15.0 ps are shown in Fig. 11. It can be seen that the
Al Bader charge transition from ~+2.5 to ~ 0 e is found at the
surface Al layers of the sapphire substrates with the transition

FIG. 10. Bader charge distributions at (a) O-terminated, (b) 1Al-terminated, (c) 2Al-terminated, (d) reconstructed, and (e) fully hydrox-
ylated (0001) sapphire surface, respectively. The large gray spheres are Al atoms, the small red spheres are O atoms, and the smallest white
spheres are H atoms. The number near an atom is its Bader charge and “e” is the electron charge.
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FIG. 11. Bader charge distributions across the interfaces at the interface of liquid Al with the (a), (b) nonhydroxylated (0001) sapphire
surface and (c), (d) the fully hydroxylated (0001) sapphire surface. (a), (c) Bader charge profiles of Al, O, and H atoms along z direction across
the interfaces; (b), (d) interfacial Bader charge distributions at the above two interfaces. In (b) and (d), the color is based on the calculated
Bader charge for each atom. The largest spheres are the Al atoms, the smallest ones are the H atoms, and those of medium size are the O atoms.

at the nonhydroxylated sapphire surface much ‘“smoother”
than that at the fully hydroxylated one. In fact, as mentioned
above, the transition of Al Bader charge across the interface
is a way to minimize the interfacial energy. When liquid
Al is brought into contact with the 1Al-terminated sapphire
surface, a large gap in the Bader charge between the substrate
surface Al ions and the neutral Al atoms in the liquid exists.
This prompts the oxidization of the liquid Al atoms near the
substrate which greatly decreases the interfacial energy. With
more liquid Al atoms oxidized, the Bader charge gap between
the Al ions of sapphire surface and the liquid Al gradually
narrows, resulting in the decrease of the driving force for
further oxidization. Equilibrium is reached when the Bader
charge gap is so small that no more liquid Al can be oxidized,
as shown in Fig. 11(a), when the interfacial energy should
also reach the minimum. This is why the Al-rich layer instead
of the 1Al layer becomes the sapphire surface termination
in the presence of liquid Al. Near the fully hydroxylated
sapphire surface, the hydrogens inhibit the electron transfer,
which is why few liquid Al atoms are oxidized and adsorb
to the sapphire surface. Consequently, the Al-rich layer is not
formed at the fully hydroxylated sapphire surface when the
liquid Al is present.

Different bonding features are expected at the interfaces of
liquid Al with the Al-rich terminated and the fully hydroxy-
lated (0001) sapphire surfaces. Electron localization function
[54,83] is employed to identify the bonding features at the
interfaces. To obtain the ELF distribution at a solid/liquid
interface, in this work we spatially averaged the ELF dis-
tributions extracted from 20 configurations during the last
1 ps of the simulation. In Figs. 12(a) and 12(c), ELF = 0.8

isosurfaces are used to visualize the spatial distribution of
covalent bonds at the solid/liquid interfaces with the nonhy-
droxylated and the fully hydroxylated sapphire surfaces. At
the nonhydroxylated interface [Fig. 12(a)], it is interesting to
find that ELF is similar to that of the reconstructed sapphire
surface [Fig. 12(b)], especially in the region between the

FIG. 12. Electron localization function of the reconstructed
(0001) sapphire surface and the evolved (0001) sapphire-liquid Al
interfaces. (a) and (c) are calculated based on the equilibrated non-
hydroxylated sapphire-liquid Al interface and the fully hydroxylated
(0001) sapphire-liquid Al interface, respectively. (b) is calculated
using the reconstructed sapphire surface. The violet surfaces are the
isosurface of ELF = 0.8, which effectively describes the distribution
of localized bonds at these interfaces.
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Al-rich layer and the PNL1 where quite a large part of the
space is occupied by localized electrons. This suggests that
covalent bonds exist between these two Al atomic layers.
These covalent bonds play an extremely important role for the
formation of the PNLs, stabilizing the PNLs (at least PNL1)
at the temperature higher than the liquidus temperature. At the
fully hydroxylated interface [Fig. 12(c)], only a small portion
of the space between the sapphire surface and the liquid
Al is occupied by localized electrons, which are all located
around oxygen atoms that diffuse out of the sapphire surface.
Such an ELF distribution indicates that covalent bonds are
not formed between the substrate and the liquid Al at the
fully hydroxylated interface. The absence of chemical bonds
makes the substrate-liquid Al attraction at such an interface
much weaker than those at the interfaces with nonhydroxy-
lated sapphire surfaces, which should be an important reason
causing the absence of the PNLs at near the fully hydroxylated
sapphire surface.

In addition to the bonding features, the surface dynamical
behavior is analyzed for the different substrates. Here, we
focus on the surface dynamics of the substrates that are in
contact with liquid Al, and the nonhydroxylated sapphire sub-
strate refers to the sapphire substrate terminated by the Al-rich
layer. As mentioned in Sec. IIT A, diffusion of the Al atoms in
the Al-rich layer of the equilibrated nonhydroxylated sapphire
substrate is negligible, and the Al atoms that are in direct
contact with liquid Al are only observed to vibrate around
their equilibrium positions during the simulation period. In
contrast, some of the atoms in the outmost O and H layers
of the fully hydroxylated sapphire substrate are observed to
diffuse out of the layer into the liquid Al after 20.0 ps. The
above comparison implies a higher surface atoms mobility
of the fully hydroxylated sapphire substrate compared to the
nonhydroxylated ones.

Next, the surface dynamical behaviors of these two types of
substrates are compared in detail. pDOS of the outmost O lay-
ers at the nonhydroxylated and fully hydroxylated interfaces
are also compared (Fig. 13). In this figure, lower peak fre-
quency is observed for the O atoms at the fully hydroxylated
sapphire substrate compared to that at the nonhydroxylated
sapphire substrate. This suggests that the presence of surface
hydroxyls considerably weakens the bonding strength of the
O atoms to the bulk sapphire, which explains why some of
the O atoms at the hydroxylated sapphire surface diffuse
into the liquid Al. Meanwhile, it can be inferred from the
weakened bonding between the outmost O layer and the
bulk sapphire that the vibration amplitude of this O layer
should be larger than that in the nonhydroxylated sapphire
surface. This conjecture is confirmed in Fig. 14, which depicts
the trajectories of the outmost O atoms from 15.0 to 25.0 ps
at the nonhydroxylated and hydroxylated sapphire substrates.
The red dashed lines in Fig. 14 indicate the vibration
amplitudes of the studied O atoms, and the blue dashed line
in Fig. 14 (b) shows the diffusion distance of the O atoms
during the period of 15.0 to 25.0 ps at the fully hydroxylated
sapphire substrate. The vibration amplitude of the outmost O
layer at the nonhydroxylated sapphire substrate is found to be
0.7 A, less than half of that at the fully hydroxylated sapphire
substrate (1.6 10\). From the above analysis, we find that the
outmost O layer at the fully hydroxylated sapphire substrate
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FIG. 13. pDOS of the outmost O layers of the sapphire substrate
at the interfaces of liquid Al with nonhydroxylated and hydroxylated
(0001) sapphire surfaces. These results were computed by using
Egs. (6) and (7), and the calculated velocity autocorrelation functions
are shown in Fig. S8 in Supplemental Material [67].

shows higher mobility and larger vibration amplitude than
that at the nonhydroxylated sapphire substrate.

We now compare the dynamical behaviors of the outmost
layers of these two sapphire substrates, i.e., the Al-rich layer
for the nonhydroxylated sapphire substrate and the H layer
for the fully hydroxylated sapphire substrate. Figure 15 shows
the atomic trajectories from 15.0 to 25.0 ps of the atoms in
these two layers. Obviously, the mobility of the H layer is
much better than the Al-rich layer, and as for the vibration
amplitude, both the out-of-plane [Figs. 15(a) and 15(c)] and
in-plane [Figs. 15(b) and 15(d)] vibration amplitudes of the
H atoms are larger than the Al atoms in the Al-rich layer.
In summary, the surface dynamical behavior of the nonhy-
droxylated sapphire substrate is characterized by the poorer
mobility and smaller vibration amplitude compared to the
fully hydroxylated sapphire substrate. Fast diffusion and large
vibration amplitude of the substrate surface atoms render a
rapidly changing potential field which determines the forces
acting on the liquid Al atoms adjacent to the substrate. Under
such conditions, the formation of PNLs is suppressed since

(a) (b)

z=126 A

L sewwIeswEe. . AP

FIG. 14. Atomic trajectories of the oxygen atoms in the outmost
oxygen layers of the (0001) sapphire substrates. (a) and (b) are
extracted from the equilibrated nonhydroxylated (0001) sapphire-
liquid Al interface and the fully hydroxylated (0001) sapphire-liquid
Al interface, respectively. The trajectories are extracted during the
period from 15.0 to 25.0 ps. The dashed red lines show the out-of-
plane vibration amplitude of these oxygen atoms, and the dashed blue
line indicates the diffusion distance of the oxygen atoms at the fully
hydroxylated sapphire surface.
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(a)
[ e

(b)

FIG. 15. Atomic trajectories of atoms (a), (b) in the Al-rich
layer at the equilibrated nonhydroxylated (0001) sapphire-liquid Al
interface and (c), (d) in the outmost hydrogen layer at the fully
hydroxylated (0001) sapphire-liquid Al interface. (a) and (c) are the
side views of the atomic trajectories; (b) and (d) are the top views of
the atomic trajectories. The dashed red lines show the out-of-plane
vibration amplitude of the Al and H atoms in (a) and (c), respectively.

the potential wells where the liquid Al atoms aggregate to
form the PNLs are not localized due to the large vibrations
or diffusion of the substrate surface atoms.

It is worth noting that, except for the bonding features
and dynamical behavior discussed above, the lattice mismatch

between the substrate and the PNLs is another important
factor influencing the formation of the interfacial structure
[12,45,48]. Since the lattice mismatches at all the studied
interfaces in this work are the same, the influence of lattice
mismatch will not be discussed here.

D. Formation mechanism of the PNLs
at the substrate-liquid metal interfaces

As the first step to unveil the formation mechanism of
the PNLs at the (0001) sapphire-liquid Al interfaces, force
distributions Fs,(x, y, z) above the five studied (0001) sap-
phire surfaces are calculated, as shown in Fig. 16. Fs,(x, y, 2)
denotes the z component of a probe Al atom at position (x,
v, z) which is above the sapphire surfaces. In Fig. 16, z =0
is aligned with the outmost atomic layer of one surface, and
for clarity the isosurfaces of Fs,(x,y,z) < 0.5 eV A are not
shown except for those with Fs,(x,y,z) = —1.0 eVA and
Fs,(x,y,z7) = —=2.0eV A A positive Fg,(x, y, z) moves the
probe Al atom away from the surface and vice versa. It
is interesting to find that with z getting larger, Fs,(x,y,z)
above all the nonhydroxylated surfaces decreases from large
positive values to around —2.0 eV A before returning back to
zero at large z. For this kind of surface force distribution, a
surface potential well exists (marked by the yellow arrows
in Fig. 16) at the z position where Fg,(x,y, z) first reaches
zero, i.e., Fs,(x,y,z) = 0 and dFs,(x, y, 7)/0z < 0. Al atoms
tend to aggregate around the potential well surfaces and form

z(A)

LN H R

O-termination

1Al-termination

2Al-termination

z(A)

o =~ N W b OO

Reconstructed

w
=3
o

Fully hydroxylated

FIG. 16. Surface force distributions Fs, (eV A~3) above the five different (0001) sapphire surfaces. F, is calculated by placing a probe Al
atom at position (x, y, z) and extracting the z component of the force imposed on it. z = 0 is aligned with the outmost atomic layer of each
surface. For clarity F5, < 0 eV A3 is not shown except for F5, = —1.0 eV A3 and Fs, = —2.0eVA3.
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an atomic layer. Therefore, all four nonhydroxylated sapphire
surfaces have the potential to induce the formation of an
extra Al layer when liquid Al is brought into contact with
them. To be specific, above the 30-terminated (0001) sapphire
surface [Fig. 16(a)], the potential well appears approximately
in the region 0.7A < z < 1.5A. This is exactly where the
Al-rich layer forms when liquid Al is present. Then, above
the 1Al-terminated (0001) sapphire surface [Fig. 16(b)], an-
other potential well is found at z & 0.6 A, where the second
sublayer of the Al-rich layer forms. Above the 2Al-terminated
sapphire surface [Fig. 16(c)], potential well appears at about
1.6A <z7<25 A, and coincides with the region where the
PNLI1 appears at the solid/liquid interface. Finally, above
the reconstructed sapphire surface, surface potential well
exactly predicts the formation of the PNL2 when it is in
contact with liquid Al. In addition to the nonhydroxylated
sapphire surfaces, the surface force distribution above the
fully hydroxylated sapphire surface was also extracted as
shown in Fig. 16(e). Virtually no negative value is found
for Fs,(x,y, z), indicating that there is no surface potential
well above this surface. Consequently, Al layers are hard
to form above the fully hydroxylated surface. Although the
above analysis is based on the surface force distributions,
the formation of the Al-rich layer and the PNLs, which
are the key structures at the equilibrated nonhydroxylated
sapphire-liquid Al interface, and the absence of the PNLs at
the fully hydroxylated sapphire-liquid Al interface are cor-
rectly predicted. This indicates that by only using the surface
force distribution of the substrate, the substrate-liquid metal
interfacial structure can be reliably predicted. Also, the above
results demonstrate that the manifestation of a substrate-metal
interfacial structure is determined by the interaction between
the substrate and the metal atoms, i.e., forces imposed on the
metal atoms by the substrate. We find that the main difference
of surface force distributions between the nonhydroxylated
and the fully hydroxylated sapphire surfaces is the magnitude
of the attractive forces between the substrate and the metal

(@)
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atoms. Obviously, for the nonhydroxylates sapphire surfaces
which impose sufficiently large attractive forces on the Al
atoms that are at a certain distance from them, the PNLs are
observed to form (Fig. 2), while for the fully hydroxylated
sapphire surface, where nearly no attractive force between the
substrate and the Al atoms can be detected, no PNL is able
to form. Therefore, it is confirmed that the substrate-liquid
metal attraction is a key factor determining the structural
feature of the interface. As is already well known, the force
between two atoms is intrinsically the manifestation of the
electronic density distribution or the bonding between them.
Accordingly, the substrate-liquid metal attraction reflects the
bonding features at the interface. As discussed in Sec. III C,
much stronger bonding is observed at the nonhydroxylated
sapphire-liquid Al interface compared to the fully hydroxy-
lated sapphire-liquid Al interface, which is the origin of the
difference in attractive forces at these interfaces.

Next, we calculated the force profiles Fi,(z) across the
sapphire-liquid Al interfaces based on the AIMD simulation

results:
FIZ(Z) _ <Zz—Az’/2<za<z+Az’/2 an >’

(10)

/
n;

where F* is the z component of the force acting on atom
a, which is averaged over all the atoms in the region z —
A7 )2 <z, <z4+ AZ/2 (AZ is 0.5 A in this work); n, is
the number of atoms in this region. Figure 17 shows the
F,(z) within the first 2.0 ps for the interfaces with nonhy-
droxylated and hydroxylated sapphire substrates. Interfacial
potential wells (shown by shaded rectangles in Fig. 17), which
have the same definition as the surface potential wells, are
observed for the interfaces with nonhydroxylated sapphire
surface. Interestingly, the interfacial potential wells at each
interface correspond exactly to the two interfacial layers, i.e.,
the Al-rich layer and the PNL1. On the contrary, at the in-
terface with fully hydroxylated sapphire surface [Fig. 17(b)],

(b)

0.6 T T T

"Full hydrox'ylated

—o— 0.5ps
1ps

—-&--1.5ps

z (A)

FIG. 17. Interfacial force profiles Fj, along z direction at the interfaces of liquid Al with (a) the 1Al-terminated (0001) sapphire substrate
[which is a representative of the nonhydroxylated (0001) sapphire-liquid Al interface] and (b) the fully hydroxylated (0001) sapphire substrate.
F, is obtained by averaging the z component of the forces acting on Al atoms in the region [z — AZ'/2, z + Az’ /2], where A7’ is the bin size,
set at 0.5 A. The horizontal axis in (a) and (b) starts from z = 12 A, which is the position of the outmost O layer of the sapphire substrate.
Interfacial potential wells are shown by the shaded rectangles, which are regions where Al atoms tend to aggregate. They are present at the
interface with the nonhydroxylated sapphire surface, but absent near the fully hydroxylated sapphire surface.
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no interfacial potential well is observed, which explains why
no Al layer forms at this interface. By comparing the surface
force distributions in Fig. 16 and the interfacial force profiles
in Fig. 17, we find that, although the main structural features
of the studied interfaces are correctly predicted from both
parameters, a difference still exists in the layering behavior.
In Figs. 16(a)-16(d), a layer-by-layer growth of Al layers is
observed, which will continue beyond the PNL2 if sufficient
Al atoms are supplied. On the other hand, in Fig. 17(a),
prominent liquid layering can only be detected at the positions
where the Al-rich layer and the PNL1 appear. The above
difference is attributed to the different dynamical behaviors
of the systems. We note that the surface force distributions
in Fig. 16 were calculated at 0 K, and thus the dynamical
behaviors of the sapphire substrate and the Al atoms were not
considered. The results of the sapphire-liquid Al interfaces
were obtained at 950 K, where the dynamical behavior of
the substrate surface and the Al atoms would considerably
decrease the degree of order of the PNLs, which is the reason
why only two PNLs form at the nonhydroxylated sapphire-
liquid Al interface.

It is also worth noting that, due to the extremely weak
attraction of the fully hydroxylated (0001) sapphire substrate
to Al atoms (Fig. 16), the liquid Al atoms adjacent to this
substrate are supposed to have structural properties similar to
those at the liquid Al surface. However, from Fig. 6, promi-
nent layering of Al atoms at the liquid surface is observed,
while no distinguishable layering of Al atoms is detected near
the fully hydroxylated sapphire substrate. In fact, termination
of a bulk liquid metal phase with a solid or a vacuum stratifies
the liquid atoms in the interface or at the surface due to the
geometrical confinement mechanism [85]. Accordingly, when
liquid Al is brought into contact with the fully hydroxylated
sapphire substrate, the Al atoms adjacent to the substrate have
the tendency to self-assemble in a more ordered arrangement.
However, this inherent tendency is inhibited by the surface
dynamical behavior of the substrate, i.e., fast diffusion and
vibration with large amplitude of the substrate surface atoms
causing a different atomic configuration from the liquid Al
surface.

In summary, the formation mechanism of the PNLs at a
substrate-liquid metal interface can be described as follows
(schematically illustrated in Fig. 18). Liquid metal atoms
in contact with a solid substrate show smaller coordination
number (CN) than those in the bulk liquid. Increase of the
CN of the interfacial liquid metal atoms will decrease the
interfacial energy, which manifests itself as a spontaneous
layering of these atoms. Bonding between the substrate and
the adjacent liquid metal atoms enhances the layering, and the
stronger the interfacial bonding the more ordered the PNLs
in the interface. Surface dynamical behavior of the substrate
inhibits the layering: the faster diffusion or larger vibration
amplitude of the surface atoms, the less ordered the PNLs
are. In addition, the lattice mismatch between the substrate
and the layered structures of the liquid metal, which quantifies
the interfacial strain energy, also impedes the liquid layering.
From this discussion, it is predicted that a substrate that shows
small surface vibration amplitude when in contact with a
liquid metal and forms strong bonding as well as small lattice
mismatch with liquid layers can trigger highly ordered PNLs

Existence of interfacial bonding

strenghthens the liquid layering

e e,c, %%0

°§:

Weak interactions (e.g.,Van der Waals
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Large interface vibration amplitude destroys
the PNLs

FIG. 18. Schematic diagram showing the role of interfacial
bonding and vibration in determining the structural features of a
substrate-liquid Al interface.

from the liquid metal. Given that the structural features of
the PNLs significantly affect the subsequent heterogeneous
nucleation processes, the above three factors, i.e., interfa-
cial bonding strength, interfacial lattice mismatch, and sur-
face dynamical behavior of the substrate, together determine
the nature of heterogeneous nucleation of the solid metal
phase.

IV. CONCLUSIONS

In this work, AIMD simulations were performed to unveil
the influence of interfacial bonding and dynamical behavior
on the structural features of the PNLs in the substrate-liquid
metal interfaces, which is of critical importance in further
understanding heterogeneous nucleation mechanisms. The
interfaces of liquid Al and (0001) sapphire surfaces with
different surface terminations [(1) nonhydroxylated (0001)
sapphire surface including 1Al-terminated, 2Al-terminated,
30-terminated, and reconstructed sapphire surface; (2) fully
hydroxylated (0001) sapphire surface] were studied in detail
to probe the PNLs at 950 K and unveil the formation mecha-
nism of the PNLs. Below is the summary of our findings:

The equilibrated interfacial structures at the four nonhy-
droxylated (0001) sapphire-liquid Al interfaces are the same
with the following two typical characteristics: (1) appear-
ance of an Al-rich layer that terminates the sapphire surface;
(2) formation of two distinguishable PNLs whose degree
of order decay rapidly with increasing distance to the sub-
strate. When the Al-rich layer and the PNL1 are together
treated as the surface termination, it is almost identical to the
(\/3_1 x /31 )R £ 9° reconstructed (0001) sapphire surface,
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which supports the previous observation that the presence of
liquid Al tends to promote the reconstruction of the (0001)
sapphire surface.

The interfacial structure at the fully hydroxylated (0001)
sapphire-liquid Al interface is completely different from the
interfaces with nonhydroxylated interfaces. The Al-rich layers
is replaced by an Al-depletion region, while no distinguish-
able PNLs are observed.

Interfacial bonding analysis shows that a large proportion
of bonds connecting the nonhydroxylated (0001) sapphire
substrate and liquid Al are covalent with a strong bonding
strength, while the primary interaction at the fully hydroxy-
lated (0001) sapphire-liquid Al interface is the van der Waals
force, which is much weaker. The weak bonding strength in
the latter case is insufficient to bind the neighboring liquid Al
atoms, which is an important reason for the absence of the
PNLs at this interface.

Surface dynamical behaviors of the (0001) sapphire sub-
strates in the sapphire-liquid Al interfaces are analyzed.
Larger vibration amplitude and higher diffusion ability are
found for the atoms at the fully hydroxylated sapphire surface
compared to those at the equilibrated nonhydroxylated sap-
phire surface, which cause a tremendously changing potential
energy field in the liquid Al adjacent to the substrate thus
impeding the formation of the PNLs.

Formation mechanism of the PNLs at the substrate-liquid
metal interface is summarized. In this mechanism, we propose
that liquid layering is an intrinsic characteristic of the liquid
metal phase when it is brought into contact with a solid
substrate, driven by the tendency to increase the coordination
number of the liquid atoms in the proximity of the substrate.
Meanwhile, the manifestation of the PNLs is determined by a
combined influence of the lattice mismatch, bonding strength,
and surface dynamical behavior of substrate in the interface:
a smaller lattice mismatch, a larger bonding strength between
the substrate and the PNLs, and a smaller vibration amplitude
and poorer diffusion ability of the substrate surface atoms
induce a higher degree of order in the PNLs.
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