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ABSTRACT: Postdeposition coalescence or sintering of pairs of low-
strain two-dimensional nanoislands and nanopits on unreconstructed
metal (100) surfaces is typically mediated by diffusion along step edges,
and is highly sensitive to the associated kinetics. Thus, for selected
systems, we provide an ab initio density functional theory (DFT) level
description of both system thermodynamics and kinetics. Specifically,
we assess lateral pair and trio interactions both conventionally with
adatoms at 4-fold hollow adsorption sites, and unconventionally with
one adatom at the bridge-site transition state for hopping. Rather than
use standard cluster expansion algorithms, these interactions are
determined subject to the constraint that key step-edge properties are
recovered exactly. Together, both classes of interactions determine
barriers for edge diffusion processes for any local step configuration,
including diffusion along close-packed (110) edges, kink rounding,

meandering processes at kinked (100) steps, and extraction processes at pit corners. Our formalism applies for homoepitaxial
systems, and also for several lattice-matched heteroepitaxial systems. The barriers provide input for stochastic models of
nanocluster evolution, which are analyzed by kinetic Monte Carlo simulation. Such modeling with DFT energetics from the
PBEsol functional recovers extensive experimental observations of both the time scale and the island-size dependence for
sintering of Ag islands on Ag(100). Description of pit sintering on Ag(100) is more delicate, being sensitive to specific

unconventional trio interactions.

1. INTRODUCTION

Coalescence or sintering of pairs of epitaxial or crystalline
nanoclusters (NCs) is a key pathway for destabilization of
functional nanostructured systems. NC diffusion and coales-
cence provides a so-called Smoluchowski ripening pathway for
coarsening of ensembles of such NCs." This issue is relevant
not just for two-dimensional (2D) or three-dimensional (3D)
surface-supported NCs,'™ but also for solution-phase 3D
NCs.” ™" A typical scenario is that a dumbbell-shaped NC
formed by impingement of two convex NCs evolves to a larger
convex NC ultimately with an equilibrium Wulff shape; see
Figure 1. This behavior can be assessed experimentally by
scanning tunneling microscopy (STM) for 2D and 3D NCs on
surfaces,’* and by transmission electron microscopy (TEM)
for 3D NCs in solution.””'’ Evolution is often mediated by
periphery diffusion (PD), that is, edge diffusion for 2D NCs,
and surface diffusion for 3D NCs. Analogous coalescence or
sintering behavior might also be considered for pairs of pits on
2D surfaces, or for pairs of 3D voids within crystalline solids,
although the latter is not readily imaged. Pits or voids might be
described as vacancy NCs. Given the epitaxial or crystalline
structure of the system for either atomic or vacancy NCs,
stochastic lattice-gas modeling is naturally suited to track such
evolution where prescription of PD rates consistent with
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Figure 1. Illustrative images of corner-to-corner sintering of a 7.3 X
7.0 nm? + 7.9 X 7.6 nm* pair of Ag adatom NCs on Ag(100) at 295 K:
(a) STM observations of shape evolution; and (b) corresponding
KMC simulation from our model described in sections 3 and 4. Island
sizes in the KMC simulations are chosen to match experimental size
from the STM images. Overall image sizes differ.

detailed balance for a suitable description of system ener§etics
will ensure evolution to the appropriate Wulff shape.”™'""
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Such model behavior is grecisely assessed by kinetic Monte
Carlo (KMC) simulation.”**

Some stochastic lattice-§as modeling studies, particularly for
sintering of 3D NCs,'”'” have tended to use generic
prescriptions of PD kinetics. However, previous analyses for
2D surface systems have indicated that behavior at the
nanoscale is exquisitely sensitive to system-specific details, for
example, reduced rates for transport around kinks or corners
versus along close-packed steps.”"'® These details, and also the
possible presence on the nanoscale of perfectly straight
“faceted” close-packed step edges, which are free of kinks,
can also produce scaling behavior with NC size fundamentally
different from that of generic prescriptions of kinetics or from
coarse-grained mesoscopic treatments."*~'® Behavior for 3D
NCs will by analogy be sensitive to the presence of faceted NC
shapes, and to differences between rates of diffusion across
versus between facets.'”

Our focus here is on 2D NCs on crystalline surfaces, which
are usually described as islands or pits. Thus, we will exclusively
use this terminology below. Specifically, we consider PD-
mediated coalescence and reshaping of both epitaxial 2D
(single-atom-high) nanoislands and 2D (single-atom-deep)
nanopits on unreconstructed metal (100) surfaces. See again
Figure 1. We restrict our consideration to homoepitaxial and
low-strain heteroepitaxial systems where PD involves adatom
hopping rather than exchange with the substrate. We note that
treatment of both thermodynamics and kinetics is significantly
more challenging if strain effects are important. Our study will
provide a tailored formalism utilizing density functional theory
(DFT) to determine not just ab initio thermodynamics, but
also ab initio periphery diffusion barriers for all possible local
periphery configurations. Extensive DFT analysis will be
performed utilizing the plane-wave VASP code'® using slab
geometries. Care must be taken to ensure reliable results from
such analysis, for example, avoiding quantum size effects
(QSEs) particularly for Ag and Cu slabs."”* For this reason,
we utilize a slab with a thickness of 15 monatomic layers
(referred to below as monolayers or MLs) to represent the
substrate in contrast to the common choice of 5—6 MLs. We
describe the otherwise standard procedures for our DFT
analysis in the Supporting Information. Results from DFT
analysis presented in the main text will be based on the
Perdew—Burke—Ernzerhof (PBE) generalized-gradient-approx-
imation (GGA) functional for solids.”’ The abbreviation
“PBEsol” is used to denote this functional. Corresponding
results from the PBE GGA functional,”* which are not used in
this study, are also given in the Supporting Information. This
DFT energetics provides input to stochastic lattice-gas
modeling, which is analyzed by KMC simulation. The KMC
simulation results will be compared against experimental STM
results for the Ag/Ag(100) system.

While this contribution focuses on model development, we
briefly describe the procedure for obtaining the STM data
against which the model is compared. We used an Omicron
STM housed in an ultrahigh vacuum chamber with a base
pressure of below 107'° Torr. Initial film configurations were
created by evaporative deposition of Ag onto a Ag(100) single
crystal. Large-area scans of postdeposition evolution were taken
at intervals of 3—15 min. For deposition of low submonolayer
coverages, various examples of island diffusion and collision
with other islands were observed. Pit configurations were
produced by near-monolayer depositions. The images are
typically obtained in the constant-current mode, with 1.0—1.1 V

bias voltage and 3.0—3.4 nA tunneling current. STM tip effects
do not significantly influence nanostructure evolution. Island
dimensions are estimated from the scan profiles typically taking
the region that is higher than the full width at half-maximum
(fwhm). This procedure may be naturally refined to account for
artificially increased size due to any double-tip effects; for
example, see the first frame in Figure la. For more details, see
refs 1, 2, and 4.

As an aside, in addition to considering coalescence of NC
pairs, our formalism also describes and elucidates NC diffusion,
which enables the coalescence of initially separated clusters.
Furthermore, this formalism enables description of the
evolution of more complicated irregular NC shapes, for
example, those formed by coalescence of multiple islands, or
those obtained for pits by deposition of high submonolayer
coverages leading to a near-complete first adlayer.”

Stochastic lattice-gas modeling of these processes must
reliably input lateral interactions between adatoms at 4-fold-
hollow (4fh) adsorption sites on the metal (100) surface, as
they determine adlayer thermodynamics. We will describe these
as conventional lateral interactions, as they have been
considered in numerous studies of adlayer thermodynamics
over the last few decades,”**> and we shall refer to them as -
interactions. Precise description must incorporate not just the
dominant nearest-neighbor (NN) attractive interactions, but
generally also longer-range pair interactions and many-body
interactions. We mention three strategies for the determination
of w-interactions:

(i) True interaction values can be determined from a
sequence of large-unit-cell DFT calculations involving an
isolated adatom, adatom pair, adatom triple, etc., at 4th sites.
Using a many-body expansion, pair interactions come from
subtracting adatom adsorption energies from the total
adsorption energy for a pair; trio interactions come from
subtracting pair interactions and adsorption energies from total
trio energies; etc.

(i) A standard cluster expansion (CE) approach determines
values for a selected subset of pair, trio, etc., interactions to
consistently recover energies of a subset of periodic adlayer
configurations, typically with smaller unit cells. The determined
interaction values are effective because they incorporate the
effect of neglected interactions. Various strategies for optimal
implementation have been developed and applied specifically to
surface systems.”””> While the approach is formally validated
when retaining a complete set of interactions,”® a key practical
requirement (and possible limitation) is robustness when
retaining smaller sets of interactions.

(ili) An alternative modified approach pursued here is to
select interactions in a way tuned to the application of interest.
In this case, we require that selected interactions recover some
aspects of step-edge thermodynamics. Specifically, we focus on
energetics related to step stiffness, as this property directly
impacts step-edge evolution.

Note that lateral adatom relaxation impacts the values of the
above pair, trio, etc., interactions. Furthermore, relaxation for
isolated adatom pairs, triples, etc., in periodic adlayers will differ
from that at step edges.”””’ Thus, implementation of the
various approaches described above produces somewhat
differing w-values, a feature we illustrate in the following
sections and the Supporting Information.

Our central goal is to model PD-mediated NC evolution in
metal (100) systems with an ab initio treatment of PD kinetics.
Adatom hop rates for all local environments are assumed to
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have the Arrhenius form h = ve 5/®T  here k; is

Boltzmann’s constant, and T is the surface temperature. We
adopt a common prefactor with a typical value of v & 3.33 X
10'%/s. The activation barriers, E,, for terrace diffusion, various
local step-edge configurations, etc.,, are given by the general
relation:

Eact = Ed + (I)TS - q)init (1)

where E; is the terrace-diffusion barrier for isolated adatoms;
@5 and @, ; denote the total lateral interaction energies at the
transition state (TS) and the initial state before hopping,
respectively. @, ; is determined by summing over relevant @’s
involving the hopping adatom in the initial state. Note that the
total interaction, @, in the final state after hopping can be
determined by summing over the relevant @’s. A common
bond-breaking or initial-value approximation sets @55 = 0.”° A
more general approach in the spirit of Brensted—Evans—
Polanyi or Butler—Volmer relations writes ®p¢ = ¢, Dy +
¢, Py, where for diffusion processes one sets ¢; = ¢,, and the
most common choice is ¢; = 1/ 229731 However, either of these
approaches gives a poor description of PD kinetics for metal
(100) systems.”®

Instead, we emphasize the long-recognized feature® that ®rg
is determined by a distinct set of lateral interactions, which
specifically describe the interaction of one adatom at a TS for
hopping with other nearby adatoms, all of which are at 4fh
sites.”>~>® These interactions are distinct from and independent
of the w-interactions determining ®;; and ®g,. Furthermore,
because they have received relatively little attention, we
describe them as unconventional lateral interactions, and we
shall refer to them as ¢-interactions. Analysis of diffusion on
metal (100) surfaces based on semiempirical potentials found
some success with a simple choice for the dominant pair ¢-
interaction at the TS.*> Another study used DFT to directly
assess selected pair ¢-interactions for certain Al diffusion
processes on Al(110) in the presence of a single nearby atom.”*
Our approach is to systematically determine a complete set of
unconventional pair, trio, etc., ¢-interactions with one adatom
at the bridge-site TS for hopping and one or more other
adatoms at nearby stable adsorption sites. We can then
precisely obtain @1 by summing over appropriate ¢’s with the
assumption that the bridge-site TS location is not significantly
impacted by the local environment. Thus, utilizing E4 as well as
both @’s and ¢’s, we reliably reconstruct E, for general step-
edge configurations.” ™ In determining an appropriate set of
¢’s, our guiding philosophy will be to recover key edge-
diffusion barriers of relevance to our application. Access to
general E . allows KMC simulation of NC sintering with ab
initio kinetics.”>™>"

In section 2, we provide some background on step-edge
properties for metal (100) surfaces. In section 3, we implement
strategies to determination of conventional w-interactions. In
section 4, we determine unconventional ¢-interactions.
Sections 2, 3, and 4 focus on and report DFT results for key
quantities for Ag(100) and Cu(100), noting extensive
experimental analysis of coalescence and reshaping for
Ag,2’4’39 and limited observations for Cu.*” Section 5 discusses
other homoepitaxial systems, specifically Pd, Ni, Rh, Fe, Nb,
and Ta. It also briefly describes low-strain heteroepitaxial metal
(100) systems including Au/Ag(100), Pt/Pd(100), Ir/
Rh(100), and Nb/Ta(100). In some cases, our formalism
applies, but we find that it is inapplicable in others due to
strong intermixing. KMC analysis of our stochastic model with

ab initio kinetics for coalescence and reshaping of Ag NCs and
pits on Ag(100) is provided in section 6, where we successfully
compare predictions with extensive experimental data. Further
discussion and conclusions are provided in section 7.

2. STEP-EDGE THERMODYNAMICS, DIFFUSION, AND
EVOLUTION

2.1. Step-Edge Thermodynamics. Step energy, f,
measures the energy cost per unit length to form a step. The
dependence on step orientation controls the equilibrium island
and pit shape, as quantified by a Wulff construction.”’ We will
write, for example, f3p, to denote the 8 value for a special
orientation (100), etc, and (), to denote the general
dependence on step orientation described by the angle 0
relative to the close-packed direction. In a simplified picture for
fcc metal (100) surfaces, islands or pits are dominated by close-
packed (110) and diagonal kinked (100) step edges, and their
octagonal e%uilibrium shape is determined by the ratio
ﬂ<100>/ﬁ(110>.4 In a classic Ising lattice-gas model with just
NN interactions @y (which also corresponds to an NN bond
dissociation energy), one has that af;,5 = —@yy/2 and
Biooy/Biiroy = \/gy at T = 0 K, where a is the surface lattice
constant. A standard procedure for theoretical determination of
B0y and Py is as follows:*" first determine the bulk energy
per atom, &,,; then determine the total energy of a perfect slab
with (100) faces, and use &y to extract the surface energy,
Y(100) for the (100) plane; finally, determine the total energy for
a slab with periodically alternating ascending-and-descending
steps of a specified orientation, and then extract the associated
step energy using &y, and y(;o0). However, any errors in gy
and 7,99y produce significant errors in estimates of f’s. For this
reason, we adopt a different strategy described in section S3.

Next, we describe other quantities, which are particularly
relevant for our analysis of step-edge evolution. The first
thermodynamic quantity is step stiffness, f*(0) = p(6) +
d*p(0)/d6?, which controls both equilibrium step fluctuations
and also nonequilibrium evolution.”' As a convenient way to
assess step stiffness, at least for lower T, it is instructive to
consider step excitation energies, AE. We define AE) as the
cost to displace an edge atom from an otherwise perfectly
straight (110) step and place it adjacent to the step, thereby
creating a separated atom indentation—protrusion pair; see
Figure 2a. AEqpy is defined analogously; see Figure 2b. For a
(110) step, such an excitation creates four kinks, and it is
natural to define an associated kink creation energy as & =
AE 1109/ 4™ Furthermore, it follows that B0y x /(T for
low T."" In the Ising lattice-gas model, one has that AE ) =
—2wyy and then & = —wyy/2. For the kinked (100) step, one
expects a lower AE 4y, and thus that fjqg) is lower than ;).
Indeed, AE o) = 0 in the Ising model, although AE o, > 0 in
real systems.

Another thermodynamic quantity critical for analysis of step-
edge evolution is the formation energy for creation of an edge
atom by extracting the atom from a kink site to a straight (110)
step edge;*' see Figure 2c. This quantity is denoted by E°™,
which for the Ising model is given by EX™ = —wyy. As
extraction of an atom from a kink site creates two additional
kinks, one might expect that & & —E°™/2 and thus that EP™
~ AE110)/2 apply for systems with more general interactions
than the Ising model.

We obtain precise estimates of E°™, AE 110y, and AE )
from DFT analysis using the 5 X 4, 4 X §, and 34/2 X 3v/2
unit cell configurations, respectively, shown in Figure 2a—c.
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(d (e

Figure 2. Schematics for (a) (110) step excitation; (b) (100) step
excitation; (c) edge atom formation by extraction from a kink; (d)
edge diffusion; (e) corner rounding; (f) atom sliding from a pit corner;
and (g) two-atom near-kink exchange. Indicated image sizes are the
unit cells used for our DFT analysis.

Results for Ag and Cu using the PBEsol functional are shown in
Table 1. Note that the relation EX™ =~ AE,;o/2 suggested

Table 1. PBEsol Estimates of the Edge-Atom Formation
Energy E®™ and Excitation Energies AE (in eV) for Straight
Steps of Ag(100) and Cu(100)

Efom AE ) AE )
Ag 0.239 0.482 0.021
Cu 0.303 0.592 0.048

above is well-satisfied. Also, the experimental estimate of ¢, =
AE(1,0/4 = 0.128 €V for Cu(100)"" is close to but somewhat
below our PBEsol value of 0.148 eV.

2.2. PD Kinetics. Particularly relevant for this study is an
atomistic-level description of step-edge diffusion, that is, PD,
and its connection to PD-mediated sintering of NCs. Our
results for key barriers for Ag(100) and Cu(100) systems using
the PBEsol functional are presented in Table 2. One naturally

Table 2. PBEsol Estimates of Activation Barriers (in eV) for
Key Step-Edge Diffusion Processes for Ag(100) and
Cu(100)“

E, E, E, E, E,
Ag 0.291 0.524 0.601 0.587 0.835
Cu 0.334 0.624 0.705 0.681 0.984

“We also obtain E4 = 0.538 (0.616) eV for Ag (Cu).

considers edge diffusion along straight close-packed (110) steps
with a barrier E, (Figure 2d), which is expected to be well
below the terrace-diffusion barrier E; In addition, for metal
(100) surfaces, one anticipates an additional barrier, &, for
edge atoms to round kinks or corners (Figure 2e), usually
referred to as the kink Ehrlich—Schwoebel barrier. Thus, the
total kink or corner rounding barrier is E,, = E, + ). The
kinetics of meandering of diagonal (100) step edges between
configurations with similar energies is controlled by the barrier
E,, for the process indicated in Figure 2b. We have performed
extensive DFT analysis to directly determine E,, Ey, and E,,, as

well as E,. For terrace diffusion, the dominant pathway is well-
accepted to be hopping rather than exchange-mediated
processes” on Ag(100) and Cu(100) surfaces. Thus, for Eg,
we use a 4 X 4 unit cell determining the difference in
adsorption energy at the bridge site TS for hopping and the
initial 4th site. For E,, we use a 2 X 4 unit cell comparing energy
at a 4th site and the bridge TS site at a close-packed (110) step
edge as indicated in Figure 2d. For E,,, we use a 3 X 4 unit cell
comparing 4th and TS energies also indicated in Figure 2e. We
also used a 4 X 4 unit cell to check the result, and found that
there is a tiny change of ~8 meV in E,. For E_, we use the
3\/ 2 X 3\/ 2 unit cell shown in Figure 2b. In addition, we have
determined the barrier, E,, for a process involving sliding of an
adatom out of the corner of a square pit using a 3 X S unit cell
shown in Figure 2f. We anticipate that this process will be
important for sintering and diffusion of pits.** We also
determine the barrier, E,, for extraction from a close-packed
(110) step edge. All above barriers have been estimated using
PBEsol functional and are shown in Table 2.

For substantial reshaping and long-range cluster diffusion
mediated by edge diffusion, atoms must be extracted from kinks
and diffuse not just along straight (110) steps, but also around
kinks and corners. Thus, the effective or overall barrier for this
process is expected to be given by Eog = EX™ + E, + §,, = E°™
+ E..*" From the above results, we extract PBEsol values of
E = 0.763 eV for Ag, and E. = 0.927 eV for Cu. These
barriers will control the time scale for reshaping.

As an aside, kink or corner rounding in the above analysis
was assumed to occur via hopping. In this case, the barrier
should be effectively the same for single-atom-high kinks or
multiatom-high kinks where the latter are reasonably described
as corners. The reason is that in both cases, the TS occurs early
in the corner rounding process where interactions with the
hopping atom are effectively the same for kink and corner
configurations. Rounding of single-atom-high kinks via
exchange where the diffusing atom pushes the kink atom
along the step (see Figure 2g) could potentially be energetically
more favorable than the hopping pathway. Exchange seems
unlikely for corner rounding where the original corner atom is
pushed out to a low-coordinated site rather than along a step
edge. We have performed the climbing nudged elastic band
(cNEB) calculations”” using a $ X S unit cell but a thinner slab
(to reduce computational expense) to assess the barrier for this
exchange process. This analysis indicates that the barrier is
around 0.1 eV higher than for hopping for Cu, so this process is
not significant. For details, see the Supporting Information.

2.3. Coarse-Grained Step-Edge Evolution. In a coarse-
grained description of PD-mediated step-edge evolution,””"’
the normal step velocity is given by v, o« —V Jpp as the gradient
along the step of the edge diffusion flux Jpp. Here, s measures
arc length. In addition, one has that Jpp & —opp(8)V g, where
Opp is an associated orientation-dependent step mobility, and p
denotes the step chemical potential. Finally, one has that y
p*(0)Vk, where k is the step curvature. This deterministic
formulation can effectively describe the reshaping of larger
structures.”” For description of cluster diffusion, one should add
suitable noise terms to generate an appropriate Langevin
evolution equation.”® Ignoring any 6-dependence, the product
oppP* controls the time scale for these processes. Rigorous
analysis of opp is difficult, but it can be shown that its effective
barrier matches E,g, at least for a simple model with E, = 0.*

Finally, we should also emphasize that it is now well-
recognized that coarse-grained continuum formulations of
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cluster reshaping can fail to capture distinct behavior on
sufficiently small nanoscales. Distinct scaling with relevant
linear size, L, of relaxation times or cluster diffusion rates occurs
when L drops below some relevant characteristic length, L.
This L. is determined by system energetics, and may
correspond to, for example, the mean separation of kinks
along (110) step edges, L ~ a e’ ®&D/2 o1 the kink Ehrlich—
Schwoebel length, Ly, & a /(D) 1213716

3. CONVENTIONAL LATERAL ADATOM
o-INTERACTIONS

3.1. w-Interactions and Key Thermodynamic Quanti-
ties. First, we discuss the selection and determination of
conventional w-interactions, as illustrated in the top panel of

Figure 3. We will label pair interactions as o wherei=1, 2, 3,
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Figure 3. Conventional w-interactions (top) and unconventional ¢-
interactions (bottom).

... corresponds to increasing separation d; = a, \/ 24, 2a, ... for
NN, second NN (2NN), third NN (3NN), ... 4th sites. Thus, in
terms of this general notation, @, replaces the previous
notation wyy introduced in section 2.1 for the Ising lattice-gas
model. Trio interactions will be labeled as w,;, where i = 1, 2, 3,
.. corresponds to increasing perimeter length, p;, of the trio
motif. For linear motifs, p; is taken as twice the length. Thus,
one has p; = (2 + 1/2)a for a bent trio, p, = 4a for a linear trio,
etc. Quarto interactions could be denoted by @, where
perimeter length p; increases with i and p; = 4a for a square
motif. The expectations from previous analysis for homoepitax-
ial transition-metal systems is that attractive (negative) w,,; will
dominate, attractive @, and repulsive (positive) @y, generally
being the next strongest interactions, and other @’s being
smaller in magnitude.”>””*" Another expectation is that the
magnitude of these interactions will decrease with increasing i,
although oscillatory decay is possible.””**>"

21621

Below, E, will denote the total (adsorption + lateral
interaction) energy per adatom for various periodic adlayer
orderings v = p(1 X 1), c(2 X 2), etc. Selected DFT results for
E, using the PBEsol functional are shown in Table 3 for Ag and

Table 3. Key PBEsol Energies E, (in eV) for Ag(100) and
Cu(100)

Ep(4><4) Ep(zxz) E(4><4)»NN E(3><3)-2NN Ec(ZXZ) Ep(lxl)
Ag —2.543 —2.524 —2.689 —2.556 —2.599 -3.074
Cu -3.320 —-3.310 -3.511 —3.354 —-3.429 —4.028

Cu. The adsorption energy, E4q, of isolated adatoms at 4fh sites
is obtained by choosing v = p(n X n), for sufficiently large 7.
More generally, E, — E corresponds to the total lateral
interaction energy per adatom for ordering v, which can be
expanded in terms of the @’s. For example, listing explicitly
contributions from @, ®,,, @y, Wy, and @y, while leaving
other @’s implicit, one has that

qb

E, ix1) = Eap = —20,, — 20, — .. — 40y — 205 — ..
-0y~ .. )
Eaxa) = Bap = 20 — - (3)

etc., and it is natural to define an effective NN pair interaction
wfff = [Ep(ix1) — E4m]/2, which contains contributions from all
’s.

Of particular relevance for our modified strategy to
determine @’s is that the key quantities related to step-edge
thermodynamics described in section 2 can also be expressed in
terms of these @’s. Specifically, one has

1 1
aﬁ(no) == Ewm — Wy~ e 20 — @y — . — qul
- (4)
ﬁaﬁ(wo) =—0, — Wy — .~ 3wy — 20y — ... — @y,
- ©)
AEj ) = 2w, — 00y, — .. — 4wy — 30y — .. = 20,
- (6)
AE<100> = —Oa)]pl - 2wP2 — e = 20y — Oy, — ... — Oa)ql
- (7)
and
form
E™ =-w, =00, — .. =204 — 0y = . — @y — .
(8)

where eqs 4 and 5 apply strictly at T = 0 K. From eqs 6 and 8,
one has

1
2

iEform

2 €

form 1
E™ +—w, + .. %
e 4 t2 (9)
given that w,, and other interactions not shown explicitly in the
above equations are expected to be smaller in magnitude than

1
&g = —AE =
k= Ak

@y

largely determined by AE;;qy. Similarly, from eqs 4, 6, and 7,
one has that

» and @, (and far below @,;). Thus, gfom

€

1 .
~ EAEUI()) 1S
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1 1
aﬂ<110> = ZAE{HO) + EAE(NO) - Za)tz + ..

(10)

so that f,g is largely determined by AE ), and AEq for
small wy,.

3.2. Determination of w-Interactions. While models
retaining more conventional w-interactions will generally be
more accurate, tailored models with a smaller number of
effective interactions might provide greater insight into the key
parameters controlling behavior. From this perspective, it is
instructive to discuss construction of a sequence of models
(Cn) retaining n independent @’s for n = 1, 2, 3, and 4. We also
contrast the determination of these @’s from a standard CE-
type approach with that from our alternative approach
recovering key step-edge thermodynamics. For both ap-
proaches, we identify E,q, for isolated atoms as E,(,,) for n =
2, anticipating that relaxation in such smaller unit cells will be
closer to that for typical step-edge configurations than for n = 4.
Below we refer to “true” values of w,,; and @y,. The “true” w,,
is determined from E(44).nn ® Eu + @,1/2, where v = (4 x 43-
NN contains an isolated NN ad-dimer in a 4 X 4 unit cell. The
“true” w,y, is estimated from E3y3).nn & Eum + @/2, where v
= (3 X 3)-2NN contains an isolated 2NN ad-dimer in a 3 X 3
unit cell.

C1 Model Retaining @ = wp,. A standard approach might
determine ), from the energetics of a complete p(1 X 1)
adlayer, that is, @, = [Ey(1x1) — Esn)/2 = ;flf Such a model
will capture the critical temperature below which one has 2D
phase separation and island formation.”® Our alternative
strategy captures exactly the edge adatom creation energy,
and thus instead sets w,; = E®™. This Ising-type C1 model
cannot recover the relative magnitudes of step energies or
stiffness for (110) and (100) orientations, as has been discussed
extensively for Cu(100).>>7>°

C2 Model Retaining w,; and One of w,, or w,;. Retaining
one of w,, or w, is perhaps not so appealing as they are
expected to have comparable magnitudes (which exceeds that
of longer-range pair and other trio interactions). Nonetheless,
we consider a somewhat standard approach, in which the “true”
attractive @, is determined directly from analysis of an isolated
ad-dimer in a large unit cell. The second @ extracted from
E,(1x1) then will be repulsive for Ag and Cu because we find
that [Ep(lxl) — Eup] + 2w, > 0. Thus, one naturally retains @
whose true value is expected to be repulsive.

Our alternative approach selects @’s to recover both AE )
and AEg), thus capturing aspects of the anlsotropy in step
thermodynamics, as well as recovering Eform AE(;10y/2. This
yields a strong attractive w,,; and a weak attractive second ,
which is thus naturally selected as @,,. Indeed, it was observed
that a model including ®,, and ®,, yields significant
improvements over an Ising-type Cl model for Cu(100)
step- edgemgg(zgertles, % although this model still has short-
comings.” """’

C3 Model Retaining @, wp; and wy. This model is
appealing as it retains the three interactions expected to have
the largest magnitudes. A standard CE-type approach might
again determine the “true” w,, directly from analysis of an
isolated ad-dimer in a large unit cell, and then determine w,
and w,, from E, for two other s, say, p(1 X 1) and c(2 X 23
We find that such an analysis automatically generates the
expected sign and magnitude for these interactions. Our
alternative approach retains the “true” w,; and chooses the
other @’s to recover both AE ;o) and AE g,

C4 Model Retaining wp;, wp; @y, and oy,. Previous C4-
level modeling of metal (100) systems adopting a standard CE-
type approach has retained this set of four ’s.””*" In this work,
we will implement an alternative strategy, which uses the “true”
values of @,; and @, from large unit cell calculations, and then
determine w,; and a)t2 to recover both AE ;o) and AEgy.

Results for our estimates of @’s for Cn models are shown in
Table 4 for both standard (std) and alternative (alt)

Table 4. PBEsol Estimates of @-Interactions (in eV) for Cn
Models from Standard (std) and Alternative (alt)
Approaches for Ag(100) and Cu(100)

Wp1 (%) (2] WDy
Ag C1 std -0.275
alt —-0.239
C2 std —0.329 +0.027
alt —0.241 —0.010
C3 std —0.329 —0.037 +0.045
alt —0.329 —0.054 +0.044
C4 alt -0.329 —0.063 +0.052 —0.011
Cu C1 std —0.359
alt —-0.303
C2 std —0.402 +0.021
alt —0.296 —0.024
C3 std —0.402 —0.060 +0.051
alt —0.402 —0.077 +0.053
C4 alt —0.402 —0.089 +0.065 —0.016

approaches. We believe that the values are reasonable by
comparison with previous studies,””* and also by comparison
with selected direct calculations for Ag in section S4.

In closing, we note that there are other ways to characterize
the energetics controlling adlayer thermodynamics instead of
decomposition in terms of @’ . The so-called connector model
is one such general approach.”® Another alternative geared to
step-edge thermodynamics at the C2 level retains w,,, but

pL
7
introduces an effective corner or kink energy in place of @, s

4. UNCONVENTIONAL LATERAL ADATOM
¢-INTERACTIONS

4.1. ¢-Interactions and Step-Edge Diffusion Barriers.
First, we discuss selection and determination of unconventional
¢-interactions. As indicated in the bottom panel of Figure 3, we
label pair interactions as ¢, where i = 1, 2, 3, ... corresponds to
increasing separation d; = \/Sa/Z ~ 1.118a, 3a/2 = 1.3a,
\/ 13a/2 = 1.8034, ... Trio interactions will be labeled as ¢,
where i = 1, 2, 3, ... corresponds to increasing perimeter length,
py of the trio motlf pr=(1+ \/ S)a ~ 3.236a for a triangular
trlo, (1+1/5/2 + V/13/2)a ~ 3.921a, and p; = (1 + 1/S/

\/17/2)61 ~ 4.180a for a bent trio with a “terminal” adatom
at the bridge site. These interactions are important for
description of PD around adatom islands and associated
sintering. In addition, we will consider unconventional
interactions labeled ¢, and ¢ with p, = (2 + \/ S)a =~
4.236a and ps = 2\/Sa R 4472a for trios with a “central”
adatom at the bridge site. As discussed below, these ¢-
interactions will be important for description of smtenng of
pits. The expectation from limited previous analysis®” is that
strong attractive ¢b,; and weaker repulsive ¢, will dominate
other interactions. Another default expectation is that the
magnitude of at least the pair interactions will decrease with
increasing i.
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As noted in section 1, from these ¢’s, we can determine @
for various edge diffusion processes. The corresponding barriers
then follow from eq 1 after determining E4 and the relevant
D,. In the expressions below, we just list explicitly the ¢’s
shown in Figure 3, and leave the others implicit. For example,
for diffusion along straight close-packed (110) edges, one has
that

E =Eg+ (2, + 20, + . + ¢y + 20, + 25 + )

— (@, + 205 + o + 20y + Wy — . — 0@y — ...)
(11)

The additional barrier, §y,, for edge atoms to round kinks or
corners is given by

O = _¢p1 - 3¢p3 —e =y = by~ Py~ (12)

The barrier, E,, for extraction from (100) step edges, which
impacts step meandering kinetics, is given by

E . =E + (2¢p1+q%2+¢p3+"'+¢t1+¢t2+2¢t3
+..)

W, — .)

= Qwy, + 30, + .+ Soy + 20, — . — @y

(13)

The barrier, Ey, for breakout from a close-packed (110) step
edge is given by

E, =E; + (241{91 + o + 04, + 24, + 26, + ¢, + 0
+..)

= By + 20y, + o + 60y + 40y — . + 20 — ..
(14)

In this study, we consider sintering of single-atom-deep pits,
as well as of adatom islands. Our formulation should also
describe pit diffusion. In this context, one anticipates that a key
edge diffusion process for pit configurations (which tend to
exhibit concave step edges) involves sliding of an atom adjacent
to the corner out along a (110) step edge; see Figure 2f. The
barrier, E,, for this sliding process is given by

ES=Ed+(3¢PI+...+¢t1+3¢t2+3¢t3+¢t4+¢ts
+..)

= By, + 3wy, + o+ Ty + 40y — o+ 20, — )
(13)

It is appropriate to note that the unconventional interactions
¢y and ¢, with the hopping atom at the bridge-site TS
between two other atoms at 4fh sites, do not impact edge
diffusion around convex islands. However, they do naturally
impact diffusion at the edge of pits. They are also relevant for
diffusion of single vacancies through islands, although they were
not incorporated into previous modeling.’” In addition, it
should be also mentioned that the formulas for the barriers
given above sometimes need modification to account for the
smaller unit cells used in the DFT analysis.”’

4.2, Determination of ¢-Interactions. While models
retaining more ¢-interactions will be more accurate, again
tailored models with a smaller number of effective interactions
might provide useful insight. Thus, we discuss a sequence of
models (Un) retaining n independent ¢’s for n = 1, 2, 3, and 4.

U1 Model Retaining a Single ¢ = ;. In this model, it is
natural to choose ¢, to recover the exact value of the barrier,
E,, for diffusion along close-packed (110) steps. Note that this
model will impose a kink-rounding barrier equal to &, = —¢,,
= lg,,l.

U5 Model Retaining Both ¢,; and ¢,;. These two ¢’s are
expected to have the largest magnitude, so this model is
appealing. Naturally, ¢,; and ¢, are chosen here to recover
both E, and the additional kink-rounding barrier, J,. Such a
model, when combined with any Cn model recovering the exact
value of E®™ should suffice to effectively describe adatom-
island sintering.

U3 Model Retaining Independent ¢,;, ¢y, and ¢, (and
Dependent ¢y,). A previous study’’ suggested that longer-
range pair interactions, d)Pi, with i > 1, are small. This study also
indicated that the values of trio interactions, ¢, , 3 vary
smoothly with the angle of the trio motif from repulsive values
for a triangular motif of ¢, to attractive for a close-to-linear
motif of ¢3. Thus, we adopt a weighted average for ¢, = n¢; +
(1 = 17)¢h,y with fixed 7 close to unity as ¢y, is closer to ¢ than
¢a.”” The three independent ¢’s are selected to recover all of
E, E, and E,.

U4 Model Retaining Independent ¢p;, ¢y, ¢ ¢es (and
Dependent ¢,,). We expect that reliable description of pit
diffusion and sintering also requires recovery of the barrier, E,,
for sliding at pit corners. This E; involves the combination ¢y, +
¢s, where ¢, and s have the bridge-site adatom between two
other atoms at 4fh sites; see Figure 3. Limited direct
calculations of these ¢’s indicate that ¢, dominates ¢, so in
our simulation analysis, we will set ¢s = 0. We note that
expressions for E,, E,, and E_, do not involve ¢ or ¢s.

Next, we present results for ¢-interactions based on Cn + Un
models for n = 1, 2, 3, and 4, specifically using w-interactions
from our alternative version of Cn incorporating step-edge
thermodynamics. The results of w-interactions from our
alternative version of Cn used to obtain ¢)-interactions of Un
have been presented in Table 4. In addition, in this analysis, we
use our DFT results for Ey, E, Ey, E., and E presented in
Table 2. For C1 + Ul, one simply uses the relation:

E, ~ E; + 2¢Pl — 0, (16)
to obtain ¢, = —0.243 (—0.292) eV for Ag (Cu). For C2 + U2,
one uses the relations:

E. .~ Eq+ 241{71 + ¢y — @, — 20, (17)
and

O B =y = &, (18)

to obtain ¢,; = —0.265 (—0.312) eV and ¢,, = +0.022 (+0.002)
eV for Ag {Cu). For C3 + U3, one uses correspondingly more
complex relations for E, Jy,, and E,, involving independent ¢,,,,
¢, and ¢ (and dependent ¢,) and 3 C3 w’s. For C4 + U4,
the analysis for ¢, and ¢y, , 3 is as for C3 + U3 but with 4
C4 w’s, and ¢, follows from knowledge of E,. Results for
various Cn + Un models are shown in Table 5. Values appear
reasonable by comparison with selected direct analyses for Ag
in section S4.

5. OTHER LOW-STRAIN METAL (100) SYSTEMS

As noted in section 1, extensive systematic studies of
nanocluster reshaping in metal (100) systems are available
only for Ag/Ag(100). Limited qualitative observations are
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Table S. PBEsol Estimates of ¢)-Interactions (in eV) for Cn +
Un Models for Ag(100) and Cu(100)“

Dot P $o Pa Py + Pis
Ag  Cl+ Ul —0243
C2 + 12 —0.265 +0.022
C3+ U3 —0.207 +0.110 —0.058 —0.088
C4 + U4 —0.204 +0.121 —0.064 —0.096 +0.072
Cu Cl + Ul —-0.292

C2 + 02 —0.312 0.002
C3 + U3 —0.289 +0.104 —0.051 —0.078
C4 + U4 —0.285 +0.120 —0.058 —0.090 +0.074

“For U3 and U4, we have selected 7 = 0.8S.

available for Cu/Cu(100). For this reason, we have focused on
these two systems in sections 3 and 4. However, the
formulation developed in this Article applies more generally
to any metal (100) homoepitaxial systems, and also to low-
strain metal (100) heteroepitaxial systems. There have been
experimental studies for various homoepitaxial systems beyond
Ag and Cu, including Pd, Ni, and Rh. Thus, we discuss related
experimental results and present selected new DFT analysis
relevant to NC sintering. Key features for a subset of the
numerous systems discussed are summarized in Table 6.

Table 6. Summary for Various Homoepitaxial and
Heteroepitaxial Systems of Model Applicability, Availability
of STM Data for Sintering of Islands and/or Pits, and DFT
Results for Dominant Terrace Diffusion Mechanism
(Hopping versus Exchange)

model STM data hopping versus

systems applicability availability exchange
Ag/Ag(100) yes yes hopping
Cu/Cu(100) yes yes hopping
Ni/Ni(100) yes yes exchange”
Pd/Pd(100) yes no hopping
Rh/Rh(100) yes no hopping”
Au/Ag(100) yes no hopping
Ag/Fe(100) yes no hopping
Pt/Pd(100) no no exchange
Ir/Pd(100) no no exchange
Ir/Rh(100) no no exchange
Ta/Nb(100) yes no hopping

“Experimental FIM>® and DFT LDA studies® determine the terrace
diffusion via exchange, but PW91° and our PBE analyses produce the
terrace diffusion via hopping. YExperimental FIM studies confirm the
terrace diffusion via hopping.®!

5.1. Pd/Pd(100). Previous studies explored submonolayer
island formation using surface-sensitive diffraction and
suggested a diffusion barrier of around Ey =~ 0.6 eV assuming
irreversible island formation at 300 K and a prefactor of v &~ § X
10'2/5.°% However, there are no existing experimental analyses
of postdeposition island diffusion and coalescence. Subsequent
DFT PW91 GGA analysis®® assessed a hopping barrier of E; ~
0.71 eV. This analysis also indicated a slightly higher barrier of
0.82 eV for terrace diffusion via exchange with an underlying
atom in the surface layer. A DFT LDA study estimated E; ~
0.87 eV for hopping and 0.85 eV for exchange,64 but did not
address the discrepancy with ref 63 or experiment. Using a 15-
ML slab and 4 X 4 unit cell, we perform the DFT analyses for
E,. Our PBE value of E; is consistent with E; &~ 0.71 eV in ref

63, but our PBEsol value is ~0.1 eV larger than the PBE value.
We go further to determine edge diffusion and kink-rounding
barriers. See Table 7 for our DFT results of these key barriers.

Table 7. DFT PBEsol Estimates of Activation Barriers (in
eV) for Key Diffusion Processes for Pd/Pd(100)

E, (hop) Ey (exchange) E. Sir E.
0.818 0.887 0.449 0.370 0.819

We also determine Eup ® E,uxs) = —3.825 eV, E uxsnn =
—3.968 eV, and E (1) = —4.473 eV, so that the “true” @, =
2y — Eam) = —0286 eV and S = [Ey 1) — E]/2 =
—0.324 eV from PBEsol analyses. For more details of the
calculations, see the Supporting Information.

5.2. Ni/Ni(100). STM studies explored submonolayer island
formation,®® analysis of which indicated a lower bound on Eg of
around 0.45 eV.”* Separate STM studies examined g)it evolution
and coalescence for coverages near 1 ML.”® Field-ion
microscopy (FIM) studies directly determined that terrace
diffusion occurred via exchange with E4 = 0.63 eV.>® An earlier
PWO1 analysis just determined Eq = 0.72 eV for hopping.”® A
subsequent analysis®® emphasized that the LDA exchange
barrier of E; = 0.78 eV was somewhat below the LDA hopping
barrier of 0.82 eV, consistent with the above experimental result
of more favorable exchange than hopping. Reference 59 did not
elucidate the discrepancy between the experimental Ey = 0.63
eV and their DFT values: LDA E4 = 0.82 (0.78) eV for hopping
(exchange); PW91 E4; = 0.72 (0.77) eV for hopping
(exchange). Our own PBE analysis (using a 4-ML slab and
10 X 10 unit cell) produces E4 = 0.729 eV for hopping and E4 =
0.817 €V for exchange, comparable to previous PW91 results.”’
While terrace diffusion occurs via exchange, we believe our
model for PD-mediated reshaping via hopping is still applicable.
The key point is that although exchange is favored on the
terrace, this pathway is expected to be strongly inhibited at step
edges given the crystalline geometry.

5.3. Other M/M(100) Systems. We more briefly remark
on some other homoepitaxial systems where our modeling
should apply. For Rh/Rh(100), there are currently no
experimental studies for submonolayer island formation or
postdeposition coalescence. However, experimental FIM
studies have confirmed that terrace diffusion occurs via hopping
with a barrier of 0.88 eV,®' quite consistent with a PW91
estimate of Ey = 0.89 eV.”” There are extensive studies of
submonolayer island formation for Fe/Fe(100).”” However, we
find that DFT analysis for this bcc system produces some
special challenges, which will be discussed in a separate
publication. We have also performed DFT analyses for two
other bcc metals. We find that PBE analysis (using a 5-ML slab
and 4 X 4 unit cell) produces E; = 0.883 (1.664) eV for
hopping (exchange) for Nb/Nb(100); E4 = 1.099 (1.687) eV
for hopping (exchange) for Ta/Ta(100).

Next, we provide several examples, which address the
applicability of our stochastic lattice-gas-modeling approach
for NC reshaping for low-strain heteroepitaxial metal (100)
systems.

5.4. Au/Ag(100). This system has negligible lateral strain
because fcc Au and fcc Ag have almost identical bulk lattice
constants. Previous experiments of few-layer growth focused on
electronic properties, but suggested island formation and
smooth growth at 300 K.%® Previous DFT analysis’”*® indicated
a terrace-diffusion barrier via hopping of Eq & 0.53 eV from
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PBE. Regarding exchange of Au with Ag in the top surface
layer, this process was found to be roughly energy-neutral and
occurs with a barrier around 0.18 eV higher than terrace
diffusion.”” Consequently, this exchange process is not
significant below 300 K, and our model applies.

5.5. Ag/Fe(100). Another system with excellent lattice-
match is Ag on bcc Fe(100), where previous experimental
studies have focused on few-layer growth.”””° In this case, DFT
analysis indicates a terrace-diffusion barrier via hopping of Ej &
0.39 eV from PBE, with a significant energy cost for Ag to
exchange with Fe in the top surface layer.”" Thus, this exchange
process is not significant and our model applies.

5.6. Pt/Pd(100). Given that fcc Pt and fcc Pd also have
similar bulk lattice constants, it is also natural to consider Pt/
Pd(100). Experimental studies have been performed for the T-
dependence of few-layer growth in this system, assessing the
onset temperature for surface diffusion, which was assumed to
be Pt hopping on Pd(100).”" Another study assessed the onset
of reconstruction of the (100) surface of a Pt thin film, again
assuming no significant intermixing.”” More recent studies have
explored the solution-phase epitaxial growth of Pt on Pd
nanocubes with exposed (100) facets.”> We have performed a
DFT analysis using PBE for this system (using a 4-ML slab and
4 X 4 unit cell) to obtain E; = 0.978 eV for hopping versus
much lower E4 = 0.596 eV for exchange. Furthermore, we find
that the system energy is lowered by 0.389 eV during the
exchange process; that is, exchange and associated intermixing
are thermodynamically preferred. As a result, our model with
just hopping diffusion is not appropriate for analysis of this
system. Furthermore, we conclude that the key surface diffusion
process controlling film-growth morphology in the study of ref
71 was presumably not Pt hopping on Pd(100). This
propensity for Pt exchange with Pd(100) was recently
recognized and analyzed in ref 73, which reported E4 = 0.99
eV for hopping and E; = 0.74 eV for exchange with an energy
reduction from exchange of 0.38 eV. Their higher estimate for
the exchange barrier is undoubtedly due to the feature that only
a 3 X 3 unit cell was used constraining the movement of atoms
during the exchange process.

5.7. Ir/Rh(100) and Ir/Pd(100). Fcc Ir has a bulk lattice
constant similar to those of both fcc Rh and fcc Pd(100). For
Ir/Rh(100), our PBE analysis (using a 5-ML slab and 4 X 4
unit cell) yields E; = 1.100 eV for hopping versus lower E, =
0.876 eV for exchange. Furthermore, we find that the system
energy is lowered by 0.514 eV during exchange; that is,
intermixing is thermodynamically preferred. For Ir/Pd(100),
our PBE analysis (using a 4-ML slab and 4 X 4 unit cell) yields
Eq4 = 1267 eV for hopping, but a strong preference for
intermixing with the energy lowered by 1.037 eV via exchange.
Our cNEB calculation indicates a barrier for intermixing of
below 0.3 eV. Thus, again our model with just hopping
diffusion is not appropriate.

5.8. Ta/Nb(100) and Nb/Ta(100). Bcc Ta and bee Nb also
have essentially identical bulk lattice constants. Our PBE
analysis (using a S-ML slab and 4 X 4 unit cell) produces E4 =
1.010 eV for hopping and Ey = 1.613 eV for exchange for Ta/
Nb(100) (with exchange thermodynamically favored by 0.221
eV); Eg = 0.992 eV for hopping and E4 = 1.783 eV for exchange
for Nb/Ta(100) (where exchange is not preferred thermody-
namically). Even for Ta/Nb(100), there will be a window of
temperature where hopping is active but not exchange, so our
modeling will be applicable.

Finally, we note that Ag/Au(100), Pd/Pt(100), and Rh/
Ir(100) are not considered above due to the hex-reconstruction
of (100) surfaces of Au, Pt, and Ir, which is not incorporated
into our model. On the other hand, our model does naturally
extend to treat low-strain codeposition systems on metal (100)
surfaces without reconstruction or significant intermixing, for
example, (Au + Ag)/Ag(100),” (Ag + Fe)/Fe(100), or (Nb +
Ta)/Ta(100).

6. KMC SIMULATION STUDIES: SINTERING OF
ISLANDS AND PITS ON Ag(100)

Much previous modeling of NC restructuring and diffusion has
tended to use simple generic models and to address general
issues rather than make system-specific predictions. Our goal
here is to demonstrate the predictive capability of our detailed
model incorporating ab initio thermodynamics and kinetics. As
systematic and comprehensive experimental analysis of NC
sintering is available only for Ag/Ag(100) at 295 K,*** we
consider this case. The requirement is not just to recover the
characteristic time, 7, for sintering for a selected case such as
that shown in Figure 1, but also to recover the strong
dependence of 7 on the characteristic linear size, L, of the
constituent NCs. For the latter, it should be emphasized that
the classic prediction of a continuum theory, 7 &~ (L.)* is not
expected to apply on the nanoscale.”'”** All following
simulations of island sintering are performed by utilizing our
most detailed C4 + U4 model.

Below, if two near-square or more generally near-rectangular
clusters sizes are L, X L, and L,, X L, we define the
characteristic size L, = \/ (Lley1 + LxZLyZ)/ 2. It should also
be noted that the dimensions L,; and L, where i labels the NC,
denote the size of a rectangle, which circumscribes the NC, so
the actual area is smaller than L L, because the NC has
“rounded corners”. We will take into account this feature when
comparing STM data with KMC simulations. We also note that
the experimental surface lattice constant for Ag(100) is a =
0.289 nm.”*

Postdeposition analysis of submonolayer island distributions
for Ag/Ag(100) at 295 K reveals coarsening by Smoluchowski
ripening (NC diffusion and coalescence)." One can find
multiple examples of roughly corner-to-corner collision and
coalescence of islands or NCs. From these, we mainly select
those cases where the two NCs have roughly equal size. Such
an example is shown in Figure 1 comparing STM data (top)
and KMC simulations (bottom) for sintering at 295 K where
the two clusters have sizes of 7.3 X 7.0 and 7.9 X 7.6 nm” prior
to coalescence, so L. & 745 nm. Our KMC simulations
mimicking this case start with 24 X 25 and 27 X 27 atom NCs,
which reasonably match the rectangular envelope of the
experimental clusters given that a = 0.289 nm. The two actual
initial clusters are well-described by truncating the corners of
the square or rectangular envelope with long (110) edges to
generate short (100) edges. The relative length of the two types
of edges is determined by f(110)/B100) < 1 in the limit of large
sizes. Thus, we truncate the corners of the 24 X 25 and 27 X 27
atom NCs by removing 3 and 4 atoms, respectively, and join
the truncated clusters corner-to-corner along the (100) edge at
simulation time ¢ = 0. Other cases described below are treated
in an analogous fashion (with larger numbers of corner atoms
removed for larger NCs). Our simulation model reliably
captures the time scale and morphological evolution of these
NC pairs.
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Next, we assess the NC size-dependence of sintering. Figure
4 shows the sintering behavior for a sequence of NC pairs of
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Figure 4. Examples of corner-to corner sintering of Ag NC pairs on
Ag(100) at 295 K. NC sizes: (ab) 5.2 X 5.2 nm* + 4.5 X 4.5 nm? L, ~
4.86 nm; (¢,d) 6.5 X 6.5 nm* + 6.0 X 6.0 nm? L_ = 6.25 nm; (e,f) 10.8
X 9.0 nm* + 8.4 X 5.4 nm?% L. ~ 844 nm; (gh) 13.0 X 13.0 nm” +
11.5 X 11.5 nm? L. = 12.27 nm. (a), (c), (), and (g) show STM
images, and (b), (d), (f), and (h) show the corresponding KMC
simulation results.

increasing size L, &~ 4.86, 6.25, 8.44, and 12.27 nm comparing
STM data (Figure 4a,c,e,g) with the corresponding KMC
simulations (Figure 4b,d,£h), respectively. The time scale for
sintering significantly increases with increasing L. by roughly an

order of magnitude over this range. Our simulation model
recovers the sintering times in all cases, thus effectively
describing this nontrivial size-dependence. Note that in one
(Figure 4ef) of these cases, the two initial clusters have
significantly different sizes, but in the other cases they are quite
close in size.

A quantitative analysis requires more precise definition of the
sintering time. We mention three choices: (i) One imprecise
possibility is to consider the time, 7, to achieve a near-square
shape. There is some uncertainty as to the initial collision time
in the STM data, although this can usually be determined to
within 1 min. However, a key need is to prescribe the condition
for near-squareness. A natural choice comes from recognizing
that in the later stages of sintering the coalesced NC pair
achieves a convex shape. The longest dimension is along the
line through the centers of the initial NCs, and the shortest is in
the orthogonal direction. One can specify that a near-square
shape is achieved when the shortest dimension is, say, 90% of
the longest. (ii) A more convenient alternative is to consider
the time, 7, for the coalesced NC pair to achieve a convex
shape. (iii) Another choice avoiding the uncertainty in collision
time in STM data is to consider the time, 7, for the width of
the neck region to grow from, say, L./2 to L.

Table 8 summarizes results for various sintering times from
STM and KMC analysis for a range of NC sizes, where these
estimates come from analysis of additional images not shown in
Figures 1 and 4. It is clear that 7,y > 7 > 7, but we do not
show results for the latter given the large uncertainty in
measurement. In fact, we emphasize that large fluctuations in
shape evolution for small NC sizes considered here preclude
precise determination of any of these 7’s from a single
experiment or simulation. These large uncertainties are
reflected in the values in Table 8. It should be mentioned
that one could perform many simulation trials for the same
initial conditions and average, but we do not pursue such
analysis here. Nonetheless, as noted above, 7 exhibits a clear
increase with increasing L. Fitting the most reliable KMC data
for 7, indicates that 7, ~ (L_)" with n & 2.6 well below the
above-mentioned continuum prediction of n. = 4. Fitting STM
data for 7., and KMC data for 7, leads to similar estimates of n
~ 2—2.5. Such values well below n_ = 4 are expected given the
small size of the NCs and presence of a substantial additional
kink-rounding barrier. Note that for Ag/Ag(100), the addi-
tional kink-rounding barrier is 6, = 0.233 eV from Table 2, so
that the corresponding kink Ehrlich—Schwoebel length L, =
ael/®&T) ~ 28 um far exceeds L. (the condition for
breakdown of the continuum theory'?).

As indicated in section 1, one can in principle assess sintering
not just of single-atom-high islands, but also of single-atom-
deep pits on Ag(100). There are no available STM observations
of sintering of pits in the size range considered above for
islands, so corresponding direct comparison of experiment with
KMC simulations of our model is not possible. However, there
are limited observations of the sintering of larger pits (still with

Table 8. Sintering Times (in min) from KMC Simulation (STM Experiment)

L, (nm)
4.86 625 7.45 8.44 12.27
Tq 28 (~12) >18 (~14) >26 (~20-25) >28 (~25-30) ~90 (229)
T 3—4 (~6) 7-9 (~9) 7—12 (~11) 8—14 (~12) 45 (~40)

“No experimental data available.
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9.30 min

0.01 min

Figure S. Comparison of KMC simulation results at 295 K for corner-to-corner sintering of (a) two 17 X 17 atom islands, and (b) two 17 X 17
vacancy pits. Cases (a) and (b) utilize our complete C4 + U4 model. Case (c) sets ¢, = ¢hs = 0.

127.32 min

0.11 min

1.72 min

4.78 min

Figure 6. Comparison of KMC simulation results at 295 K from our C4 + U4 model for evolution of (a) a 34 X 17 atom island, and (b) a 34 X 17

vacancy pit.

L. well below L,),” and of reshaping of more irregular pit
structures,”> which suggest a sintering time on the same order
of magnitude as that for islands of comparable size. Thus, it is
natural to compare predicted behavior of our stochastic model
for sintering of islands and pits, noting that previous atomistic
simulations of pit sintering are limited.” To this end, we
compare benchmark simulations for sintering of two 17 X 17
atom (4.9 X 4.9 nm?) islands and pits as shown in Figure S.
Results using our most detailed C4 + U4 model are shown in
Figure Sa for islands and in Figure Sb for pits. The sintering
time for pits is somewhat shorter than that for islands (by a
factor of ~3), but this appears consistent with the limited
experimental observations. However, additional insight into this
behavior comes from examining the predictions of a refined
simulation model where we “switch off” the unconventional
repulsive interaction ¢, = 0 (and also set ¢ = 0). The

corresponding simulation results shown in Figure Sc reveal
much faster pit sintering (by a factor of more than 100 relative
to island sintering), which is not compatible with experiment.
Setting ¢, = s = O significantly lowers the barrier of the
corner sliding process relative to that in the full C4 + U4
model, and greatly accelerates the overall pit sintering process.
Thus, this study serves to emphasize the importance of
incorporating realistic values for such unconventional inter-
actions. Finally, as an aside, we note that there has been an
experimental study of pit sintering on Ag(111) surfaces for
which the scaling of relaxation time with pit size was also
considered.”

Next, with regard to these benchmark simulations, we have
also tested the effectiveness of our simpler C2 + U2 model for
predicting island sintering. As suggested in section 4, the
success of this simpler model is expected because it
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incorporates exact edge-diffusion and corner-rounding rates.
Indeed, simulated island evolution is comparable to that using
the more detailed C4 + U4 model. On the other hand, this
simplified model fails to recover the behavior predicted by our
C4 + U4 model for pit sintering, predicting too rapid sintering
by a factor of about 3.

Finally, we note that STM studies do reveal some limited
examples of side-by-side (relative to corner-to-corner) sinter-
ing. Typically, the NCs that collide side-to-side do not have
exactly the same size and there is a fast reshaping of the
coalesced NCs removing any concave regions to achieve a near-
rectangular shape; see Figure 1c of ref 2. Subsequently, there is
a slower evolution of the near-rectangular shape toward a near-
square shape. Note that this reshaping process (in contrast to
corner-to-corner sintering) can be limited by nucleation of new
outer edges on the long sides of the rectangle in the regime
where L. < L (see section 2.3)."°~"> We perform benchmark
simulations focused on the latter stage conversion of rectangles
to squares, comparing behavior for islands and pits. Figure 6
shows the results at 295 K from KMC simulation using our C4
+ U4 model, starting with (a) a 34 X 17 atom NC; and (b) a 34
X 17 atom vacancy pit (ie, 9.8 X 4.9 nm?). Results indicate
that pit sintering is ~10 times faster than island sintering in this
size range. Very limited STM observations for larger sizes ~28
X 15 nm” do suggest faster pit sintering (for the same size
islands and pits),” although quantitative analysis is not viable.

7. DISCUSSION AND CONCLUSIONS

We have developed a general formalism to describe the shape
evolution of 2D nanoislands and nanopits on unreconstructed
metal (100) surfaces in cases where the process is mediated by
PD, which in turn involves adatom hopping. The formalism is
designed to incorporate both ab initio step-edge thermody-
namics and kinetics in contrast to more generic modeling. A
range of models is presented retaining different numbers of
conventional @-interactions and unconventional ¢-interactions.
Models retaining more interactions naturally give a more
accurate description, but those with fewer can be crafted to
capture key features of step-edge physics and potentially
provide more insight into key parameters controlling behavior.
The C4 + U4 model with 4 @’s and 4 ¢’s is perhaps the
optimum choice.

The time scale for coalescence or sintering of NC pairs is
extremely sensitive to barriers for PD and thus provides an ideal
benchmark for DFT energetics. Our analysis reveals that
PBEsol energetics is consistent with experimental observations
for Ag(100), but not PBE energetics (for which the magnitude
of adatom interactions and related quantities as well as of
diffusion barriers is about 80% of PBEsol values).

Unfortunately for Cu(100), there is not any available
quantitative experimental analysis of the coalescence of NC
pairs. Certainly, our model predicts slower sintering for
Cu(100) than for Ag(100) as a direct consequence of the
higher value of the effective overall activation barrier E.4 (and
of each of its constituent energies). Actually, qualitative
experimental observations for Cu(100) do not give an
indication of significantly slower reshaping than for Ag(100).
However, Cu surfaces are more prone to impurities, for
example, deriving from bulk S. Thus, it is perhaps possible that
observed behavior is impacted by such effects. This view was
recently considered in analysis of step flow on Cu(100).”°
Perhaps more relevant, we also mention that even trace

amounts of S can greatly enhance decay of NCs on Cu(111)
surfaces.””””®

From a broader perspective of shape evolution of both 2D
and 3D NCs, a precise ab initio description of PD kinetics in all
possible local environments is essential. This means, for
example, discriminating between diffusion along straight
edges in 2D (or on facets in 3D) and diffusion around kinks
or corners in 2D (or between facets in 3D). Our general
modeling framework including both conventional and uncon-
ventional interactions to reliably reconstruct PD barriers has
general applicability.

It is natural to consider extension of this analysis to treat
sintering of islands and pits on fcc (111) metal surfaces, """’
However, high-level treatment of kinetics in these systems is
expected to be more challenging than for fcc (100) metal
surfaces. It is recognized at least for island diffusion on these
surfaces that concerted motion and };ossible formation of
stacking-fault defects can play a role.”~* From the perspective
of providing precise ab initio treatment of kinetics, our
preliminary analysis indicates an additional challenge in that
there is not a single TS geometry that applies for PD at
different types of step edges. Thus, some refinement of the
formulation developed in this Article, for example, to
incorporate multiple TS, is required.
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S1. General Details of DFT Analysis

In our DFT total-energy calculations, we use the periodically-repeated slabs to
represent the surface.! The vacuum thickness between adjacent slabs is never less than 1.5
nm to avoid interaction between slabs. The projector augmented-wave (PAW) method? is
utilized for the electron-core interactions with the pseudopotentials released in 2013 by
the VASP group. The energy cutoffs of the plane-wave basis for metals other than Ag are set
to be VASP default values, which suffices for accurate assessment of energetics discussed in
this work. For the Ag system on which we focus, a larger energy cutoff of 400 eV versus the
VASP default value of 249.844 eV is utilized.

To avoid corruption of our determination of surface energetics for (100) surfaces of
single-crystal substrates due to QSE-induced oscillations of electronic properties with
varying thickness of thin slabs,34 we choose a thick-enough slab up to 15 MLs. We note that
QSE are particularly strong for Ag and Cu. However, when only rough estimates are needed
for some energies, we just use a 4- or 5-ML slab, as was actually selected in most of
previous literature. I'-centered k meshes are carefully tested for any lateral sizes of
supercells, e.g., we choose 31 X 31 k mesh for 1 X 1 unit cell, 9 X 9 k mesh for 4 X 4 unit
cell, 7 X 9 k mesh for 5 X 4 unit cell, etc.

During energy minimization, the bottommost 8 MLs are fixed for a 15-ML slab (as is the
bottommost 1 ML is fixed for a 4- or 5-ML slab) and other atoms are allowed to relax until
the self-consistent forces reach the tolerance of 0.1 eV/nm. Before energy minimization, all
atoms in the slab are at their corresponding bulk-crystal positions with the DFT lattice
constants for bulk: ayg, = 0.4147 (0.4053) nm from PBE (PBEsol), a¢, = 0.3634 (0.3569)
nm from PBE (PBEsol), apq = 0.3940 (0.3872) nm from PBE (PBEsol), ay; = 0.3517 nm
from PBE, ag;, = 0.3824 nm from PBE, ayp, = 0.3321 nm from PBE, and at; = 0.3321 nm
from PBE. All these DFT values of lattice constants that we obtained are in good agreement
with experimental values.>

The key quantity extracted in our DFT analysis is the adlayer energy per adatom, E,,,
where v represents corresponding configuration containing M adlayer atoms per unit cell.
This adlayer energy equals the sum of the total adsorption plus the total lateral interaction
energy within the unit cell divided by M. It is obtained from

S1



E, = Eiot — Eslap — ME,, (Sl)

where E,; is the total energy of the slab plus adlayer atoms, Eg,}, is the energy of the slab
without adlayer atoms, and E is the self-energy of one isolated gas-phase atom. E;, Ejap,
and E, are directly obtained from DFT calculations.

S2. Results of PBE Analysis

We also have used the PBE functional to repeat the majority of the DFT analysis which
was reported in the main text based on the PBEsol functional. We start by reviewing results
for Ag and Cu. First, we assess E,, for the same key configurations v as considered in Table
1. Corresponding PBE values for these E,, are given in Table S1. The PBE value of E,g, for
isolated atoms identified as Ep(4x4) is ~83% (87%) of the PBEsol value for Ag (Cu). The

PBE value of the “true” wp;, = 2 [E(4><4)-NN — E4fh] = —0.234 (—0.332) eV for Ag (Cu) is

80% (87%) of the PBEsol value. The effective w§f = [Epax1) — Eam]/2 = —0.206 (—0.298)
eV for Ag (Cu) is 77% (84%) of PBEsol value. Second, we consider quantities related to
step-edge thermodynamics noting that PBE values for E°™ and AE 110y are ~80% (~87%)
below PBEsol values for Ag (Cu); see Table S2. Third, we consider diffusion barriers for
terrace and step-edge diffusion. PBE values are generally ~82% (~88%) below PBEsol
values for Ag (Cu); see Table S3. Thus, a consistent discrepancy between PBE and PBEsol

values for this diverse collection of energies is apparent, the former generally being ~78-
84% (84-88%) of the latter.

Table S1. E,, (in eV) from PBE for Ag(100) and Cu(100).

Epaxa) E(4x4)-NN Ec2x2) Epax1)
Ag -2.106 —2.222 -2.143 -2.517
Cu -2.886 -3.052 -2.965 -3.482

Table S2. Thermodynamic Energies (in eV) from PBE for Straight Steps of Ag(100)
and Cu(100).

E§°rm AE(110) AE(100)
Ag 0.192 0.377 0.010
Cu 0.262 0.519 0.023

We compare our PBE results against selected previous analyses. A PBE analysis by Liu®
used a 4 X 4 unit cell, averaged over slabs of 8-15 MLs to avoid QSEs, to obtain the Wp1 =

0.22 (0.32) eV and E4 = 0.440 (0.542) eV for Ag (Cu), consistent with our analysis. Another
study’ used the PW91 functional but just 5-ML slabs (where results are influenced by
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QSEs) to obtain E4 = 0.45 (0.53) eV for hopping, E4 = 0.59 (0.79) eV for exchange, and

E. = 0.24 (0.32) eV for edge diffusion for Ag (Cu). All these values are quite close to our
PBE results. Finally, we note that PW91 values® for conventional interactions obtained by a
conventional CE approach of wy; = —0.335, wp, = —0.043, wy = +0.054, w, = —0.016

also appear consistent with our PBE energetics for Cu.

Table S3. Activation Barriers (in eV) for Hopping on Key Step-Edge Diffusion
Processes form PBE for Ag(100) and Cu(100).2

Ee Ekr Es
Ag 0.234 0.427 0.483
Cu 0.295 0.551 0.597

9We also obtain E4 = 0.447 (0.548) eV for Ag (Cu).

Numerous DFT analyses of energetics for these and other systems generally do not
provide a detailed assessment of the extent to which those values are compatible with
experimental observations. We have a considerable advantage for Ag(100) since extensive
data on both island formation and post-deposition relaxation is available. From the analysis
in Section 6, it is clear that the PBE prediction for E.¢ = EL™ + E, + Ej, and its
constituent energies is too small in magnitude and predict coalescence times well below
experimental observations. In contrast, PBEsol values reasonably recover observed
behavior. It should however be noted that PBEsol values for terrace-diffusion barriers
appear too high to recover observed island densities formed during deposition. Significant
dimer diffusion in the nucleation process® would allow experimental densities to be
matched by higher Eg, but still below the PBEsol value.1? Also Arrhenius behavior of the
island density appears more consistent with lower PBE values of E4.°

Finally, while it is well-accepted that the hopping pathway dominates exchange for
terrace diffusion for Ag(100) and Cu(100) homoepitaxy, there is less consideration of the
possibility that exchange rather than hopping might dominate kink rounding.
Consequently, we have utilized the cNEB approach to assess the two-atom near-kink
exchange barrier for the pathway shown in Figure 2g, using a 4-ML slab of 5 X 5 unit cell
for Cu(100) homoepitaxy. The obtained PBE exchange barrier is 0.705 eV compared to a
hopping barrier of 0.577 eV for the direct corner rounding of only one adatom. Thus, the
direct hopping is favored over the two-atom near-kink exchange for kink rounding. We
expect that the same behavior would be found for Ag(100). While we have not performed
DFT cNEB analysis for this case, we have checked that analysis by using interactions from
the embedded-atom method (EAM), predicting that hopping is favored over exchange for
Ag(100) surface.

Here we also provide our PBE results of key barriers for Pd/Pd(100); see Table S4. We
also determine E m =~ Epsxse) = —3.213 €V, Eaxayny = —3.327 €V, and Ep1x1) = —3.743
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eV, so that the “true” wp; = 2 [Ep(4x4)_NN - E4fh] = —0.228 eV and wgflf = [Ep(1><1) - E4fh]/

2 = —0.265 eV from PBE analyses. For more details of calculations, see Section S1.

Table S4. DFT PBE Estimates of Activation Barriers (in eV) for Key Diffusion
Processes for Pd/Pd(100).

E4 (hop) E4 (exchange) E. Okr Exr

0.818 0.887 0.449 0.370 0.819

S$3. DFT Analysis of Step Energies

In Section 2, we have described the determination of step energies by analyzing the
total energy for a slab with periodically-alternating ascending-and-descending steps of a
specified orientation.!! Subtraction of surface- and bulk-energy components can lead to
significant errors. For this reason, we adopt here a different strategy comparing suitably-
selected pairs of configurations to enable direct cancellation of bulk and surface
contributions.

Of particular interest is determination of some measure of the difference between step
energies for (110) and (100) orientations. To this end, we compare the total energies for
configurations with a 1/2 ML strip on a 15-ML slab. For step edges along the (110)
direction we use a 12 X 1 unit cell, and for step edges along the (100) direction we use a

62 x V2 unit cell, so both analyses involve the same total number of atoms and the same
number of surface atoms. Accounting for the feature that each configuration involves two

steps, the energy difference equals Z(ﬁaﬂ(wo) — aﬁ(llo)). From such an analysis, we
obtain PBE values of \/50,3(100) — af110y = 0.096 (0.129) eV for Ag (Cu). Similarly, we

obtain PBEsol values of\/faﬂ(loo) — af110y = 0.118 (0.157) eV for Ag (Cu). We note that
from Equations 4-6, it immediately follows that

4(\/§aﬁ(100> - aﬁ(no)) = AE(110) — Wiz — -+ = AE(110)- (S82)

Compared with AE ;40 values in Tables 1 and S2, our DFT results from quite different types
of analyses are reasonably consistent with the relationship Equation S2.

In addition, we have performed a direct analysis of af(;10, by comparing the energy of

two configurations both based on a 16 X 1 unit cell. The first has a strip of width 8a and the
second has two strips of width 4a (each separated by 4 empty rows). The difference in the
total energy of these two configurations equals 2af;1¢). For this analysis we obtain PBE

estimates of aff(;19y = 0.100 (0.148) eV for Ag (Cu). PBEsol analysis yields af;1¢) =
0.131 (0.178) eV for Ag (Cu).

For comparison, we note that early LDA analysis!! based on the approach described in
Section 2 and for very small systems yielded estimates of aff(;10y = 0.130 eV and

aB100y = 0.156 eV for Ag(100). Note that experimental results are available for Cu(100) for
aB110y = 0.22 and af190y = 0.27,12 so that \/50,3(100) — af110) = 0.162 eV very close to
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our PBEsol value of 0.157 eV (although the PBEsol estimate of af8;1¢) is somewhat below
the experimental value).

S$4. Large-Unit-Cell Determination of Interactions for Ag(100)

Large-unit-cell calculations are expensive. Here, we present a limited analysis using a
6 X 6 unit cell but a thin 4-ML Ag(100) slab (and thus not eliminating QSEs which
significantly modify at least weaker interactions).® However, the results (in eV) still provide
an estimate of what we have described as “true” interactions: E g, = —2.118, Eq4 = 0.430,
wp1 = —0.203, wp; = —0.003, wyy = +0.040, w, = —0.044. ¢pp,; = —0.213, ¢y = +0.110,
¢z = —0.005, ¢p3 = —0.032, ¢y = +0.047, 5 = +0.011. Note that this analysis used the
pre-2013 version of PAW PBE GGA functional.
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