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The self-organization and magnetic properties of small iron and cobalt nanostructures embedded into the first
layer of a Cu(100) surface are investigated using the self-learning kinetic Monte Carlo method and density func-
tional theory. The similarities and differences between the Fe/Cu(100) and the Co/Cu(100) are underlined.
The time evolution of magnetic properties of a copper monolayer with embedded magnetic atoms at 380 K is

discussed.
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1. INTRODUCTION

Studies of magnetic nanostructures play a key role
in high-density memory storage and the development
of nano-electronics. Nanostructures from magnetic 3d
metals are very appealing because of their unusual
physical properties. The epitaxial growth of Fe [1, 2],
Co [3, 4], and Ni [5] thin films on a Cu(100) sur-
face has been investigated. Magnetic properties of
Fe [2, 6], Co [7, 8], and Ni [5] thin films were inves-
tigated experimentally. Interesting magnetic proper-
ties of nanowires [9-12] and nanoclusters [13-15] have
also been found recently. However, small supported
nanostructures can be unstable at room temperature.
This motivates the investigation of embedded nano-
structures.

The mobility of embedded atoms was investi-
gated with the use of a scanning tunnel microscopy
(STM) [16-20]. Surface vacancies were shown to be re-
sponsible for the mobility of embedded Mn [16], Pd [17],
In [18], and Co [19, 20] atoms in the first layer of a
Cu(100) surface. The experiments of Kurnosikov et al.
[19] showed that single atoms of Co embedded into the
Cu(100) surface can be manipulated with the STM tip
and small atomic chains stable at the room tempera-
ture can be created in a controlled way. The similarity
of the Co/Cu(100) and Fe/Cu(100) epitaxial systems
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suggests that the diffusion of embedded Fe atoms also
leads to the formation of small nanostructures.

The main goal of this paper is to compare the
self-organization and magnetic properties of small Fe
and Co nanostructures embedded into a Cu(100) sur-
face. It is also interesting to discuss the time evolution
of magnetic properties of a copper monolayer with em-
bedded magnetic atoms.

This paper is organized as follows. In Sec. 2, we
present our kinetic Monte Carlo (kMC) method and
describe the technique of calculation of magnetic prop-
erties of nanostructures. In Sec. 3, the results of the
kMC simulations of surface morphology and the mag-
netic properties of the surface are discussed. Finally,
Sec. 4 summarizes our results.

2. COMPUTATIONAL METHOD

For a realistic simulation of the motion of embedded
atoms, the self-learning kinetic Monte Carlo method
(SLKMC) [21] is applied. The original SLkMC method
can be modified [22, 23] for heterogeneous systems such
as Fe/Cu(100) or Co/Cu(100), where simple events are
the most important and complex concerted atomic mo-
tions occur rarely, and their influence on the evolution
of the system can be neglected. In this model, the
diffusion of embedded atoms and dimers only through
exchanges with surface vacancies is considered. The
concentration of vacancies is not high; hence, to ac-
celerate the SLKMC calculations, it is supposed that
only surface vacancies can move. Three types of va-
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Fig.1. Local environments for a vacancy transition
to the first-nearest-neighbor position, the second-nea-
rest-neighbor position, and the third-nearest-neighbor
position in the first layer of the (100) surface are pre-
sented in respective schemes (A), (C), and (B).

(A), the atom jumps from position a to position V. In
the cases (B) and (C'), the first atom jumps from posi-
tion al to position V and the second atom jumps from
position a2 to position al. The nearest-neighbor posi-
tions of the vacancy and the moving atoms are denoted
as b1-b8; and cl-c4 are the second-nearest-neighbor

positions

cancy transitions are considered (see Fig. 1): (a) jumps
into the first-nearest-neighbor positions are equivalent
to single copper or impurity atom jumps; (b) jumps
into the second-nearest-neighbor positions are equiv-
alent to rotations of copper—copper, copper—impurity,
or impurity—impurity dimers; and (c) jumps into the
third-nearest-neighbor positions are equivalent to shifts
of the dimers. The maximum number of events in the
presented model is
2.310 4 92.3% 1 22.37 = 153090

(without considering the symmetry). The initial con-
figuration is a random homogenous distribution of im-
purity atoms and vacancies in the first layer of the
Cu(100) surface. This assumption is valid in the case
of a low deposition flux [22].

The barriers are computed “on the fly” by the
nudged elastic band (NEB) method [24] incorporated
into the kMC algorithm. To calculate the diffusion bar-
riers, the interatomic potentials formulated in the sec-
ond moment of the tight-binding approximation [25, 26]
are used. In this approximation, the attractive term
E% (band energy) contains the many-body interaction.
The repulsive part Ef{ is described by pair interactions
(the Born—Mayer form). The cohesive energy E¢ is the
sum of the band energy and the repulsive part:
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where r;; is the distance between atoms ¢ and j; «
and 3 are types of atoms; {,53 is an effective hopping
integral; pos and g, describe the decay of the inter-
action strength with the distance between atoms; and

6 Aaﬁ’ and Alﬁ are adjustable parameters of the
1nteratom1c interaction. The interatomic potentials re-
produce the bulk properties of Cu, Fe, and Co crystals
and the ab initio calculated properties of the supported
and embedded Co and Fe clusters. The details of the
fitting procedure are described in [26]. The parameters
of the potentials are taken from the literature [27, 28]
and are presented in Table 1.

Ep=>

J

The positions of impurity and copper atoms are de-
termined in a fully relaxed geometry. The slab used to
calculate the barriers consists of eight layers with 2000
atoms per layer. The two bottom layers are fixed, and
periodic boundary conditions are applied to the surface
plane. The cutoff radius for the interatomic potentials
is set to 6.0 A. Different prefactors are taken for the
diffusion of adatoms (first type of vacancy transitions)
and dimers (second and third types of vacancy tran-
sitions): v?;, = 15 THz and v9,,, = 300 THz. These
values are typical for jumps and exchanges of atoms on
the Cu(100) surface [29, 30]. The random number gen-
erator from book [31] is used to improve the accuracy
of the calculations.

Ab initio density functional theory (DFT) calcula-
tions of the spin and orbital magnetic moments and
of the magnetic anisotropy energy (MAE) of Fe and
Co nanostructures embedded into the Cu(100) surface
were performed using the projector augmented-wave
(PAW) technique [32, 33] implemented in the Vienna
ab initio simulation package (VASP) [34]. The calcula-
tions are based on the DFT with the generalized gradi-
ent approximation (GGA) [35, 36]. We used the same
methodology as in previous calculations of the mag-
netic anisotropy of Co and Fe adatoms and ultrathin
films on Rh(111) and Pt(111) substrates [37, 38]. The
substrate was modeled as periodically repeated slabs
consisting of up to six atomic layers separated by a
sufficiently thick vacuum space of 16 A. At this slab
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Table 1. Parameters of interatomic potentials [27, 28]

Parameter Cu-Cu Fe-Fe Co—Co Fe-Cu Co—Cu
Al eV 0.0 —0.777 0.0 —1.909 —1.552
AV eV 0.086 0.162 0.121 —0.026 —0.037
& eV 1.224 1.573 1.579 0.881 0.852

p 10.939 5.872 11.391 7.148 7.623
q 2.280 2.105 2.350 5.178 5.518
o, A 2.556 2.474 2.495 2.441 2.500

2 x 2 cluster|

Fig.2. Schematic view of nanostructures embedded in
a surface. Dark- and light-gray balls respectively rep-
resent Cu and impurity (Co or Fe) atoms

thickness, the induced moments on the lower surface
are nearly zero (a node in the oscillatory decaying mo-
ments falls close to the surface) and hence no artifi-
cially enhanced moment exists at the lower surface. A
6 x 4 surface unit cell was used for the l-tetramer and
5 x 5 surface unit cells for all other nanostructures (see
Fig. 2). The coordinates of impurity nanostructures
and the positions of copper atoms in the three topmost
layers of the substrate were optimized using scalar rela-
tivistic calculations until the forces on all unconstrained
atoms converged to less than 0.01 eV/ A. The geome-
try and electronic and magnetic ground states resulting
from the scalar relativistic calculation were used to ini-
tialize relativistic calculations including the spin—orbit
coupling. Recent work [39] demonstrated that the re-
laxations of Fe and Co adatoms on Pt(111) with and
without the spin—orbit coupling are almost identical. A
cutoff energy of 250 eV is used.

The MAE is calculated as the total energy differen-
ce between the two relativistic band structure calcula-
tions for two different magnetization directions using
the frozen charge density obtained in a previous self-
consistent scalar relativistic calculation [40].

The calculations including the spin—orbit coupling
require a fine k-point mesh for the Brillouin-zone inte-
grations. Test calculations were performed for Fe and
Co monomers in a Cu(100) surface for three different
k-point grids: 3 x 3 x 1, 5 x5 x 1, and 12 x 12 x 1
for a 3 x 3 surface unit cell and 3 x 3 x 1, 5x 5 x 1,
and 7 x 7 x 1 for a 5 x 5 surface unit cell generated by
the Monkhorst-Pack scheme [41] in conjunction with
the Fermi-Dirac smearing method. The 5 x 5 x 1 grid
provided the best compromise between accuracy and
computational effort.

3. RESULTS AND DISCUSSIONS

In this section, we present the investigation of the
self-organization of Fe and Co nanostructures embed-
ded in the first layer of a Cu(100) surface. We next
discuss, magnetic properties of the most widespread
nanostructures.

3.1. SLKMC investigation

The diffusion of embedded Fe and Co atoms in a
Cu(100) surface at 300-400 K can be mainly realized
via respective Fe-vacancy and Co-vacancy exchanges
[42, 43]. This assumption is in good agreement with
the experimental results in [19, 20]. The only mecha-
nism of diffusion of embedded impurity atoms (Fe or
Co) is as follows: the surface vacancy jumps toward an
impurity atom, replaces it, and goes away. A surface
vacancy can diffuse in a clean Cu(100) surface in two
different ways (see Table 2): the vacancy can move the
nearest-neighbor distance (a single jump of a Cu atom)
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with a barrier of 0.38 eV, or the third-neighbor distance
(a shift of a Cu—Cu dimer) with a barrier of 0.54 V.
Another possibility of vacancy transitions is the rota-
tion of a Cu—Cu dimer, but this event is separated into
two successive single jumps of Cu atoms. Such events
are no longer independent and are disregarded in the
calculations.

Table 2 shows that the diffusion of an impurity atom
or the association of an impurity—impurity dimer can
be realized in three different ways: the jump of a sin-
gle impurity atom, the shift of an impurity—Cu dimer,
and the shift of a Cu—impurity dimer. These examples
illustrate the general features of the Fe/Cu(100) and
Co/Cu(100) systems. First, barriers for the shifts of
dimers are usually higher than barriers for the single
jumps of atoms. However, the shifts of dimers have a
higher frequency prefactor, and therefore play a very
important role in the formation of nanostructures at
300-400 K [23]. Second, rotations of dimers occur very
rarely and do not influence the formation of embed-
ded nanostructures. Third, the analogous barriers for
both systems are very close, but not equal. The last
fact leads to some interesting differences in the time
evolution of Fe/Cu(100) and Co/Cu(100) systems.

Figure 3 shows the results of our SLkMC investiga-
tions of the self-organization of Fe and Co embedded
nanostructures at 380 K. The relative populations of
the simplest embedded Co nanostructures are shown on
a logarithmic scale. In the first layer of the (100) sur-
face, the following types of the simplest nanostructures
can be formed: (i) dimers; (ii) two types of trimers:
[- and D-trimers (see Fig. 1); and (iii) five types of
tetramers. Of these eight types of nanostructures, only
the 2 x 2 cluster is actually compact; the other struc-
tures are noncompact atomic chains. The frequency of
the dissociation of 2x 2 clusters is close to zero at 380 K.
Hence, the number of 2 x 2 clusters characterizes the to-
tal number of compact embedded nanostructures. The
full time evolution of the embedded Co nanostructures
can be divided into three stages: (I) monomer domina-
tion, (IT) chain domination, and (III) cluster domina-
tion. The monomer domination stage is characterized
by a decrease in the monomer population and intensive
formation of noncompact chains. Compact nanostruc-
tures are almost completely absent at this stage. In the
chain domination stage, the number of monomers de-
creases. The number of chains remains constant at the
beginning of the stage and begins to decrease toward
the end. The number of compact embedded structures
grows monotonically. In the cluster domination stage,
the number of all noncompact structures drops to zero
and the number of compact structures tends to a con-
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Fig.3. The time evolution of the population of

the simplest (a) Fe and (b) Co nanostructures at

T = 380 K. The concentrations of the embedded impu-

rity adatoms and the vacancies are n,q = 0.1 ML and

Nwae = 0.0023 ML; Ny = 1000 is the initial number of

impurity monomers. The average numbers of nanos-

tructures are presented along with the sample standard
deviations

stant, value. Beyond this point, the surface morphology
does not change on any reasonable timescale.

There are two main differences in the self-organiza-
tion of Fe and Co embedded nanostructures. First, the
number of dimers in the Fe/Cu(100) system decreases
twice as fast as in the Co/Cu(100) system. Second, the
number of linear Co chains (I-trimers and [-tetramers)
is higher than the number of T-trimers at the chain
domination stage. At the same time, the number of an-
gle nanostructures is higher in the Fe/Cu(100) system,
while the number of linear chains is very low. These
features can be explained at the atomic level in the fol-
lowing way. On one hand, the formation of I'-trimers
is more energetically preferable than the formation of
[-trimers in both systems. But the difference between

709



S. V. Kolesnikov, A. L. Klavsyuk, A. M. Saletsky MKOT®, Tom 148, Bom. 4 (10), 2015

Table 2. Activation barriers for basic atomic processes in electronvolts. Single jumps of
atoms are labeled as (a)-(b1)(b2)(b3)(b4)(b5)(b6)—(c1)(c2)(c3)(c4) and shifts of dimers are labeled as
(al)(a2)—(b1)(b2)(b3)(b4)(b5)(b6)(b7)(b8) (see Fig. 1); 0= Cu, 1 =vacancy, 2=Co

Atomic process Type of transition Label of transition Fe Co
single jump 0-000000—-0000 0.38 0.38

Diffusion of free vacancy ) .
shift of dimer 00-00000000 0.54 0.54
single jump 2-000000-0000 0.59 0.61
Diffusion of impurity atom shift of dimer 2000000000 0.65 0.68
shift of dimer 02-00000000 0.77 0.78
single jump 2-000002-0000 0.34 0.31
Association of dimer shift of dimer 20-00000002 0.43 0.42
shift of dimer 02-00000020 0.57 0.52

Table 3. Average MAE AE for small embedded nanostructures in a Cu(100) surface calculated for the magnetization
switch from the normal Z towards the in-plane X and Y directions, as shown in Fig. 2. Negative MAE values indicate a
preferred in-plane magnetization. All values are in meV /atom

Structure AFEw.(X, 7Z) AFEr.(Y, Z) AFEco (X, Z) AEc, (Y, Z)
monomer —0.11 —0.11 —2.01 —2.01
dimer 0.14 0.10 -1.71 —-1.11
[-trimer 0.06 0.04 —1.59 —0.94
I-trimer 0.03 0.03 —0.96 —0.96
[-tetramer 0.05 0.03 —1.68 —1.09
2 x 2 cluster 0.02 0.02 —0.36 —0.36

the binding energies EPnd ~— — Ebind s higher in  cess of scanning the surface with STM [44, 45]. Con-

the Fe/Cu(100) system than in the Co/Cu(100) system:  sequently, the experimental self-organization time of
0.104 and 0.090 eV, respectively. On the other hand, embedded nanostructures can be significantly different

the processes of dissociation of linear chains are faster from the presented in Figs. 3 and 4.
in the Fe/Cu(100) system. Indeed, the most proba-
ble way of dissociation of a dimer (and other linear
structures) is realized via the shift of the impurity—Cu
dimer (the event 20-00000020; see caption to Table 2).
This shift of the dimer has a barrier of 0.64 eV in the
Fe/Cu(100) system and 0.71 eV in the Co/Cu(100) sys-
tem.

3.2. Magnetic anisotropy energies, and spin
and orbital moments

The magnetic anisotropy energy AE(I, Z) (where

I = X,Y) was calculated as the difference of total en-

It is necessary to mention that the self-organization  ergies of all atoms in the calculation cell in the cases
time significantly depends on the concentration of sur- where the magnetic moments of impurity atoms (Fe or
face vacancies. In the present case, the only source Co) were respectively oriented along the I and Z axes.
of surface vacancies is a small vacancy cluster, which The X, Y, and Z directions are shown in Fig. 2. A

is formed from the free vacancies in a simulation cell.  positive MAE value AE(I, Z) means that the magne-
However, various defects of the surface can be the  tization of impurity atoms along the Z axis is more
sources of vacancies in real experiments. The concen- energetically favorable, whereas a negative value corre-
tration of surface vacancies can also increase in the pro- sponds to the preferable I axis.
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Table 4. Calculated spin magnetic moments M and orbital magnetic moments L for X, Y, and Z magnetization

orientations for Fe and Co atoms in embedded nanostructures (see Fig. 2). All values are in pup
Structure Position MFe LEe LEe LEe MCo L§e L L$e
monomer 1 2.73 0.24 0.24 0.22 1.71 0.65 0.65 0.55
dimer 1 2.84 0.09 0.10 0.10 1.77 0.38 0.24 0.19
1 2.91 0.12 0.11 0.11 1.75 0.40 0.23 0.20

[-trimer

2 2.87 0.08 0.09 0.08 1.76 0.16 0.11 0.12
_ 1 2.90 0.10 0.11 0.12 1.80 0.36 0.26 0.20
[-trimer 2 273 | 009 | 009 | 0.12 184 | 020 | 020 | 0.13
1 291 0.12 0.11 0.11 1.75 0.42 0.23 0.19
etramer 2 287 | 009 | 008 | 008 | 176 | 018 | 009 | 0.10
2 x 2 cluster 1 2.80 0.10 0.10 0.10 1.81 0.24 0.24 0.19

The average MAE for the embedded clusters are
listed in Table 3. The noncompact nanostructures have
a higher MAE than the compact ones. The reason for
such a tendency is the interactions between impurity
atoms (Co—Co or Fe-Fe), leading to a decrease in the
MAE of individual atoms. As the result, the outer
atoms, having a smaller number of nearest neighbors,
contribute much more to the average MAE than the
inner atoms do. The average MAE of Co nanostruc-
tures is much higher than the average MAE of similar
nanostructures with Fe atoms. Moreover, these nanos-
tructures are characterized by different directions of the
easy magnetization axes. An in-plane magnetization is
exhibited in all Co clusters, but Fe nanostructures (ex-
cept monomers) have an out-of-plane magnetization.
Comparing the calculated MAE with the results ob-
tained earlier [9,14], we emphasize the important role
of surface relaxation in copper [46].

Calculations of the spin and orbital magnetic mo-
ments for monomers and selected embedded nanostruc-
tures are presented in Table 4, where the positional in-
dices in the nanostructures refer to the corresponding
numbers in Fig. 2. The spin magnetic moment of Fe
atoms is about a factor of 1.5 higher than that of Co
atoms. The spin magnetic moment of the monomer
is lower than the spin moments of the small embed-
ded nanostructures. The general tendency of increas-
ing spin magnetic moments with increasing the number
of the neighboring Co atoms can be explained by the
fact that the d—d interaction in the embedded nanos-
tructures extends the d-states and, consequently, the
spin magnetic moment increases [14]. The values pre-
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sented in Table 4 are in good agreement with the results
reported in the literature [9,14]. The spin magnetic
moment anisotropy of atoms of 3d metals for different
magnetisation orientations is negligible [37].

In contrast to the spin magnetic moments, the or-
bital magnetic moment anisotropy is fairly large, be-
cause in the transition metals with a more-than-half-fil-
led d band, the largest orbital magnetic moment is
found along the easy magnetization direction favored
by the MAE [47]. Similar to MAE, the orbital mag-
netic moments of small embedded nanostructures are
decreased drastically by interactions between impurity
atoms. Finally, the surface relaxation leads to a sub-
stantial decrease in the orbital magnetic moments of
the embedded Fe and Co atoms [14, 46].

3.3. The time evolution of magnetic properties

Combining the results presented above, it is easy
to calculate the time evolution of the magnetic proper-
ties of the Cu(100) surface with embedded Fe and Co
nanostructures. For example, we have calculated the
time evolution of the average MAE of Cu(100) mono-
layer (see Fig. 4). Here, we used the data presented in
Fig. 3 and Table 3, and the assumption that all large
nanostructures are compact and have the same MAE
per atom as a 2 x 2 cluster. Figure 4 shows a monotonic
decrease in the average MAE of the copper monolayer
with embedded Co atoms from 2.01 to 0.360 meV per
Co atom. In the case of the Fe/Cu(100) system, the
average MAE of the monolayer exhibits a more com-
plex nonmonotonic behavior with rotation of the easy
magnetization axes.
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Fig.4. The time evolution of the average MAE (per impurity atom) of a Cu(100) monolayer with embedded Fe or Co
atoms at 7" = 380 K

4. CONCLUSION

Using our SLkKMC method, we have investigated the
self-organization of Fe and Co nanostructures in the
first layer of the Cu(100) surface at 380 K. The time
evolution passes through three stages: (I) monomer
domination, (IT) chain domination, and (III) cluster
domination. Formation of embedded nanostructures in
the Fe/Cu(100) and the Co/Cu(100) systems is similar
in the initial and final stages, but it has some differ-
ences in the chain-domination stage. Co atoms have
a tendency to form short linear chains. At the same
time, angular Fe chains are more preferable than lin-
ear chains. This picture of self-organization weakly de-
pends on the concentration of impurity atoms in the
range 0.05-0.15 ML, and it is valid in the temperature
range 350—400 K.

Our DFT calculations show that the MAE of em-
bedded Co atoms is significantly higher than the MAE
of Fe atoms in analogous nanostructures. At the
same time, similar Fe and Co nanostructures (except
monomers) have different directions of the easy mag-
netization axes. The spin magnetic moments of the
embedded Fe atoms are about a factor of 1.5 higher
than those for Co atoms. On the other hand, the or-
bital magnetic moments of Co atoms are several times
higher than those for Fe atoms. The interaction be-
tween impurity atoms leads to an increase in the spin
magnetic moments and to a decrease in MAE and or-
bital magnetic moments. We also emphasize the critical
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role of the surface relaxation in the calculation of the
MAE of embedded nanostructures.

Figure 4 illustrates that the magnetic properties of
the Cu(100) surface with embedded Fe or Co atoms
dramatically change in the course of time evolution.
This fact provides an opportunity to create surfaces
with prescribed magnetic properties. Therefore,
our investigation will be helpful for future technical
applications.

Computational resources were provided by the Re-
search Computing Center, Moscow State University
(MSU NIVC). This work was supported by RFBR
(grant Ne15-32-20560 mol-a-ved).
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