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Performing large-scale atomic simulations by means of kinetic

Monte Carlo method we study room temperature self-

organization of 3d magnetic atoms (Fe, Co) on fcc (110)

surfaces (Pd(110), Cu(110)) in the sub-monolayer regime. The

energetics of various diffusion processes relevant for these

systems is investigated based on first principles calculations.

We reveal that surface-confined atomic intermixing plays a
significant role in the formation of nanostructures. Our results

lead to the conclusion that the deposited species (Fe, Co) are

captured into the topmost surface layer, while the ad-layer

structure consists mainly of the expelled substrate atoms (Pd,

Cu). Our studies shed a light on recent experimental

investigations on the metal-on-metal growth on fcc (110)

surfaces.
� 2010 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim
1 Introduction During the last two decades novel
materials have been widely studied due to the development
of electronic, magnetic, and data storage devices [1]. The
evolution of the surface science and the recent progress in
ultra-high vacuum techniques have made the fabrication and
the investigation of magnetic properties of atomic-scale
materials (such as nanowires [2–12], nanostripes [6, 13–21],
nanoclusters [22–30], and nanodots [17, 31–36]) a rather hot
topic. One of the basic tools for the manufacturing of
nanostructures on surfaces is the epitaxial growth – a method
of depositing individual atoms on a crystalline substrate at
high vacuum. Surface-confined atomic intermixing can play
a crucial role in the formation of nanostructures on surfaces.
During this process the deposited species are captured into
the topmost substrate layer, while the ad-layer structure
consists of substituted surface atoms.

Since the beginning of the 1990s, scientists have put a lot
of efforts into detailed investigation of intermixing on
surfaces. Surprisingly, a novel kind of stable 2D alloys has
been discovered: it has been found that two elements, which
are immiscible in the bulk, could form a mixture of atoms
confined within the topmost substrate layer. It has been
shown that generally, such surface-confined mixing arises in
systems which are dominated by the atomic mismatch [37].
Mismatch renders the elements immiscible in the bulk, and
confines the minority of species to the substrate, inhibiting
them from segregating within the surface layer [37]. Up to
now, numerous experimental and theoretical studies have
examined the formation of surface alloys. On a (100) surface
the interface intermixing in the sub-monolayer regime has
been observed (or predicted in the theoretical calculations)
for the following systems: Na/Al(100) [38], Au/Cu(100)
[39], Ag/Cu(100) [40, 41], Rh/Ag(100) [42], Pd/Ag(100)
[43], Cu/Ni(100) [44], Ni/Cu(100) [45, 46], Fe/Cu(100)
[47, 48], Co/Cu(100) [49, 50], Au/Fe(100) [51], As/Si(100)
[52], Ge/Si(100) [52, 53], Pt/Ge(100) [54, 55]. For a (111)
substrate the interface intermixing has been discovered for
Na/Al(111) [56, 57], K/Al(111) [38, 57], Ag/Pt(111) [58,
59], Sb/Ag(111) [60], Au/Ni(111) [61], Ge/Ag(111) [62],
and Co/Cu(111) [63]. The same phenomenon has been also
observed on a fcc (110) surface at thermal deposition (TD) of
Au on Ni(110) [64] and Ag on Cu(110) [65].

An unreconstructed fcc (110) substrate is known
to be an ideal template for the self-assembly of 1D and
quasi-1D atomic structures [66]. This substrate consists
of close-packed atomic rows oriented along the [1–10]
� 2010 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim
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crystallographic direction and separated by deep channels
[67]. Since the atomic diffusion is strongly anisotropic and
takes place predominantly along the [1–10] direction,
growth of linear chains, or nanoscale islands oriented paral-
lel to the channels is expected. Indeed, self-organization
of monatomic wires during deposition of Cu on Pd(110)
[66, 68, 69] and Co on Pd(110) [6] has been observed.
In other related systems, like Au/Ni(110) [64], Ag/Cu(110)
[65], Co/Cu(110) [70, 71], formation of 2D nanoislands,
elongated along the [1–10] direction, has been found in
the sub-monolayer regime. As a rule, these experimental
investigations have been performed at room temperature
(RT) or close to it [69]. Theoretical calculations demonstrate
that deposited species can exchange with surface atoms on a
(110) surface with reasonably low activation barriers, which
are operative at such temperatures [72–74]. This hints that
atomic intermixing can play a crucial role in the interface
formation during heteroepitaxy on fcc (110).

A detailed understanding of different growth regimes as
a function of temperature T, deposition flux F, and coverage
D, is possible only if diffusion barriers of the relevant atomic
events are known. The progress in this direction for the case
of homoepitaxy on a fcc (110) surface has been already
achieved [75–78]. While an exhaustive theoretical knowl-
edge about atomic processes driving the self-assembly of
low-dimensional nanostructures during heteroepitaxial
growth on fcc (110) is still missing. For some particular
systems, like Au/Ni(110) [64], the total energy calculations
have been performed. Molecular static calculations by
means of embedded-atom method have been reported for
Cu/Pd(110) [72]. Nevertheless no large-scale atomic simu-
lations of the heteroepitaxial growth on fcc (110) based on
the first principles studies has been performed until recently
[79].

In this paper we demonstrate the dramatic effect of
atomic intermixing on the atomic self-assembly during the
early stages of the heteroepitaxial growth on a fcc (110)
surface. We report on theoretical studies of RT TD of 3d
magnetic atoms (Fe and Co) on two substrates, Pd(110) and
Cu(110). Diffusion barriers of relevant atomic events are
obtained based on density function theory (DFT) calcu-
lations. Kinetic Monte Carlo (kMC) simulations [80] are
involved to reveal the structure of the interface at the atomic
scale. Our results indicate that (i) atomic exchange between
deposited and substrate atoms and (ii) surface diffusion of
expelled substrate adatoms are the driving forces of atomic
self-assembly on fcc (110).

The remainder of the paper has the following structure.
In Section 2 we study RT heteroepitaxy of Fe and Co atoms
on Pd(110). In Section 3 we perform large-scale atomic
simulations of epitaxial growth of Co on Cu(110).

2 Fe and Co on Pd(110) In this section the growth
scenario of atomic structures during RT epitaxy of 3d
magnetic atoms (Fe and Co) on Pd(110) is discussed. First we
present the results of DFT calculations of activation barriers
of atomic events responsible for self-organization of 3d
� 2010 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim
atoms on Pd(110). Next we perform large-scale atomic
simulations by means of kMC method in order to
demonstrate the interface structure in the examined systems.
Further in this section we mainly concentrate on Fe atoms.
Our studies demonstrate that the growth scenarios of Co and
Fe on Pd(110) are qualitatively similar (see Ref. [79]).

The DFT results on activation barriers of relevant atomic
events are obtained by means of VASP code [81, 82] using
the Perdew–Wang 1991 version of generalized gradient
approximation (GGA) [83]. The spin interpolation proposed
by Vosko et al., [84] is exploited to describe electronic
exchange, correlation, and spin polarization. For our
calculations we have used ultra-soft pseudopotentials [85,
86]. The bulk lattice constant of Pd has been found to be
3.965 Å. The Fermi-level smearing approach of Methfessel
and Paxton [87] with a Gaussian width of 0.2 eV has been
employed for electronic states near the Fermi level. The slab
in our calculations has been constructed of seven layers and
140 Pd atoms in the periodic supercell. Four bottom layers
have been kept fixed at their bulk positions, and the height of
the vacuum region has been chosen to be 10 Å. We have
considered that the optimized atomic geometries are
achieved if the forces are smaller than 0.01 eV/Å. The
calculations have been performed using a 2� 2� 1 mesh in
the Brillouin zone. The 3� 3� 1 mesh has been also tested,
however no significant changes in the results have been
detected. Local density approximation (LDA) for exchange-
correlation functional has been tested, but no crucial
difference in the results obtained within GGA and LDA
has been found.

We have involved the nudged elastic band method [88,
89] for the computation of diffusion barriers of various
atomic events using VASP code. This is an efficient method
for finding the minimum energy path between a given initial
and final positions of an adatom during diffusion process.
The diffusion path is represented by a discrete set of images
connecting the initial and final positions. Adjacent images
are connected by springs, mimicking an elastic band and the
tangent of the path is estimated on each image [88, 89]. As a
rule, the minimization of the forces acting on the images
brings the band to the minimal energy path, and allows one to
estimate the magnitude of activation barrier from the first
principles [88, 89].

Before we proceed to the results, one important point
must be discussed. An atomic process characterized by the
diffusion barrier ED can be either operative or suppressed
depending on the experimental conditions (temperature T
and flux F). Let us consider that T¼ 290 K and
F¼ 0.005 ML/s (typical experimental parameters [6]). The
deposition regime examined within out study is character-
ized by a typical coverage D� 0.01 ML. Therefore, the
characteristic time scale tc of the growth process isD/F� 2 s.
The activation time of the atomic process tD can be estimated
using the expression tD � v�1

0 expðED=kBTÞ, where
v0¼ 1012 Hz is the prefactor, kB ¼ 0.086 meV/K is the
Boltzmann constant, and ED is the diffusion barrier of the
atomic event. The considered event is operative only if
www.pss-b.com
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tD< tc, otherwise it is suppressed. All atomic processes
having activation barriersED>Ecr¼ 0.71 eV are inhibited at
T¼ 290 K and F¼ 0.005 ML/s. The threshold value Ecr

depends on T (Ecr decreases with decreasing of T) and flux F
(Ecr increases with decreasing of F). During our study, we
compare the energy barriers of all atomistic processes with
the threshold barrier (0.71 eV for this section) and determine,
whether the event is operative or suppressed.

It is important to note that there is a logarithmic
dependence of the magnitude of the threshold value Ecr on
the prefactor v0. This is a significant issue, since the
magnitude of v0 is not known exactly, and it might be easily
a factor of 2 smaller or larger [90]. Due to the logarithmic
dependence, Ecr is only slightly sensitive to the possible
variations of v0. For example, if v0¼ 2� 1012 Hz,
Ecr¼ 0.725 eV, while if v0¼ 0.5� 1012 Hz, Ecr¼ 0.69 eV.
Thus the conclusions of our study are not sensitive to the
magnitude of v0, which is chosen for the estimation of Ecr.

First we analyze diffusion of a single Fe adatom on a
Pd(110) surface. Our studies demonstrate that it is strongly
anisotropic. The activation energy for migration along the
[1–10] direction is E1¼ 0.30 eV (Fig. 1a), while in the
perpendicular (i.e., [001]) direction it is 1.57 eV (not shown
in Fig. 1). At RT the adatom easily overcomes the first
barrier, while the second transition is suppressed. We also
note that incorporation of a Fe adatom into the topmost
substrate layer (Fig. 1a and b) is possible. It takes place with
the barrier of E2¼ 0.32 eV and decreases the energy of the
system by 0.34 eV. Since the barriers E1 and E2 have close
values and incorporation of Fe leads to the energy gain, the
deposited species expel Pd atoms and embed shortly after
landing.

The following point needs to be clarified next: whether or
not embedded Fe atoms coalescence into compact structures
within the topmost substrate layer? We have computed the
binding energy of an embedded Fe dimer oriented along the
Figure 1 (onlinecolorat:www.pss-b.com)Topviewof thesurface
model, showing the first phase of Fe/Pd(110) and Co/Cu(110)
interface formation. Gray (light-gray) circles represent Pd or Cu
atoms of the substrate (of the first ad-layer). Blue circles correspond
to Fe or Co atoms. The relative energies between atomic config-
urations (in eV)andactivation barriers (ineV) are presented. (a) AFe
(Co) adatom is on a Pd(110) (Cu(110)) surface. (b) The embedded
Fe (Co) atom and the substituted Pd (Cu) adatom nearby. (c) The
expelled Pd (Cu) adatom is located far from the embedded Fe (Co)
atom [74, 79].

www.pss-b.com
[1–10] direction. This energy is found to be repulsive
(0.20 eV). Thus, the buried Fe atoms repel each other,
forming a disperse array within the surface layer. After
incorporation, Fe species are excluded from the process of
formation of the ad-layer structure.

Now we discuss the behavior of expelled Pd atoms. The
diffusion barrier of a Pd adatom on Pd(110) along the [1–10]
direction is 0.45 eV. Such atomic event takes place at RT.
The barrier for the direct hop along the [001] direction is
1.26 eV, and such event is suppressed. However in contrast to
Fe atoms, a Pd atom can migrate along the [001] direction
with a barrier of 0.54 eV via exchange with one of Pd atoms
of the topmost layer. Not all hollow sites are energetically
equal for the Pd adatom: adsorption positions in the vicinity
of embedded Fe atoms (Fig. 1b) are the preferable ones.
When the Pd adatom is located near an embedded Fe, the
energy gain is 0.05 eV (Fig. 1b and c). But this energy is too
small to bind together the expelled Pd and the embedded Fe
atom at RT; thus, the Pd atom follows 2D random diffusion
along the surface.

Figure 2a–c depicts the evolution of a small Pd
aggregate. The most stable configuration of two Pd adatoms
is a dimer, oriented along the [1–10] direction on top of an
embedded Fe atom. We note that at RT the aggregation of Pd
dimers not necessarily takes place in the vicinity of the
buried Fe species. Since the binding energy of an embedded
Fe atom and a Pd adatom is quite small (0.05 eV, Fig. 1c),
nucleation of Pd can start at any place of a surface with non-
zero probability. When the third Pd atom approaches the
dimer, the formation of a linear chain is energetically
favorable (Fig. 2b). With the arriving of the forth Pd adatom,
the length of the chain increases (Fig. 2c).

The shape of nanostructures growing on a (110) surface
is determined by the interplay between the diffusion barriers
for attachment and detachment to an aggregate [75–77].
With increasing temperature T at a fixed flux F the system
Figure 2 (online color at: www.pss-b.com) Initial stages of growth
of small Pd aggregates on Pd(110) during deposition of Fe (a–c) and
of small Cu aggregates on Cu(110) during epitaxy of Co (d–f). The
most stable configurations of two, three, and four expelled Pd and Cu
atoms are demonstrated. The colors are the same as in Fig.1 [74, 79].

� 2010 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim
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Figure 4 (online color at: www.pss-b.com) (a) Top view of a
Pd(110) surface exposed by about 0.12 ML of Fe atoms at 290 K:
the result of the kMC simulations. (b) An atomic-scale view of the
area, marked in (a) with the red rectangle. Gray (light-gray) circles
represent Pd atoms of the surface (the first ad-layer). Blue circles
correspond to Fe atoms embedded into the surface layer [79].
follows through three basic growth modes: (i) small
aggregates at low T; (ii) atomic chains oriented along the
[1–10] direction at intermediate T (when T is not enough to
break in-channel adatom-adatom bond); and (iii) 2D
anisotropic islands elongated along the [1–10] direction at
high T. The relevant diffusion events for a Pd adatom in the
vicinity of a Pd chain and their activation energies are shown
in Fig. 3. The Pd adatom migrates along the wire with a
barrier of 0.52 eV and detaches itself from it with the barrier
of 0.49 eV. These events are operative at RT. At the same
time, the energy for breaking the in-channel Pd–Pd bond is
0.73 eV. This transition is mainly suppressed at RT. Thus
according to the results of Refs. [75–77], at RT we expect
growth of Pd chains along the [1–10] direction.

In order to prove this suggestion and to reveal the
morphology of Pd(110) after deposition of Fe atoms, we
employ kMC simulations. The kMC model [80] describes
epitaxial growth in terms of rates of elementary stochastic
processes (deposition, surface diffusion, and detachment/
attachment from/to a chain or a nanoisland). The rate of an
atomic event is computed using the Arrhenius expression
v ¼ v0 expð�ED=kBTÞ, where v0¼ 1012 Hz is the prefactor,
ED is the activation barrier, and kB is the Boltzmann constant.
During recent years this model has been widely applied for
studying atomic self-organization during homo- and hetero-
epitaxy [75, 76, 91–99]. Our kMC simulations are carried out
on a (110) lattice consisting of 142� 200 atoms
(56� 56 nm2). Periodic boundary conditions are applied in
the surface plane. Figure 4a demonstrates the morphology of
a Pd(110) surface exposed to 0.12 ML of Fe atoms at RT
(F¼ 0.005 ML/s). Growth of randomly distributed mona-
tomic chains elongated along the [1–10] direction is
observed. The atomic-scale resolution (Fig. 4b) shows that
almost all deposited Fe atoms are confined within the
topmost substrate layer, while the ad-layer structure consists
of Pd atoms. The average length of a wire is about 30 atoms.
This is consistent with the experimental observations: self-
assembly of atomic chains with an average length of about
25 atoms has taken place at coverage of �0.15 ML [6].
Figure 3 (online color at: www.pss-b.com) Atomic events respon-
sible for the growth of Pd chains elongated along the [1–10]
direction. Gray and light-gray circles show Pd atoms of the topmost
surface layer and in the ad-layer position, respectively. The activa-
tion barriers are given in eV [79].

� 2010 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim
One can control the average length of the chains
manipulating the temperature T. Increasing T leads to the
growth of the longer wires and vice versa. However, there is
natural interval of T suitable for the fabrication of wires. At
T¼ 210 K an insufficient mobility of adatoms leads only to
the growth of small aggregates three to five atoms long and
one to two atoms wide [79]. In this case the ad-layer structure
still consists of Pd atoms, while Fe species are buried. On the
other hand, at a highT (�350 K in our case) the self-assembly
of 2D islands two to three atomic rows wide and consisting of
expelled Pd atoms is observed [79]. This result is intuitively
clear: when the Pd–Pd in-channel bond is broken (the barrier
is 0.73 eV, Fig. 3), transition from 1D wires to 2D
nanoislands occurs [75–77]. The experimental verification
of our theoretical predictions on the growth scenario of Fe on
Pd(110) and Co on Pd(110) has been performed recently
[100]. Electronic structure measurements by means of
scanning tunneling spectroscopy over self-assembled mona-
tomic wires have demonstrated that in the sub-monolayer
regime they indeed consist of Pd atoms.

Due to the fact that Fe atoms incorporate into the
substrate shortly after landing and are further excluded from
the formation of the ad-layer structure, there is no qualitative
www.pss-b.com
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difference between growth of Fe/Pd(110), Co/Pd(110), and
Pd/Pd(110) at low coverage (�0.1–0.2 ML). Thus, the
results of our calculations shed a light on the recent
experiments on TD of Co on Pd(110) [6]. It has been
believed that at low coverage (�0.15 ML) the growth of Co
chains takes place. However, our simulations demonstrate
that this is not quite correct: Co atoms incorporate into the
substrate forming a randomly distributed array of individual
atoms, while the ad-layer structure consist mainly of Pd
atoms. When the coverage increases, the incorporation of Co
atoms is suppressed, since the barrier for exchange of a Co
adatom next to already embedded Co atoms becomes high,
0.60 eV (0.79 eV in LDA). Hence above the coverage of
>�0.5 ML, Co atoms contribute remarkably to the ad-layer
structure, i.e., nanostripes (Fig. 2b in Ref. [6]). Thus the
MOKE signal measured for 0.5 ML of Co on Pd(110) [6]
relates to the Co-nanostripes on Pd(110) grown around and
on top of Pd wires and reflects their magnetic anisotropy.

3 Co on Cu(110) In this section we discuss the self-
assembly of Co atoms on Cu(110) at RT. First we present the
results of calculations of activation barriers of relevant
atomic events. Then we turn to the large-scale atomic
simulations by means of kMC method in order to
demonstrate the structure of the interface in the examined
system.

Distinctly from the case of Fe/Pd(110) (see previous
section), activation barriers of basic atomic events are
computed by means of quenched molecular dynamics
(QMD) calculations with ab initio based interatomic Co–
Cu potentials formulated in the second moment of the tight-
binding approximation [101, 102]. Nevertheless, we com-
pare some of these barriers with the results of the DFT
calculations (performed using VASP code [73, 74]), to be
sure that the exploited many-body potentials give correct
values. Previous studies have demonstrated that the
combination of ab initio and tight-binding methods allows
one to construct many-body potentials for low-dimensional
structures and to study systems of hundreds and thousands of
atoms in fully relaxed geometries [103–108]. The
parameters of our potentials are given in Ref. [109]. Our
QMD simulations are carried out in a finite slab of ten layers,
where each layer contains 1260 atoms. Four bottom layers
are fixed, and periodic boundary conditions are applied in the
surface plane.

The quenching procedure consists in the solving of the
Newton equations of motion for each atom FiðtÞ ¼ m dvi=dt
and canceling vi when the productFi(t)vi(t) is negative [110].
To compute an activation barrier, the quenching has to be
done with the adatom at the hollow site and at the saddle
point. The saddle point is found by evaluating the energy for
many different positions along the diffusion coordinate
[110]. As at the saddle point at least one coordinate is
unstable, it is fixed to prevent the adatom coming back to the
position with a minimum energy.

The quantitative comparison between the results calcu-
lated from the first principles (or measured experimentally)
www.pss-b.com
and those obtained using the tight-binding-based interatomic
potentials for a system of Cu and Co atoms has been
performed in the previous studies. The details can be found in
Refs. [111, 112]. For example, it has been shown that the
employed many-body potentials nicely reproduce bulk
properties (lattice constant, cohesive energy, bulk modulus,
and elastic constants) of Cu and Co crystals measured in the
experiments (see Table I in Ref. [111]). There is a good
agreement between the ab initio calculated solution energy
of a single Co impurity in the bulk of Cu and that computed
by means of the potentials [111]. The employed potentials
also reproduce binding energies of small supported and
embedded Co clusters on two types of surfaces, Cu(100)
[111] and Cu(111) [112]. Therefore, we are convinced that
our potentials are well suited for the large-scale atomic
simulation in the examined system.

In the following we concentrate on the basic atomic
events driving the epitaxial growth of Co on Cu(110). We
find that a Co adatom on Cu(110) (Fig. 1a) diffuses along the
[1–10] direction with the barrier ofE1¼ 0.29 eV. At RT a Co
adatom overcomes this barrier. The corresponding value
computed by means of VASP code [81, 82] in GGA
approximation is 0.35 eV [74]. Similar to the case of Fe/
Pd(110), diffusion of Co on Cu(110) is strongly anisotropic:
the barrier for migration along the [001] direction exceeds
1.0 eV, and such motion is suppressed. Incorporation of a Co
adatom into the topmost substrate layer (Fig. 1b) decreases
the total energy of the system by DE¼ 0.21 eV (VASP gives
0.22 eV [74]) and takes place with a barrier E2 of 0.30 eV
(VASP gives 0.32 eV [74]). Since the barriersE1 andE2 have
close values and incorporation of Co leads to the energy gain,
deposited species embed into the substrate shortly after
landing, similar to Fe and Co adatoms on Pd(110).

Substituted Cu atoms exhibit 2D random walks on a
surface. To prove this statement we analyze diffusion of
Cu adatoms on Cu(110). The barrier for migration along the
[1–10] direction is 0.26 eV (VASP gives 0.32 eV [73]). Cu
atoms migrate along the [001] direction via exchange with
one of Cu atoms of the topmost layer with the barrier 0.30 eV
(VASP gives 0.35 eV [73]). It is worth to note that there are
preferable adsorption positions for diffusing Cu atoms:
hollow sites atop buried Co atoms (Fig. 1b). When a Cu
adatom is located near an embedded Co atom, the energy
gain is 0.10 eV (Fig. 1c). Migrating Cu atoms coalescence
into small aggregates (dimers, trimers), and such nucleation
is energetically more favorable atop of embedded Co
species.

Now we turn to the evolution of a small Cu aggregates.
Two Cu atoms form a dimer, oriented along the [1–10]
direction above an embedded Co atom (Fig. 2d). If the third
Cu atom approaches, a linear chain is the most stable
configuration (Fig. 2e). When four Cu atoms are nucleated,
formation of the stable cluster ‘‘two-by-two’’ takes place
(Fig. 2f). To explain the driving force behind this
phenomenon, we note that the interaction between Co–Cu
is profoundly stronger than the interaction between Cu–Cu
[113]. As the result, an embedded Co atom acts as a pinning
� 2010 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim
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Figure 5 (onlinecolorat:www.pss-b.com) (a)Basic atomicevents
responsible for the growth of Cu nanoislands elongated along the
[1–10] direction on Cu(110). (b) Interlayer mass transport at the
edges of a nanoisland. Gray (light-gray, light–light gray) circles
represent Cu atoms of the surface (the first ad-layer, the second ad-
layer). The activation barriers are given in eV [74].

Figure 6 (online color at: www.pss-b.com) (a) The morphology of
a Cu(110) surface exposed by about 0.07 ML of Co atoms at 290 K:
the kMC simulation. (b) An atomic-scale view of the area, marked in
(a) with the red rectangle. Gray (light-gray, white) circles represent
Cu atoms of the surface (the first, the second ad-layer). Blue (pale-
blue) circles correspond to Coatoms embedded into the surface layer
(in the first ad-layer) [74].
center for expelled Cu atoms. This finding is similar to those
reported in Refs. [50, 113, 114] for Co on Cu(100).

Next we examine diffusion of a Cu adatom on Cu(110) in
the vicinity of a Cu nanoisland, which determines the shape
of surface nanostructures. A Cu adatom migrates along
the [1–10] direction along the edge of a nanoisland with the
barrier of 0.29 eV (Fig. 5a). The same energy is required to
detach the nanoisland at the corner. The barrier for the
breaking of the in-channel Cu–Cu bond is 0.46 eV,
while the step edge diffusion along the [001] direction
requires the energy of 0.52 eV (Fig. 5a). Evidently, all these
barriers are not so high, and thus all atomic events presented
on Fig. 5a are operative at RT. In such situation, one can
expect growth of Cu islands elongated along the [1–10]
direction [75].

With increasing the coverage, the size of growing
nanoislands increases, and new deposited Co atoms land atop
them with a non-zero probability, forming the second ad-
layer. Such Co atoms follow the process shown in Fig. 1a and
b: they embed into the first ad-layer in the vicinity of the
place of landing and substitute one of Cu atoms. The expelled
Cu atoms exhibit 2D random walks atop the island (on the
second ad-layer) and approach its edges. To understand the
behavior of such atoms, atomic interlayer mass transport at
the edge of a nanoisland must be carefully studied. The
downward mass transport of Cu atoms (from the second to
the first ad-layer) is induced with the barrier 0.60 eV if Cu
atoms are located near the step edge parallel to the [001]
� 2010 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim
direction, and with the barrier 0.66 eV if they are at the edge
parallel to the [1–10] direction (Fig. 5b). The opposite
transitions occur with the barriers 0.83 and 0.70 eV,
respectively. All these four barriers are quite high. Thus,
the probability of the interlayer mass transport strongly
depends on the deposition rateF. WhenF is large enough, Cu
atoms diffusing atop a nanoisland do not have enough time to
induce downward mass transport to the first ad-layer, and the
3D growth mode prevails.

Since all main atomic events responsible for the RT
epitaxial growth of Co on Cu(110) have been discussed, now
we turn to the kMC simulations of the self-organization of
surface nanostructures in this system. The kMC studies are
carried out on a close-packed (110) lattice consisting of
166� 234 atoms (60� 60 nm2), and periodic boundary
conditions are applied in the surface plane. The parameters
of the system are chosen to be close to the experimental setup
of Hope et al. [70]: F¼ 0.01 ML/s, T¼ 290 K. Figure 6a
shows the morphology of Cu(110) covered by about 0.07 ML
of Co atoms. Formation of 1 ML high randomly distributed
nanoislands, elongated along the [1–10] direction, takes
place. The atomic-scale resolution (Fig. 6b) indicates a
strong intermixing between deposited and substrate atoms
and shows that nanoislands consist of Cu atoms. Figure 7a
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Figure 7 (online color at: www.pss-b.com) (a) The morphology
of a Cu(110) surface exposed by about 0.45 ML of Co atoms at
290 K: the kMC simulation. (b) An atomic-scale view of the area,
marked in (a) with the red rectangle. The colors are the same as in
Fig. 6 [74].
presents the morphology of Cu(110) covered by about
0.45 ML of Co atoms. Nanoislands have now larger lateral
sizes and become 2 ML high. The atomic-scale resolution
(Fig. 7b) indicates that the second ad-layer consists of Cu
atoms, and a small fraction of Co atoms appears within the
first ad-layer.

Our results provide a deeper understanding of recent
experimental studies. It has been reported on the
paramagnetism of thin films, surprisingly observed during
early stages of epitaxial growth of Co on Cu(110) [70].
Figures 6 and 7 indicate that two factors could quench the
magnetic signal of Co deposited on Cu(110): (i) Co atoms
are incorporated into the non-magnetic substrate and part
of them are covered by expelled Cu atoms; (ii) embedded
Co species form Co clusters of few atoms, which could
exhibit superparamagnetic behavior due to their small
sizes.

4 Conclusions We have examined the atomic scale
RT self-organization of 3d magnetic atoms (Fe, Co) on fcc
(110) non-magnetic substrates (Cu(110), Pd(110)). It has
been revealed that the interface intermixing dominates on the
early stages of heteroepitaxy. Our results for Fe/Pd(110) and
Co/Pd(110) have indicated that in these systems deposited
species incorporate into the topmost substrate layer and form
www.pss-b.com
disordered arrays within it. At the same time, the expelled Pd
atoms diffuse on a surface and aggregate into monatomic
chains at the coverages of <0.2 ML. The simulations for Co/
Cu(110) have shown that embedded Co atoms serve as
nucleation centers for substituted Cu atoms. Surface
diffusion of expelled Cu adatoms causes an elongated along
the [1–10] direction shape of nanoislands consisting mainly
of Cu atoms. The results of our studies give a deeper
understanding of recent experimental investigations of
heteroepitaxial growth on fcc (110) surfaces.
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[58] H. Röder, R. Shuster, H. Brune, and K. Kern, Phys. Rev.
Lett. 71, 2086 (1993).

[59] J. S. Tsay, Y. D. Yao, and C. S. Shern, Phys. Rev. B 58, 3609
(1998).

[60] S. Oppo, V. Fiorentini, and M. Scheffler, Phys. Rev. Lett.
71, 2437 (1993).

[61] J. Jacobsen, L. Pleth Nielsen, F. Besenbacher, I. Stensgaard,
E. Lægsgaard, T. Rasmussen, K. W. Jacobsen, and J. K.
Nørskov, Phys. Rev. Lett. 75, 489 (1995).

[62] H. Oughaddou, S. Sawaya, J. Goniakowski, B. Aufray, G.
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