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A B S T R A C T

Tungsten is one of the most promising candidates for plasma-facing materials in future fusion devices, owing to
its high performance under extreme irradiation conditions. However, irradiation-induced surface morphology
varies significantly, depending on the irradiation type, fluence, and flux. Therefore, it is critical to examine the
dynamics of point defects on tungsten (W) surfaces to understand how irradiation affects surface morphology. In
this study, we employ the Self-Evolving Atomistic Kinetic Monte Carlo (SEAKMC) method to search for potential
migration paths of point defects on W (100), (110) and (111) surfaces. The first-principles calculations are then
used to accurately determine the migration energy barriers. The obtained paths and barriers are incorporated
into a kinetic Monte Carlo (KMC) model to determine trajectories and diffusivities, which are described by
diffusion tensors to demonstrate their anisotropic features. Multiple diffusion mechanisms have been identified
on different surfaces, with various anisotropy factors. Particularly, point defects on the W (110) surface have the
highest diffusivities, with anisotropy factors independent of temperatures. In comparison, the anisotropy of the
W (100) surface decreases as temperature increases, while the W (111) surface is isotropic for point defects.
This study provides insights into defect transport properties on different surfaces, which are essential for un-
derstanding the early stages of irradiation-induced microstructural evolutions and surface morphology of
tungsten.

1. Introduction

Tungsten (W) is considered one of the most promising candidates
for plasma-facing material in future fusion devices, owing to its high
melting point, high thermal conductivity, high sputtering threshold,
and low hydrogen retention [1–3]. However, the interaction between
plasma and tungsten surfaces can significantly influence the thermal
and mechanical properties and performances of the material [4–9].
Previous studies have shown that surface morphology of blisters of
tungsten depends on both the plasma fluence and surface directions
[10–12]. For instance, triangular and sponge-like structures were found
on 〈111〉 and 〈100〉 grain surfaces, respectively, and in other direc-
tions with lamellae structures [10]. There are significant dependencies
of surface orientations after helium plasma irradiation [13,14]. On the
contrary, the growth of fuzz-like microstructures was found to have no
orientational preference as reported by Parish et al. [15]. The

contributing factors to morphology changes include the creation of vast
numbers of point defects, the diffusion of radiation-induced point de-
fects [16], and their migration to surfaces during the sputtering and
deposition by energetic ions [17–19]. However, the underlying me-
chanisms that lead to different morphologies and microstructures re-
main unclear, particularly the dependence of surface orientations.
Therefore, to understand the formation mechanisms of different surface
patterns, it is essential to reveal the effects of point defect migration on
tungsten surfaces.

The self-diffusion of a tungsten adatom at certain low-index planes
has been observed experimentally [20–23] and studied theoretically
[23–29]. Using a field ion microscope, Senft et al. found one-dimen-
sional (1D) diffusion of adatoms on the W (211) surface [23]; the
diffusivities of adatoms on the W (110) and W (211) surface were
given by Antczak et al. [30,31]. Chen et al. studied adatom migration
on the W (100) and (110) surfaces using first-principles calculations
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[27], where the surface crowdion migration mechanisms were in-
vestigated. D. Chen et al. found the self-diffusion processes of adatom
clusters on the W (110) surface rely on a successive hopping me-
chanism using molecular dynamics (MD) [25]. Furthermore, Jansson
et al. investigated diffusion mechanisms of an adatom on the W (100),
(110), and (111) surfaces using interatomic potentials in combination
with kinetic Monte Carlo (KMC) [32]. However, only a few works of
vacancy migration on tungsten surfaces have been carried out. Wen
et al. [33] reported that a vacancy is easier to form and migrate on the
W (001) surface than in bulk using interatomic potential, and Duan
et al. [34] focused on the vacancy cluster behaviors toward the W
(001) surface using molecular statics in combination with KMC. The
interatomic potentials used in the previous works were not fitted from
the properties of surface defects, and the migration mechanisms of
surface defects are artificially guessed and chosen in the simulations. It
is known that certain tungsten surfaces may reconstruct and that re-
construction introduces the anisotropy of point defects by intrinsically
rearranging the atoms on surfaces. For instance, the reconstructed W
(100) surface was observed experimentally [35], and it was found that
under 400 K, a c(2 × 2) structure could exist without impurities [36].
In addition, impurities could easily lead to surface reconstruction, e.g.,
hydrogen [37–39] or sulfur [40], which is an inevitable factor under
plasma irradiation. However, the migration mechanisms and barriers of
adatoms on W (100) and (110) given by Chen et al. [27] were cal-
culated on perfect surfaces without reconstruction. Olewicz et al. [41]
further considered reconstructed W (100) surface by DFT and corre-
lated the DFT results with experimental observations using a filed ion
microscope at 650–700 K. To the best of our knowledge, although
several studies did consider anisotropic diffusion on tungsten surfaces
by differentiating the diffusivities along different coordinate axes
[42,43], they did not investigate the directional correlation of diffu-
sivities (based on diffusion tensor [44]), resulting in the loss of in-
formation about the correlation of different directions and the tem-
perature dependence of anisotropy, which is essential for the
understanding of the orientation-dependent evolution of surface de-
fects.

This work focuses primarily on the single adatom and vacancy mi-
gration on the low-index surfaces of W, which are the (110), (111),
and (100) surfaces representing 2-, 3-, and 4-fold rotational symme-
tries, respectively. Particularly, the reconstructed (100) surface is ex-
amined and compared with the non-reconstructed (100) surface pro-
duced by different interatomic potentials. In addition, the (100) and
(111) surfaces are chosen because they are the most and least resistant
surfaces to hydrogen blister formation, respectively [12]. In contrast,
the (110) surface is chosen due to its close-pack structure and the

lowest surface energy among the low-index surfaces [45,46]. The mi-
gration mechanisms are predicted by the Self-Evolving Atomistic Ki-
netic Monte Carlo (SEAKMC) [47–49] method coupled with interatomic
potentials. The identified paths are checked with the nudged elastic
band (NEB) method [50–53]. Then, the migration energy barriers
(MEBs) of each mechanism or path are quantified using density func-
tional theory (DFT) calculations. All of this information is incorporated
into a KMC model to obtain the diffusivities and diffusion tensors at
different temperatures. This paper is organized as follows: Section 2 is a
brief introduction of the computational methodology used in calcula-
tions; Section 3 details results and discusses adatom and vacancy mi-
gration paths and diffusivities on W (100), (110) and (111) surfaces;
and Section 4 is the summary.

2. Methodology and simulation details

2.1. Interatomic potentials

Three interatomic potentials for tungsten are employed and com-
pared in this work. Particularly, we examined (i) a Finnis-Sinclair po-
tential [54] initially developed by Ackland and Thetford [55] and
modified at short range by Juslin and Wirth [56] (POT_J); (ii) a Tersoff-
type [57] bond-order potential (BOP) for W-H-He developed by Li et al.
[58,59] (POT_L); and (iii) a recently developed embedded atom model
[60] (EAM) potential for W-H and defects by Wang et al. [61], in which
the W-W interaction is derived from Marinica et al. [62] (POT_M).

A summary of the fundamental properties of point defects calcu-
lated using these potentials, both in bulk and on the surfaces, is given in
Table 1, which compares defect formation energies, migration energies,
and surface energies. The migration mechanisms of point defects and
corresponding MEB trends yielded by these interatomic potentials are
consistent with our DFT results and other’s works [27,40,41,63,64].
However, it should be noted that none of the potentials are specifically
fitted to surface properties, limiting their applications for simulations of
multiple defects with defect interaction on different surfaces. The stable
sites of defects on three surfaces with their neighbor sites are illustrated
in Fig. 1, which shows that the same position is preferred by both an
adatom and a vacancy.

2.2. Identifying potential migration paths of point defects

The migration paths of point defects on the tungsten surfaces are
initially obtained using the SEAKMC code developed by Xu et al.
[47–49,76]. Xu et al. developed a selective active volume (AV) scheme
using the dimer method [77,78] to locally search the transition state of

Table 1
Fundamental properties of the bulk, three surfaces, and point defects using interatomic potentials and DFT, compared to the experimental results and works of others
(a [65], b [66], c [67], d [68], e [69], f [45], g [70], h [63], i [71], j [72], k [73], l [40], m [74], n [64] and o [58]). The Δγ (100) and Δγ (111) represent the difference in
surface energy compared to γ (110). The Δγ of DFT is calculated from the original surface energy in reference [42]. Data in column POT_J, POT_M and POT_L are
obtained from their initial papers [56,59,62], respectively. (Notes: * = data recalculated in this work; α = lattice constant; c = cohesive energy; f = formation
energy; mig = migration energy; rot = rotation energy; SIA = self-interstitial atom; V = vacancy; NN = nearest neighbor; all energies are in eV.)

Experiments DFT POT_J POT_M POT_L

α (bcc) (Å) 3.165 a, b 3.174 c 3.1652 3.14 3.165
Ec(bcc) −8.90 a −8.59 c −8.9 −8.9 −8.906
γ (110) (J/m2) 3.265 d, 3.675 d 4.005 f 2.576 * 2.306 * 2.319 *
Δγ (100) (J/m2) 0.630 f 0.348 * 0.415 * 0.838 *
Δγ (111) (J/m2) 0.447 f 0.726 * 0.657 * 0.903 *

< >Ef
SIA 1 1 1 9.06 ± 0.63 g 9.86 h 9.50 10.52 9.33

Ef
V 3.68 ± 0.2 i, 3.6 j 3.34 h 3.63 * 3.49 3.52

< >Emig
SIA 1 1 1 0.054 ± 0.005 k 0.005 h, 0.052 l 0.007 * 0.020 * 0.006 *

< >Erot
SIA 1 1 1 0.35 l 0.670 * 0.459 * 0.251 *

Emig
V(1NN) 1.68 ± 0.06 m,1.78 ± 0.1 i 1.5 l, 1.78 n 1.451 * 1.856 * 1.813 *

Emig
V(2NN) 5.54 n 5.304 * 7.507 * 6.821 *
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the defects of interest in the system to identify any potential saddle
points, which accelerates the identification of new events during defects
dynamics. The saddle point search is carried out over 2000 times for
each defect on every surface to identify the possible mechanisms. After
initially guessing the migration path from SEAKMC, we employ the NEB
method [50–53], built in the LAMMPS code [79], as a supplemental
verification of the mechanisms. POT_J and POT_M are implemented in
the SEAKMC code, and all three potentials (in Section 2.1) are used in
LAMMPS.

For the saddle point searches using the SEAKMC, the AV size ranges
from 2.2 to 3.7 lattice constants for point defects on surfaces. A
minimum length of 15 Å vacuum space is added between the slabs,
depending on the surface directions, to avoid any surface-surface in-
teractions. The atoms at the bottom of the boxes are fixed to mimic the
bulk properties.

2.3. Determining migration energy barriers using First-Principles
calculations

First-principles DFT is used to accurately determine the MEBs for
each of the migration paths identified by the three interatomic poten-
tials. In particular, the generalized gradient approximation (GGA) [80],
implemented in the Vienna Ab-initio Simulation Package (VASP) code
[81–83] and the NEB with climbing image modification [50] are em-
ployed to calculate the MEBs. As before, a vacuum length of 15 Å along
the surface direction is inserted between each slab to avoid image in-
teraction under periodic boundary conditions in DFT calculation. The
supercell for the (100) surface is an orthogonal box of
12.7 × 12.7 × (12.7 + 15) Å3, including 8 layers (128 atoms) of atoms
with the bottom 3 layers fixed. For the reconstructed (100) surface, the
top layer of atoms is rearranged (see Fig. 1), consistent with the results
by Debe et al. [35], and the reconstructed W {100} surfaces display a
p2mg symmetry at < 190 K and would degenerate to the perfect
(100) surface structure above 400 K [84]. The size of (110) supercell is
as 12.7 × 13.5 × (13.5 + 15) Å3, containing 6 layers of atoms (144
atoms) with the bottom 3 layers fixed. The size of (111) surface slab is
15.5 × 13.5 × (16.5 + 15) Å3, containing 18 layers of atoms (216

atoms) with the bottom 8 layers fixed. The lattice spacings for the three
surfaces are illustrated in Fig. 1. The cutoff energy is set to be 500 eV
and a 4 × 4 × 1 k-points by Monkhorst–Pack scheme [85] is applied to
the slab models of all three surfaces. The optimization of stable and
transition states stops when the forces on all the atoms are less than

−10 3and −10 2 eV/Å, respectively.

2.4. Kinetic Monte Carlo

The KMC method is used to generate the trajectories of point defects
on the surfaces with the obtained MEBs from DFT including all iden-
tified diffusion mechanisms, where several mechanisms in SEAKMC or
reported by previous work [27] are excluded due to high MEBs or ex-
treme low possibilities of occurrence, e.g., non-first-nearest neighbor
jumps. In this work, we consider only single point defects on surfaces,
assuming no interactions between point defects, and apply two-di-
mensional (2D) periodic boundary conditions. The rate of a defect
jumping from one site to another based on the harmonic transition state
theory [86–88] is given by,

= ∙ −R ν e ,i i
E

k T
i

B (1)

where νi is the attempt frequency of defects, Ei is the migration energy,
and kB andT are the Boltzmann constant and temperature, respectively.
The attempt frequency νi is set to be −s1012 1 for all cases as a constant in
KMC calculations. The lattice constants of all surfaces are set to be
3.165 Å [65,66] in KMC simulations, independent of potentials. The
timestep dt is calculated by the residence-time algorithm [89]. To ob-
tain the diffusivities of an adatom or a vacancy on the three surfaces, we
carry out 10 simulations for each type of defects on the three surfaces,
each simulation containing 10,000 trajectories of point defects at
temperatures ranging from 100 to 1500 K with a 100 K interval. The
simulations stop when the total steps reach 1 million for each case.

2.5. Diffusivity and diffusion tensor

The diffusivity, given by the Fick’s laws, is generally considered as a
scalar in most isotropic diffusion processes and can be derived from

Fig. 1. Top view of the nearest neighbor sites of
point defects on the perfect W (100), (110), (111),
and the reconstructed (100) surface. The gray-
scaled spheres (from white to black) represent the
depths of atoms in each orientation. The arrows
denote the direction and distance of different
neighbor sites, where and xNN represents the xth

nearest neighbor site and a is the lattice constant.
For the reconstructed (100) surface, the green solid
and dashed lines linking the atoms are designated as
long bridge and short bridge [75], respectively,
where the atoms and bridges are symmetric about
the mirror axes (dash-dot lines). On the W (111)
surface, a metastable state, denoted mNN, is located
at the second layer, so the arrow between the first
and second layers represents a projection of the real
distance onto the (111) plane. All positions and
atomistic displacements are directly from DFT con-
figurations. (For interpretation of the references to
color in this figure legend, the reader is referred to
the web version of this article.)
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mean square displacement (MSD) from the Brownian motion. However,
for particle or defect migration in anisotropic materials, e.g., diffusion
on surfaces of metals [44,90], diffusivity can be described as a second-
rank tensor D (Dij) [91]. In terms of a 2D system, Dxx

' and Dyy
' are the

diagonal components of the diagonalized diffusion tensor, or the ei-
genvalues of D, also known as the principal values associated with ei-
genvectors (Fig. 2). The 1D diffusivity from any observation direction
can be expressed by the direction cosines [91]. Along with a rotation
matrix, we can write the diffusivity as a function of the observation
direction,

= + ∙ ∙ −D θ D D e θ ϕ( ) ¯ ¯ cos (2( )) (2)

where D̄ is the integral average of D θ( ). Here, we define the anisotropy
factor e at a certain temperature,

= −
+

= −e D D
D D

D
D

1 ¯
max min

max min

min

(3)

where Dmax and Dmin are the maximum and minimum of D θ( ), re-
spectively, and ϕ denotes the angle of an eigenvector to the reference
direction (x-axis for convenience). Therefore, the 2D diffusion could be
fully described by either the diffusion tensor D or the expression of
D θ( ). D θ( ) acts like a correction to the average D̄, where ≤ ≤e0 1
restricts the strength of the correction. For example, if e equals 0.5, we
know that Dmax equals +D D¯ 0.5 ¯ and Dmin equals −D D¯ 0. 5 ¯ , respec-
tively. If e equals 1, the rank of D is reduced to 1, then the 2D diffusion
has degenerated into 1D diffusion. An intuitive look to the “shape” of
D θ( ) can be found in the polar coordinates system seen in Fig. 2, in
which the anisotropy factor is 0.5.

For numerical simulations, we use trajectories from KMC to fit the
components of the diffusion tensor (Dxx , Dyy, and Dxy) at different
temperatures for point defects on the tungsten surfaces. One could
calculate the diffusion tensor statistically by

=
〈 〉

D
x y

τ
Δ Δ

2
,xy (4)

where Δ denotes the displacement of particles during time τ . For
complex defects with finite trajectories, the drift-correction method
[92–94] to reduce the computational costs. As a function of tempera-
ture, the components of diffusion tensor can be expressed in the Ar-
rhenius form, as well as,

= ∙ −D T D( ) e
E

k T0 B (5)

where E is an effective barrier throughout all the migration paths, and
D0is a pre-exponential factor. In the description of the diffusion tensor,
we have at most two extrema (eigen) values in D θ( ) for a single point
defect on surfaces, Dmax and Dmin (Fig. 2). Thus, we can express the
anisotropy factor using Eq. (3), at a different temperature as

⎜ ⎟= ⎛
⎝

− − ⎞
⎠

e
D
D

E E
k T

tanh 1
2

ln ,max min

B

0

0

max

min (6)

where D0max and Emax (D0min and Emin) represent the pre-exponential
factor and the effective barrier along the direction of the maximum
(minimum) diffusivity.

3. Results and discussion

3.1. Point defect migration paths and corresponding energy barriers

3.1.1. W (100) surface
We have identified three mechanisms of a single adatom migration

on the W (100) surface (Fig. 3), wherein the atomistic configurations
are displayed following initial state (IS), transition state (TS), me-
tastable state (MS) if exists, and final state (FS). The three mechanisms
obtained by DFT are split into six paths for the reconstructed (100)
surface with a mirror symmetry about the [1 1 0] direction. The adatom
directly hops from the IS to its 1NN site on the (100) surface, named as
path_H for hopping. H1 and H2 are for the adatom hopping over the
long and short bridge, respectively, because of the reconstruction.
Path_E represents a mechanism involving the exchange of atoms, where
the adatom moves into the first layer beneath the surface, resulting in
a 〈110〉 dumbbell-like saddle point structure, then the adatom pushes
another atom out of the first layer onto the (100) surface. The dumb-
bell-like structures that lie along or perpendicular to the mirror axis are
marked E1 and E2, respectively. In addition, the adatom may also form
a 〈100〉 dumbbell-like saddle point structure via Path_R, representing
rotated exchange. Similarly, R1 and R2 are for the adatom moving
across the long and short bridge, respectively.

Four mechanisms of a vacancy migration on the W (100) surface
are found (Fig. 4). Three mechanisms (Path_H, Path_E, and Path_R) are
similar to those of an adatom. The saddle point configuration of a va-
cancy in Path_R given by DFT, however, is considered as metastable
states using the three interatomic potentials. We also identify an ad-
ditional path, marked as Path_D for double-hopping, wherein the dis-
placements involving two hopping atoms along the direction in Path_H.
The Path_D for a vacancy is unique and not split by the reconstruction,
since the two involved atoms always belong to the short or long bridge
independent of hopping directions.

The MEBs of different paths on the (100) surface are presented in
Fig. 5. We find all potentials used in this work yield essentially the same
trend. The exchange mechanism (Path_E1,2) has the lowest MEBs for
both adatoms and vacancies. MEBs of Path_H and Path_R depend on
interatomic potentials, but are higher than those of Path_E, while
Path_D has the highest MEBs using both interatomic potentials and DFT.
The reconstruction of the W (100) surface leads to a barrier change in
different directions for the same mechanism, which would lead to an-
isotropic diffusion. For instance, the MEB of Path_E1 for an adatom is
slightly lower than that of Path_E2, whose atoms migrate along [0 1 1]

Fig. 2. Diffusivities on the surface as a function of angle to the reference di-
rection in polar coordinates. Distance from any point on the solid blue line,
D θ( ), to the center is proportional to the real diffusivity at a given temperature
from the observation direction (dash-dot arrow). The red dashed line represents
the average diffusivity. The eigenvectors with solid double-head arrows always
point to the extrema of D θ( ), where θ is the angle between the observation and
reference direction (gray dotted arrow), and ϕ is the angle between the eigen
and reference direction. (For interpretation of the references to color in this
figure legend, the reader is referred to the web version of this article.)
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and [0 1 1̄], respectively, leading to enhanced jumping frequencies of
defects moving along [0 1 1] at a given temperature. To obtain an ac-
curate description of defect dynamics, all mechanisms for the W (100)
surface with split paths are considered in the KMC simulations.

3.1.2. W (110) surface
Two migration mechanisms of each point defect on the W (110)

surface are presented in Fig. 6. The values of MEBs from these poten-
tials show a consistent trend-the hopping mechanisms for both adatom
and vacancy have the lowest MEB on this surface. Moreover, both
Path_H and Path_E for an adatom agree with the DFT work by Chen
et al. [27]. Chen et al. also reported a W (110) surface crowdion-
crowdion (CC) mechanism with a low MEB of 0.11 eV. However, the
formation energy of the crowdion is significantly higher (up to 4 eV
[27]) than that of an adatom, so we do not consider the CC mechanism

in KMC simulations.

3.1.3. W (111) surface
Only one migration mechanism (Path_E) on the W (111) surface is

identified (Fig. 6) for each type of defect. The diffusion distance of the
1NN site for an adatom on the W (111) surface is a2 . No direct
hopping mechanism is found in SEAKMC searches. The vacancy dis-
plays the same behavior that the neighbor atom cannot hop directly to
its neighbor site.

Despite a nearly flat energy curve, both POT_M and POT_J show an
MS for an adatom in the middle of Path_E. This is further verified by the
DFT calculations. Path_E for a vacancy is similar to that of an adatom,
but different potentials yield different metastable configurations.
Unlike the paths on the other surfaces, one of the three nearest neighbor
atoms (red) of the vacancy moves toward the original vacancy position

Fig. 3. Adatom migration paths on the reconstructed W (100) surface. The images follow IS, TS, and FS from left to right. The colored atoms represent the ones with
major displacements in the migration process, and the gray color from light to dark represents the depth of each layer of atoms.

Fig. 4. Vacancy migration paths on the reconstructed W (100) surface.

J. Hao, et al. Computational Materials Science 184 (2020) 109893

5



first, then drags the other two neighbor atoms (green and blue) toward
the vacancy position. The three colored atoms are formed into a tri-
angular shape, which is also seen as a vacancy in the second layer at the
original position of the red atom. Due to the 3-fold rotational symmetry,
the metastable state could exist and have a lower formation energy than
that of an adatom. The metastable states of point defects on the W
(111) surface are considered in KMC simulations, where the MEBs from
the metastable state to the ground state, via DFT, are 0.68 and 0.83 eV
for an adatom and a vacancy, respectively.

3.1.4. Comparison of point defects migration
The MEBs of point defects on the three surfaces are compared and

given in Fig. 5 and Table 2. The MEBs of adatoms migration on the
(110) and reconstructed (100) surfaces are consistent with other DFT
works [27,41]. The lowest MEB among all the adatom mechanisms is
0.89 eV by DFT of Path_H on the W (110) surface, consistent with other
works [21,25,27]. However, the highest barrier of a self-interstitial
atom (SIA) in bulk tungsten, reported both experimentally and theo-
retically, is no more than 0.1 eV (Table 1). Note that the configuration
of an adatom is quite different from that of the SIAs. In bcc tungsten,
the 〈111〉 SIA is the most stable configuration with a ~ 9 eV formation
energy and large local strain [95]. Similarly, the MEB of CC mechanism
by Chen [27] is as small as the SIA with a high formation energy up
to ~ 4 eV. Moreover, SIA migration in bulk depends on the

Fig. 5. Barriers of point defects migration on W surfaces obtained using dif-
ferent interatomic potentials and DFT. The paths are sorted by surface or-
ientation, then defect type. Barriers from POT_J, POT_M, and POT_L are re-
presented using a diamond, pentagon, and square, respectively. The filled
circles in red representing the DFT results on the W (100) surface are seated to
the left or right of the other points for the same mechanism, in which the left or
right one represents the first or second path induced by the surface re-
construction, respectively, e.g., the left representing H1 and the right re-
presenting H2. The values of ‘+’ are taken from [27] and ‘×’ from [41]. The
barriers of migration Path_D for a vacancy on the W (100) surface using POT_M
and POT_L are 5.24 eV and 6.23 eV, respectively, which are not shown in the
figure. (For interpretation of the references to color in this figure legend, the
reader is referred to the web version of this article.)

Fig. 6. Migration paths on the W (110) surface.

Fig. 7. Migration paths on the W (111) surface.

Table 2
Barriers of point defects migration on W surfaces using DFT. Barriers of me-
tastable state found are marked by *.

Surface defect Mechanism Barrier (eV)

(100) Adatom H1 2.45
H2 2.51
E1 2.06
E2 2.12
R1 2.54
R2 2.29

(100) Vacancy H1 2.57
H2 2.89
E1 2.03
E2 1.81
R1 2.77
R2 2.69
D 3.01

(110) Adatom H 0.89
E 3.40

(110) Vacancy H 1.62
D 1.86

(111) Adatom E 2.39, 0.68 *
(111) Vacancy E 1.96, 0.83 *
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displacement of the crowdion configuration, and the local atoms
themselves do not move a long distance. However, adatoms can directly
jump between two adjacent sites on both the (100) and (110) surfaces,
which might lead to the motion of impurities, e.g., isotopes and
transmutation elements of tungsten [96].

For the hopping mechanism, the lowest MEB of a vacancy on the W
surfaces (1.62 eV) is close to those in bulk (1.5, 1.78 eV, Table 1), which
is different from the results that the MEB of a vacancy on W (001)
surface is significantly smaller than bulk value by Wen et al. [33] using
their interatomic potentials. These indicate the limitation of intera-
tomic potentials applied to the surface defects calculations. In addition,
the MEBs of adatoms and vacancies on surfaces are closer to each other
from our DFT calculations, especially on the reconstructed (100) sur-
face.

3.2. Diffusivity and diffusion anisotropy

3.2.1. W (100) surface
The diffusivities of an adatom and a vacancy on the reconstructed

(100) surface are shown in Fig. 8. Both defects exhibit highly aniso-
tropic diffusion due to the reconstruction of the (100) surface. The
anisotropy of a vacancy is more significant than that of an adatom at all
temperatures due to a large difference in the MEBs of the same me-
chanism. At low temperatures, the diffusion paths of an adatom and a
vacancy are always perpendicular to each other due to the tendency of
the defects to migrate almost along the minimal barrier paths at low
temperatures. The effective barriers for an adatom are 2.06 and 2.13 eV
for the eigen directions [0 1 1] and [0 1̄ 1], respectively, which are almost
the same as Path_E1 (2.06 eV) and E2 (2.12 eV). This is because these
two paths of exchange mechanism have the lowest barriers among all
the mechanisms for an adatom on the reconstructed (100) surface.
Similarly, the effective barriers and eigen directions of a vacancy are
dominated by Path_E1 and E2. The rest mechanisms with higher bar-
riers contribute less either to the eigen directions or the effective bar-
riers, which is attributed to the exponential form of jump rates ex-
pressed by the Arrhenius equation. However, due to the recovery of an
ideal surface at high temperatures [84], the difference in barriers be-
tween the split paths disappears, resulting in less and less anisotropic
diffusion behavior. The change of barrier difference is not considered in
KMC, the anisotropic diffusion is also weakened because of the less
sensitivity of diffusivities to the energy difference at high temperatures.

3.2.2. W (110) surface
The diffusivities of an adatom and a vacancy on the W (110) surface

are shown in Fig. 9. The average diffusivities of an adatom are higher
than those of a vacancy at a given temperature because the minimal
MEB of an adatom is lower than that of a vacancy. The anisotropy does
not change with temperature, and anisotropy factors of both defects are
1/3, agreeing with the theoretical value. This could be attributed to that
the paths and barriers on (110) surface have D2 group symmetry,
which yields that the summation of the MSD reaches a maximum pro-
jected to the [1 1̄ 0] direction and a minimum to the [0 0 1] direction. The
ratios of the two extrema of diffusivities are independent of tempera-
ture, derived from Eq. (6), which could be observed far above the room
temperature if the structural symmetry of the surface is not broken.
Notably, the diffusivities of point defects as functions of direction and
temperature always follow the same symmetry as the diffusion tensor,
D2 group theoretically (Fig. 2). Thus, we predict that anisotropic
morphologies exist on a wide range of surfaces not limited to the W
(110) surface, e.g., W (211).

3.2.3. W (111) surface
The diffusivities of defects on the W (111) surface are shown in

Fig. 10. The adatom moves slower than a vacancy on this surface based
on the MEBs by DFT, and both defects have a statistically near-isotropic
diffusion tensor. All paths associated with point defect migration on the
perfect (111) surface have a 3-fold rotational symmetry (Fig. 1 and
Fig. 7), which would theoretically yield isotropic diffusion trajectories
since the summation of the projections of all MSD onto any direction
are always equal. However, triangular structures are found on the W

Fig. 8. Diffusivities and anisotropy factors of an adatom and a vacancy on the
reconstructed W (100) surface at different temperatures. The anisotropy factors
of adatom and vacancy are represented using filled and empty triangles, re-
spectively. The centers of the peanut-like shapes represent the average diffu-
sivities at certain temperatures, whose shapes describe the anisotropy of the
diffusion tensor expressed in Fig. 2.

Fig. 9. Diffusivities and anisotropy factors of adatom and vacancy on the W
(110) surface at different temperatures.

Fig. 10. Diffusivities and anisotropy factors of adatom and vacancy on the W
(111) surface at different temperatures.

J. Hao, et al. Computational Materials Science 184 (2020) 109893

7



(111) surface after H isotope irradiation [10] and are also induced by
sulfur overlayers [39]. These anisotropic morphologies share the same
3-fold rotational symmetry as the W (111) surface itself, and are as-
sumed to be caused by the impurity effects, e.g. the interaction between
defects and impurities.

3.3. Generalized theoretical understanding of diffusion anisotropy

The diffusivities with anisotropy factors could be calculated in a
more generalized manner by summing all the jump rates weighted by
their jump distances and directions,

∑∝ −D θ L R α θ( ) cos ( )i i i
2 2 (7)

where αi is the angle of the ith path to the reference direction, Li is the
corresponding jump distance, and Ri has been expressed in Eq. (1).
Then, the anisotropy factors at a given temperature could be calculated,
theoretically by,

=
∑ −

∑
=

=
e

L L R R α α

L R

cos(2( ))i j
n

i j i j i j

i
n

i i

, 1
2 2

1
2 (8)

and the corresponding eigen directions by,
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∑
∑
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1
2
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2
2

i
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1
2

1
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Particularly, for the W (110) surface, at a given temperature, all the
Li and Ri are equal. The angle between migration paths is 2acos 2

3
,

independent of temperature, which leads to an anisotropy factor as 1/3.
In comparison, for the W (111) surface, with identical paths and bar-
riers, the anisotropy factor is always 0, because the angle between
migration paths is π

3
. The anisotropy factor for the perfect W (100)

should be 0, as well, for the 4-fold rotational symmetry of the migration
mechanisms. However, the reconstruction splits the paths by different
barriers along with perpendicular directions, so the Ri and Rj are no
longer equal, which leads to the anisotropy factor decreasing when the
temperature increases. The above analysis is consistent with the diffu-
sivities calculated by our KMC simulations.

More generally, based on Eqs. (1), (8), and (9), we could identify
four types of anisotropic diffusions of point defects on surfaces that can
be used for predictions on diffusion anisotropy on any surfaces, if ig-
noring any temperature-dependent reconstructions of surfaces. These
are: (I) isotropic diffusion, e.g., identical mechanisms with 3,4, and 6-
fold rotational symmetry; (II) a fixed diffusion anisotropy for all tem-
peratures, e.g., identical mechanisms with 2-fold rotational symmetry;
(III) a decreasing diffusion anisotropy factor when temperature in-
creases, e.g., mechanisms with equal diffusion distance but different
barriers; and (IV) an initial decrease in anisotropy to isotropic diffusion
when the temperature increases to a critical temperature (CT), followed
by a subsequent increase of the anisotropy factor as the temperature
further increases, during which the preferred migration direction
changes after the CT.

Type IV would be found on surfaces with the following features: (i)
one of the migration mechanisms has a higher MEB than others’, and
(ii) the product of ν and L2 is larger than others’. For instance, as the
mechanisms given in [97], the adatom could diffuse along or across
channels on the W (211) surface (directions of [1̄ 1 1] or [0 1 1̄]), with
MEBs of 0.73 and 0.29 eV, and jump distances of a3 and a2 2 , re-
spectively. The attempt frequency of direction [1̄ 1 1] is 105 times higher
than that of the direction [0 1 1̄]. Based on the above parameters, we
predict that the anisotropy factor falls from 1 to 0 as the temperature
rises from 0 K to CT (calculated to be ~ 732 K). This is because the
adatom prefers to move along [0 1 1̄] at temperatures below CT with a
lower MEB than that of the other direction. At the CT, the diffusion of
an adatom is isotropic, because of equal diffusivities of both directions.
Then the anisotropy factor gradually rises from 0 to 0.99 after the

temperature passes CT, since the adatom moves along the [1̄ 1 1] di-
rection has a higher attempt frequency than that of the other paths and
the differences in MEBs are weakened at high temperatures.

4. Summary

We have performed systematic investigations of point defect dy-
namics on tungsten surfaces using both interatomic potentials and DFT
in combination with KMC and have identified key mechanisms on
several experimentally studied surfaces. On the (100) surface, three
migration mechanisms for an adatom and four mechanisms for a va-
cancy are found, including anisotropic migration paths caused by the
surface reconstruction. In comparison, on the (110) and (111) sur-
faces, two and one mechanism(s) are identified for each point defect,
respectively. The MEBs of the (100) surface defects are close to each
other, but the values and directions are anisotropic for the same me-
chanism due to the reconstruction. The MEBs of the (110) surface
defects are the lowest among all the mechanisms of the three surfaces,
exhibiting D2 group symmetry caused by the surface geometry. The
MEBs of defects on the (111) surface have 3-fold rotational symmetry,
and metastable states between two stable sites on the surface exist for
both an adatom and a vacancy. The MEBs of the adatom are comparable
to those of a vacancy on all three surfaces, which are much higher than
the barrier of SIAs in bulk tungsten. The trends generated using dif-
ferent interatomic potentials and DFT are generally consistent with
each other.

The diffusivities of an adatom and a vacancy on the three surfaces at
different temperatures are obtained using KMC including the identified
mechanisms, and the diffusion tensor is introduced to analyze the dif-
fusion anisotropy. The average diffusivities of a vacancy on the re-
constructed (100) surface are slightly higher than those of an adatom,
and its diffusion tensors are more anisotropic than the adatoms’. The
anisotropy factors of defects on the reconstructed (100) surface are
decreased when the temperature is increased. Point defects on the
(110) surface have the highest diffusivities among the three surfaces
and keep a fixed anisotropy factor (1/3) independent of temperature.
Isotropic diffusion of point defects is found on the (111) surface, where
the diffusivity of an adatom is the lowest among all different cases on
the three surfaces. In addition, we theoretically categorize four types of
anisotropic diffusion, and conditions for each type of them are dis-
cussed.

These simulations provide defect transport properties of point de-
fects on tungsten surfaces, which will be fundamental input parameters
for larger-scale simulations, e.g., object KMC and mean-field rate
theory. Further investigations of surface defects migration coupled with
impurities under different irradiation conditions may provide useful
insights to the development of a fundamental understanding of surface
blistering, fuzz formation, and the sputtering yield change of tungsten.
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