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Using first-principles electronic structure calculations, the energy barriers for diffusion mechanisms
of adatoms on the tungsten (W) (001) and (110) surfaces under externally-applied biaxial strain fields
are determined. Adatoms move either by hopping on the surface or by an exchange process with a
surface atom, which is found to be completed in one step (direct exchange), or via the formation
of a surface crowdion (crowdion-mediated exchange). As a result of the compact atomic stacking,
hopping is found to be the major diffusion mechanism on the W(110) surface, irrespective of the
surface strain state. On the other hand, the main diffusion mechanism on the less compact W(001)
surface is found to be a competition between direct exchange and crowdion-mediated exchange,
depending on the magnitude of the surface biaxial strain. Results of the model reveal that, if surface
crowdions form, they will be highly mobile and migrate anisotropically. A microscopic explanation
is presented by analyzing the charge density associated with surface crowdions. A “mechanism
diagram”for atomic surface diffusion on the W(001) indicates that the diffusion direction and its rate
can both be modulated by an applied biaxial strain. Migration volumes for the three mechanisms
are calculated, and the significance of the results to the understanding of surface evolution under

plasma or other energetic ion bombardment is highlighted.

PACS numbers: 82.20.Db, 71.15.Mb, 68.43.Mn
I. INTRODUCTION

The fundamental nature of the effects of stress on the
diffusion of surface atoms has great consequences in many
applied research areas. The influence of external strain
fields on atomic mobility have has been observed in both
simulations and experiments' 8. This coupling between
the strain-field and atomic migration barriers has been
well recognized in a variety of surface processes, e.g., self-
assembly of nano-clusters, growth of thin films, surface
instabilities, etc.”19. For instance, Zhu et al reported ki-
netic Monte-Carlo simulations on the effects of surface
strain on the growth of quantum dots®. Panat et al also
studied the evolution of surface waviness modulated by
surface strain®. These studies show that it is necessary
to have a full understanding of the effects of the surface
stress state on atomic diffusion in order to build up com-
prehensive models that describe the dynamics of surface
evolution.

The refractory nature of W and its high melting point
makes it a candidate for scientific and applied studies
of materials operating in extreme conditions. The metal
has attracted recent intensive attention as a candidate
plasma-facing material, serving in fusion and plasma de-
vices. Its low sputtering yield when bombarded with low
energy ions makes it suitable for many plasma-device
applications'' '3, as well as in applications in emerg-
ing space electric propulsion and pulsed power systems'?.
Because W will be subjected to high-dose bombardment
of low-energy ions in this wide range of applications, ion-
induced surface damage and subsequent morphological
evolution are of great concern. Experiments have estab-
lished that when W is exposed to low-energy plasma ions
(e.g. a high-flux of deuterium plasma'®), significant mi-
crostructure and morphology changes take place in the

near-surface region. The interaction of energetic pho-
tons, electrons, and ions with the W surface results in a
rich variety of phenomena. At low deposition power, the
material is heated with an accompanying thermal stress.
As power is increased, and depending on the intensity
of deposition, a variety of phenomena take place in the
solid state, such as plastic deformation, bulk and sur-
face diffusion, and phase transformations. When these
mechanisms are operative in the solid state, the mate-
rial’s surface is no longer static, but it undergoes dynamic
morphological changes in response to this type of intense
energy input. Surface features under these conditions
include cracks, extrusions, cones, islands, hillocks, and
whiskers. In low energy plasma devices, ion and neutral
energies in the range of 10-100 eV penetrate only several
to tens of atomic layers, causing significant sputtering of
surface layers. Because of the shallow depth of penetra-
tion, most of the implanted ions (e.g. He, H, Ar, Xe)
are insoluble in the material and tend to agglomerate in
nanoscale bubbles that cause blisters and surface exfolia-
tion. The interaction of fast ions with a solid surface will
lead to material removal and transport throughout the
system through physical sputtering'®and exfoliation!?.
At room temperature, blistering!® occurs in all noble gas
implanted materials. For example, at a He ion fluence of
3 x 102'/m? blistering starts to take place, and exfolia-
tion occurs at a fluence around 1022/m? 1920, Tokitani
et al reported the formation of fine helium bubbles and
the essential decrease of density of W matrix due to void
swelling after high fluence of helium irradiation®!22. The
local surface stress state in the vicinity of sub-surface
bubbles and other defect clusters may be compressive or
tensile, depending on the elastic properties of the defect
inclusion, which, in turn, is expected to influence local
material flow through diffusion mechanisms.

Vast experimental observations suggest that ion bom-



bardment results in the formation of near-surface point
defects, which serve as the primary medium of surface
morphological instabilities through two- and/or three-
dimensional migration. Central to understanding such
surface evolution process is the development of a clear
picture of how atoms diffuse on the W surface under
these conditions. Over the past decade, numerous stud-
ies have focused on defect physics in bulk tungsten®3 28,
As an instance, Becquart and Domain calculated migra-
tion energy and binding energy of helium atom/cluster
in W29, Based on this energetic scenario, they explained
the tendency of He blisters formation close to the W sur-
face. Recent studies have also provided detailed infor-
mation on atomic processes on the W(110) surface3033.
However, an understanding of the mechanisms of self-
diffusion on the W(001) surface under an applied stress
field is lacking, although some studies report the migra-
tion barrier on a stress-free surface3*3%. Because these
studies have been carried out with empirical potentials,
and because they show discrepancies of more than 1 eV in
calculated diffusion energy barriers, more reliable meth-
ods are needed. All available data on atomic surface dif-
fusion in W have been carried out for stress-free surfaces,
which is a condition rarely attainable under ion or plasma
bombardment. The objective of the present work is to
determine the migration energy barriers of surface atoms
in W under external loading so as to understand the diffu-
sion mechanisms that lead to surface evolution in future
dynamical models. We employ here first-principles meth-
ods to study the atomic migration paths on the W(001)
and the W(110) surfaces under external biaxial strains.
The paper is organized as follows: in Sec. II, we briefly
summarize the calculation model and methodology. De-
tailed results and a discussion of typical atomic migration
paths under biaxial strains on both (001) and (110) sur-
faces are presented in Sec. IIT and Sec. IV, respectively.
Finally, summary and conclusions are given in Sec. V.

II. MODEL AND METHODOLOGY

We will consider here three possible migration mech-
anisms of an adatom that can result in self-diffusion on
W(001) and W(110) surfaces: (1) hopping (H), (2) sim-
ple exchange (Ex), and (3) crowdion-mediated exchange.
In the hopping mechanism, adatoms move from one low
energy position to an identical position on the surface by
executing motion through a bridge site (saddle point).
In the exchange mechanism, adatoms are embedded into
the surface layer, and then get replaced by ejection of
a different surface atom that would reside in a position
identical to that of the original adatoms. Thus, the ini-
tial and final configuration of the adatom and atomic
lattice look the same, but with a different adatom on
the surface. Evidently, this scenario works only for self-
diffusion. The interesting aspect of the exchange mecha-
nism is that if the adatom pops out a lattice atom in one
single step, one would describe this mechanism as “simple

exchange.” However, the possibility exists that once the
adatom embeds itself into the surface layer, a crowdion
configuration involving several surface atoms may form,
and at some distance from the original event, one of the
atoms forming the crowdion row may pop out on the
surface again to replicate the initial configuration of the
adatom itself. This is crowdion-mediated exchange mech-
anism. Clearly, this mechanism consists of two different
events: the conversion between adatoms and crowdions
(A—C or C—A), and crowdions migration (C—C).

In an earlier study, Feibelman examined the mobil-
ity of adatoms on the Al (100) surface via a “replace-
ment” mechanism involving a dimer, rather than the
much studied hopping mechanism across atomic ridges on
fcc metal surfaces3®. More recently, Xiao and Chrzan'?
extended the replacement concept to describe adatom
diffusion on Cu surfaces via surface crowdions by per-
forming nudged elastic band (NEB) calculations using
the Embedded Atom Method (EAM). Their study con-
cluded that diffusion on strained Cu is mediated by the
formation and motion of a surface crowdion. The high
mobility of crowdions has also been reported for several
metals3” 39, In the present investigation, we explore the
dominant diffusion mechanisms on W(001) and W(110)
surfaces with more precise first-principles calculations in
order to reveal the electronic origin of the effects of an
applied strain field on adatom motion. Fig. 1(a) and (b)
show the atomic configurations of paths H, Ex, A—C and
C—C on the W(001) and W(110) surfaces. We only focus
on [100]-crowdions on the W(001) and [111]-crowdions
on the W(110) surfaces, because they are the most sta-
ble crowdion configurations. The notation we will use
henceforth is as follows: a superscript * is used to in-
dicate the energy barrier, and a subscript “H”, “Ex”,
“A—C” or “C—C” is used for different diffusion mech-
anisms, respectively. The crystallographic direction of
diffusion motion will also be attached as an additional
subscript. Thus, E} —C[100] is the energy barrier of form-
ing a [100]-crowdion from an adatom.

A strain tensor is applied on the computational cell
as?0: e33 = €19 = €13 = €93 = 0, while 11 and e9o are
independently changed from -0.02 to 0.02. Since we chose
orthogonal supercells, we simply change the lengths of a
N; x Ny supercell along the [100] and [010] directions
as a; = a’e11, and as = a%e9s, where a¥ = 3.165 A s
the strain-free single lattice constant, and a1, as are the
corresponding strained lattice constant.

First-Principles calculations were performed with the
Vienna ab-initio simulation package (VASP)*42. The
Perdew-Burke-Enzerhof generalized gradient approxima-
tion (GGA)*3 was employed to describe the exchange and
correlation functionals. FElectron-ion interactions were
treated within the projected augmented wave (PAW)
approach.** An energy cutoff of 300 eV was used for
the plane-wave expansion of the wave functions. For
the (001) surface, we employed a 65-atom 4x4 four-
layer supercell containing an adatom or a self-interstitial
atom (STA), and a 4x4x 1 k-point mesh according to the
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FIG. 1. (Color online) Schematic illustration of paths H, Ex, A—C and C—C of adatoms on (a) the W(001) and (b) the (110)
surface. The migration paths of crowdions are presented as well. “IS”, “T'S” and “FS” represent initial state, transition state
and final state, respectively. Most involved atoms are highlighted as blue spheres, all other atoms are shown in grey.

Monkhorst-Pack (MK) scheme.*® For the (110) surface,
a 73-atom 3x3 four-layer supercell with an adatom/SIA
and a 4x6x1 MK k-point mesh have been employed.
Methfessel-Paxton broadening scheme is used for Bril-
louin zone integration with smear width as 0.05 eV for
both surfaces. These settings yield an energy convergence
of less than 3 meV /atom. Under each biaxial strain, opti-
mized atomic geometries are achieved when forces on all
unconstrained atoms on the top three layers are smaller
in magnitude than 0.02 eV/A.

Since surface crowdions induce atomic displacements,
we have checked the convergence of the supercell size. For
the W(001) surface, under zero strain, the [100]-crowdion
only affects three nearest atoms. The displacement of
the atom at the boundary of the supercell is less than
0.015 A. We further used a 6x4 supercell to calculate

the Eé—>0[1oo] as 0.189 eV, where for the current 4 x 4

supercell, =0.184 eV. Similar discussions are valid for

W(110) surfaces as well. When the [111]-crowdion is at
the center of the 3 x 3 supercell, the biggest displacement
of the boundary atoms is 0.015 A. By using a 5x4 super-
cell, we obtained Eé—>C[100] as0.111 eV, only 4 meV lower
than the result with the 3 x 3 supercell. Displacements of
the outermost atoms and migration barriers both suggest
that convergence has been achieved by current supercells.

Surface diffusion can be described by a “diffusion strain
tensor”, which is defined as®.

aR AX
S R ) dey; 1
S O/AX s (1)

*_
Vi =

where ) is the atomic volume under zero strain, R is
the work done on moving the atom from the equilibrium
state (AX) to the activated state (AX*). This is only a
component of the “activation ”volume tensor, in case the
defect requires a formation energy (Vo = VI 4+ V*)4,
The exact amount of additional work requires knowledge



of the lattice deformation around the adatom during its
motion. In general, the additional work is a non-linear
function of external stress (or strain)!. However, and as
an approximation, the migration energy was proposed to
have the simpler form*S that depends only on the start
(minimum energy) and saddle points, and not on the
details of the path:

E*(oc)=E;+ QA0 : e (2)

Ao = % — g™ and %4 and o™ are the surface-
stress tensors induced by the adatom at the saddle and
minimum point, respectively?”. The migration energy
on the unstrained surface (Ej) is changed by adding the
work done by the adatom during its motion from the
minimum energy position to the saddle point. Since the
adatom induces surface stress as it deforms the lattice
when it moves, the term Q2Ao may be interpreted as a
scaled average force experienced by the adatom during
the transition. When an applied strain is introduced,
an additional amount of work will be done by this av-
erage force against the applied strain. Since the applied
strain is linear with the stress, the migration energies,
Efi(e11,€22) and Ef (£11,€22), for adatoms on tungsten
surfaces were fitted to a model that allows extraction of
a migration volume tensor, as the strain-conjugate of en-

ergy (Eq. 1)*:
E'(o)=E;+V":0o (3)

where V* is the migration volume tensor defined by Eq.
1. This was further simplified by considering only in-
plane normal strain components. Thus, only the two
components, Vi and V55 of the migration volume are re-
covered in the present work. Since we apply strains and
not stresses, we used the elastic constants of W to ob-
tain the migration volume by using o = C : g, in which
the elastic constants tensor C is taken from Ref.*®. The
NEB method***? was used to determine the migration
barrier of atomic migration paths under different biaxial
strains. We performed several tests, and found that Path-
H and Path-Ex are easy to converge to their minimum
energy paths (MEPs), while Path-AC and Path-CC are
relatively more difficult to get convergence. Therefore,
and based on careful tests, we have used three (six) repli-
cas between the initial and final geometries for hopping
and exchange (formation and movement of crowdions)
paths on both surfaces to produce a smooth MEP. The
convergence criterion is that all forces on unconstrained
atoms are less than 0.03 eV/A.

IIT. RESULTS AND DISCUSSION
A. Adatom Migration Energy on the (001) surface

The saddle point migration energies Fy;, Ep. and
E} _, ¢ as functions of (€11, €92) are presented in Fig. 2(a)
for adatoms on the W(001) surface. In order to show

the results more quantitatively, we also present three
plots of E* as function of €11, with €99 held constant
at -0.02, 0.0, and 0.02 in Figs. 2(b)-(d), respectively.
Surprisingly, under zero strain, a W adatom prefers to
be incorporated into the surface layer and form a [100]-
crowdion, for which EX_ - is 1.57 eV; lower than Ff,
and Efj; by ~ 0.27 eV and 0.90 eV, respectively. The
relaxed atomic structure shows that the [100]-crowdion
has a tilt axis making an angle of 12° from the [100]-
direction and out of the (001) surface. This suggests
that the out-of-plane displacement of the crowdion effec-
tively decreases its migration energy, facilitating its sur-
face motion. Note that Ef;, is also 0.66 eV lower than EY;.
Therefore, on this less tightly-packed (001)-surface, sur-
face self-diffusion occurs mainly by exchanging adatoms
with surface atoms. Fig. 2(a) also shows that an applied
biaxial strain makes it possible to modulate the energet-
ically favorable migration paths. Under extreme biaxial
strains of €17 = —e22 = —0.03, E}_, is higher than
Ef; so crowdion migration becomes the least favorable
path. More importantly, a transition takes place along
the load line —15.91e11 + 6.99¢95 = 0.27, since the domi-
nant migration mode switches between the exchange and
crowdion mechanisms.

Figs. 2(b)-(d) show the relationship among the three
migration mechanisms. When the W(001) surface is com-
pressed along the [010]-direction, Ej; is the highest (least
probable migration mechanism). As €99 increases from
compression to tension, however, the migration barriers
of the other two mechanisms start to increase. Addi-
tionally, with a compressive strain of €20 = —0.02, crow-
dion migration remains as the dominant mechanism for
€11 > —0.025. When e95 increases, the favorable mecha-
nism converts to the exchange mechanism under smaller
compression along the [100]-direction. Fig. 2 also shows
the asymmetric relative ordering of the migration barri-
ers to applied external strains, €11 and €22. For instance,
E};(0.02,0.0) is 0.51 €V higher than E};(—0.02, 0.0), while
E}(0.0,0.02) is only 0.16 eV higher than E};(0.0, —0.02).
Interestingly, 3 _,~ shows the opposite behavior: it in-
creases with compression along the [100]-direction, while
it decreases with compression along the [010]-direction.
The former feature is straightforward, since compression
along the [100]-direction decreases the available volume
for forming a [100]-crowdion. Although the crowdion tilt
axis is at 17° for e1; = —0.02, facilitating elastic energy
release, E}_,- increases still with increasing compres-
sion. In order to understand this latter feature, we ana-
lyze th(e distance between the top layer and sub-surface
001
12

001 .
case, de ) decreases when £5; > 0, and increases when

92 < 0. When d§0201) decreases, surface atoms interact

stronger with the sub-surface layer. Consequently, when
an adatom is incorporated into the surface with e9o > 0,
it costs more energy to push nearby atoms. As shown
in Fig. 2, both Ff; and Ef, increase in the tensile re-
gion as well, which can be explained in a similar fashion.

layer d ) for various €99. Compared to the zero-strain
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FIG. 2. (a) Ef(e), Egy(e) and E4_,c(g) on the W(001) surface. (b)-(d) Slices with e22=-0.02, 0.0, and 0.02, respectively. Ef,
E%, and E}_, ¢ are represented by the solid light gray line, the dashed dark gray line, and the dot-dash gray line, respectively.

Symbols represent calculated energy barriers by NEB method.

One should note, however, that Ef, dependence on €11
and e92 has 90° rotational invariance on the (100)-plane,
while E}; shows apparent anisotropy. This is because
Path-Ex is along the [110]-direction, which is symmetric
with respect to €11 and €99, while Path-H is along the
[100]-direction, and thus positive €11 raises Ej; more by
elongating the hopping distance of Path-H.

Based on Eq. (3), we fitted the migration barriers to

the applied stress tensor to obtain the two diagonal ele-
ments of the migration volume tensor: V*, which is an
important parameter to describe surface diffusion under
external loading. The results are listed in Table I. V*
shows the anisotropy of migration paths more clearly: E}
and FX_, - both have V| and V5, with opposite signs,
while for Ef_, Vi = V55. Note that: (1) though Path-
H and Path-A—C are both along [100], the signs of the



TABLE 1. Ef(0), Eg.(0), Ex_c(0) and migration volume
tensor components on the W(001) and the W(110) surfaces
under biaxial strains. The unit of the energy barrier is eV,

and that of the migration volume is A3, Note that o011 1S in
the units of eV /A3,

(001) (110)
H Ex A-C H Ex A—-C
Ey 247 1.81 1.54 0.87 3.09 4.68
Vi 4.02 249 -4.23 -0.584-8.28011 -0.19 -7.79
Vos -0.34  2.49 7.23 0.73 -1.04 -5.42

s

Energy Barrier £.__ (eV)

[010]

0.0 0.75 1.5 2.3

3.0 (eV)

FIG. 3. (Color online) top panel: E&_.c(e) of the [100]-
crowdion on the W(001) surface. bottom panel: PES of the
[100]-crowdion, which indicates strong one-dimensional mo-
tion.

corresponding migration volumes Vi (V35) are opposite;
and (2) Path-A—C is along [100], but its migration vol-
ume |V is smaller than V5. These results are con-
sistent with the above discussion, and suggest that the
orientation of a migration path affects the anisotropy of
the corresponding migration energy barrier E*, resulting
in significant overall surface diffusion anisotropy.

B. Crowdion Migration Energy in the (001) surface

The conversion of a crowdion into an adatom is en-
ergetically favorable, and will thus be an intermediate
state for adatom diffusion. However, it is possible that
crowdions may form in the surface or near surface layers
as “interstitials”resulting from energetic ion interaction
with surface layers. In this case, and similar to a Self In-
terstitial Atom (SIA) in the bulk of irradiated crystals®!,
such surface crowdions may be able to move long dis-
tances with a small energy barrier before conversion to
an adatom. We thus calculated the migration barrier
of the [100]-crowdion, E¢, ,q(1qg, under biaxial strain.
Similarly, we also fitted E¢ ~cl00] tO @ linear function of
strain to enable extraction of a migration energy activa-
tion volume.

B¢ cpon(€) = 0.19 = 3.67e1 + 1.74c00 (4)

Fig. 3(a) shows the dependence of B¢ cioo) (e) on the

external biaxial strain, similar to E}_,~ (shown in Fig.
2), but with a smaller change. With an increase in 11,
and although the migration distance is longer, the [100]-
crowdion axis has a smaller tilt angel (8° at e17 = 0.02),
and therefore its migration path along the [100]-direction
is less wavy. Furthermore, there exists a larger available
volume to regenerate a crowdion at larger values of €17.
Both factors lower the migration energy barrier. Note
that Eé-»cuoo] is only 0.19 eV at € = 0; much smaller
than the barriers of the aforementioned three adatom
migration mechanisms. One can conclude that once a
surface crowdion forms, it will travel very fast and, will
thus greatly enhance surface diffusion.

We also studied the dimensionality of the [100]-
crowdion diffusion. As shown in Fig. 3(b), three migra-
tion paths, along [100], [010], and [110] were considered.
The results of migration along [100] are shown in Eq.
(4), and Fig. 3(a). Along [010], the TS is similar to that
of Path-H, while E& —C[100] is 0.85 eV. NEB calculations

demonstrate that [110] migration is physically unstable.
The migrating atom prefers to be an adatom somewhere
during migration in the middle of the path. Therefore,
[110]-migration will spontaneously decompose into a two-
step process, namely, crowdion— adatom— crowdion. We
artificially assigned E¢,_, o along [010] a large value in
order to indicate that the crowdion will not choose to
migrate along this direction. Based on the above discus-
sions, we present the potential energy surface (PES) of
the [100]-crowdion in Fig. 3(b). Clearly, migration of
the [100]-crowdion displays very strong anisotropy, and
should be viewed to move essentially as a one-dimensional
particle in future dynamical models of surface evolution.
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FIG. 4. (a) Ef(e), Egy(e) and Ex_,c(g) on the W(110) surface. (b)-(d), 2-D Slices with 22=-0.02, 0.0, and 0.02, respectively.
Efi, Eiy, and E)_ are represented by the solid light gray line, the dashed dark gray line, and the dot-dash gray line,
respectively. Symbols represent calculated energy barriers by NEB method.

C. Adatom Migration Energy on the (110) surface

Fig. 4 shows Efj, Ef, and E}_,~ on the W(110) sur-
face. Calculated migration volumes for each path are
given in Table I. Comparing to Fig. 2, it is clear that
adatom diffusion on the W(110) surface displays oppo-
site scenarios from the W(001) surface. Ejj is much lower
than Ef, and E}_, o, regardless of the biaxial strain.
Under zero strain, Ej; on the (110) surface is only 0.87
eV, which is in good agreement with the previous re-
sult of 0.90 eV3252:53  and slightly lower than the recent
measurement of 0.94 eV3354. F¥ and Fj}_, . are much

higher, being 3.09 eV and 4.68 eV, respectively. This
large difference can be attributed to the fact that the
(110) surface is the compact plane of tungsten. Also,
the (110) surface has the largest inter-planar distance.
Therefore the Path-H has a very short hopping distance
(v/2/2a0), and will experience a weak adatom-surface in-
teraction. On the other hand, the available atomic vol-
ume is small in the (110) top layer. Path-A—C thus has
to overcome larger elastic energy. As shown in Fig. 4,
E} _, ¢ is sensitive to the external loading. It increases to
6.47 eV with 11 = €99 = —0.03, and decreases to 2.90 eV
with €11 = €22 = 0.03. Correspondingly, E3_,~ has the



largest V* (See Table I). Furthermore, different from its
counterpart on the W(001) surface, both components of
V* of E}_, o are negative. Since the [111]-crowdion has
components along both [110] and [001] directions, elonga-
tion along any direction will increase the atomic volume
for the crowdion, and is thus beneficial to lowering the
barrier. On the other hand, Fy, is almost independent
of €, which causes the intersection with E_,~ in the ex-
treme tensile region. However, this intersection does not
change the dominant role of Path-H because of the much
lower Ef.

Surprisingly, we have found that Ej; does not change
monotonically with e€11: it decreases in compression
(e11 < 0), but increases with tension (e17 > 0). The
best fitting of E}; shows as a concave parabolic cylinder.
As shown in Table I, V{} is not a constant, but a linear
function of stress o11. Furthermore, both components of
V* are small, so that E}j is not apparently affected by the
external strain, which is similar to Ef,. The non-linear
feature of I} suggests that Path-H depends on the status
of strain. We have used two factors to describe Path-H,
which are the distance between the adatom and surface
at TS d5, and that at IS dX .. According to the struc-
ture analysis, both d5_ and d™3 | decrease with £11. One
plausible explanation of the quadratic behavior of Ef is
as follows. d™ | describes the interaction between the
adatom and the surface and determines the energy of IS.
dIS, determines the energy of TS. These two factors work
together to determine Ef;. In the case of €117 > 0, d;s,s
is more important. When £1; increases, the adatom in-
teracts stronger with the surface and thus increases Efj.
In the case of £17 < 0, d5, is the dominant one. d}>,
increases by increasing the compression. The energy of
TS is higer, and therefore increases Ejj.

Path-H and Path-Ex show apparent facet-dependence,
where it is shown in Table I that V*s of Path-H and Path-
Ex on the W(110) surface are much smaller than those
on the W(001) surface. To explain this facet-dependence,
we have checked the distance between the top layer and
the sub-layer along [001] and [110] directions. d%m) is

larger than dﬂo”, the effects of the change of d§121°> on
Ef; and Ef is expected to be smaller. Therefore, E}
and Ep, on the W(110) surface are less sensitive to the

external strain compared to their counterparts on the
W(001) surface.

D. Crowdion Migration Energy on the (110)
surface

Similar to the W(001) surface, we also determined the
migration energy barrier of the [111]-crowdion, E o
as a function of biaxial strain. The results are plotted in

Fig. 5, and fitted to the linear equation:

oo (€) =011+ 1.68e1, — 34565, (5)
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FIG. 5. (Color online) Left top: E¢_, ¢y (€) of the [100]-
crowdion on the W(110) surface. Bottom panel: Potential
Energy Surface (PES) of the [100]-crowdion, which indicates
the one-dimensional movement of the [100]-crowdion.

E(*Jﬁc[ill] is only 0.11 eV, even 0.08 eV lower than
E¢ —C[100]° which is in agreement with recent experiments

by Amino et a?*. Though Eq. (5) identifies the high mo-
bility of the [111]-crowdion, it cannot be considered as a
major carrier of diffusion on the W(110) surface under
thermal conditions alone, since the very high value of
FE% _, forces the generation of a [111]-crowdion as a rare
event. If these crowdions are produced by the interaction
of ions with the surface layer, then their migration can
be very fast. Fig. 5 also shows negative values of E}_,
if e117 < —0.015 and &322 > 0.022. This suggests that
with such strains, the [111]-crowdion is configured as an
atomic chain along [111] with even interatomic distances.
The [111]-crowdion can convert to an adatom at any site
along the chain.

In Fig. 5(b), we also show the PES of the [111]-
crowdion. Three migration paths are illustrated. Path-I
represents the intra-row migration along [111]. Path-IT
represents the nearest neighbor inter-row migration of
the crowdion with the reorientation from [111] to [111].
Path-III represents the migration along [001] of the crow-
dion with the reorientation from [111] to [111] as well.
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FIG. 6. (a) Energy barrier E¢_, 5 (€) of the conversion from a [100]-Crowdion to an adatom on the W(001) surface. (b)Energy
barrier E¢_, 5 () of the conversion from a [111]-Crowdion to an adatom on the W(110) surface. The best fitted equations are

also shown in the figures.

Similar to the PES of the W(001) surface, anisotropy
clearly appears in Fig. 5(b). E&_ (II) is 0.67 eV, six
times higher than Ef BRI ITIE It is worth emphasizing
that Path-III is determined to be an unstable migra-
tion path, along which the crowdion transforms to an
adatom. The result is totally different from the recent
report of 2.12 eV for the migration energy for the same
path in bulk tungsten?®. Such difference between bulk
and surface diffusion can be attributed to the presence
of an out-of-plane degree of freedom in surface diffusion.
Consequently, there is a channel along [111] shown in
Fig. 5(b), indicating essentially one-dimensional motion
of the [111]-crowdion. Because E§,_,(II) is much higher
than EF, e[ the crowdion is expected to migrate one-

dimensionally.

E. Crowdion-to-Adatom Conversion

The crowdion configuration is not a stable one, and
if a small amount of energy is acquired, it may prefer
to convert to an adatom on the surface. The rate of
conversion is dependent on the energy barrier for conver-
sion, the temperature and the stress state of the surface
layer. We consider here the energetics of conversion from
a crowdion to an adatom on both surfaces of tungsten,
and present results in Fig. 6. Equations for the best fit
of the present results for E*(g) are also shown in Fig. 6.

E¢_, 5, the barrier of conversion from a [100]-crowdion
to an adatom on the W(001) surface depends linearly on
€11 and €92. It is much easier to convert to an adatom
with biaxial compression than tension, since the available
atomic volume to stabilize the [100]-crowdion is larger on

a tensile surface. On the other hand, the energy barrier
of conversion from a [111]-crowdion to an adatom on the
W (110) surface shows a convex parabolic cylinder. This
non-linear feature suggests that the conversion path de-
pends on the external strain. As shown in Fig. 1(b) and
Fig. 9(c), the [111]-crowdion is not rigid along the [111]
direction. By applying an external strain, the orientation
of the crowdion is changeable, making it possible to af-
fect the conversion path from a crowdion to an adatom.
One should note that Eé—»C[ill] is lower than Fl111]¢_
within the strain range: —0.03 < e11,€225 < 0.03.

Note that E¢,_, , and E_, - are comparable, but have
different dependance on . This fact suggests that apply-
ing external strains may be a practical way to enhance or
suppress the long distance diffusion of surface crowdions.
For instance, on the W(001) surface, E¢,_, (o0 is 0.37
eV with €17 = €29 = 0.03, and is only 0.14 eV with zero
strain. A [100]-crowdion is therefore expected to migrate
longer distance with equi-biaxial extension. Detailed dis-
cussions on long-distance diffusion are presented in Sec.
IVA.

IV. DISCUSSION
A. Short and Long Distance Diffusion

To clarify the stages of adatom surface diffusion fur-
ther, we show the MEPs of a complete diffusion processes
in Fig. 7. Clearly, adatoms can only reach first or second
nearest neighbors through Path-H or Path-Ex on both
surfaces, and therefore perform short distance diffusion.
On the other hand, surface crowdions may make it possi-



ble for adatoms to migrate a long distance incorporated
on the surface plane before converting back to an adatom.
Paths A—C and C—C represent the long-distance diffu-
sion mechanism. In the following, we discuss the diffusion
behavior on the two surfaces.

For each hopping site on the W(110) surface, the four
(111) hopping paths have identical migration barriers,
and thus diffusion on the W(110) surface displays a two-
dimensional character. As shown on the right panel of
Fig. 7, biaxial strain causes an increase in the value of
Ej, resulting in a degradation in the mobility of adatoms.
Also, the MEP of a complete diffusion process of a [111]-
crowdion indicates that although a crowdion is highly
mobile, its contribution to the diffusivity on the W(110)
surface is negligible in a purely thermal environment due
to the very high barrier for its formation. However, Hen-
riksson et al observed the formation of (111)-crowdions
during implantation of low-energy helium beams into
tungsten®®, which is indicative of the presence of a dif-
fusion mechanism that operates only under highly ener-
getic conditions. It is therefore worth discussing A—C
and C—C carefully.

As shown in Fig. 7, both EX_, - and E¢,_, - decrease as
a result of equi-biaxial extension on the W(110) surface.
The rectangular strain, e17 = —e22 = —0.03, also facil-
itates the long-distance diffusion since a [111]-crowdion
migrates without experiencing a significant energy bar-
rier. Fig. 7 also shows that E is always smaller

C—CJ[I11]
than E¢, | AT Therefore, long-distance diffusion on the

W(110) surface is always possible, once a surface crow-
dion has already formed. However, the energy barrier can
be easily modulated by an external biaxial strain. As an
example, with €17 = —eg2 = 0.03, E¢_, ¢ is only 40 meV
lower than Ef,_,, and the [111]-crowdion is suppressed
from performing long-distance diffusion. With uniaxial
compression, €95 = —0.03, Eé—>A[111] — Eé—@[ill] is 200
meV, and long-distance diffusion is expected to be en-
hanced.

Fig. 7 also illustrates the complicated nature of the
diffusion process of the [100]-crowdion. The sign of
Eé—>C[100] — Eé—>A[100] changes, depending on the strain
state: with €11 = €99 = —0.03 and €11 = —e99 = —0.03,
B¢, apioo) is apparently lower, and the [100]-crowdion
prefers to convert back to an adatom on a neighbor-
ing site. Thus, long-distance diffusion is suppressed.
Compared with barriers of Path-H and Path-Ex, short-
distance diffusion is the main mode of diffusivity on the
W(001) surface, and the main mechanisms are Path-Ex
and Path-A—C. By contrast, for a strain-free surface,
or a surface with an applied strain of €17 = g2 = 0.03,
E —C[100] is lower. To gain an idea about the diffusion
length scale, we estimate that, with €17 = €22 = 0.03,
a [100]-crowdion on the W(001) surface will migrate ap-
proximately 100 Abefore it converts to an adatom at 500
K. Long-distance diffusion is expected to be enhanced,
and paths A—C and C—C are the dominant mechanisms
of self-diffusion on the W(001) surface.
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B. Mechanism Diagram

Though it is clear now that formation and migration
of surface crowdions are the main diffusion mechanism
on the W(001) surface in most cases, the preferred dif-
fusion direction has not been fully discussed yet. Since
crowdions on the W(001) surface migrate along either the
[100] or the [010] direction, an applied external strain can
induce anisotropy. To elucidate the directionality of dif-
fusion in more details, we constrict here a “mechanism
diagram”for diffusion on the W(001) surface, as shown
in Fig. 8. The diagram displays the dominant diffusion
mechanism for a given range of applied strain.

Path-A—C along [100] and [010] dominates surface dif-
fusion, while Path-Ex is important only under extreme
equi-biaxial compression. Fig. 8 also indicates that ap-
plying equi-biaxial strains is able to realize the transition
of the major mechanism from Path-Ex to Path-A—C.
Since Path-Ex is at 45° to both [100] and [010] on the
(001) surface, and formation of a [100]-crowdion or a
[010]-crowdion has the same barrier with 17 = €22, dif-
fusion on the W(001) surface will not have preferential
direction under equi-biaxial external strain. On the other
hand, Fig. 8 shows symmetry with respect to the line
€11 = €922. Therefore, in the case of 11 # €99, diffusion
anisotropy will be promoted. Though the major surface
diffusion mechanism is expected to be the formation and
migration of surface crowdions, the primary diffusion di-
rection will strongly depend on the pattern of externally
applied biaxial strain. If one keeps €11 constant and in-
creases €99 from negative to positive, diffusion mode will
change from [100]-preferred to [010]-preferred after eoo
crosses the line €17 = €29. Similarly, the transition from
[010]-preferred to [100]-preferred is realizable by keeping
€99 constant while increasing €17 instead. Together with
discussions in Sec. IV A, we can comprehensively under-
stand the picture of self-diffusion on the W(001) surface.

Combining Fig. 2 and Fig. 8, we should expect
the existence of transition regions in which two or more
mechanisms have approximately equal possibility to be
taken. As an example, Fig. 8 presents a transition
region between Path-Ex and Path-A—C roughly esti-
mated at 1000 K, which is determined by the condition:
In(0.1) < (Ef, — EA_c)/kT < In(10), and the pref-
actor is assumed as a constant for all diffusion paths.
This transition region mainly locates in the compression
part and satisfies €11 & €92. The accurate determination
of transition regions, however, requires knowledge of the
prefactor of each diffusion path as a function of bi-axial
strain which is out of the scope of the current work.

C. Bonding Charge Density

To explain the small migration barriers of both crow-
dions, we present bonding charge density p”°"d(r) of
[100]-crowdion on the W(001) surface and [111]-crowdion
on the W(110) surface in upper and lower panels of Fig.9,
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sion path with the lowest energy barrier under a given strain
status. The area surrounded by red (gray) lines is the transi-
tion region between Path-Ex and Path-ExC at 1000 K.

respectively. p”°"d(r) is defined as the difference between
the total charge density of the system p and the superpo-
sition of isolated neutral atomic charge densities p2°™,
placed at atomic sites

pbond(r) _ p(I‘) _ Zp?tom(r — ri)» (6)

where r; is the position of the #-th atom. Therefore
pP°"d(r) represents the net charge redistribution of the
system.%657 It is clear that these two oriented crow-
dions share several common characteristics: (1) the inter-
planar interaction is weak, (2) accumulating charge ap-
pears to be anisotropic; bonding has one-dimensional di-
rectionality, and (3) the crowdion pair shows a crowdion
rather then a dumb-bell configuration. Therefore, both
crowdion pairs have short migration distances and can
glide within the surface layer. Furthermore, these char-
acteristics of p”°"d(r) suggest that bonding anisotropy
determines the migration anisotropy. Since p"°"d(r) on
two surfaces are similar to each other, we only discuss
pPnd(r) of the [111]-crowdion. Because p°"d(r) accu-
mulates along [111], the migration path which deviates
from [111] will induce severe deformation of p”°"(r), and
is thus energetically unfavorable. On the other hand, if
the migration path is along the [111] direction, neither
pP°"d(r) between two atomic layers nor pP"d(r) will ex-
perience large disturbance. Consequently, EZ o[t is
very low. Similar statements can be made for the [100]-
crowdion as well.

D. Dynamical Simulations

Up till now, discussions about the dynamics on sur-
faces are based on energetic scenarios of migration. In
order to provide more direct evidence of the atomistic
mechanisms of surface diffusion, we have performed ab
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FIG. 9. (Color Online) Bonding charge density (in unit of
e/A3) of [100]-crowdion on the W(100) surface [(a) - a (100)
slice, (b) - a (001) slice] and [111]-crowdion on the W(110)
surface [(c) - a (110) slice, (d) a (112) slice].

initio molecular dynamics (AIMD) simulations on the
W(001) surface. a [100]-crowdion is set on a 8 x 6 su-
percell. The temperature T is set to 800 K. Nosé-Hoover
thermostat algorithm is employed to control 7.°% The
total simulation period is 1.5 ps with 1000 AIMD steps.
We observed that the [100]-crowdion moves 3 steps along
the [100] direction and then converts back to an adatom,
as shown in Fig. 10. This is direct evidence of the con-
version mechanism discussed in Sec. IV A. Further, we
also checked the path of crowdion-mediated exchange on
the surface. In this AIMD simulation, T is set to 1100 K.
The total simulation time is 1.5 ps. We did not observe
the formation of a crowdion from an adatom. This is
due to the high value of E}_,~ and the short AIMD sim-
ulation period. Our preliminary AIMD results support
the possibility and limitation of long-distance diffusion
on the W(001) surface. One should note that high mi-
gration barriers on the W(001) surface make the direct
observation of diffusion of adatoms difficult.

V. CONCLUSIONS

Employing first principles calculations of migration
and formation energies, we have studied the effects of bi-
axial strains on atomic diffusion on the W(001) and the
W(110) surfaces. By performing over 100 NEB calcula-
tions, we have accurately established the dependence of
LY, Eg,, and E3_, - on externally applied biaxial strain.
Our results indicate that the mechanisms of atomic dif-
fusion are totally different on the (001) and (110) sur-
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FIG. 10. (Color Online) Snapshots of the migration process
of a [100]-crowdion on the W(001) surface. Atoms whose dis-
placements are smaller than 0.4 Ahave been projected to their
crystallographic sites in order to make snapshots easier to
read.

faces. While hopping is the main migration mechanism
on the W(110) surface, the mechanism is unaffected by
external loadings. Though E} _, - decreases quickly un-
der equi-biaxial strain, it is still 2 eV higher than Ef
even with €17 = &90 = 0.03. In contrast, the sce-
nario of atomic diffusion on the W(001) surface is more
complicated. The mechanism diagram based on Ej(g),
E}. (), and E}_, - (e) demonstrates that not only the dif-
fusion mechanism, but also the diffusion direction can be
modulated by patterns of biaxial strains on the W(001)
surface. By increasing the equi-biaxial loading where
€11 = €99, diffusion becomes isotropic, and the dominant
mechanism transitions from the Path-Ex to the Path-
A—C mechanism. On the other hand, if the loading
is anti-symmetric, where €17 = —e&g9, diffusion will be



more anisotropic and the primary diffusion direction will
change. However, the major mechanism remains as the
formation and the movement of surface crowdions.

We further calculated E¢, g on the W(001) and

*

Cocpiny on the W(110) surfaces. These surface crow-

dions both show high mobility with low migration barri-
ers ( < 0.2 eV). They are also strongly anisotropic. By
analyzing the bonding charge density, we found that both
crowdions are nearly one-dimensionally bonded, and have
week inter-planar interaction. These features explain the
high mobility and anisotropy of surface crowdions. Due
to the essential contribution from Path-A—C and the
large difference between E} o and E¢_, g0, the dif-

fusion on the W(001) surface should show an incuba-
tion period between fast movement of crowdions. On
the other hand, since [111]-crowdions have very high for-
mation barrier, and thus can be generated only by ion
bombardment, the high mobility indicates that diffusion
on the W(110) surface diffusion is important only under
plasma or ion bombardment conditions.

Finally, we studied crowdion-adatom conversion un-
der biaxial strain. Results show that the barrier of the
conversion E¢_,, is comparable to the migration bar-
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rier B _, - on both surfaces. Under zero strain, surface
crowdions on both surfaces prefer to migrate multiple
steps before they convert to adatoms. More importantly,
E&_, , and Ef_, - have different dependence on strain.
As a consequence, based on the values of applied strain
components, the long distance diffusion of a crowdion will
be enhanced or suppressed. Since crowdions are impor-
tant carriers of surface diffusion in plasma-facing mate-
rials, external strain will be important to the evolution
of surface morphology. Therefore, the present results are
expected to be of fundamental importance to the dynam-
ical modeling of tungsten surface evolution.
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