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a b s t r a c t

Surface diffusion is an interesting and practically important phenomenon in many areas of chemistry and
physics. One emerging problem is that of Li wetting on high-Z plasma-facing metals, especially tungsten,
for application in tokamak reactors. We report construction of a Li-W binary force field to describe the
interface between liquid Li and solid W. We show that this force field can simulate well the atomic
processes of liquid Li diffusing across the W surface, as compared with results from first-principles
calculations. We find that Li atoms have different wetting behaviors on different surfaces of W. Diffu-
sion is the fastest on the (110) surface and the slowest on the (100) surface. Diffusion of second Li layer on
the (110) surface is activated at relatively low temperatures above 262 K. In addition, the diffusion rate of
single-layer Li changes with the coverage rate of Li on (110) surface. High diffusion coefficients at
coverage rate of q ¼ 1/6, 1/3 and 1 are found to be related to the 2D phase transition of Li on the (110)
surface.

© 2020 Elsevier B.V. All rights reserved.
1. Introduction

High-Z metals, such as Mo and W, with high melting point,
thermal shock resistance and corrosion resistance, are potential
plasma-facing materials (PFMs) for the walls of fusion reactors and/
or divertors of tokamak reactors [1]. In particular, tungsten has
been adopted for divertors in fusion experimental facilities EAST
and ITER [2]. However, by exposing to high-energy neutron irra-
diation, different kinds of defects, such as voids, and impurity
clusters, are introduced in these materials and result in mechanical
degradation, such as swelling and brittle fracture. Liquid Li has been
proved to be a promising PFM with the significant improved per-
formance of plasma in fusion reactors [3,4]. By comparing with
other PFMs, Li with low atomic number has good compatibility
with plasma and particle pumping properties. Liquid Li can be
injected into the interlayer or form a free surface on the inner wall
to enhance plasma performance, suppress impurity fluxes and
enable the operation of tokamak reactors in low recycle regimes. In
this regard, it is important to analyze the wetting of liquid Li on
potential plasma-facing high-Z materials, such as W and Mo.
However, experiments have shown that liquid lithium does not
readily wet solid wall materials [5]. Understanding the interaction
between liquid lithium and solid material is the key to improve the
wetting performance.

Fiflis et al. [5] and Wang et al. [6] showed that millimeter-scale
lithium droplets do not wet most solid wall materials (W, Mo, C,
stainless steel, etc.) at low temperature. Especially, the wetting
temperature onW is greater than 580 K and varies with the surface
treatment methods. However, first-principle calculations [7,8]
indicated that Li with flat configuration is more stable than islands
on W and Mo surfaces at zero temperature and that vacancies have
little effect on the wettability. This would mean that Li can wet the
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Fig. 1. (a) The effective potential for W and Li in body-centered cubic lattice, and (b)
radial distribution functions of liquid Li. In (b), the melting point predicted in our EAM
potential is about 25K higher than the experimental result. We choose the same
temperature relative to the melting point for comparison. X-ray diffraction data are
from Refs. [28].
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surface of W and Mo intrinsically. These calculations were also
supported by experiments [9]. A monoatomic diffusion layer was
observed on the surface of tungsten (110) at 200 K [10] and stainless
steel at roomtemperature [9]. It is important andnecessary to reveal
the wetting mechanism in more detail. Molecular dynamics (MD)
simulation is an important method for this. In recent years, some
MDs models have been proposed in an attempt to understand the
microscopic wetting mechanism [11e14]. Sun et al. [11] used the Li
droplet model to show that Li atoms tend to cluster on tungsten
surfaces and do not wet at 500 K. On the other hand, Vella et al. [12]
suggested that liquid Li canperfectlywet the surface ofMo. It is to be
noted that MD simulations depend on the force fields. Establishing
force fields that provide reliable atomic interactions is the key to
simulate thewetting behavior. However, most of the existingmulti-
metal force fields are constructed to describe alloys, and fewmodels
are focused on the atomic interactions at interface. This is of
particular significance for tungsten,whichhas a largemiscibilitygap
and no compounds in its phase diagramwith lithium.

Here, we constructed the force fields of the Li-W binary system
to describe the interface interactions. These are in the framework of
embedded-atom method potentials. The parameters in the force
fields were fitted using results from first principles calculations by
the force matching method. In the fitting, a series of characteristics,
such as cohesive energy, bonding energy and diffusion barrier, are
calibrated by DFT calculations. MD simulations were then per-
formed to reveal the diffusion behaviors of liquid lithium on the
surfaces of solid W. We systematically analyzed the effects of
temperature, the particular W surface (i.e. the surface plane) and Li
coverage on diffusion.We confirm that the Li droplet canwet theW
surface. It is found that the diffusion rate of lithium between
different surfaces of the substrate and also with the number of
lithium layers is different. The diffusion of first Li layer is the fastest
on (110) surface. The diffusion coefficient can vary by several orders
of magnitude with different lithium coverage on (110) surface.

2. Computational methods and models

2.1. Details of classical molecular dynamical simulation and first
principles calculations

The large-scale atomic/molecular massively parallel simulator
(LAMMPS) was used to perform the MD simulations reported here
[15]. The interactions between atoms were considered in the frame
of embedded-atom method (see below). The simulations were
performed in the NVT ensemble (conservation of particle numbers,
volume and temperature) with a time step of 1 fs. The temperature
was controlled by Nose-Hoover thermostats [16,17]. The atomistic
configurations were visualized by the structure identification
software OVITO [18].

The first principles calculations were performed on the basis of
density functional theory (DFT) [19]. Projector augmented wave
pseudopotentials [20] with the generalized gradient approximation
(GGA) of Perdew, Burke and Ernzerhof (PBE) [21] were used in VASP
code [22,23]. The plane-wave basis sets were chosen to ensure that
the total energywas converged at the 1meV/atom level. We used k-
point meshes with a spacing of 0.02 Å�1 to sample Brillouin zone
and a plane wave expansion kinetic energy cutoff of 600 eV. For the
diffusion of Li on the surface of W at dilute limit, the Nudged elastic
band (NEB) calculations was used to determine the energy barriers
and configurations in the transition states for the investigation of Li
diffusion in the dilute limit [24].

2.2. Potential of bulk Li and W surface

We require a force field that can describe both solid and liquid
phase of Li. In the processes of fitting the embedded-atom method
(EAM) potential of Li-W, the interaction of Li-Li is included. In order
to obtain an appropriate Li potential for solid and liquid phase of Li,
the structure library in fitting the potential of lithium contains 24
structures of Li with a temperature range across the melting point
(the details in SI). The effective potentials of Li with bcc structure is
depicted in Fig. 1a. It shows a weak attraction and relatively flat
potential curve. This reflects the low cohesive energy and modulus
of Li.

Table 1 provides some properties of solid bcc Li solid from the
fitted EAM potential, such as lattice constants, bulkmodulus, elastic
constants, cohesive energy, melting temperature and surface en-
ergies of (100), (110) and (111) surfaces. We also list the values of
these parameters from experiments [25], DFT calculations and
other force field predictions for the comparation [26,27]. The re-
sults obtained fromour EAMpotential are close to the experimental
results and DFT calculations. It means the potential describes solid
lithiumwell. Fig. 1b shows the radial distribution function curves of
liquid Li from our EAM potential and X-ray diffraction [28] at 16 K
above the melting point. As seen, there is a good agreement be-
tween the calculation and experiment. The melting point predicted
by EAM potential is 478 K which is higher than but close to the
experiment value (454K).

Here solid W is used as the substrate for the deposition and



Table 1
The lattice constants R0, cohesive energy Ec, bulk modulus B, elastic constants,
surface energies of (100), (110) and (111) surfaces, and melting temperature Tm for
bulk Li from our force field. The DFT calculation and experimental results are shown
when available. Values predicted by previous force fields (MEAM and 2NN-MEAM)
are also listed as reference.

Li MEAMa 2NN-MEAMb DFT EXP.c this work (EAM)

R0 (Å) 3.51 3.49 3.43 3.51(293K) 3.44
Ec(eV) 1.65 1.65 1.61 1.68 1.61
B (GPa) e 13.3 14.1 e 13.7
C11 (GPa) 13.4 15.7 15.8 13.4 11.7
C12 (GPa) 11.3 12.1 13.3 11.3 14.7
C44 (GPa) 9.6 10.3 10.9 9.6 12.4
g(100)(J/m2) 0.54 0.39 0.45 0.47d 0.38
g(110)(J/m2) 0.29 0.39 0.48 0.38
g(111)(J/m2) 0.46 0.45 0.54 0.44
Tm (K) e 418 e 454 478

Refs. a [26], b [27], c [25], d [37].
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diffusion of liquid/solid Li. Thus, we are more concerned with the
properties of the surface atoms than the internal atoms of bulk.
Thus, the structural library for W-W interaction is with 27 com-
ponents, including the structures with three low index face of
(100), (110), and (111) was built (Details in SI). First principles cal-
culations were performed and the results were used to fit the EAM
potential for W. The resulting W potential is shown in Fig. 1a. The
average atomic energies on surfaces predicted by our EAM poten-
tial are coincident with the calculated values from DFT, as shown in
Table 2. The surface energies is consistent with the experimental
result. It is noticed that the cohesive energy is slightly higher than
DFT and experimental value [29]. Thus, the surface energies are
corrected by considering the deviation of interior atoms’ cohesive
energies. The deviation of cohesive energy from experimental value
is likely a consequence of our choice to focus on surface structures
ofW for the fitting. It also results in that theW-W interaction in our
Li-W EAM potential doesn’t describe the mechanical properties,
such as elastic constants and radiation defects which is important
for the search of lattice damage defects caused by the neutron
irradiation. This is the shortcoming of Li-W EAM potential obtained
here. Fortunately, in this work, W is just used as a solid substrate
and is not directly subjected to mechanical stress during the
simulation. We focus on the surfaces of W for Li diffusion.
Considering the fact that temperatures (no more than 600K) that
we study here are much smaller than themelting point of tungsten,
internal W atom migration is negligible, and it is not expected that
this difference in W cohesive energy will be important for the
results.
Table 2
The lattice constants R0, cohesive energy Ec, atomic energies on free (100), (110) and
(111) surfaces (Esur(100), Esur(110) and Esur(111)), and surface energies of (100), (110)
and (111) surfaces from our W force field, DFT results, other potential and available
experimental results.

W
EAMa EXP DFT this work (EAM)

R0 (Å) 3.17 3.17b 3.17 3.20
Ec (eV/atom) �8.90 �8.90b �8.91 �8.12
Esur(100) (eV/atom) e e �6.42 �7.18
Esur(110) (eV/atom) e e �7.41 �7.43
Esur(111) (eV/atom) e e �4.92 �4.47
g(100) (J/m2) 2.72 3.25c

3.68d
3.96 3.61

g(110) (J/m2) 2.31 3.38 3.45
g(111) (J/m2) 2.96 3.68 3.59

Refs. a [38], b [29], c [39], d [40].
2.3. Force field development of Li-W interaction

The Li-W potential is the key to describing the wetting behavior,
since wetting involves a balance between interfacial and free sur-
face energies. The cohesive energy is expressed with a pairwise
potential and a many-body embedding energy in the EAM frame-
work. Here, we construct the W-Li force field for study of the
interface. The total energy Ei of atom i is expressed in the following
form,

Ei ¼
1
2

X
jsi

F
�
rij
�þ FðniÞ;with ni ¼

X
jsi

r
�
rij
�

(1)

where FðrijÞis the pair potential which can be seen as the electro-
static repulsion between the core of atom i and that of j, and FðniÞis
the energy of ion core embedded in the local electron density ni.
The local electron density niis the superposition of rðrijÞwhich is
contributed by the neighbor atoms.

The pair potential part is in the form of Morse potential,

FðrÞ¼ De

�
½1� expð � aðr� reÞÞ�2 � 1

�
j
�r� rc

h

�
(2)

The electron density function is defined as [30],
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The embedding function is given by Ref. [31],

FðnÞ ¼ F0½1� glnðnÞ �ng þ F1n (4)

Here,jðxÞis a smooth function defined as,

jðxÞ ¼

8><
>:
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h

(5)

It makes the functions F(r) and r(r) smoothly approach zero at
the cutoff distance. A global cutoff radius rc ¼ 8 Å is adopted. The
parameter h is used to adjust the rate at which the function value
drops to zero. Each of the parameters De, a, re, h, a1, a, b, f, F0, g and
F1 in the above, has three values corresponding to pairs of Li-Li
atoms, W-W atoms and Li-W atoms, in Li-W system, respectively.
In the fitting, the parameter values for Li-Li and W-W are fixed to
the values for bulk Li andW surface as obtained above. We then use
a structure library with 32 structures corresponding to Li adsorp-
tion on various W surfaces in different concentrations to fit the Li-
W parameters. The sizes of all these structure models in the library
are large enough that the lengths in all the directions are greater
than the cutoff radius. We include the structures of Li-adsorbed W
surfaces with low and high concentration of Li (See Fig. S1 in SI).
The values of the parameters obtained are listed in Table S1-S3 of SI.
The properties of these structures are calculated by first principles
methods. The force matching method from potfit [32] package is
used to fit the parameters to the results from first principles cal-
culations, including the total energy and local stress for each
structure.

In order to test the EAM potential, we compare the diffusion
properties of single lithium atoms on W surfaces from DFT and the
EAM potential. As shown in Fig. 2a, our EAM potential can predict
accurately the adsorption and desorption of Li atoms on theW (110)
surface. Both the energy value and curvature near the equilibrium
point in the desorption curve are fitted well. As shown in Fig. 2bed,
the horizontal diffusion barriers for three low index surfaces spe-
cifically, (100), (110) and (111), are different from the DFT results
only by amaximum of 14%. This difference is small, when compared



Fig. 2. The desorption curve of Li (a) and diffusion energy curve of Li diffusing in (b) the (100), (c) (110) and (d) (111) surfaces of W from MD simulation with our force field for the
Li-W interface (EAM) and DFT calculations. (In the inset, the diffusion paths are shown).
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with the high adsorption energy.

3. Results and discussion

3.1. Droplet of Li on different W surfaces

We now discuss thewetting behavior of fluid Li on the surface of
W. We simulated the diffusion of a lithium droplet on the surface of
W, including the (100), (110) and (111) surfaces. The Li droplet
contains 3010 atoms with a radius of 25 Å. The thickness of the W
slab in z direction is more than 12 atomic layers. The lengths of the
slab in x and y directions are 18.5 nm, with periodic boundary
conditions. The z direction uses a fixed boundary with a vacuum
layer of 10 nm. The W slabs are relaxed at 500 K, while the six
atomic layers at the bottom are fixed. Then the Li droplet is put on
the surface ofW slab and the Li/W slab system run at 500 K for 1000
ps to check the interaction between Li atom and W surface.

As shown in Fig. 3, a thin film of lithium is formed around the
droplet due to the diffusion of Li atoms on the surface of W. The
configurations indicate that Li atoms tend to occupy lattice sites on
W surface and that the Li film formed reproduces the structure ofW
surface. A noteworthy phenomenon in the diffusion structure is
that the diffusion structure has a layered characteristic. This reflects
Li-W interactions. The lithium on the (110) surface expands with a
single atomic layer (Fig. 3a). This phenomenon has been observed
in experiments [10] and is analyzed in terms of a surface model in
the next part.

Lithium on the (100) surface forms a large number of atomic
layers with sharp contour boundaries (Fig. 3b). The film formed on
the (111) surface consists of an atomic double layer (Fig. 3c).
Starting from Fick’s law, the concentration gradient from the
droplet can drive the diffusion of Li atoms. There is also another
mechanism that drives the film spread. It is known that the lattice
constant of Li (3.51 Å) is larger than that of W (3.17 Å). This means
that the adsorbed lithium atoms are highly compressed on the close
packed plane. The repulsive force may be another power to drive
the formation of Li film [33]. Finally, there is the attraction between
Li and W which favors wetting, i.e. spread of the Li, if it is strong
enough compared with the surface energy of Li (the surface ten-
sion). It is important, however, to note that a strong interaction
between Li and the W surface while favoring spreading, may not
lead to fast of Li atoms in contact with the W, since a strong
interaction may also lead to high diffusion barriers.

We calculated the variation of the diffusion radius of Li film on
different surfaces with time as depicted in Fig. 4a. The (110) surface
of the bcc crystal has the highest atomic density and thus the most
adsorption sites, which could be occupied by Li atoms. In addition,
based on the DFT calculations, Li has a shorter diffusion path and
lower diffusion barrier from one adsorption site to another on the
(110) surface, as compared to the (100) and (111) surfaces. Thus, it
can be expected to have the fastest diffusion rate. Actually, the
droplet diffuses into a single atomic layer with a radius of 8.2 nm
within about 72 ps. Transient structures in the diffusion processes
are shown in Fig. 4bed. The two-dimensional density of adsorption
sites on (110) surface is (2/(√2a2) (a is the lattice constant of W). By
comparison, the density on the (100) surface is 1/a2. The lower



Fig. 3. Snapshots of Li droplet spread on W surfaces at 500K including (a) on the (110) surface at 5ps, (b) on the (100) surface at 1 ns and (c) on the (111) surface at 150ps. The top
image is a top view and the Li atoms are colored by height. The middle is a side view and the bottom is a cross-section depicting the vertical distribution of atoms. Li and W atoms
are colored in blue and red, respectively. (For interpretation of the references to color in this figure legend, the reader is referred to the Web version of this article.)

Fig. 4. (a) Curves of the extension radius of liquid lithium film on different surfaces with time due to Li diffusion on W surface at 500 K, and morphology of lithium droplets at (a)
0 ps, (b) 100 ps and 500 ps on the (110) surface of W at 500K.
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density of adsorption sites and higher diffusion barrier make Li
diffusion more difficult on (100) surface. Following the relatively
fast diffusion at the beginning (less than 72 ps) due to the wetting
of droplet and high concentration gradient of Li (with a diffusion
radius of 4.9 nm in Fig. 4), the diffusion on this surface is slow.
Following an initial period (72 ps), the diffusion radius just in-
creases 0.7 nm over 430 ps. The (111) surface also has a rather low
density of stable adsorption sites, 1/(√3a2). However, there is
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another set of metastable adsorption sites (Fig. 2d). These two
different sites are at approximately the same height, and thus they
can both participate in forming a quasi-two-dimensional Li layer
through diffusion. The overall density of both sites is 2/(√3a2). This
is intermediate between the site densities of the (110) and (100)
planes. Thus, the diffusion on the (111) is found to be faster than
that on the (100) surface, though the diffusion barrier on the (111)
surface is a little higher than that on the (100) surface. In any case, it
is slow compared to diffusion on the (110) surface.
3.2. One-dimensional diffusion of Li atoms on surfaces of W

We simplify to a strip, one-dimensional model for analyzing the
diffusion of Li on the surface in detail. As shown Fig. 5a, we use a
simulation geometry with a rectangular W slab in x-y plane with a
length of 40 nm and a width of 6 nm under periodic boundary
conditions. In z direction, there aremore than 12 atomic layers with
a vacuum layer of 15 nm. A nanoribbon of Li with seven atomic
layers with the periodic boundary along y direction is put on sur-
face of W, and Li atoms from this nanoribbon diffuse along the x
direction. For the (110) and (100) surface ofW, the [100] direction is
chosen as the diffusion direction, and for (111) face, the [112] di-
rection is selected. Note that while this is a one-dimensional ge-
ometry, the strip is wide enough that atoms can pass by each other,
in contrast to models of diffusion on one-dimensional chains.

The system is set to 500 K to check the diffusion of Li. Fig. 5b
shows the boundary of Li film on (110) surface as it changes with
diffusion time. Here, a coverage of 1.0 means that the Li concen-
tration is the same as the atomic layer density of W surface and all
the stable adsorption sites are occupied. The result is similar to the
observation in the simulation of Li droplets and the first diffusion
layer diffuses quickly. We also observed the step of second Li layer,
though it moves slowly. In addition, the boundary of the third and
above atomic layers moves back, and the atoms from these layers
are integrated into an island under the simulation conditions. This
is mainly due to the underlying lattice mismatch, weaker adsorp-
tion force of the upper layer and surface tension of liquid Li. The
layered structure can also be seen in the diffusion processes on the
Fig. 5. (a) Schematic of one-dimensional diffusion model of Li on W surface, (b) profile chang
diffusion length (Dx2) along x direction versus the time (t) on different surfaces.
(100) and (111) surface (Fig. S2a of SI). For the (100) surface, which
is the slowest for the Li diffusion among three surfaces in Fig. 5c, we
do not find the clear steps of first layer and second layer. The island
is formed from the upper layers and it has a step for the third layer
of Li. For the (111) surface, the double layer of Li is formed and
diffuses quickly like in the simulation of droplet, compared to that
on (100) surface. But there is no clear step between double layer
and other upper layers (Fig. S2b of SI). The atoms above the fourth
layer aggregate to form an island. Thus, in these 1D diffusion
models, we observed the formation of a liquid island in the diffu-
sion direction, besides the initial wetting behavior and diffusion on
the surface at 500 K.

The single layer of Li can be formed very quickly on the (110)
surface at temperatures above melting point of Li. This indicates
that the (110) surface could have excellent wetting. Then we test
the diffusion of second Li layer and the effect of temperature. We
repeat the simulation on the (110) surface with a lithium coverage
of 1.0 (Fig. 6a). Similar to the diffusion of first layer, the diffusion
step of second layer is clear (Fig. 6b). But the diffusion rate is much
lower than that of first layer in Fig. 6c. The effect of temperature on
diffusion is considered by analyzing the diffusion at 300 K, 500 K
and 600 K. As one might expect, the diffusion rate very clearly in-
creases with temperature as shown in Fig. 6c. Room temperature
(300K) is well below the melting point of bulk Li. Even so, we still
observed the boundary of first Li layer moves outward quickly. We
do not observe the formation of Li island due to the low tempera-
ture (Fig. S3 of SI). The second Li layer is blocked with very slow
diffusion rate even if the surface is completely covered by lithium
atoms. This means more thermal energy is needed to active the
second Li layer, as the diffusion at 600 K shown in Fig. 6c. We
simulated the activation in detail by increasing the temperature. As
shown in Fig. S4 of SI, the critical temperature to active the diffusion
of second Li layer is 262 K, which is consistent with the experi-
mental report of 250e325 K [10].
3.3. Estimating diffusion coefficient of Li on (110) surface of W

We estimate the diffusion coefficient of Li through the shape of
es of Li coverage over time on the W (110) surface at 500K, and (c) plots of the square of



Fig. 6. (a) Initial state of second Li layer diffusion on (110) surface, (b) profile changes of Li coverage over time on the (110) surface at 500K after W (110) surface is covered fully by
first Li layer, and (c) plots of the square of diffusion length (Dx2) along x direction versus the time (t) for the first and the second Li layer on (110) surface at 300K, 500K and 600K.
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diffusion plots using the formula,

ðm2

m1

ðq� q0Þdx¼Dt
��

dq
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m1

�
�
dq
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�
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(6)

where m1 andm2 are the coordinates in the diffusion direction x,
q0and qare the values of coverage at a given x before and after
diffusion for a period of time, respectively. D is the diffusion coef-
ficient and t is the diffusion time. We constructed two models with
two different initial coverages (q0) of single layer Li nanoribbon to
eliminate the effect of the initial configuration on the results. The
first model has one step for the Li nanoribbon on (110) surface ofW,
and another one has continuous concentration gradient, as shown
in Fig. 7a and Fig. S5 of SI. We did simulations at 300 K and 500 K.

The results are shown in Fig. 7b and the diffusion coefficient is
not correlated to the initial configuration of Li nanoribbon. It is clear
that diffusion coefficient increases with the temperature as is
normal. It is also observed that diffusion coefficient is dependent on
the coverage rate of Li. In the very low coverage of Li (dilute limit),
atomic thermal motion on surface behaves like two-dimensional
Brownian motion. We examined the thermal motion of single Li
atoms at 300 K and 500 K and diffusion coefficient is calculated by
using Einstein diffusion model with the formula,

D ¼ lim
t/∞

< x2 >
2t

(7)

where <x2> is the mean-squared displacement in [100] direction
and t is the diffusion time. We averaged the data from 100 isolated
atoms for 1 ns. The results are labeled with stars in Fig. 7b, and they
fit well with the values of D at the limit of zero coverage. We can
plot the change of D following the increase of temperature with the
formula, D ¼ D0 expð � Ed =KBTÞ, where Ed is the activation energy
and D0 is the preexponential factor. Ed is approximately equal to the
diffusion barrier from first principles calculations. By fitting the
parameter D0, the curve of D is plotted in Fig. 8a. It is consistent
with the experimentally reported values from 100 K to 200 K [10].

Available experimental data for high coverage at low tempera-
tures, as labeled with black and red squares, are shown in Fig. 7b.
The simulation results are consistent with the experiments with
high coverage, while the diffusion coefficient from MD is a little
higher at the coverage rate of 0.7e0.9 at 300 K. This difference may
be due to the fact that the coverage rate q in simulation is calculated
on the basis of the average number of a region, which may include
local partial regions with high coverage rate close to 1.0. The
diffusion coefficients at the coverage rate near the coverage limit of
q ¼ 1 are higher than those at q of about 0.8 by more than two
orders of magnitude at 300 K. In addition, it is also possible that the
defects on surface in experimental samples can block the diffusion
and thus decrease the diffusion coefficient.

We have observed that the diffusion coefficient increases with
the increase of coverage rate up to q ¼ 1/3 and then drops with the
further increase of coverage. In addition, as the coverage rate close
to 1.0, the diffusion coefficient has a leap with the formation of the
chains of 2D vacancies (Fig. S6 of SI). Coverage rate q¼ 1/3 and 1 are
the local maxima positions in the curve of diffusion coefficient for
the simulations at 300 K and 500K. The two obvious local maxima
of D in the curve are proposed to be related to the first-order phase
transition of single-layer Li on (100) surface of W. For some
coverage rate with the presence of phase transitions, the diffusion
coefficient D is expressed as D¼ FDc.m., where Dc.m. is the center-of-
mass diffusion coefficient as we well known and F is the thermo-
dynamic factor [34]. Near some stable phase, the thermodynamic
factor F increases quickly and thus result in the increase of D [35].
This is because the formation of stable phase can decrease the free
energy of system and thus the formation of it can enhance ther-
modynamic factor and increase the value of D. Therefore, we
attribute the two maxima near q ¼ 1/3 and 1 to the formation of
two new ordered phases of Li.

Indeed, there are phase transitions with a new ordered phase at
q ¼ 1/3 and 1, as seen in the experimental observation of on (110)



Fig. 7. (a) The initial coverage profiles of two models used in calculating the diffusion
coefficient, and (b) plots of lg D versus q (D in cm2s�1) at 300K and 500K. The star
labels are results with Einstein diffusion model and the black squares and red square is
from experimental values. (For interpretation of the references to color in this figure
legend, the reader is referred to the Web version of this article.)

Fig. 8. (a) Plots of theoretical calculated the curve of D (D in cm2/s) with the experi-
mental values and values of MD simulation, and (b) mean-squared displacement for 2D
Li lattice on (110) surface of W with the coverage of q ¼ 1/6, 1/3 and 1. The dash lines
are experimental temperatures of order-disorder transition.
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surface ofW by low-energy electron diffraction [36]. The first-order
phase transitions take place at q ¼ 1/3 and 1. The ordered phase at
q ¼ 1 is easy to understand because there is no other sites for
localized diffusion of Li on 2D plane (this is full coverage). This
phase is very stable and the phase transition temperature from the
order to the disorder is about 500 K in our simulation and as in the
experimental result as shown in Fig. 8b [10]. We also simulated the
phase transition of q ¼ 1/3 and the transition temperature is about
180 K and consistent to the observation (200 K) in experiments
[36]. In addition, there is an ordered phase at q ¼ 1/6 observed in
experiment [36]. This may explain the local maximum value of D at
300 K around q ¼ 1/6 in Fig. 7b. However, at 500 K, we do not find
this local maximum value around q ¼ 1/6. This implies that the
ordered phase at q¼ 1/6 is not as stable and disappears at 500K.We
simulate the phase transition at q ¼ 1/6 and the transition tem-
perature is just 100 K. Thus at high temperature the influence of
this ordering on the diffusion coefficient is not seen.

3.4. Comparison with experimental results

From the simulation results, lithium droplet can wet the W
substrate well (with a single Li atomic layer) at 500 K which is near
the melting temperature of Li, though the diffusions of Li atoms are
different in different surfaces of W, including (001), (110) and (111)
surface. Actually, the wetting behavior on W surfaces is related to
the interaction of Li-W in the microscopic view. With the DFT
calculation, it is known that interaction between Li and W(about
2.3 eV in Fig. 2a) is stronger than the Li-Li interaction. Thus, with
the contact between Li droplet and W surface, Li atoms would like
to be adsorbed on W surface. Under the thermal activation and
concentration gradient, Li atoms will diffuse on W surfaces to form
the initial wetting from the macroscopic view, since the diffusion
barriers of Li atom on W surfaces are small, as seen in Fig. 2bed.
Similar situations are also appeared on other substrates, such as
stainless steel. The Li adsorption energy (2.52 eV) on the surface of
unoxidized stainless steel (similar to the adsorption on W surface)
is higher than Li-Li binding energy of 1.54 eV [9]. As the experi-
mental report of Skinner et al. with the technique of temperature
programmed desorption [9], in the absence of oxidation layer,
lithium-stainless bonding is more energetically favorable than Li-Li
bonding. Under ultrahigh vacuum condition, they observed with
the scanning Auger microprobe that the lithium from mm-scale
particle could actually spread on the adjacent strainless steel sur-
faces. In other experiments [5,6], it was observed that lithium
droplets didn’t wet most solid wall materials at low temperature
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such as W, Mo, and stainless steel. These experiments were per-
formed by observing the change of contact angle. For an example, at
200 �C, a contact angle of 130� for lithium droplet on W substrate
was observed in the experiment of Fiflis et al. [5]. They also
observed the decrease of contact angle with the temperature in-
crease. This indicates Li from lithium droplet can wet the W sur-
faces at higher temperature. Fiflis et al. confirmed that Li didn’t wet
lithium oxide [5]. In addition, the native oxide layer is formed easily
on the surface of some substrates if the experiment isn’t performed
under high vacuum condition. The oxygen on the surface of sub-
strates, such as W, results easily in the formation of lithium oxide
and thus introduces the kinetic barrier to block the wetting of Li
and raises the wetting temperature. With the blocking of Li diffu-
sion on the surfaces, the slow diffusion rate will make the surface
tension a real role in the case of Li droplet, and thus the large
contact angle is observed. As the observation of Fiflis et al. [5], glow
discharge cleaning of W surface can decrease the wetting temper-
ature. With the coating of Li thin layer on the surface of substrates
to decrease the effect of oxygen and lithium oxide, Li can wet the
substrate under very low temperature, less than 180 �C. This is
consistent with our simulation result that the second Li layer can
diffuse under the covering of first Li layer on W surfaces. For the
ITER-grade-W under high vacuum environment, the oxygen effect
should be weak, and thus it will be a suitable material for liquid Li.
4. Conclusions

An embedded-atom type Li-W force field is constructed to
describe the interface interaction of liquid Li and solid W and
thereby to explore the wetting and diffusion behaviors on the
surface of W. The parameters of force field are established by fitting
the results from first principles calculations with the force match-
ing method. The important characteristics of Li and W, such as
lattice constants, bulk modulus, and melting temperature of Li,
surface energies ofW, and so on, based on our fitted EAM force field
is consistent with experimental results and other DFT calculations.
The interaction between Li and W and the diffusion of single Li
atoms on the surface of W are also similar to those from our DFT
results. These force fields are then used in MD simulations to study
atomic mechanisms of liquid Li film spreading on W surfaces. We
find that Li can wet the surface of W and form layered structures
when adsorbed on the surface. The (110) surface has the highest
diffusion rate. The (100) surface limits the migration of Li atoms. On
the (110) surface, Li atoms can diffuse at the temperatures below
melting point of Li, such as room temperature. The diffusion rate of
first layer Li is higher than that of second layer by about two orders
of magnitude at 500 K. The diffusion rate is found to change very
substantially with the coverage rate. In additional local maxima in
the diffusion rate vs. coverage rate are found. They may be related
to the phase transition of single-layer Li on (110) surface. It is hoped
that the present results, which show complex behavior in the initial
wetting of W surfaces by Li, will be useful in the understanding of
the Li-W interactions and will stimulate the further experimental
research on this topic.
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