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Low-coverage surface diffusion in complex periodic energy landscapes: Analytical solution
for systems with symmetric hops and application to intercalation in topological insulators
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This is the first of two papers that introduce a general expression for the tracer diffusivity in complex, periodic
energy landscapes with M distinct hop rates in one-, two-, and three-dimensional diluted systems (low-coverage,
single-tracer limit). The present report focuses on the analysis of diffusion in systems where the end sites of the
hops are located symmetrically with respect to the hop origins (symmetric hops), as encountered in many ideal
surfaces and bulk materials. For diffusion in two dimensions, a number of formulas are presented for complex
combinations of the different hops in systems with triangular, rectangular, and square symmetry. The formulas
provide values in excellent agreement with kinetic Monte Carlo simulations, concluding that the diffusion
coefficient can be directly determined from the proposed expressions without performing the simulations. Based
on the diffusion barriers obtained from first-principles calculations and a physically meaningful estimate of the
attempt frequencies, the proposed formulas are used to analyze the diffusion of Cu, Ag, and Rb adatoms on
the surface and within the van der Waals (vdW) gap of a model topological insulator, Bi,Se;. Considering the
possibility of adsorbate intercalation from the terraces to the vdW gaps at morphological steps, we infer that, at
low coverage and room temperature, (i) a majority of the Rb atoms bounce back at the steps and remain on the
terraces, (ii) Cu atoms mostly intercalate into the vdW gap, the remaining fraction staying at the steps, and (iii)
Ag atoms essentially accumulate at the steps and gradually intercalate into the vdW gap. These conclusions are
in good qualitative agreement with previous experiments. The companion report (M. A. Gosalvez et al., Phys.

Rev. B, submitted] extends the present study to the description of systems that contain asymmetric hops.

DOLI: 10.1103/PhysRevB.93.075429

I. INTRODUCTION

The diffusion of atoms and molecules on crystalline
surfaces is fundamental to several technologies [1-5]. These
include heterogeneous catalysis for mass production of essen-
tial compounds in the chemical, food, and energy industries
[6], as well as growth of thin films for the fabrication of
semiconductor devices and novel two-dimensional (2D) ma-
terials, such as graphene [7-9]. Planar synthesis technologies,
such as chemical vapor deposition, where surface diffusion
plays a key role, are currently attracting increasing attention
as an alternative to supply a complete, new generation of
atom-thick materials, including semimetals (graphene, NiTe;,
VSe,, etc.) [7,8,10-12], semiconductors (WS,, WSe,, MoS,,
MoSe,, MoTe,, TaS,, RhTe,, PdTe,, etc.) [10,13—15], insula-
tors (hexagonal-BN, HfS,, etc.) [13,16,17], superconductors
(NbS,, NbSe,, NbTe,, TaSe;, etc.) [10,18], and topological in-
sulators (Bi,Ses, Biy Tes, etc.) [19,20]. Recently, the deposition
of various adsorbates on model topological insulators, such as
Bi,Se; and Sb,Tes, has received much consideration [21-39].
Adsorbate deposition provides a route to control the position
of the Dirac point relative to the Fermi level [24,29,33,34].
Structural investigations of the impurity-deposited Bi,Ses
surface reveal partial [23] or almost-complete [25,26] loss of
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the adatoms at room and higher temperatures, indicating that
the adsorbates may diffuse across the terraces and intercalate
at the steps into the van der Waals (vdW) gaps [31]. In addition
to general applications in energy storage and synthesis of
atom-thick materials, intercalation offers the possibility of
adjusting the properties of the host material, e.g., converting
a topological insulator into a superconductor [40—46]. In
this manner, the understanding of adsorbate diffusion in
material-specific energy landscapes remains a prerequisite
for clarification of the novel properties observed in new
materials.

At the atomistic level, diffusion has a vibrational origin
[1-3]. The substrate atoms perform localized oscillations
around their equilibrium positions, while the adatoms execute
small vibrations about the adsorption sites, occasionally
hopping to adjacent sites. The hops occur due to the occasional
constructive coupling between the substrate and the adatom
vibrations, which provides sufficient energy to jump over
the barrier between neighboring sites. This vibrational nature
is described by expressing the hop rate of an adparticle as
the product of two factors: v = vge E«/kT  According to
transition state theory (TST) [47-50], the Boltzmann factor
e Ea/ksT indicates the probability of performing the jump at
temperature 7 if the energy barrier is E,, and the attempt
frequency vy = %é—f describes how frequently on average
the substrate phonons and the adparticle vibrations couple with
each other constructively. Here, kg and & are the Boltzmann
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FIG. 1. (a) Example of a complex potential energy landscape for
a diffusing particle. Four adsorption site types are indicated: f, A,
t and b. (b) A possible diffusion track (random walk) involving 14
performed jumps at 10 different hop rates v;;. (c—f) Possible hops from
each site type (4, b, f, and ¢, respectively). Gray-shaded landscapes
in (b)—(f) are used to highlight the colored arrows/hops. (g) Energy
paths for hops starting/ending in £ sites. A longer arrow assigned to
a hop rate (v, vy, etc.) indicates a higher rate.

and Planck constants, respectively, Zr is the partition function
for the transition state (or activated complex), calculated for
all normal coordinates except the one in which the reaction
occurs, and Z; is the partition function for the initial state.
In harmonic TST [48,49], the attempt frequency is further
simplified to vy = (IT3Y,v/)/(TX '], i.e., the ratio of the
product of the 3N normal mode frequencies in the initial state
(v to the product of the 3N — 1 normal frequencies in the
transition state (v/), N being the total number of particles.
Generally, TST is valid as long as any trajectory across the
transition state does not contain recrossings. This requires that
tunneling is absent and the energy barrier is large enough
compared to the thermal energy k7. In this study we require
that the largest barrier experienced by the adatom satisfies
E, > 4kgT, where the factor 4 has been taken from Ref. [1].
For complex networks of hops with various energy barriers,
the hop rates associated with smaller barriers become so high
with increasing temperature that the overall rate is effectively
controlled by the lowest rate, i.e., the largest barrier. Thus, we
ensure that TST is valid for this barrier.

In this study we are interested in the diffusion of a particle
in a complex periodic energy landscape, such as the one
shown in Fig. 1(a). One can discern the presence of four
adsorption sites (labeled f, h, f, and b), corresponding to
the locations where the energy has a local/global minimum.
A diffusing particle proceeds by hopping between the sites,
as shown schematically in Fig. 1(b). If one focuses on a
particular site, as illustrated in Figs. 1(c)-1(f) for &, b, f,and ¢,
respectively, one may note that each hop requires surpassing a
different energy barrier. As further emphasized in Fig. 1(g), the
different energy barriers and dissimilar shapes of the energy
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wells (=dissimilar attempt frequencies) result in different hop
rates for the different jumps (vis, Vin, Vip, Vpn, €tC.), including
the forward and backward directions. As a result, the random
walk between point A and point B in Fig. 1(b) involves as
many as 10 hop rates for a total of 14 performed hops. In this
study we focus on the analytical description and computational
validation of the average distance traveled per unit time by the
adparticle, expressing it as a function of the M known hop
rates v;; between the § different site types when the number of
performed hops N grows very large, i.e., when the diffusion
time ¢ becomes arbitrarily long.

The average squared distance covered by a single particle
per unit time is a well-defined quantity, known as the tracer
diffusion coefficient (or tracer diffusivity) [1],

Lo 3 (@) — )
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2a t—00 Npt
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where o =1,2,3 is the number of dimensions, N, is the
number of diffusing particles simultaneously present in the
system, r;(¢) designates the position of particle i at time z,
and () is the ensemble average. Not surprisingly, D7 is a
function of the number of particles N, or, equivalently, of the
coverage 8 = Np/N,, where N, is the number of adsorption
sites that may be occupied by the particles. The larger the
number of adparticles, the smaller the number of available
empty sites that any chosen particle can jump to, thus leading
to correlation effects between consecutive hops, also known as
memory effects [1,2]. This is especially relevant for systems
with strong adsorbate-adsorbate interactions [51,52].

We are interested in the low-coverage regime, where the
density of diffusing particles is so low that the chance of
affecting each other’s motion is negligible:

N 1 . r(¢z) —r(0

Dgwo‘z,liw('(),()” .
The low-coverage limit is an important measure, as it provides
a simple procedure to compare the typical distances covered
by different adsorbates across different substrates [1-5].
Previous analytical work on diluted systems has focused
on the determination of the center-of-mass diffusivity for
small 2D islands and clusters on metal surfaces based on
the master equation [53-55] or the continuous-time random
walk formalism [56,57]. In the framework of bulk-mediated
surface diffusion, Revelli et al. described the average motion
of the adsorbed molecules, including both Markovian and
non-Markovian desorption, by using the generalized master-
equation approach [58]. Condit er al. [59,60] and Birnie
[61] derived the overall jump rate for complex, sequential
diffusion paths in three-dimensional (3D) crystals, where
typical vacancy-interstitial complexes evolve by repeating
a particular sequence of hops. Overall, both parts of the
present study (see [62] for the second part) generalize this
sequential analysis by providing a universal expression for the
diffusivity in complex hopping networks where both parallel
and sequential diffusion routes are available between the
different adsorption sites. The expressions presented in this
study for the diffusivity are valid for any combination of
values for the hop rates, even if the rates differ by orders
of magnitude or become similar/equal. The validity of the
proposed expressions is independent of the method used to

075429-2



LOW-COVERAGE SURFACE DIFFUSION IN COMPLEX ...

assign values to the hop rates themselves, such as TST or
harmonic TST.

Computationally, adsorbate diffusion is traditionally stud-
ied by [1,5] (i) first-principles calculations, typically involving
the use of density functional theory (DFT) for the determina-
tion of the activation barriers and attempt frequencies, which
are then passed to other methods; (ii) molecular dynamics
simulations, which numerically solve Newton’s equations
for the substrate and adsorbate atoms based on effective
interaction potentials, enabling analysis at the picosecond time
scale for systems with ~10° atoms; (iii) Langevin models,
which describe the adparticle in an effective periodic force
field, restricting the analysis to general trends for time scales of
picoseconds; and (iv) kinetic Monte Carlo (KMC) simulations,
which focus on describing the hops between adjacent basins
(rare events) while disregarding all other vibrations, in this
way enabling long simulated times (seconds and minutes) with
affordable computational resources.

The purpose of this report is to present a general analytical
expression for the low-coverage diffusivity in systems that
display symmetric hops (Sec. II) and to validate the resulting
formulas for illustrative energy landscapes by comparison to
KMC simulations (Sec. III), finally applying the formulas
to discuss the relative mobility of various adsorbates in the
context of topological insulators (Secs. IV and V).

II. THEORY

We consider the diffusion of a single particle in a complex,
periodic energy landscape, such as the one shown in Fig. 1(a).
The diffusing particle may correspond to an adsorbate atom
or molecule that moves essentially in two dimensions over
a surface. It may also consist of a bulk defect, such as an
impurity or vacancy (or a pair/cluster of these) traveling in
three dimensions within a crystal. While the energy landscape
corresponds to an energy surface for the 2D case, for bulk
diffusion it corresponds to a 3D scalar field, characterized
by finite volumes where the energy increases alternating
with volumes where it decreases. Although more difficult to
represent graphically, the periodicity of the defect energy as
it diffuses within the material allows describing the 3D case
by the same formalism as in the 2D case. Thus, although
the graphical illustrations presented below are geared for two
dimensions, the underlying mathematical derivations and main
result are valid in three dimensions as well.

A. Definitions

Let us consider a system with S different site types, such
as the one shown in Figs. 2(a) and 2(b) for S = 4 or Fig. 2(c)
for § = 3. For a generic hop from site type i to site type j
(i,j=1,...,5) the hop distance /;;, hop rate v;;, and hop
multiplicity m;; are assumed to be known. m;; is the number
of equivalent hops from the initial site type i to nearby end sites
of type j. In this paper we focus on systems where m;; > 2
and the corresponding end sites are symmetrically located
with respect to the initial site. In this manner, the center of
mass of the end sites coincides with the location of the initial
site, and the hops are termed symmetric. In two dimensions,
the directions along which such symmetric hops can occur
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FIG. 2. Schematic of three typical surfaces with (a) triangular
symmetry [e.g., fcc(111) and hep(0001)], (b) rectangular symmetry
[e.g., fcc(110)], and (c) square symmetry [e.g., fcc(100)]. We refer to
typical adsorption sites as f (for fcc hollow), 2 (for hep hollow), ¢
(for on top), b (for bridge/short bridge), and B (for long bridge).

are necessarily related by rotational (n-fold) symmetry: two
opposite directions for n = 2 and the trigonal-planar, square-
planar, and hexagonal-planar geometries for n = 3, 4, and
6, respectively. In three dimensions, the directions of such
symmetric hops correspond to the tetrahedral, octahedral,
cubic, and cuboctahedral geometries (n =4, 6, 8, and 12,
respectively). The next part of the present study [62] provides
a detailed analysis of the diffusivity in systems containing
asymmetric hops that do not satisfy this definition.

We consider a new variable, the rateplicity p;;, defined as
the product of the hop rate and the multiplicity:

Wij = MjjVij. 3)

For an atom located at site i, we also define the escape rate
R; as the sum of the rateplicities to all accessible neighboring
sites,

R; = Zipix, 4)

and the escape time t; as the inverse of the escape rate,

SR ®)
Here, the summation runs through all site types, i.e., Xy =
z ,le. From one hop to the next, time advances by an amount
equal to the inverse of the total rate. For a system with a
single adatom, the total rate is equal to the current value of the
escape rate. Thus, the time increments for different hops from
the same site type i to different, accessible site types j and j’
are equal:

J#i (©)

In addition, we define the escape rate to all other sites R?é as
the sum of the rateplicities to all accessible neighboring sites

Tij = Tj =T,
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that are different from the origin i of the hop:

R,?& = ZpiMix = Ri — . N

We also define the hop probability m;; from site i to site j
as the ratio of the rateplicity u;; to the escape rate R;:

mip = (8)

7;; describes the relative rate of hopping from site i to site
j in comparison to the total rate of hopping from i to any
accessible neighboring site. As the normalized rateplicity, m;;
satisfies the following three important relations:

Xim =1, O]
Mijr
Tij = — Tij, (10)
=
Tij = WijTij- (1)

This is demonstrated by directly using the definition [Eq. (8)]
in Egs. (9)—(11). Similarly, we define the conditional hop
probability from site i to site j (p;;) as the product of the
equilibrium probability that the atom is located at site i (p;)
and the hop probability from site i to site j (m;;):

Dij = PiTij- (12)

Making use of the general principle of detailed balance, the
conditional probability of performing one process must be
equal to the conditional probability of performing the reverse

process (pij = pji):
DiTlij = D;Tji. (13)
Summing over j in Eq. (13) we have (i = 1,2,...,5):

Xjpij = Zjpji, (14)
Xipimij = X;p;Tji, (15)
pi = X;pjmji; (16)
Pi = XD (17)

This means that the probability of escaping from site type
i [left-hand side of Eq. (14)] is equal to the probability of
arriving at that site type i [right-hand side of Eq. (14)]. Based
on Eq. (17), this also means that p; can be regarded as the
probability of arriving at site i from any other hop-connected
neighboring site. Using Eq. (8) in Eq. (12) we can also rewrite:

pi = RPL (18)

Mij
Finally, combining Egs. (12) and (17) one obtains

Dij

T = o, (19)

L Yipui

Pij

= = T pu, (20)

7Tij

and rewriting Eq. (20) for two different hops from the same
site gives
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pij =~ pij. 1)
ij
Wi

Pijr = ipt]v (22)
/’Ltj

where Eq. (10) has been used to go from Eq. (21) to (22).

B. Analytical solution

The conditional probabilities play a key role in our descrip-
tion of the low-coverage tracer diffusivity. The starting point
is to express D?“O [Eq. (2)] as the ratio of the average squared
hop distance to the average time increment, formulating the
two averages as weighted sums of the corresponding variables
(squared hop distance and escape time) with the conditional
probabilities as weights:

P

2
pypo— L Zulu 23)
2a X jpijtij
————
0

The goal is to rewrite Eq. (23) explicitly in terms of the known
hop rates and multiplicities or, equivalently, as a function of
the rateplicities.

We start by using Eq. (22) to express all conditional
probabilities that share the same hop origin (i) in terms of
the corresponding self-hop (i7):

pii = g 2
ij ij »

ii

(i,j=12,....9). (24)

Accordingly, from Eq. (23) we have

Dii
P = Eszljlz = M Ml/lz = 1le( ]Mz] )7 (25)
i
Q =% ;pijtij = X, fﬂij =% —m; (20
ij ii
= 520 (5my) = 5, 2L @7)
Ml il

where we have used Eq. (11) to substitute 7;; = m;;/;; in
Eq. (26), and Eq. (9) to substitute X;7;; =1 in Eq. (27).
Thus, Eq. (23) becomes

920 1 P 1 21{: (Z]Ml]llj)
Dy ' = —— = ——F————— (28)
20 Q 2« % /[:“
1 2
= ZEiw,»(Ej,u,-jlij). (29)
Note that in Eq. (29) we have defined the coefficients,
Dii Dik. b
W= M R DiTi
ik It L Ty (30)
N ——
T U 1% w

where Eq. (24) has been used in the transformation T — U,
Eq. (18) in U — V, and Eq. (§) in V — W. According to
W, the coefficient w; is the fraction of time spent at site type
i relative to the time spent at all site types. In other words,
w; is the probability of residence at site i or the occupancy

075429-4



LOW-COVERAGE SURFACE DIFFUSION IN COMPLEX ...

probability of site type i. Thus, we refer to w; simply as the
occupancy of site i. Note that the sum of all occupancies is 1
(E,-wi = 1)

The occupancy, w;, should not be confused with the
equilibrium probability, p;. According to V in Eq. (30),
the equilibrium probability of finding the adatom at site
type i is

w; R,‘ (3 1)
Pi= S -
Xjw;R;
Using this relation, Eq. (13) for detailed balance becomes
Wilij = WjHji, (32)

and summing over j in Eq. (32) gives i = 1,2, ...,5)
w[Ej,u,»j :ijj',bbj,'. (33)

Equation (33) is very important. The left-hand side can be
understood as the flux (of particles) out of site i, and the
right-hand side as the flux into site i. Thus, the net flux is
0 as a consequence of detailed balance. In addition, Eq. (33)
provides a system of equations for the occupancies, w;, which
are needed to determine the diffusivity [Eq. (29)]. Solving this
system is considered next.

Using Eq. (4) into Eq. (33) and the definition in Eq. (7), one
gets(1 =1,2,...,9):

wiR — Xjwjinj; =0, (34)
wi(R; — wii) — Zjziwjpmj = 0, (35)
wiRY — S wipn;; = 0. (36)

Equation (36) is especially useful. One of the S equations
contained in it is redundant due to the fact that the sum of all
occupancies is 1 (X;w; = 1). Taking the equation fori = 1 to
be the redundant one and expressing Eq. (36) in matrix form
leads to

R  —up

—Hs2 wy K12
_ # _
M2z Rj Hs3 ws =] HB | w,.
_ _ R ws His
M2s MU3s s
S——— ———
A X br X

(37

Thus, we need to solve the matrix equation A; - x = b;x; for
vector X, with components x; = w;, wherei = 2, ...,S. Using
Cramer’s rule we have x; = x| det(A;)/ det(A), where A; is
the matrix that results from substitution of column i — 1 in
matrix A by vector b;:

A =A([bi]i-) ((=2,....9). (38)
Thus, the solution of Eq. (37) is
B; .
w,=—w; (=2,...,9), (39)
B
where
B, =det(A;)) (=1,...,9). 40)
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Finally, taking into account that ¥;w; = 1 we have
- %;B;

w; i=2,....9. 41
In practice, Eq. (41) is useful to determine the coefficients w;
that appear in Eq. (29). We stress that Eq. (36) and its solution,
Eq. (41), are valid for any value of S.

Equation (29) is the central result of the present paper (for
systems with symmetric hops only). Valid for any number of
different site types S, it means that the total diffusivity can be
written as a weighted sum of partial diffusivities (X; u; jliz].),
which contain the rateplicities and hop lengths for all jumps
from every site type i to any accessible site type j. To calculate
the overall diffusivity we need to determine the occupancy
w; = B;/X;B; for each site type i that acts as a hop origin,
multiplying it by the sum of several ,ul-‘,-lizj terms, one for each
different site j accessed from i and, finally, summing over all
considered hop origins i. In order to determine each B; we can
build matrix A; in different ways (see Sec. II C) and apply the
definition B; = det(A;). Alternatively, the occupancies w; can
be determined directly from the rateplicities using Eq. (51)
(see Sec. II1C).

C. Ways to determine B; and w;

Due to the redundancy of one of the relations in Eq. (36),
every determinant B; = det(A;) can be calculated using
different forms for matrix A;, all of which will generate the
same value. Focusing on A, for instance, if the equation for
site type i = 1 is chosen as the redundant one, then A; and b,
are given by Eq. (37), and A; is

M1z —HU32 —Ms2

R? -
Ay =A([bi]) = K13 3 Hs3
Mis  —H3s vt R?

42)
However, we can alternatively choose the equation for i = 2
to be the redundant one, in which case we directly have an
expression for A;:

RT —U31 —Hs1 wi 21
_ # _
miz - Rj Hs3 wy =] K23 |,
_ _ ... R* ws Has
His H“3s S
A, X by x2

(43)

Similarly, we can choose the redundant equation for any
other site type and express A, accordingly. By writing out the
determinants of the different forms for A, it can be verified
that they all give the same expression for B,. Due to this
redundancy, the particular form of other A;’s can also be
chosen rather freely in practice.

Typically some/many elements of the A; matrices are 0
and the determinants result in relatively simple expressions
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for the B; coefficients and w; occupancies. In particular, when
the number of different adsorption sites S is small enough
(e.g., S =2,3) we can explicitly write the following, simple
expressions:
Bi=u; (S=2,1i,j=12;1i# ), 44)
B = [jpii + iy + i ki
(§=31,j,k=1231# j#k). (45)
As an alternative, we may express Eq. (39) as follows:

Bj wj i
where Eq. (32) (detailed balance) has been used. This provides
another formulation to obtain the w; occupancies:

B; i i .
(N = (46)

B
wy = : 7)
By +By+---+ By
_ 1 _ 1 “8)
N B By Aoy oLy s
1+B_T+'“+B_1S l+ltzf+ +/tls?
B Mot
By Hi12
= = (49)
B B; Kot ceo o Hos
B_2+l+"'+3_; mi+1+ +/L§Z
By Ksi
Bg 1S
B B, sty Bs2o oo
il R | preialred R o

with similar equations for wy, . .. ,wg. This can be summarized
by the following, single expression:

B; Mji
Bi B, Wiy
w; = . B = > B = S [
ZE EkE K g
——
(@) (b) ()
(i,j=1,...,9), (51)

where any j can be used in (51b) and (51c). For simplicity,
however, we typically use the same j for all i’s.

Equation (51c) usually provides the shortest route to obtain
the occupancies. It explicitly contains the rateplicities, and
thus, there is no need to build the A; matrices. One must
be careful, however, since Eq. (51) may involve divisions by
0 when S > 3. The case § = 2 is special, since the diffusing
particle can hop only from one site type (say 1) to the other (say
2), and vice versa. Thus, the hop rates between the two different
sites are different from 0. Note that the hop rates between
identical sites do not appear in Eq. (51) [since they lead to ones]
and, thus, are irrelevant for determination of the occupancies
w;. For § > 3, however, some hops between different sites
may be forbidden, in which case the corresponding hop rates
will be effectively 0. Tglus, Eq. (51) may contain indeterminate

values of type 22 = 2. We deal with this next.
Honm 0

D. Forward/backward fundamental paths

To handle the indeterminate values, we make use of certain
relations between the rateplicities that appear on specific
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sequences of hops, here referred to as fundamental paths. A
fundamental path is a sequence of hops that starts and ends at
the same site type and visits other site types at most once (see
Fig. 3). Every fundamental path has an associated opposite
path, in which the sequence of hops is exactly the opposite.
As an example, the fundamental paths 1231 and 1321 start
and end at site 1, but they visit sites 2 and 3 in opposite
order. In this study, the two opposite paths are referred to as
the forward path (FW) and backward path (BW). As shown
below, a necessary condition for detailed balance to be fulfilled
is that the product of the rateplicities must be equal along the
forward and backward paths.

The announced relations between the rateplicity products
can be obtained by directly comparing the right-hand sides
of Egs. (48)—(50). For S = 3, equating the right-hand side of
Eqgs. (48) and (49) [or (48) and (50), or (49) and (50)] gives

L1223 1431 = U13U32M421 - (52)

Thus, in this case the product of the rateplicities appearing
in the forward path (FW = 1231) must be equal to that of
the rateplicities in the backward path (BW = 1321). Note that
Eq. (52) also applies to the paths starting and ending at site 2
(m23pziperr = po1pi3pesy for FW = 2312 and BW = 2132)
and site 3 (U3 ooz = iz for FW = 3123 and
BW = 3213).

For § = 4, equating the right-hand side of Egs. (48)—(50)
leads to

H1223/431 = [L13M4321421, (53)
Mi12M24 441 = L1442 421, (54)
M13MU34M41 = 14443431, (55)
1223 34 ka1 = [L14fha3h3ah2l, (56)
W12M24 4331 = 4133442421, (57)
13432424 041 = 414442423 A31 (58)

for fundamental paths involving three and four hops, respec-
tively. Similarly, for larger values of S, additional products are
obtained for all fundamental paths involving three hops, four
hops, and so on, up to S hops.

Recalling that p;; = m;;v;;, where m;; is the multiplicity
and v;; the hop rate, Eq. (53) reads

miama3n3V12V3V31 = M3m3pama Vi3 vag. (59)

Since m;; is the number of equivalent hops from site i to site
J, the product m,m,3m3; appearing on the left-hand side of
Eq. (59) represents the total number of equivalent paths of type
FW = 1231. This is visually shown in Fig. 3(a). Similarly,
the product m3ms3ym;; appearing on the right-hand side of
Eq. (59) represents the total number of equivalent paths for
BW = 1321 (opposite order). Since the actual geometry is
the same, the total number of equivalent paths is necessarily
the same for both the forward and the backward paths.
In other words, mymozms; = mzmsamsy. Similarly, when
substituting w;; = m;;v;; in Egs. (54)—(58), Figs. 3(b)-3(f)
show that the resulting products of the multiplicities are always
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(@) FW:1231 BW: 1321

A
\V/

3 hops

©

(1]
M12M23M31 = Mi3Mazmz1 = # equivalent paths
2-1:2=2-2-1 =4

FW: 1241 BW: 1421

M12M24M41 = M14mazmz1 = # equivalent paths
2:-2-1=2-2-1 =4

BW: 1431

FW: 1341

(c)

M13M34M41 = M1saMazm3z1 = # equivalent paths
2:2-1=2-1-2 =4

(d) Fw: 12341

4 hops

BW: 14321

M12M23M34M41 = M14Ma3M32M21 = # equiv. paths
. =4

(e)  FW: 12431

M12M24M43M31 = M13M3aMaz2M21 = # equiv. paths

BW: 13421 (f) FW: 13241 BW: 14231

M13M32M24Ma41 = M1aMaz2M23mar = # equiv. paths

h

2:1-2-1=2-1-2 2-2-1-2=2-2-2-1=8 =2-2 -1 =
(9) kpr Zr; Ti-Ei ) o .
T2 T4 Viiel = Tho 75 € KBT i=1,..4.0f i+1=5 then i+1=1)
T+ Ts -
> Kpr Zriy Til-Ei . e .
> Vil = Th 7z ¢ KBT i=1,...4.(f i-1=0 then i-1=4)
)
< E
W 3 E
1
E1
E, E4 KT )4 Zp\ZpyZyaZry  TI+T2AT34T4 - (BI+EQ+E3+E4)
= KBT

V12V23V34V41 = V14V43V32V21

(

ZE] ZE2 ZE3 ZE4 e

FIG. 3. Fundamental paths for a system with four site types. FW, forward path; BW, backward path. (a—d) All four equivalent paths
for FW = 1231, 1241, 1341, and 12341, respectively, and BW = 1321, 1421, 1431, and 14321, respectively. (e, f) All eight equivalent
paths for FW = 12431 and 13241, respectively, and BW = 13421 and 14231, respectively. (g) Demonstration of the equality vipvy3 ...V =

VisVss—1...V21 for § = 4.

equal for the forward and backward paths. In this manner, the
multiplicities cancel out and Eqgs. (53)—(58) are simplified to

Vi2V23V31
V12V24 V41
V13V34V41
V12V23V34 V4]
Vi2V24V43V3]

V13V32V24 V41

= Vi13V32V21,

Vi4V42 V21,

= V14V43V31,

= V14V43V32V21,

= V13V34V42V21,

V14V42V23V3] .

(60)
(61)
(62)
(63)
(64)
(65)

Equations (60)—(65) for S = 4 (and similar equations for other
values of §) are always satisfied, provided that the hop rates v;;

are described using Boltzmann factors, as shown in Fig. 3(g).
Note that, within TST, typically the Boltzmann prefactors will
be different for different hop types starting at the same site.
We conclude that, along any fundamental path, the forward
and backward products of the hop rates are equal.

This provides a procedure to handle the indeterminate
values of type Z—i’ = % in Eq. (51). In fact, we may consider
any pair of forward/backward fundamental paths that contains
wij and pu j; and rewrite their ratio as

Bij _ Pk for 3 hops, i £ j £ k), (66)
Mji M jk ki
P PRPRIL o 4 hops, i # £k #1D), (67)
Mji Ml ik ki
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TABLE 1. Examples of low-coverage tracer diffusivities (D) for different combinations of hop rates between standard adsorption sites
on square, rectangular, and triangular lattices. Site labels: f—fourfold hollow (square)/twofold hollow (rectangular)/fcc hollow (triangular);
h—nhcp hollow (triangular); #—on top; b—bridge (square)/short bridge (rectangular); B—long bridge (rectangular). Additional expressions for
other hop combinations are listed in Tables III and IV. Expressions [a], [b], [c], [d], [e], and [ f] are all equivalent since v;fv 5V = Vi VppV gy
(see Sec. II D). Similarly, [g] and [}] are equal since v;gVgsV Ve = VipVps Vg Vg, Also, [i] and [f] are equal since v;sV sy Ups = Vi Vps V. There
are other equivalent forms for [g]—[j] (see text). Sym, symmetry.

Sym vij [/ mij [ lij Geometry Dng
1
Vif Vit bif Vit f ld ! 1 f.*.¥tf*H Vi fUFFF+V pe Vet +U Fp U
4 4 4 4 d %k % Il CVERY VY Ve g2
° o b d vettiry
I d d 1 *oxex I e
Vii Vib Vb V{,ib Vll,b f b t b
4 4 2 4 2 2d ! v; (lu svl vl )+21/ iVii
12 2 4 or 2d d ib\ 3 PbitVhptVhh biVii 12
2d /2 /2 d l ! 2 k2 20,5+ 00;
i=fori=t
o Vib Vib Vbf Vbt S o lfz ?z 1 VipVib (Vb f+Vpt) 2
‘g 4 4 2 2 w 2 ViV fHV b Vbt +2V fp VD
=3 2 12 12 12
n / / / / 1 Vz,bef(2Vfr,+l’fb)+l’zfVfb@”bb‘*’”bt)12 [a]
2 Vf,f”b_f+”bf"_ft+2’/tfufb
1 beVft(2th+th)+thVfb(2Vbb+be)l2 [b]
Vit Vfb Vif Vb 2 l’f,f”hf‘*‘”bf”ft‘*'QVt,fl’fb
4 4 4 4 1 Vtitf(QVft+Vfb)+Vftth(2Vbb+Vbt)lz []
f 2 t b 2 e nrn ¢
d 12 d 12 Ty bEVEf PV FEVBE RV e
v v v x 2 1 l/ftl/bt(QI/tf+l/tb)+l/ftl/tb(21/bb+llbf)l2 [d]
bf Vbt Vbb 2 Vbt Vi fHV FeVbe 2V FeV g
2 2 4 1 Vf,h'/bf(Ql’ft+Vfb)+Vfth,b(2Vbb+Vbt)l2 [ ]
l/2 l/2 d 2 VibVhf+V Vbt 2V fpVep €
1 l'fbl'bt(QVf,f+Vt,b)+thVr,h(2Vhb+l’bf)12 (]
2 thubeerbubtJrQVfbl/tb
Vip Vi Vi
DL a Lala ! faret.s f f
l [lz Ci ' ! d . * E X ¢ % B Il 1 (fo,thi‘*'l’:fleclf‘*'l’ft’/f,f)LZ‘*'(VftVit‘*th’/Lff‘*Vftth)lz
5 vt Vi Vi X ox e xb ‘%. 2 VigtULp
= 4 2 2
=
o0 d l L
g
] 1 ViBYBfVbfVfbtVtBVbFVFBY Bt 2
+ vfB Vfp VtB Vib = +
Q J J 4 VtBVBfVbf+VbfVfBYBttVtBVbfVfBTVtBVYBfV b
£ 2 2 2 2 f t B b 1 ViBVBfVbfVFBYVIBVB VYV bVbt 12 [ ]
/2 Lj2 L[2 1/2 2 iz I 4 ViBVBfULftVLfVFBVBL VBV fV BT VEtBYBFV b 9
L/ZO—*—‘ -—i—-uz 1 VbfVfBVYBtVtBtVtBVBfVfbVbf 2+
VBf VBt Vbf Vbt 12 12 A ViBVBfUbf VL VfBVBttVtBVb fVfBTVIBVBfVfb
3 )
2 2 2 2 1 VbfVfBYBtVtb TVt BVbfVfBVBY 12 (h]
l/2 L/2 LJ2 l/2 AV BUBfULftVbfVfBY Bttt BVbfVfBTVIBYBfV fb
Vii Vij Vji Vjj f h bt
6 3 3 6 . v
I @ *./=1¢§
@ a i a 13WijvyjHvgivii) trijiyi o
(f,h) or VAV Vijtvji
E (i.5) =1 (f,1) or | A L
Eo (h, t) similar hops for (f;t) and (h,t) f
=1
z Vfh Vft Vhf Vht
& 3 3 3 3 { h £
= 1 th(Vhfth*”hf”ft*”fh”ht) 2 .
/A 3 a® [i]
2 VhfVLf+tVLFV Rt VRV FL
Ver Vg ! ) I L VnfagVintvesvpitvievin) o (]
3 3 1 * g 2 VhfVtf+tVLfVFn+Vn Vst
l l
and similar relations for fundamental paths with larger num- i.e., vy = v r = 0. Applying Eq. (51) leads to
bers of hops.
As an example, consider the system shown in the third row By 1 1
of Table I,'Whefe. the hops vy, vyp, vbf,anq Vpy are a'llowe(.i and ! B;+ B, + B, 1+ % + % 14 Kooy B
have multiplicities 4, 4, 2, and 2, respectively, all involving a g g Bap Hog
hop distance of //2. However, the hops v;, v, are forbidden, (68)
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’” b= 2:77 t Z—: = g is indeterminate. To resolve the
latter, we use the fact that (g, iy by = o rpibpe it In other

words,

Here,

Wi _ Hyobo _ VioVh ©9)
Mt f Meb Mpf Vib Vs
Thus, we obtain
Wi = = Ueb oy . (70)
1+ Ul’:}:f’ + 2”’ VbV + ViV + 2V 5501
Similarly,
w, = ST : (71)
VipVpf + VipVpr + 2V fpV1
wp = 2V bV . (72)

VipVpr + VirpVp + 205501

E. Obtaining formulas for the diffusivity

Table I lists a few example formulas obtained using Eq. (29)
by applying Eq. (51) to obtain the occupancies and Egs. (66)

and (67) to resolve any indeterminate values Lo AR o if

needed. Equivalently, one may use Egs. (40) and (41) to
obtain the occupancies w;. The table lists results for various
systems, including square, rectangular, and triangular lattices.
Additional expressions for other hop combinations in the
rectangular and triangular lattices are provided in Tables III
and IV.

When S > 2, the diffusivity typically can be described by
several equivalent expressions, as shown by formulas [a]—[f]
in row 4 of Table I. This is due to the fact that the occupancies
appearing in Eq. (29) can be described by mutually equivalent
expressions [see Egs. (48)—(50)] and also the products of the
rates can be written out in various equivalent forms, according
to the underlying fundamental paths [see Eqgs. (60)—(65)].
Since expressions [a] through [ f] are equal, the diffusivity
can also be described as a combination of those expressions.
In fact, when applying Eq. (29) one directly obtains D}~0 =
3(lal + [b]) or DY = 1([c] + [d]) or DJ™® = J([e] + [f]).
depending on whether oneuses j= for j=tor j=>bin
Eq. (51c). Similarly, regarding expressions [g] and [A], which
are equivalent, Eq. (29) directly leads to D‘%“O = %([g] + [h])
when using j = f in Eq. (51c), with equivalent expressions
(not shown) when using j =t or j = b in Eq. (51c). Since
the same applies to expressions [i] and [j], these examples
demonstrate that the diffusivity can typically be described by
a number of equivalent expressions when S > 2.

Although we restrict ourselves to the presentation of
diffusivity formulas for 2D landscapes, Eq. (29) is completely
general and can be applied to 3D problems as well, provided
that all hops are symmetric, as defined in Sec. Il A. See
the companion report [62] for a complementary method to
determine the diffusivity in systems where asymmetric hops
are present. The expressions listed in Tables I, III, and IV have
been derived using Eq. (29) and confirmed by applying the
more general method described in the next part of the present
study [62].

PHYSICAL REVIEW B 93, 075429 (2016)

III. NUMERICAL VALIDATION

Based on the popularity of KMC simulations for deter-
mining tracer diffusivities [1-5,51,53,63], we now compare
the values obtained from the previous formulas and those
determined by KMC simulations. We assume a typical lattice-
gas model, where the adsorption sites form a periodic array and
the temperature is sufficiently low so that the adsorbates are
well localized around the sites, occasionally hopping between
them at rates that are much lower than the typical vibrational
frequencies.

As described in Figs. 4(a) and 4(b), we perform two
types of simulations. In the first type (KMC-1) the tracer
is followed until it hits the perimeter of a circle of radius
R, > I;j, repeating the process for Nrw different random
walks (RWs) in order to obtain an ensemble average of the
time (¢) required to cover that distance, thus determining the

diffusivity as D§~0 = L < . In the second type of simulations
(KMC-2) the tracer is followed until it performs a desired
number of hops Ny, repeating the process for Nrw different
RWs to determine the average squared distance (X2 + Y?)
covered by the tracer and the corresponding average time
(1), obtaining the diffusivity by using DF™0 = L X I
both KMC-1 and KMC-2 we perform G ensemble averages
(each over Ngrw random walks) and report the simulated
diffusivity values as the mean % standard deviation of the
G measurements. Both KMC implementations use the time-
dependent approach (or variable time stepping), where the
next hop (from site i to site j) is selected with probability
wij/ R, where R = X;(X; ;) is the total rate for all currently
accessible jumps, and the corresponding time increment is
At = IO’}(E) ,where e € (0,1]is auniform random number. At
the low-coverage limit there is only one adparticle (currently
at site i), and thus, R = R; = Xy u;x. For KMC-1, we use
R, = 100/, where [ is the smallest hop length, Ngw = 10°,
and G = 500. For KMC-2, we use Ny = 10%, Ngw = 10°,
and G = 100.

Since the goal is to check the validity of the analytical
expressions for the diffusivity, different hop rate values are
used to probe situations where the rates have similar values or
differ by several orders of magnitude. We also use realistic hop
rates for several adsorbates, including Cu, Ag, Rb, and Se on
the Bi;Se3(0001) surface and in the vdW gap of this material.
The hop rates for these physically meaningful examples are
obtained by determining the energy barriers through labor-
intensive DFT calculations (see Sec. IV) and estimating the
attempt frequencies by the method described in Figs. 4(c)—4(e).
In other words, we make the approximation

4. JE,

Vo RV R ¥ , (73)
where E, is the energy barrier for the hop, d is the separation
between the initial site A and the saddle point T (transition
state), and m is the adatom mass.

The estimate in Eq. (73) can be considered an alternative to
(i) the typical assumption of equal prefactors for all hop rates
[1,63—66] and (ii) the large computational cost to determine
all the vibrational mode frequencies v/ and v/ for the adatom
and substrate at the initial and saddle configurations using
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TABLE II. Simulated and calculated low-coverage diffusivities (D5~°; cm?s~") for various combinations of hop rates in systems with
triangular and rectangular symmetry, including the diffusion of Cu, Ag, Rb, and Se on the Bi,Se;(0001) surface (surf) and in the Bi,Se; van
der Waals gap (vdW) at T = 295 K. Boldface values: Activation energies obtained by DFT.

6~0

Geometry System Hop rate (Hz) Simulated D7’ Calculated D5
Activation energy (eV) KMC-1 KMC-2 Equation Value
1 _/ Vi Vj,—,]'—,q', N@
Cu/surf f h 0.000e+0 1.527e+7 3.884e-8 3.915e-8 2 3.909e-8
large  0.281 £0.105¢-8  £0.091e-8 %
Se/surf t f/h 3.482e+3 0.000e+0 8.876e-12  8.891e-12 < 8.916e-12
0.502 large +0.216e-12 £0.196e-12  +
At ) Rb/vdW a b 1.490e-2 6.665¢-1 1.736e-15  1.740e-15 X 1.745¢-15
' 0.822  0.720 £0.043e-15 +£0.036e-15 @I
— . ig Vij Vji
Jo/1=238534 Ag/surf f h 4.059e+6 4.460e+11 3.430e-9  3.465e-9 3.464e-9
. N
(A 0.314 0.030 £0.073e-9 £0.072e-9 =
l h Cu/vdW b a 7.232e+9 7.448e+11 6.063¢-6  6.103¢-6 T3 6.113¢-6
AYAVAVAY. i 0.118 0.014 £0.134e-6 £0.142¢-6  X[¢
L i =
(i) = (1) or (b, d) Rb/surf f h 7.567e+9 1.692¢+10 4.428¢-6  4.450e-6 PIN T 4.463e-6
0.127 0.104 +0.101e-6 +0.104¢-6
i J vij Vii Vij
. i Ag/vdW b a 5.702e+11 1.70le+6 3.084e+5 2.224e-9  2.247e-9 o, 224209
J j 0.011  0.337  0.381 +0.061e-9 +0.051e-9 =]
X T4 — i j 5.702e+11 4.868e+5 3.084e+5 1.193e-9  1.205e-9 . 1.205e-9
7 j 5.7 4 4
NI
197 a 0.011 0.370 0.381 £0.030e-9 +0.028¢-9 w3
MY 1=238534 /’L — i j  2.943¢+6 1.70le+6 3.084e+5 14129 1.413¢-9  3|& 1.420e-9
a=413154 & 1 © 7 2.943e46 1.701e46 3.084e+5 il Ahoe S R
D=t or b ";Z;_fg 0.365 0.337 0.381 £0.037¢-9 +0.037¢-9 3
— i j 2.943¢+6 1.701e+6 3.114c+6 5.904e-9  5.968e-9 —lN 5.972¢-9
0.365 0.337 0.320 £0.132e-9 +0.141e-9
NS
Vij Vii Vii Vij 3
— 5.702e+11 4.868e+5 4.010e+7 3.084e+5 1.193¢-9  1.207¢-9 3 12059
j 0.011 0.370 0.252 0.381 +0.029¢-9 +0.025¢-9 x
. T/ xi — 2.943¢46 4.868¢+5 4.010e+7 3.114e+6 2.158¢-8  2.229¢-8 SIS 2.177e-8
=+
JAVA. AV vy 0.365 0.370 0.252 0.320 +0.051e-8 +0.159¢-8 hE
mj =
P — 2.943e+6 4.868¢+5 3.114e+6 3.084e+5 2.142e-9  2.168e-9 3 2.166e-9
a=4.1315A. i=3 3e- - 2
D= oo s 0.365 0.370 0.320 0.381 £0.043¢-9 +0.063¢-9 3
— 1.0e46  1.0e+6  1.04+6 1.0e+6 2.955e-9  2.970e-9 =1 2.987e-9
— — — — £0.067e-9 +0.218e-9 e
n
f:'q RS
Vi viy vie vy Vit Vit B
— 1.00e+9 1.00e+9 1.00e+9 1.00e+9 1.00e+9 1.00e+9  1.270e-6 1.280e-6 =| |  1.280e-6
y? . d=2.0657 A — — — — — —  £0.031e-6 +0.039¢-6 i\ &t s
B — 1.80e+9 1.40e+9 5.40e+9 9.00e+9 2.30e+9 9.80e+9  5.980e-6 6.032e-6 == 2]% 6.035e-6
=7 1 L, £0.146e-6 +0.156e-6  F| & § |
mp = 4 = .
= mli= 2 1=23853 4 m'-:nnt'{-Z — 1.53e+7 4.46e+11 1.70e+6 4.0le+7 7.57e+9 1.69e+10  2.405e-4 2.487e-d o ~F|  2.439¢4
kb ke — — — — — 200724 £0.182e-4 1|
— 1.53e+7 1.69¢e+10 5.70e+11 4.0le+7 4.46e+11 7.57e+9  1.304e-4 1.316e-4 | T 1.312e-4
e

+0.031e-4 +0.041e-4

DFT methods [1,64-66] [see expression U for the attempt
frequency in Fig. 4(d)]. Due to typical cancellations of the
vibrational modes of the substrate [66], the prefactor v, is
usually approximated by the Vineyard equation [expression V
in Fig. 4(d)]. Owing to compensation effects between the
surface-parallel (vﬁ“ and v”T ) and the surface-normal (vf

and UJT_) vibrational frequencies of the diffusing atom [66],
the Vineyard formula is approximated by just keeping the
frequency of the longitudinal vibrations (along the diffusion
path) of the atom at the initial site [vf; see expression W
in Fig. 4(d)]. Our estimate consists of approximating the

longitudinal path by a sinusoidal path, resulting in a simple
and physically meaningful expression for v;' in terms of the
energy barrier, hop distance, and adatom mass, as described in
Fig. 4(f) and contained in Eq. (73). Although the actual energy
path can be asymmetric with respect to the saddle point 7, the
part after this point is irrelevant for the rate calculation and in
our approximation it is considered to be a reflection of the part
before it.

Table II provides a comparison of the calculated values for
the low-coverage tracer diffusivities according to the derived
formulas and those obtained from the KMC simulations for
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FIG. 4. Tllustration of the two simulation procedures used to perform KMC simulations of diffusion in this study: (a) KMC-1; (b) KMC-2.
(c—e) Estimations of the attempt frequencies in this study. (f) Interpretation of the attempt-frequency dependence on the barrier size and path

length.

systems with triangular and rectangular symmetry where all
hops are symmetric. In this table, the activation energies listed
in the third column are used to determine both the Boltzmann
factors (e~ F«/ksT) and the prefactors (v, = /E,/2m/2d).
Those activation energies determined by our DFT calculations
are shown in boldface in the table. For hops of types v;j,
Vii, Vji, and v;; the barrier is located in the middle of the
straight line between the initial and the final sites. Thus,
the factor 2d in the expression for v, is equal to the hop
distance: 2d = [;;, l;;, 1;;, or I;;, respectively. For hops of
type vi_.j—; the hop distance is /; but the path is not
straight, the energy maximum being located at site j. Thus,
in this case, 2d = 21l;; # [;;. All other considered activation
energies are used to probe different combinations of hop
rates spanning several orders of magnitude for different
lattices.

For all considered systems in Table II the simulated and
calculated diffusivities agree extremely well with each other.
Thus, the proposed formulas are suitable for discussion of the
low-coverage tracer diffusivity of typical diffusion species in
complex energy landscapes without the need to perform the
corresponding KMC simulations.

IV. DFT CALCULATIONS

In this study the reported diffusion barriers (activation
energies) are the result of a large computational effort based
on DFT calculations. The calculations are performed using
the projector augmented-wave method [67] in the VASP
implementation [68,69]. The exchange-correlation potential
is described by the generalized gradient approximation [70],
and the spin-orbit coupling is neglected. Test calculations
performed including the latter show that the activation energy
changes only a few percent, e.g., 1.1%, for Rb. To account for

the vdW interactions we make use of the DFT-D2 approach
proposed by Grimme [71].

The crystal structure of Bi,Ses is formed by quintuple layer
(QL) blocks separated by the vdW gaps, as shown in Fig. 5(a).
In each QL the hexagonal atomic planes follow the order Se-
Bi-Se-Bi-Se. While the bonding between atoms that belong to
the same QL is of the covalent-ionic type, neighboring QLs are
only weakly bonded by vdW forces. The diffusion barriers on
the surface are determined by using a slab of 5 atomic layers
(i.e., 1 QL), as schematically described in Fig. 5(b.1), while
the diffusion within the vdW gap is studied using a slab of
10 atomic layers (2 QLs), as described in Fig. 5(b.2). In both
cases, essentially isolated adatoms are considered by placing
them in the 3 x 3 supercell. Figure 5(c) shows a top view of the
typical locations of the energy minima (adsorption sites) found
in the vdW gap. The behavior of the Cu and Ag adatoms in the
vicinity of [0110]-oriented ([1120]-oriented) steps is studied
using a supercell containing 1 full 3 x 6 (24/3 x 6) QL and
3x3 (2\/3 x 3) step-terminated QLs on top of it, as shown
schematically in Fig. 5(b.3). For Rb adatoms the long side of
the supercell is lengthened by a factor of 1.5 (1.333) to better
account for the stronger relaxations.

Figure 5(d) provides several diffusion path geometries
and energy profiles determined in our DFT calculations for
diffusion of Ag atoms along the terrace, in the vdW gap, and
across the step, as described below. Similar results are obtained
for all considered adatoms in the same/other terrace/vdW/step
geometries.

A. Terrace diffusion

We start by determining the total energy at locations f, A,
t, and b [see Fig. 2(a)], discarding those locations where the
energy is excessively high. Let us refer to the nondiscarded
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FIG. 5. (a) Crystal structure of Bi,Ses, showing the Bi and Se atoms as large and small spheres, respectively, using different colors according
to the stacking sequence: red for a, blue for b, and black for c. (b) Several crystallographic cells are highlighted (solid, dashed, and dotted
lines) for cross-reference. (b) Schematic supercell structure used for the calculation of diffusion barriers on the terrace, in the vDW gap, and
across steps, as indicated. (c) Top view of possible adsorption sites at the vdW gap: a, b, and ¢ are locations aligned vertically with each stack,
respectively. (d) Example of diffusion path geometries and energies determined through our DFT calculations for the Ag adatom.

locations as accessible sites. They may correspond to adsorp-
tion sites or saddle points, although this is decided later. Due
to symmetry, any other possible adsorption site and/or saddle
point—if it exists—is necessarily located between neighboring
accessible sites. Correspondingly, for any pair of accessible
sites we consider the projection (on the XY plane) of the
line that links both sites and proceed to move the adatom
incrementally along that projection. After every incremental
move, the vertical coordinate of the adatom and all three
coordinates of all other atoms are allowed to relax, except
for the atoms located at the bottom of the QL, which are kept
frozen. In this manner, we sample the diffusion energy along
all XY-straight paths between all possible adsorption sites and
saddle points. The diffusion barriers (or activation energies)
reported in this study correspond to the energy difference
between the initial point (always an adsorption site) and the
highest energy point along the corresponding path (always a
saddle point or absolute maximum). This approach has been
verified using the nudged elastic band method [72,73] for the
case of Rb on Bi;Se3;(0001) (this can also be done using the
dimer method [74]). The results obtained are found to be in
excellent agreement regarding the location of the saddle point
and the activation energy value.

B. Diffusion in the vdW gap

For diffusion in the vdW gap, we similarly determine the
energy at octahedral (a) and tetrahedral (b and c) positions
[see Fig. 5(c)] in order to resolve which are the accessible
sites. We then proceed as in the case for terrace diffusion in
order to determine the diffusion paths, their energy profiles,
and the corresponding diffusion barriers.

C. Diffusion across the steps

For diffusion across the steps, the number of possibilities
increases due to the different step orientations, [1120] and
[0110], the latter having two possible atomic terminations.
As an example, Fig. 5(d) considers the [0110]-type I step

geometry for the case of Ag adatoms. A DFT study of diffusion
within the vdW gap [Fig. 5(d.1)] concludes that only the a sites
can be considered strong adsorption sites. Similarly, a terrace
diffusion study [Fig. 5(d.3)] infers that the f and 4 sites act
as strong adsorption centers in this case. The diffusion of the
adatom across the step is studied by (i) starting at a surface site
that is most distant (within the supercell) from the step [/ in
Fig. 5(d.2)], (ii) moving the adatom towards the step along a
previously determined terrace diffusion path [h — f — h —
f’ in Fig. 5(d.2)], (iii) crossing the step by linking site f’
(an intermediate f-like site located in the proximity of the
step) and site @’ (an intermediate a-like site in the opposite
proximity of the step), and (iv) moving the adatom away from
the step along a previously determined vdW diffusion path
[@" — b — ain Fig. 5(d.2)], ending at a vdW site that is most
distant (within the supercell) from the step [a in Fig. 5(d.2)].
The study proceeds by performing similar calculations for the
other step geometries, namely, the [0110]-type II and [1120]
steps. This allows the determination of the diffusion barrier
for penetration into the vdW gap (E,qw) and reentry into the
terrace region (E) for the three step geometries. For each
geometry, if more than one energy path across the step is
determined, as in Fig. 5(d.2), E.gw and E\; are reported as
the minimum values among those paths.

V. APPLICATION TO TOPOLOGICAL INSULATORS

Encouraged by the validation of the diffusivity formulas
we now consider the temperature dependence of the diffusion
of Cu, Ag, and Rb adatoms on the Bi,Se;(0001) surface
and the corresponding intercalation of these adsorbates in
the Bi,Ses; vdW gap. Figures 6(a) and 6(b) provide the

calculated diffusion length A = /2Dt as a function of

the temperature for the three considered adatoms when they
diffuse on the surface and in the vdW gap, respectively. The
evaluations have been done on the basis of the formulas
obtained for D} (see final column in Table II). For diffusion
with a single barrier E,, the underlying assumption that the
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FIG. 6. Calculated diffusion length A (in logarithmic scale) as
a function of temperature for Cu, Ag, and Rb adatoms: (a) on the
Bi,Se;(0001) surface and (b) in the Bi,Se; vdW gap. Diffusion time:
1 min.

hops can be treated as rare events (compared to the fast
vibrations around the adsorption sites) is valid if E, > 4kpT
(see Ref. [1]). Correspondingly, each displayed curve in
Fig. 6 terminates at Tiyax = Eg max/4kp, Where E; max 1S the
maximum barrier experienced by the corresponding adatom.
As an example, the diffusion of Rb on the surface experiences
two barriers: Es, =0.127 eV and Epr = 0.104 eV. Thus,
Eymax = 0.127 eV and Ty, = 368 K. Similarly, for Cu in
the vdW gap we have Tp,x = 342 K. Nevertheless, the total
temperature range is restricted to 550 K since the desorption of
Cu is reported to start approximately at this temperature [75].

Itis shown in Fig. 6 that the hierarchy of the diffusion length
is Arp > Acu > Aagonthe surface and Acy > Aag > Agpin
the vdW gap. The Rb (Cu) atoms are the most mobile species
on the surface (in the vdW gap), capable of covering more than
1 um within 1 min even at 100 K. However, the vdW (surface)
diffusion length of the Rb (Cu) atoms is much lower than that
on the surface (in the vdW), which is due to the significantly
higher diffusion barriers. Interestingly, the Ag atoms travel at
almost-equal rates on the surface and in the vdW gap.

Let us now bring the discussion closer to the available
experiments [23,25,26]. These indicate indirectly the occur-
rence of partial [23] or almost-complete [25,26] intercalation
of the metal adatoms inside the Bi,Se; vdW gap at room and
higher temperatures. Recently, it has been argued [31] that the
intercalation of the metal atoms in the Bi,Se; vdW gap is step
mediated, in the sense that they penetrate into the vdW gap after
reaching the steps, which are typically present at the Bi,Ses
surface [25]. This is favored by the geometrical alignment
between the terrace and the vdW gap in a stepped surface, as
schematically shown in Fig 7(a). At the same time, penetration
of Cu [25] and Ag [31] in the vdW gap via interstitials
and/or vacancies of the topmost Bi;Se; QL is significantly
less probable due to high-energy barriers. Therefore, one may
also rule out the possibility of vertical penetration of the Rb
atom, whose covalent radius is 1.5 (1.66) times larger than that
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FIG. 7. (a) Geometrical alignment between terrace and vdW
gap at a morphological step. (b—d) Schematic of the low-coverage
diffusivity (in cm? s~') of Rb, Cu, and Ag on the terrace and in the
vdW gap of Bi,Se; at room temperature. Larger arrows denote larger
diffusivities. Our DFT-calculated diffusion barriers (in eV) are shown
in boldface for (left) terrace diffusion, (center left) terrace reentry,
(center right) vdW-gap penetration, and (right) vdW-gap diftusion.

of Ag (Cu), whereupon the diffusion barriers are expected to
be even higher.

By using large and small double-headed arrows, Figs. 7(b)—
7(d) present a graphical description of the relative diffusivity
of the three types of adatoms on the terraces and within the
vdW gaps. In addition, Fig. 7 also provides the relative rates
to enter the vdW gap and to bounce back to the terrace by
assigning them large/small unidirectional arrows. Moreover,
the figure collects all the diffusion barriers determined by our
DFT calculations for the three adatoms on the terrace and in
the vdW gap, as well as for their penetration into the vdW
gap and reentry into the terrace for two step orientations,
namely, [1120] and [0110], the latter having two possible
atomic terminations [31]. To ease the discussion, the three
barriers for vdW penetration (terrace reentry) for each adatom
are algebraically averaged and used to estimate the vdW
penetration (terrace reentry) rate of that atom, accordingly
assigning them large/small unidirectional arrows. We focus
the discussion on room temperature (295 K) and long diffusion
times.
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The Rb atoms have the highest terrace and lowest vdW
diffusivities, with a very low vdW penetration rate and a rather
high terrace reentry rate. Thus, the Rb atoms are expected to
quickly diffuse across the terraces and hit the steps, where
a small fraction will remain trapped while the majority will
bounce back to the terraces. This is described schematically
in Fig. 7(b), where a large number of Rb atoms are drawn
in the terrace region, with additional atoms at the step, and
hardly any atoms in the vdW gap. In comparison, the Cu
atoms are characterized by moderate terrace and highest vdW
diffusivities, with the highest vdW penetration rate and a low
terrace reentry rate. Accordingly, the Cu atoms need a longer
time to arrive at the steps but they eventually penetrate with
relative ease into the vdW gap, where they diffuse rather
rapidly. Thus, the Cu atoms are expected to mostly intercalate
in the vdW gap, although a notable fraction will remain at the
steps, as sketched in Fig. 7(c). Finally, the Ag atoms display a
slightly lower terrace diffusivity compared to Cu and a medium
diffusivity in the vdW gap among the three species under
consideration. Having reached the steps, the Ag atoms are
forced to linger along them due to the large terrace reentry
barrier and significant vdW penetration barrier [Fig. 7(d)].
Since the latter is smaller, the Ag atoms are expected to
gradually intercalate into the vdW gap. The behavior is similar
to that of Cu, although intercalation is slower for Ag. Valid only
for the low-coverage limit, these trends are in good qualitative
agreement with those from available experiments [23,25,26].

VI. CONCLUSIONS

This article initiates a series of two papers dedicated to the
presentation of a general expression to calculate the single-
particle diffusion coefficient in any number of dimensions
for systems with complex, periodic energy landscapes, where
the end sites of the hops can be located symmetrically (this
paper) and/or asymmetrically [62] with respect to the hop
origins. In particular, the present paper introduces a simple,
general expression to determine the average motion of the
diffusing particle in systems that contain symmetric hops
only, focusing then on the analysis of adsorbate diffusion on
surfaces and within the 2D gaps of layered materials with
triangular, rectangular, and square symmetry, finally applying
the resulting formulas to discuss intercalation in a model

PHYSICAL REVIEW B 93, 075429 (2016)

topological insulator, Bi;Ses;. The analytical expressions are
validated against KMC simulations, obtaining excellent agree-
ment between calculated and simulated diffusivities. Thus,
one can determine the overall diffusion coefficient without
performing the KMC simulations.

Based on diffusion rates obtained from energy barriers
procured by labor-intensive DFT calculations, we analyze the
temperature dependence of the diffusion of Cu, Ag, and Rb
on the Bi;Se;(0001) surface and within the vdW gap of this
layered material. We also analyze the occurrence of adsorbate
intercalation due to the alignment between vdW gaps and
terraces on the stepped (0001) surface of this topological
insulator. At room temperature and low coverage, we conclude
that the Rb atoms quickly diffuse across the terraces and hit
the steps, where a small number remain trapped while the rest
bounce back into the terraces. Thus, Rb is expected to partially
decorate the steps while remaining present on the terraces. In
comparison, the Cu atoms take a longer time to arrive at the
steps, eventually penetrating with relative ease into the vdW
gap. Thus, Cu atoms are expected to mostly intercalate into
the vdW gap while partially remaining at the steps. Ag atoms
are expected to take an even longer time to diffuse across the
terraces, eventually penetrating into the vdW gap with time
but meanwhile remaining around the steps.
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