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posites obtained via sequential pulsed laser deposition. Using Ni—SrTiO3 as a model system, we
reduce the complexity of the computational problem by choosing a coarse-grained approach map-

ping Sr, Ti and O atoms onto a single effective STO pseudo-atom species. With this Ansatz, we
scrutinize the kinetics of the sequential synthesis process, governed by alternating deposition and
relaxation steps, and analyze the self-organization propensity of Ni atoms into straight vertically
aligned nanowires embedded in the surrounding STO matrix. We finally compare the predic-
tions of our binary toy model with experiments and demonstrate that our computational approach
captures fundamental aspects of self-assembled nanowire synthesis. Despite its simplicity, our
modeling strategy successfully describes the impact of relevant parameters, like concentration or
laser frequency, on the final nanoarchitecture of metal—oxide thin films grown via pulsed laser

deposition.

1 Introduction

Vertically aligned metal—ceramic nanocomposites constitute a
new material class characterized by the presence of metallic
nanopillars embedded in a planar oxide matrix. As a consequence
of their very large heterointerface as well as their anisotropic op-
tical, magnetic and electrical properties, these hybrid structures
can be considered promising candidates for technological appli-
cations in various fields ranging from plasmonics™*4, spintronics™
and catalysis? to ultrahigh density magnetic data storage®©,

For development of novel vertical nanocomposites, pulsed laser
deposition (PLD) synthesis relying on self-organized growth has
recently emerged as a novel technique, complementing conven-
tional methods such as electrodeposition into prestructured tem-
platesZ*?. On the one hand, self-assembly based procedures
avoid cumbersome intermediate steps and permit to create ar-
rays of ultrathin nanowires (d < 5nm) with extremely high den-
sities (p > 10!'!/ecm?). On the other hand, the metallic and oxide
phases exhibit vertical epitaxial coupling, which is especially in-
teresting when dealing with magnetic nanocomposites. Indeed,
pronounced differences in lattice parameters between the ma-
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trix and the metallic nanoinclusions paves the way for magnetic
anisotropy control via strain engineering1? and synthesis of arti-
ficial multiferroics 112,

Obviously, the design of application-optimized composites re-
quires precise control of their nanoarchitecture. The inter-wire
spacing must be carefully tuned to achieve a compromise between
high areal density and detrimental magnetic dipole-dipole inter-
actions. At the same time, accurate adjustment of the nanowire
radius is required, as it intrinsically limits the thermal stability of
the encoded magnetic information. In addition, it also plays a cru-
cial role in determining the final strain state of the nanowirel,

A variety of parameters influencing the structure of vertically
aligned nanocomposites has been identified in recent years. The
temperature’l® and deposition frequencyl® were for example
found to have a strong impact on the diameter of embedded
nanocolumns grown via PLD. However, while the number of ex-
perimental studies dealing with magnetic metal — oxide VANs in-
creases steadily'1412
ical description of the growth process. The details of the mecha-
nisms giving rise to self-organized, matrix-embedded wire arrays
remain poorly understood.

In the present work, we therefore scrutinize synthesis of hy-
brid metal-oxide thin films from an experimental, as well as from
a theoretical perspective. On the one hand, we use a lattice ki-
netic Monte-Carlo (KMC) Ansatz to analyze the growth of hybrid
Ni-SrTiO3 (Ni-STO) thin films. By choosing a coarse-grained

, there has been little progress in the theoret-
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approach, which only takes Ni and matrix pseudo-atoms into con-
sideration, we obtain a simple and powerful toy-model which al-
lows for an atomic-scale description of the initial stages of STO-
embedded Ni nanopillar growth and permits to link synthesis
parameters to the final nanocomposite structure. On the other
hand, we employ sequential PLD, to grow Ni—STO thin films
on STO(001) substrates and compare experimental results with
predictions from our simulations. In addition, we also scruti-
nize various related metal-perovskite nanocomposites, like Ni—
(Sr,Ba)TiO3 and CoNi- (Sr,Ba)TiO; and analyze to what extent
the present simulation results can be generalized to these mate-
rial systems.

The paper is structured as follows: We start by giving a detailed
presentation of our KMC simulation results. We then turn to our
experimental findings and discuss these results with respect to
our KMC data and available literature results. We finally close
with a summary and outlook.

2 Results and discussion

2.1 KMC simulation results

Sequential PLD is based on laser ablation using a set of inter-
changeable targets, resulting in alternate deposition of different
atomic species and ensuing thin film growth on a substrate placed
in vicinity of the plasma plume (Fig.). In the present sim-
ulation study, we focus on Ni-SrTiO3 nanocomposite synthesis
relying on alternating addition of matrix constituents to the sub-
strate surface, i.e., Sr, Ti and O atoms, described by a single ef-
fective matrix species (STO) in our KMC approach, and Ni atoms,
respectively. A detailed description of our simulation strategy is
given in the Methods part of the present paper.

Fig.[Ib shows a series of representative KMC results illustrating
early stage system configurations during sequential PLD-based
nanocomposite growth (T = 870K, N, x Ny = 50 x 50). In this sim-
ulation, a (18]3) sequence has been used, i.e., 18 STO followed
by 3 Ni deposition events. The system states after repetition of
N =1,2,3,5 and 10 of these sequences are depicted in Fig.[Ip(ii),
@iv), (vi), (vii) and (viii) respectively. Additionally, Fig. (i),(iii)
and (v) show intermediate configurations during the first, second
and third sequence after Ni and before STO deposition.

Closer analysis of these results allows to give a simple qualita-
tive description of the growth process. After addition of Ni to the
substrate, surface diffusion of single atoms results in formation of
islands, as illustrated in Fig.(i). During the subsequent steps,
encompassing further relaxation due to target change induced
waiting time as well as matrix atom deposition, Ostwald-ripening
occurs at the surface. Small islands dissolve, releasing Ni atoms
which attach to larger, energetically favored structures, as seen by
comparing Fig.[Tb(i) and (ii) or Fig.[Ib(iii) and (iv). On the other
hand, deposition of coarse-grained STO pseudo-atoms results in
simultaneous matrix growth. At 870K, Ni surface diffusion is fast
enough to prevent vertical kinetic trapping, i.e., covering of Ni
atoms by the surrounding oxide. Successive layerwise stacking
of Ni islands eventually leads to formation of straight and dense
columns, buried in the surrounding STO matrix, as can be seen in

Fig.[Th (viii).
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Fig. 1 a) Schematics depicting PLD-based thin film growth with sequen-
tial ablation from 2 different targets. b) Early stages of nanocomposite
growth modeled with KMC, Ni atoms are shown in red, STO pseudo-
atoms in blue. c) Impact of growth temperature on Ni nanoinclusion mor-
phology (dashed arrows indicate the growth direction of the composite
thin film).

As shown in Fig.[Ik, temperature plays a key role during this
process. Varying T from 700K to 790K, we observe that low
temperature growth results in a cluster-like nanocomposite struc-
ture. Nanopillar formation is clearly suppressed, which can be
attributed to the reduced mobility of Ni atoms. With increasing
temperature, the length of the nanoinclusions increases. While
at 700K, the average metal structure height (k) equals 4.5 mono-
layers (ML), yielding an aspect ratio close to one, increasing T
from 730K to 760K and 790K results in (h) ~ 6.5,8.5,15 ML, re-
spectively. The transition temperature from cluster or rod-like to
pure nanowire-growth with percolating metallic structures cross-
ing the entire thin film (i.e., fulfilling the condition (h) = (N,),
(N;) being the average thin film thickness) was determined to be
T. ~ 820K in the present simulations.

To facilitate comparison with experimental work, simulations
with varying ratio of Ni to STO-atom deposition steps ny;/nsto

This journal is © The Royal Society of Chemistry [year]
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Fig. 2 Nanocomposite structure as a function of the ny;/nsto ratio: a)
average nanowire diameter in lattice units (l.u.) as a function of ny;
(nsTo = 12) and b), ¢), d), e) variation of ngto (keeping nn; = 3).

were performed, resulting in a change of the thin film compo-
sition (T = 820K, Ny x N, = 80 x 80). As exemplified in Fig.,
gradual increase of ny; for constant ngto (nsto = 12) resulted
in a monotonic increase of the average wire diameter. In con-
trast, the wire density remained unaffected with average value

(p) = % ~ 8+ 1-10""/ecm? derived from the number of

nanowirés} anowire 1N the simulation cell, a being the typical
cubic unit lattice parameter (a ~ asto/v/2). A similar behav-
ior was obtained when simulating sequences with varying nsro
(while keeping ny; = 3), as shown in exemplary configurations in
Fig.,c,d,e. Despite the large variation of ngto, the number of
wires in the simulation cell remained constant while their diame-
ters decreased significantly with increasing nsto values.

To gain further insight into the dynamics of the initial stages
of the growth process, we analyzed the evolution of the Ni island
number 4 at the surface of the thin film during the first deposi-
tion sequence (v = 10Hz, T = 820K, N, x Ny, = 128 x 128). Fig.
shows .#{(¢) calculated for various ny; values (keeping ngro = 12).
While .4 is clearly largest for high ny;/nsto ratios, it reaches an
almost constant value towards the end of the sequence, with rel-
ative differences in island number dropping below 20%. This is
additionally illustrated in the inset of Fig.[3h, where the island
density p is shown as a function of ny;. While for 7.2 s simulation
time, the value of p saturates rapidly, it keeps growing linearly
as a function of ny; when the total length of the sequence is de-

This journal is © The Royal Society of Chemistry [year]
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Fig. 3 Evolution of the total Ni island number .4{ as a function of time at
the surface of the growing thin film: a) for nx; = 3 (blue), nx; = 4 (orange),
nni = 5 (green), nn; = 6 (red, dashed). Inset: Island density as a function
of nn; computed for # = 3s (green crosses) and ¢ = 7.2 s (purple dots).
b) Total island number as a function of time: single (18|3) sequence
with subsequent relaxation (orange curve), three (6| 1) sequences (blue,
dashed curve) and total island number at the end of a single (18| 3) se-
quence, without additional relaxation time (black dots)

creased to 3s, highlighting the intimate link between available
relaxation time and final nanowire density.

The impact of Ostwald ripening on nanocomposite growth and
its importance in determining the final nanocomposite architec-
ture when using sequential PLD can further be illustrated by com-
paring N; x (nsto |nni) growth protocols with multiple deposition
sequences N, X (n-ngto|n-nyi). In our simulations n = Ny /N, =3
was used to obtain final configurations with identical amount
of Ni and STO pseudo-atoms (v = 10Hz, T = 820K, Ny x N, =
80 x 80), therefore eliminating effects that might be attributed to
a change in overall nanocomposite concentration. After depo-
sition of 20 ML, the wire density obtained using a (6|1) simula-
tion scheme was approximately equal to 4-10'! /em? which is half
the value resulting from (18|3) sequences. Considering that both
systems contain the same ratio of Ni and STO pseudo-atoms, it
follows that (6| 1)-type sequences must yield larger nanowire di-
ameters, which is what we observe in our simulations.

Again, it is instructive to analyze the number of Ni islands .4
present at the surface during the initial growth stages to under-
stand how this behavior emerges from the interplay of deposition
and relaxation phases. Fig.[3b shows the results of simulation
runs where .#(¢) has been computed for a 3 x (6|1) sequence
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and its 1x(18|3) counterpart (T = 820K, N, x N, = 128 x 128). In
order to obtain comparable total simulation times, the 1x(18|3)
sequence has been complemented by additional relaxation time.
All results were averaged over five different runs, to gain better
statistics. As was already observed in Fig.[3h, the island num-
ber increases dramatically immediately after deposition. Between
two subsequent deposition steps, .4{ then sharply decreases as a
function of time, which is due to Ni atom diffusion and island coa-
lescence. However, the relaxation behavior of both systems differs
significantly. Indeed, the larger amount of metal atoms added at
once to the system during a (18|3) sequence leads to a higher
number of islands during early relaxation, when compared to a
single (6] 1) sequence — in agreement with the previous part of the
discussion (Fig.[3p). As a direct consequence of a larger number
of target exchange moves, the total growth time resulting from a
3% (6]1) protocol exceeds by far the one of its 1 x (18|3) counter-
part. Thus, in a single (18]3) sequence, the system is given signif-
icantly less time for Ostwald ripening, which eventually explains
the higher amount of islands at the end of the sequence and the
aforementioned difference in final nanowire densities. Allowing
further relaxation after completion of a (18 |3) sequence (keeping
the total number of atoms in the system constant) reveals that
%(13\3)(3,5(6\1)) ~ Jt{(ﬁll)(r(6|1)), which suggests that the matrix
atoms have only little impact on Ni island coalescence when con-
sidering sub-ML deposition.

Taken together, these findings show that sequential PLD can
give rise to different growth regimes, which will depend on the
specific setup design, growth protocol and nanocomposite mate-
rials: (i) short relaxation times or, equivalently, low surface mo-
bility of the segregating metal atoms (Ni in our present study),
will give rise to an increase of p with npeg/noxide- In contrast,
in a system with (ii) large relaxation times or high metal atom
mobility, an increase of nyeg, will result in a larger nanocolumn
diameter at constant density. In addition, our modeling approach
highlights that sequences of (1 nmear |7 - foxige)-type can be used
as a strategy to tune nanowire diameters and densities, while si-
multaneously keeping the metal/oxide ratio constant.

2.2 Modeling vs. experiments

Having presented a qualitative analysis of the main mechanisms
governing nanocomposite growth, we now turn to a compari-
son of our KMC modeling approach with experiments. As re-
ported in our previous studies, PLD-based sequential deposition
of Ni and SrTiO3 on SrTiO3(001) substrates was shown to result
in phase separation and growth of vertically aligned metallic Ni
nanowires1%. In the present paper, we present additional results
on Ni-SrTiO; nanocomposite synthesis and focus on the impact
of concentration on the final nanowire morphology, diameters
and densities. These data are complemented by experiments on
Ni- (Sr,Ba)TiO3 (Ni—SBTO) and Coy4yNigy— (S1,Ba)TiO3 (CoNi-
SBTO) thin films in order to explore to what extent the present
simulation results also apply to similar metal - perovskite material
systems2?.

Fig.[dh,b,c show HR-TEM plan-views of Ni-STO samples
where the growth sequence has been systematically varied. In
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Fig. 4 Metal-oxide nanocomposites grown via sequential PLD: a), b),
c) HR-TEM plan-views of Ni—STO nanocomposites. d) Cross sectional
HR-TEM micrograph of a Ni-SBTO thin film with a buried Ni nanowire
giving rise to characteristic Moiré patterns. e) porosity and f) nanowire
diameter as a function of n(copi/nsm)0 @Nd (n(copni/ns(m)0)"/? as well
as linear fits (Ni: blue, dashed line, CoNi: orange, solid line).

these experiments, the number of Ni deposition steps was kept
constant, while ngtg was successively doubled. As can immedi-
ately be inferred from the micrographs, the metal/oxide ratio has
a strong impact on the nanowire diameter: high ny;/nsto ratios
clearly give rise to larger nanowires. We thus retrieve the trend
that was identified in our KMC simulations, where the nanowire
diameter grew monotonically as a function of ny;/nsto. We also
find good qualitative agreement concerning the shape of the em-
bedded nanowires. Indeed, their straight morphology and com-
plete absence of kinks or pronounced diameter modulations, is
perfectly compatible with our KMC predictions (Fig/dqd).

In addition to the nanowire size and morphology, we
determined the porosity of each sample, defined as the

This journal is © The Royal Society of Chemistry [year]



nanowire/matrix surface ratio in a projection perpendicular to
the thin film surface. The results are plotted in Fig.[de. We
observe a similar behavior in Ni-STO as well as CoNi-SBTO
systems, a linear increase of p with n(co)ni/nsm)ro character-
izing pure columnar growth. As the porosity is directly linked
to the nanowire areal number density p and radius r via p =
pnrr?, we conclude that the nanowire diameter must obey d o
P12 (n(copni/ns(8y1o) /2. For the synthesis protocols used in our
experiments, our KMC simulations predict an almost constant
nanowire density for all Ni—-STO samples ((p) ~ 8- 10''ecm~2).
This is indeed what we observe in our experiments, in Ni—
STO ({p) =5.141.1-10""em™2) but also in CoNi—SBTO thin
films ((p) = 3.4+£0.4-10""cm~2), which display a very simi-
lar behavior. As a result, a simple relationship linking con-
centration and nanowire diameter is eventually obtained: d o<

(n(coyni/ns(8)10)"/%, as shown Fig.EF.

Although our modeling approach is focused on metal-oxide
nanocomposite growth, it is interesting to compare the present
results with earlier studies on oxide-oxide nanocolumnar thin
films, where experimental information concerning the relation-
ship between final nanoarchitecture and growth conditions is
available. In BiFeOsz-CoFe,0y4 thin film synthesis, the diam-
eter of embedded CoFe,04 structures was found linked to the
growth rate ¥ via d «< v~/2. This was also reported in Sm-
doped CeO,-SrTiO3 vertical heteroepitaxial nanocomposites.
In the present study, the same result is retrieved in a growth
regime where p is independent of 7(c,)xi/ns(B)T0- Indeed, when

1/2 immediately follows from d o

keeping n(co)n; fixed, d o< v~
p~2(nconi/ns(s)ro)'/? when thin film growth is dominated by
S(B)TO atom addition (p <« 1). However, as has been put for-
ward in an earlier part of this work, it must be emphasized that
very different growth conditions can be encountered. For exam-
ple, self-organization of Co wires in CeO, via sequential PLD re-
sulted in nanocomposites with constant wire diameter and de-
creasing wire density when increasing the number of shots on the
CeO, target?l which might suggest a significantly different sur-
face mobility of Co atoms on CeO, surfaces. The scaling relations
identified in the present metal-perovskite systems, which also ap-
ply to some extent to selected oxide-oxide nanocomposites, will
thus not necessarily remain valid in other types of nanocolumnar
metal-oxide thin films.

Another difficulty encountered when trying to compare the
present results with earlier work on vertically aligned nanocom-
posites arises from the fact that most studies described in litera-
ture rely on single target PLD-growth for nanocomposite synthe-
sis# 1418 Ty close this gap, we conducted additional simulations
where Ni and STO pseudo-atoms were deposited simultaneously
and not sequentially. Fig.[5h and [Sp show exemplary results from
simulations performed with varying ny;/nsto ratios (v = 10Hz,
T = 820K, N; x N, = 80 x 80). At first sight, the system exhibits a
behavior which appears to correspond to our findings based on se-
quential synthesis. We indeed observe growth of nanowires with
rather straight morphology and our results demonstrate that an
increase of ny;/nsto yields a larger average nanowire diameter.
However, careful analysis of the data indicates that the wire den-

This journal is © The Royal Society of Chemistry [year]

a) v =10Hz, 4 at% Ni

b) v =10Hz, 12 at% Ni

c) v =2Hz, 4 at% Ni

Fig. 5 KMC simulation of nanocomposite growth from a single target: a)
at v = 10Hz and 4 at% Ni in the nanocomposite, b) changing the Ni/STO
ratio and finally, ¢) reducing the laser frequency to v =2 Hz.

sity does not stay constant when changing ny;/nsto. While the
small system sizes used in our simulations impede an improve-
ment of the statistics and make a reliable analysis of nanowire
densities difficult, we found evidence supporting an increase of p
with the amount of Ni atoms in the system. This might be traced
back to shorter relaxation steps, when compared to sequential
PLD, as has been discussed in a previous part of this paper. In-
deed, without any intermediate relaxation, as introduced artifi-
cially during sequential growth, the laser frequency v imposes
the typical time scale during which the system evolves with con-
stant number of Ni atoms. A variation of v should therefore have
a measurable impact on the synthesis process and the final struc-
ture of the nanocomposite.

To test this hypothesis, we performed various simulations based
on a single target growth scheme, reducing the frequency by a
factor of 5. Fig.[Bk shows a representative configuration result-
ing from simulation runs using v =2 Hz (T = 820K, Ny x Ny =

Journal Name, [year], [vol.], 1 |5



80 x 80). As can clearly be observed, the laser frequency severely
influences the resulting nanocomposites, yielding a significant in-
crease of the wire diameter when lowering the frequency. This
finding has very recently been reported in PLD-based growth of
Co-BaZrOj; thin films, where the laser frequency was used to
tune the magnetic properties of the resulting thin films4. How-
ever, our simulations also indicate that a reduction of the fre-
quency leads to a concomitant reduction of p. The present work
demonstrates how the introduction of additional relaxation steps
(inherent to sequential growth) can be used as a simple, yet
powerful strategy to circumvent these problems and decouple p
and (d) to eventually achieve an increased control of the final
nanocomposite architecture.

3 Conclusions

In this study, we presented a coarse-grained lattice KMC approach
which we employed to model sequential PLD growth of metal-
oxide nanocomposites. Using Ni—SrTiO3; as a model system, we
analyzed the initial stages of growth and were able to identify
key parameters affecting the final nano-architecture of the thin
film. We showed that synthesis at lower temperatures resulted
in phase separated composites characterized by small Ni nanoin-
clusions, with aspect ratio close to one, embedded in a STO ma-
trix. Increasing the growth temperature favorized the growth of
rods and, above 820 K, eventually resulted in nanowires spanning
from the bottom of the thin film to its surface. We highlighted
that systematically raising ny;/nsto during each cycle, yielded an
increased average nanowire diameter, while the overall wire den-
sity remained constant. Careful analysis of the growth procedure
allowed to show how this behavior emerged from the subtle in-
terplay of deposition and relaxation phases. Control of the relax-
ation time between deposition steps was thus identified as a key
requirement to accurately tune the nanowire size and density. On
an atomic level, our KMC approach is far from grasping the details
and subtleties of metal-oxide interactions (e.g. strain induced ef-
fects, surface reconstructions, defects) and we did not strive for
an exhaustive quantitative treatment of the problem. However,
when comparing our findings with experimental results, we ob-
served reasonable qualitative agreement with respect to the evo-
lution of wire density and diameter upon changes in the synthesis
parameters. We therefore conclude that, despite its shortcomings,
our simulation approach provides a robust scheme to understand
key issues affecting nanowire self-assembly and lays the ground-
work for future studies aiming at a more elaborate description of
the growth of metal — oxide nanocomposites.

4 Methods

Kinetic Monte-Carlo

KMC results presented in this work rely on an implementation of
the residence time algorithm proposed by Bortz22. To simplify
computations, Ni—SrTiO3 nanocomposite growth resulting from
sequential addition of Sr, Ti, O and Ni atoms to the surface of
the thin film was approximated by a binary system, composed of
Ni and STO pseudo-atoms atoms only. All simulations were per-
formed on a rigid lattice with N, x Ny sites and in plane periodic
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boundary conditions. The lattice was chosen as simple cubic, i.e.
each effective atom having four in plane nearest neighbors, which
reflects the fourfold symmetry of (001) SrTiOs planes when the
composite is growing in [001] direction. Differences in lattice
parameters and resulting misfit strains were neglected.

Only two major processes were included into our KMC simu-
lations: (i) simultaneous addition of Ny; or Nsto atoms to the
surface of the growing thin film and (ii) their subsequent dif-
fusion. Desorption of the deposited objects as well as chemical
reactions were not taken into consideration. Regarding (i), the
number of deposited atoms was varied with simulation cell size
and adapted such as to closely match experimental conditions
(during PLD growth, approximately 25 deposition events were re-
quired on average to achieve single ML deposition). Additionally,
we took into account the different deposition yields from single
pulses on the two targets: laser ablation on SrTiO3 was found
to generate roughly four times the number of Ni atoms. Atom
deposition was treated as a process where (x,y) coordinates on
the surface were chosen at random. With respect to (ii), we only
included surface diffusion in our simulations. Every atom could
jump from its current position to one of the four nearest neigh-
bor adjacent sites. Volume diffusion was neglected: any atom at
position (x,y,z) covered by another atom at (x,y,z+ 1) remained
immobile. However, vertical or “climbing”-moves were explicitely
incorporated, with atoms at position (x,y,z) allowed to step up to
position (x,y+1,z+ 1) whenever an atom was present at position
(x,y+1,2).

Plan-view

Cross-sectional view

..» ._ - O
LN 5 ®

L e

Ni/Ni—STO

Fig. 6 Determination of energy barriers using an exemplary diffu-
sion move: a) a Ni atom on a top Ni site diffuses to a top STO site
(Ni/Ni—STO), the final position is marked with a cross for better visi-
bility (Ni atoms are shown in red, STO pseudo-atoms in blue). In the
present model, only neighbor atom sites marked with solid contour line
are relevant for energy barrier height determination. b) Corrections AE to
the energy barrier arise from in-plane neighbors at initial and final sites
(labeled 1, 2,3 and 4, 5, 6, respectively).

The jump of an effective atom of type [ at lattice site (x;,y;,z;)
to one of its nearest neighbors at (xs,ys,zr) is a thermally acti-
vated event. Transition state theory allows to compute transition
rates from knowledge of energy barriers separating initial and fi-
nal states via

k = koeEs/ksT (D

with kg, T, ky and Ep being the Boltzmann constant, temper-
ature, jump frequency (ko ~ 10'3 Hz) and barrier energy, respec-
tively. In a binary system, diffusion of single atoms on a planar

This journal is © The Royal Society of Chemistry [year]



Table 1 Energy barriers and next neighbor energy values used for KMC
simulations as well as literature references and DFT results from the
present study (highlighted with a star *). All values are given in eV.

KMC Literature values & DFT
Ei/NiosNi 0.65 0.6452% 0.631 2>
ENi/Ni—»STO 13 -
Eni/sT0-STO 1.0 Ni/SrO 0.67*
Ni/TiO, 2.37%,1.8%, 1.4%, 0.55*
Esto/stos10 0.5 0.6'20, 0.9727, 0,328
0/Sr0: 0.53,0.64 22 0.8130
0O/TiO,: 0.680
Sr/SrO: 0.77,0.8322
AENi_Ni 0.35 0.3254 0.383/22
AEN;-sTO 0.1 -
AEsT0_STO 0.7 0.528

surface then requires determination of 23 parameters E; Jk—j» With
atomic species k at (x;,y;,z;— 1) and j at (xy,yy,zy— 1), as depicted
in Fig.[f] Additionally, nearest neighbors in plane impact the bar-
rier energy. In the present work, we modeled this behavior by us-
ing simple pair interaction terms?3, summed over the atom types
at nearest neighbor sites

AE; = Y i) AE;, - ¥ ni] AE;,, )

Here, nS,? is the number of next neighbors of type m (m =
Ni, STO) surrounding the starting position of the diffusional move
in plane (sites 1, 2, 3 in Fig.|6), n,(,{ ) indicates the number of m-
type next neighbors around the arrival site (4, 5, 6 in Fig.@.
The final barrier energy of a diffusing /-type atom thus reads,
Ep =E));_,j+AE,. Energies E;;_,; and in-plane corrections ALy,
used in the present work as an input for KMC simulations are
listed in Table 1.

Diffusion barrier heights relating to pure Ni—Ni and effec-
tive STO-STO interactions were directly deduced from litera-
ture. Egro/sto-ssto determination remained somewhat arbitrary,
due to the coarse-grained nature of our approach (resulting from
mapping of St, Ti and O atoms onto a single STO species). How-
ever, available data revealed little spread and no pronounced de-
pendency on the surface termination was reported. To reduce the
number of free parameters and further simplify the calculations,
we assigned the same energy to all STO pseudo-atom moves:
Egro/sT0-s10 = Esto/st0-Ni = Esto/Ni—Ni = Esto/NimsTo- Due
to lack of literature values, Ni—SrTiO3 interaction energies had
to be assessed by performing preliminary KMC and DFT calcula-
tions. Based on experimental evidence reporting 3D island cre-
ation for Ni deposited on SrTiO3=Y (reflecting the high interface
energy of the system), we determined Ey; /i sto Dy performing
KMC simulations for different values of this parameter and scru-
tinized the onset of isolated vertical Ni structures growth (islands
with more than 1ML thickness) when depositing sub-monolayer
quantities of Ni on the surface. For determination of Ex;j/sto—ss105
DFT calculations were undertaken, which will be described in de-
tail in the next paragraph. We used Ey;i/sto—s10 = ENi/STONi> @
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similar simplification as the one employed for STO pseudo-atom
diffusion. Finally, AEN;_sto Was determined by considering the
requirements AEN;_sto < AEn;i_ni and AEyN;_sto < AEsto-_sto to
induce segregation in our binary model system. We therefore
chose a rather small, yet non-zero in-plane interaction energy
E =0.1eV between Ni and STO pseudo-atoms.

Density functional theory

We employed density functional theory (DFT) calculations to
identify Ni-addatom minimum energy sites and minimum energy
paths on planar SrTiO3(001) surfaces. All calculations were per-
formed using the Quantum Espresso software package22 with ul-
trasoft pseudopotentials and PBE exchange correlation®334, The
kinetic energy cutoff was set to 35 Ry while the charge density
cutoff was chosen fourteen times as high. The integration over
the Brillouin zone was performed with a 3 x 3 x 1 Monkhorst-
Pack mesh®>., The simulation cell employed in our study con-
sisted of a single STO-cube with volume 3a3™ x 3a3™ x 3a3T©
(a(S)TO =13.923 A) and periodic boundary conditions in plane, com-
bined with 3ag vacuum inserted in z to create (001) surfaces
(Fig.[7p and Fig.[7r). Plan-views of the different surface con-
figurations scrutinized in the present work are shown in Fig.[7p
and Fig.[7d. In a first computational step, all SrTiO3 surfaces
were structurally relaxed using the BFGS algorithm=6"39 until the
force components on every atom were less than 10~*Ry/ay and
changes in the total energy were found smaller than 1075 Ry. In
a second step, we placed a single Ni atom at various canonical
positions (e.g. on top of oxygen atoms or at bridge positions be-
tween two oxygen atoms). Keeping the bottom layer fixed, we
then performed a geometry optimization by minimizing the en-
ergy of the system within a spin-polarized calculation scheme. To
compute the height of the energy barriers, we used a climbing
image nudge elastic band (NEB) simulation scheme 40 The simu-
lations were considered to be converged, when the abolute value
of the force orthogonal to the path was lower than 0.05 eV/A.

In Fig.[7k and Fig.[7f the lowest energy paths for Ni migration
on the SrO- and TiO,-terminated STO(001) surfaces are shown.
For every NEB simulation, we used five images, which were con-
nected by appropriate polynomial interpolation. For Ni migration
on SrO terminated surfaces, we found one major saddle point
(E =0.67eV), located half way between two slightly asymmetric
top-O positions, as shown in Fig.[7k. A small intermediate energy
barrier is considered of minor importance for the present surface
diffusion analysis. For Ni diffusion on TiO, terminated site, we
identified different paths, which are shown in Fig.[7h-k. The first
path connects two global minima corresponding to a Ni atom lo-
cated in a FH-oxygen position (Fig.[7h) with a barrier height of
E =2.37eV. A second competing path with almost identical max-
imum saddle point energy is shown in (Fig.[7]-j). Here, the Ni
atom crosses a first saddle point (E = 1.4 eV) reaching a local min-
imum configuration with twofold oxygen coordination (Fig.[7}5
and Fig.[7j1"), where one of the O-atoms is slightly pushed out
of the surface plane. In a second step, the Ni atom leaves this
twofold coordinated site and moves into a top-O configuration, a
diffusional step with energy barrier height of £ = 1.8 eV (the over-
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Fig. 7 Summary of the DFT results obtained in the present study. a) Simulation cell employed for analysis of diffusion on SrO-terminated surfaces and
b) plan-view of a SrO-terminated (A-site) surface. ¢) Simulation cell employed for analysis of diffusion on TiO,-terminated surfaces and d) plan-view of
a TiO,-terminated (B-site) surface. Energy of the system as a function of the normalized reaction coordinate (n.r.c) for Ni diffusion on e) SrO-terminated
and f) TiO,-terminated STO(001) surfaces. g) Diffusion path of a Ni atom on A-site surfaces (energies labeled 1 — 2 — 3 — 4 in e) from left to right).
On TiO, terminated surfaces, different paths with similar saddle point energies were identified: h) Diffusion from FH to FH sites, corresponding energy
curve labeled dark blue (dashed) in f). i) and j) show Ni diffusion paths from FH to FH sites, with an intermediate local minimum resulting from an
oxygen atom “lift-up move”, corresponding energies labeled in f) 1 — 2 — 3 — 4 — 5 (for the path shown in i), from left to right) and 1’ — 2" -3’ -4 — 5
(for the path shown in j), from left to right). Finally, k) alternative oxygen “lift-up move” characterized by a similar saddle point energy (labeled in f) with

blue crosses).

all height with respect to the FH position amounts to E =2.65¢eV).
The final move towards the global minimum eventually requires
crossing a smaller barrier with £ = 0.55 eV. In addition to moves
connecting global minima, we checked that Ni atoms can also
evolve between local minima (Fig.[7j1’ and Fig.[7j5), which in-
volves a slightly modified diffusional path, with similar energy
barrier of 1.77 eV (Fig.[7k).

Due to mapping of Sr, Ti and O onto a single pseudo-atom
species, our KMC model is not able to differentiate between A-
and B-site terminations. Considering that SrO surfaces were
shown to be thermodynamically more stable than their TiO,
counterparts®142 and in absence of any experimental evidence
describing immobilization or trapping of single Ni atoms on the
surface during growth, we eventually chose Ey;/sto—st0 = 1€V,
a parameter value close to DFT results describing Ni diffusion on
a SrO-terminated surface.

8| Journal Name, [year], [vol.],1

Thin film synthesis

Ni-SrTiO3, Ni-(Sr,Ba)TiO; as well as CoNi-(Sr,Ba)TiO;
nanocomposites were grown via sequential pulsed laser deposi-
tion using a qudrupled Nd:YAG laser with A =266 nm (Quantel)
operated at 10 Hz with typical fluences 1J/cm® < F < 3J/cm?.
For sample synthesis, NiO, CoO and SrTiO3 targets were used in
a reductive environment (P < 10~® mbar). Atomic deposition was
carried out on SrTiO3(001) substrates (SurfaceNet GmbH) heated
to T = 650°C. Compositional tuning of the nanocomposite was
achieved by changing the ratio of laser shots on the NiO, CoO
and SrTiOj; target, respectively. The notation N x (nsto [ 7(co)ni) 18
used in the present work to describe series of N sequences with
n(coNi shots on the NiO and CoO targets followed by nsto shots
on the SrTiO5 target (seelZ19 for a detailed description). A typi-
cal time of 7g = 3 s was required to switch between the targets. Af-
ter completing nanocomposite growth, the surface of the thin film
was eventually covered with an additional matrix layer of sev-
eral nm thickness to prevent oxidation under ambient conditions.
High-Resolution Transmission Electron Microscopy data were ac-

This journal is © The Royal Society of Chemistry [year]



quired with a JEOL JEM 2100F equipped with a field-emission
gun (FEG) and operated at 200 kV.
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