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Abstract. Today, in addition to widely studied nanoobjects,
there are a number of less popular, but no less interesting,
exotic nanostructures, which occupy an intermediate position
in their physicochemical properties. The article considers the
following exotic nanostructures formed in bimetallic systems:
atomic superlattices, flat dendrites, finger-shaped protrusions,
bound nanostructures embedded in the first layer of a substrate,
as well as clusters formed under the surface at a depth of several
atomic layers. Both experimental methods for obtaining such
nanostructures and theoretical approaches to modeling their
formation are discussed in detail. The physicochemical proper-
ties of exotic nanostructures and possible prospects for their
technical application are also discussed.

Keywords: nanostructures, surfaces, superlattices, dendrites, clus-
ters, formations, bimetallic systems

1. Introduction

Over the past decades, the physics of nanostructures has
become a separate field of science, interesting from both
fundamental and applied points of view. The fundamental
achievements of nanostructure physics undoubtedly include
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the discovery of the quantum Hall effect [1, 2], quantum
conductivity [3, 4], massless electron states in graphene [5-8],
and much more. From an applied point of view, the physics of
nanostructures allows the creation of devices for recording,
storing, transmitting, and processing information of a new
generation [9-12], and makes it possible to change the
physicochemical properties of known materials and obtain
new materials with previously unattainable characteristics
[13-15]. At present, nanoparticles and nanostructured mate-
rials are used in almost all areas of modern life.

Many review articles, monographs, and textbooks are
devoted to the latest achievements in the physics of nanos-
tructures [1, 3, 5, 12-17]. As a rule, either compact
nanoparticles in a vacuum, in a solution, or on the surface
of crystals, or layered nanostructures with layer thicknesses
from one atomic layer to hundreds of nanometers are
considered. After the discovery of graphene [6—8], two-
dimensional nanostructures that can exist in a free state
began to be widely studied. In addition to graphene, boron
nitride [18, 19], transition metal dichalcogenides [20-22],
layered van der Waals structures [23, 24], etc. have gained
wide popularity. An equally popular field is the study of one-
dimensional nanostructures: nanocontacts [25-27], nano-
wires, and atomic chains [28—-30]. Fullerenes [31], carbon [32,
33], and semiconductor nanotubes [34, 35] deserve special
attention. Many studies are devoted to the formation and
physicochemical properties of surface alloys [36].

In addition to the widely studied nano-objects listed
above, there are several less popular, but no less interesting,
nanostructures, which, in their properties, occupy a certain
intermediate position among the structures described above.
Below, we will call such nanostructures exotic. A striking
example of exotic nanostructures is flat dendrites on the
surface of crystals [37, 38]. Both in their shape and in their
physical properties, they occupy an intermediate position
between two-dimensional and one-dimensional nanostruc-
tures. In terms of mathematics, this means that a flat dendrite
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can be characterized by a fractal dimension Dy [39, 40], which
takes fractional values in the range from 1 to 2. Studying the
dependence of physical properties on fractal dimension is an
important task, the solution of which can open new horizons
for the practical use of nanostructures.

Since it is not possible to discuss all existing exotic
nanostructures within the framework of one review article,
we will concentrate on nanostructures formed in bimetallic
systems. The physicochemical properties of nanostructures
are closely related to their shape, which in turn depends on the
conditions of nanostructure formation, primarily on tem-
perature. At low temperatures (T ~ 1 K), superlattices of
individual atoms can form on the surface of metals. Section 2
is devoted to the formation and physical properties of atomic
superlattices. When the temperature increases to 100200 K,
flat dendrites can form on the surface of the same metals [41,
42]. The formation and properties of flat dendrites are
discussed in Section 3. At a temperature slightly above room
temperature (7 =~ 350—400 K), surface alloys begin to form.
Under certain conditions, this can lead to the formation of
either finger-like protrusions [43, 44], discussed in Section 4,
or bound nanostructures embedded in the first layer of the
substrate [45, 46]. The formation and magnetic properties of
the latter are discussed in Section 5. Finally, when the
temperature is increased to 600 K, the deposited atoms can
form small compact clusters under the surface [47—49]. The
formation, detection, and physical properties of such clusters
are discussed in Section 6.

To date, exotic nanostructures have not been studied so
well that we can confidently talk about their technical
application. Therefore, we will mainly discuss their funda-
mental properties. However, in conclusion, we will discuss
possible—in our opinion— prospects for the practical
application of the listed exotic nanostructures.

2. Superlattices

2.1 Friedel oscillations of electron density

on surface of metals

Interactions between adsorbed atoms or molecules on the
surface of a solid can be divided into two classes: direct and
indirect. Direct interaction occurs due to the direct exchange
of electrons between adatoms, while indirect interaction is
also due to interaction with the surface. It is worth noting that
this division is very arbitrary, since any interaction occurs
with the participation of the surface [50].

One example of indirect interactions is the long-range
interaction that occurs on the (111) surfaces of noble metals.
On such surfaces, there are the surface states discovered by
Shockley [51]. Electrons with the energy of the Shockley
surface state form an almost free two-dimensional electron
gas localized near the upper surface layer [52, 53]. Surface
electrons are scattered by defects [54, 55], adsorbents [54,
56-58], and steps [54, 59], giving rise to the emergence of
standing electron waves (i.e., redistribution of charge
density), which can be detected using a scanning tunneling
microscope (STM). Oscillations of charge density around
defects can be detected at large distances (about 70 A)
compared to the lattice parameter. Examples of charge
density distribution from a Ce atom on an Ag(111) surface
and a step on a Cu(111) surface are shown in Fig. la and b,
respectively. The presence of two atoms or two defects on
the surface leads to interference of electron waves from

l a \\\
Figure 1. STM image of standing waves of electron density (a) around Ce

atom on surface of Ag(111) at a temperature of 4 K [57]; (b) near step of
Cu(111) surface at a temperature of 7 K [62].

each of them, which is the cause of indirect long-range
interaction between atoms [50], atoms and a step, or
defects [54-57, 60, 61].

According to the Bardeen approximation [63], the tunnel
current is determined by the expression

I= %Z S (EW) [1 —f(E + eV)] ‘Mﬂ"|25(E/‘ —£), (1)

v

where f(E) is the Fermi-Dirac function, V is the applied
voltage between the STM tip and the surface, M, is the
transition matrix, and E,, E, are the energies of an electron in
the state pu and v, respectively. At low temperatures and low
voltages, expression (1) takes the form [64]

1= 27 VY f(E)IMul*3(E, — Er)(E, — Er). (2)
nyv

If the STM tip is considered to be a point, then the matrix
elements M, are proportional to the amplitude , at the tip
position ry, and expression (2) is reduced to the form

Toc S (o) P0(E, — Ex). (3)

The quantity on the right in expression (3) is the density of
electron states of the surface at the Fermi level, i.e., the
tunneling current is proportional to the density of states at
the position of the STM point tip. At the same time, replacing
the STM point tip with more realistic approximations does
not change the conclusion obtained that the STM tip
measures the density of states [64].

Oscillations of the density of states can be explained
within the framework of a simple model. Consider an
adatom as a point defect in a two-dimensional electron gas.
If we consider a point defect as a scattering potential with
cylindrical symmetry, then the wave function of electrons
near the impurity can be written in cylindrical coordinates as
W = Rg(d) exp (ilp) [52], where Rg(d) is the radial part of the
wave function of electrons with energy E and angular
momentum /, ¢ is the azimuthal angle, and d is the distance
to the defect. Then, the change in the density of states near the
point defect can be written as [52, 65]

Ap(d) o S (|Re(d)|” = |[Jikod)[*) ()

li

where J;(kod) is the Bessel function of the /th order, which is
the radial function of electrons in the absence of scattering.
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In the case of low-energy scattering, the change in the
density of states is equal to

1 P T 2 T
Ap(d) Tod {cos <kod -7t 50) — cos (kod - Z)} , (5)

where dg is the phase shift of the wave function at / = 0. It
follows from such a model that a redistribution of the density
of states at the Fermi level should occur around an adatom or
any other defect on the metal surface, which is recorded by a
tunneling microscope (see Fig. 1). Experimental studies [59,
66] have shown that the period of oscillations of the electron
density around an impurity on the copper surface is equal to
g2 =125 A, where Ap = 2n/kyg, kg is the wave vector of
the surface electrons at the Fermi level. Taking this fact into
account, we can rewrite Eqn (5) as

sin dg

Ap(d) o ord

cos (2kgd + d) . (6)
It should be noted that Eqn (6) was obtained as a limiting case
at d — oo and [ = 0. Comparing the theory with experiment
shows that Eqn (5) describes well the change in the density of
states at the Fermi level around the impurity starting from a
distance of about 5 A. The experimental value of the
oscillation period Ag/2 (12.5 A) [59, 66] is also in good
agreement with the values calculated within the framework
of the density functional theory (13.4 A) [56, 60].

2.2 Indirect long-range interaction between adatoms
STM image analysis can provide valuable information not
only on the distribution of surface electron density around an
impurity, but also on the interaction energy of adatoms on the
surface located at different distances from each other. To
determine the interaction energy of adatoms as a function of
the distance between them experimentally, an analysis of
many STM images of a surface with adatoms deposited on it
is carried out and histograms of the distances between
adatoms g(d) are constructed, shown in Fig. 2.

At thermodynamic equilibrium, the interaction energy
E(d) of two adatoms is experimentally determined as [55]

-l 8]

where g;an(d) corresponds to the random position of adatoms
on the surface, and 7 is the temperature. The interaction
energy for Cu/Cu(111) and Co/Ag(111), which was deter-
mined by processing several thousand STM images, is shown
in Fig. 2. The similarity of the histograms of distances
between adatoms g(d) and the curves E(d) for two different
systems (Cu/Cu(111) and Co/Ag(111)) indicates that the
scattering of surface electrons is practically independent of
the elemental composition of the system. However, there are
two differences. The first is the different period of oscillations:
for Cu(111), Ap/2 =12.5 A, and for Ag(111), 1/2 =38 A.
The second is that, for the Ag(111) surface, the absolute
values of energy are lower, since the surface has a lower
electron density, and the bottom of the Shockley zone of
states for Ag(111) is closer to the Fermi level than for the
Cu(111) surface [55].

Let us consider the interaction of two adatoms placed on
the surface of a metal at distance d from each other, the
position of which is determined by radius vectors r and rg.
The potential energy at a point with radius vector r can be

Figure 2. Histogram of distances between adatoms g(d) and energy E(d) of
interaction between adatoms for (a) Cu/Cu(111) and (b) Co/Ag(111) [55],
calculated using Eqn (7). Line on upper plot corresponds to random
distribution of distances between adatoms.

represented as a sum of the potential energies of individual
adatoms:

Ur) = UA(|r—rA\)—|—UB(|r—rB|). (8)
In the second order of perturbation theory, the correction to
the energy of the ground state is

sE- 3 |El‘i° ©)

where |0) and |i) are the vectors of the ground and the ith
excited state of the electron gas. From Eqns (8) and (9), the
expression for the interaction energy of two adatoms follows:

0|U5li)(i]U40
ZH [{i1U4I0)

AEint = EO — E

+cc. (10)

If the Fermi surface of the surface states is cylindrical,
then the difference between the energies of the ground and
excited states of the electron gas is [65]

Ey— E; = —p'H=-

(9> —2qp), (11)

2m*
where m* is the effective mass of surface electrons, and p and
p’ are two-dimensional wave vectors parallel to the surface,
q=7p—p’. Substituting the expression for the energy
difference (11) into Eqn (10), we obtain

AEmL X Z

exp 1qd

(1/2)(¢*> —2qp) (12)
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Figure 3. Interaction energy of two cobalt adatoms on Cu(111) surface.
Black line is theoretical curve, circles indicate interaction energy calculated
within the framework of density functional theory, and black squares
indicate experimental values [56]. Letters A, B, C indicate extrema of
interaction energy. Approximation is based on Ref. [67].

Table. Parameters of interaction energy on Cu(111) surface [68]. All values
are given in meV.

Ti \'% Cr Mn Fe Co Ni
A 72.40 | 44.10 | 26.40 | 30.50 | 32.20 | 28.30 | 26.50
B —-0.49 | —1.02 | —0.69 | —1.48 | —1.80 | —2.02 | —2.06
C 0.13 0.20 0.24 0.49 0.57 0.61 0.54

Moving from the sum to the integral and performing the
integration, we find [65]

cos (2kgd)

A o — 57— (13)

A more accurate consideration is given by the expression [67]

. 2 .
AEg — —r <2 sin (o, F)) sin (2kpd +2260, F)
(krd)

where ¢ is the Fermi energy, measured from the bottom of
the band of Shockley states, and dy,  is the phase shift during
the scattering of surface electrons with / = 0 by the adatom.

Oscillations of the density of states at the Fermi level give
rise to oscillations in the energy of interaction between
adatoms on a metal surface. In Fig. 3, the circles show the
experimental values of the energy of interaction between two
Co adatoms on the Cu(l11) surface, depending on the
distance between them. The black squares in Fig. 3 show the
interaction energy values calculated within the framework of
the density functional theory [52]. It is evident that theoretical
and experimental curves of the interaction energy of Co
adatoms on the Cu(111) surface are in good agreement,
especially at large distances. The characteristic parameters
of the interaction energy, indicated in Fig. 3, for 3d metal
adatoms are given in the Table. Evidently, they are of the
same order of magnitude for all 3d metal adatoms on the
Cu(111) surface [68]. Thus, the type of adatom has little effect
on the nature of the long-range interaction between them.

(14

2.3 Formation and stability of superlattices

Long-range interaction of adatoms on metal (111) surfaces
can lead to the formation of superlattices [66, 69-76].
Examples of such lattices are shown in Fig. 4, where the

Figure 4. Images of superlattices: (a) Ce/Ag(111) (T = 3.9 K), (b) Ce/
Ag(111) (T = 4.8 K) [69], (c) Na/Cu(111) (T = 3.9K) [70], (d) Fe/Cu(111)
(T=12K)[77).

bright spots are cerium and sodium adatoms. In Ref. [69], it
was shown that a 1% coverage of the Ag(111) surface with
cerium atoms leads to the formation of an ordered hexagonal
arrangement of adatoms (Fig. 4a). A similar picture is
observed for sodium atoms on the Cu(111) surface with a
coverage of 4% (Fig. 4b). In this case, hexagonal superlattices
are formed with distances between two adjacent adatoms of
3.2 nm for Ce/Ag(111) and 1.5 nm for Na/Cu(111).

Superlattices of adatoms are formed only at low tempera-
tures. For example, the STM image shown in Fig. 4a was
obtained at a temperature of 3.9 K. At temperatures above
4.8 K, it is impossible to obtain a clear image of the
superlattices, because the cerium atoms begin to diffuse over
the surface. At temperatures above 5.2 K, there is no long-
range order in the Ce/Ag(111) system [78]. Ce atoms move
like ‘liquid’ particles, but the distance between them remains
large (approximately 3 nm). The superlattice is destroyed
when the adatoms have enough energy to leave the local
minimum B in Fig. 3. At a temperature of 8.0 K, the adatom
has enough energy to overcome the barrier A (see Fig. 3),
dimers are formed, and compact structures grow further.
Therefore, there is a temperature range between 3.9 K and
5.2 K in which a superlattice of cerium atoms on the surface of
Ag(111) can form because of self-arrangement. The upper
limit of the temperature range is determined only by the
parameters of the long-range interaction [78]. The lower limit
of the temperature range is determined only by the value of
the diffusion barrier for the jump of an adatom on the surface
[78]; for Ce/Ag(111), it is equal to 10.9 meV [55].

Thus, for the formation of superlattices in the self-
arrangement process, it is necessary that the diffusion barrier
for the adatom to jump along the surface be small, and the
values of the parameters A, B, C (see Fig. 3) of the interaction
energy be large.

2.4 Conductivity spectrum of superlattices

The formation of a superlattice on a metal surface leads to a
change in the electronic properties of the surface. The
conductivity spectrum of the surface Ag(111) (Fig. 5a) was
measured at the point marked with an asterisk in the inset of
Fig. 5a [74]. The measurements were carried out at a lower
temperature (3.3-3.9 K). The temperature of the conductivity
spectrum measurement was chosen below the temperature of
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Figure 5. (a) Conductivity spectrum of a pure Ag(111) surface (/) and a
surface with a superlattice (2). Inset: STM image (7.5 x 7.5 nm?) of a
hexagonal unit cell of cerium adatom superlattice. Red asterisk in inset
marks point where conductivity spectrum was measured. (b) Conductivity
spectra measured in hexagonal superlattice with a distance of 3.5 nm
between adatoms. In inset, dashes mark positions where conductivity
spectrum was measured. Curves /-3 correspond to position near an
adatom, 46 to position equidistant from three adatoms, and /0-12 to
position between two adatoms [70, 74].

superlattice formation to prevent adatoms from moving
during the measurement.

The conductivity spectrum of the surface in the presence
of a superlattice (curve 2 in Fig. 5a) differs radically from that
of the pure Ag(111) surface (curve / in Fig. 5a). Instead of a
step in the conductivity spectrum at 63 meV, the conductivity
spectrum of the surface with a superlattice has two pro-
nounced peaks at 85 and 210 meV. The conductivity spectra
obtained at different points on the surface are shown in
Fig. 5b. Curves /-3 were measured near the adatom (see the
inset in Fig. 5b). They have a dip, resembling an energy gap,
between —75 meV and 35 meV. As the STM tip moves away
from the adatom to the geometric center of the triangle
formed by three cerium adatoms, a peak appears (curves 4—6
in Fig. 5b). The maximum value of the peak is observed at an
energy of 45 meV. The position of this peak in the
conductivity spectra depends significantly on the interatomic
distance. The average interatomic distance in the superlattice
depends on the degree of coverage. For cerium superlattices,
it varies from 2.3 nm to 3.5 nm. As the interatomic distance
decreases, the position of the peak shifts toward higher
energies.

Figure 6. Images of flat dendrites formed on surface of metals: (a) result of
Monte Carlo simulation of Co/Cu(111) dendrites at a temperature of
135K [42], (b—d) STM images of Ag/Ag(111) dendrites at a temperature of
110 K, Ag/Pt(111) dendrites at a temperature of 130 K (80 K in the inset)
[41], and Au/Ir(111) dendrites at room temperature [82], respectively.

Metal-organic frameworks (MOFs) can be classified as
superlattices. These structures consist of metal atoms and
organic linker molecules that bind them and are distinguished
by a very large variability of their structural elements. MOFs
can be defined as quasi-crystalline structures, since they have
a long-range order, although translational symmetry is often
absent. The field of science studying MOFs was formed at the
intersection of physics and chemistry and is currently very
extensive. We will not consider MOFs in this review but will
restrict ourselves to mentioning existing review papers [79—
81].

3. Flat dendrites

The simplest example of flat dendrites that are often found in
nature are the ice patterns on windowpanes familiar to
everyone since childhood. In metallic homoepitaxial and
heteroepitaxial systems, the growth of clusters in the form of
flat dendrites is also often observed. For example, in the Co/
Cu(111) system [42], flat dendrites are formed when the
temperature is lowered to 135 K (Fig. 6a). At temperatures
of ~ 100 K, the growth of flat dendrites from Ag atoms is
observed on the surfaces of Ag(111) (Fig. 6b) and Pt(111)
(Fig. 6¢) [41]. The growth of flat dendrites from Au atoms on
the surface of Ir(111) (Fig. 6d) can occur even at room
temperature [82]. It is important to note that the growth of
flat dendrites is a result of self-arrangement of atoms and
therefore can be controlled by changing external conditions
such as substrate temperature and atomic deposition rate.
The shape of flat dendrites is related to the symmetry of
the substrate surface. If flat dendrites grow on the (110)
surface of a face-centered cubic (FCC) crystal, they have a
symmetry axis of the second order directed perpendicular to
the surface; if flat dendrites grow on the (001) surface of an
FCC crystal, they have a symmetry axis of the fourth order
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[83]. On the (111) surfaces of FCC crystals or the (0001)
surfaces of hexagonal close-packed (HCP) crystals, the
growth of flat dendrites occurs in a more complex way. On
such surfaces, two types of steps (A and B) are possible. If the
energies of atoms on steps A and B differ, this leads to the
appearance of anisotropy of diffusion barriers for bypassing
the corners of the growing cluster. As a result, the formation
of flat dendrites with a third-order symmetry axis is observed.
The growth of such dendrites was experimentally detected in
the epitaxial systems Au/Pt(111) [84], Co/Cu(111) [42], Co/
Pd(111) [85], Co/Re(0001) [86], Pt/Ru(0001) [87], Pd/Cu(111)
[88]. If the anisotropy of diffusion barriers for bypassing the
corners of the cluster can be disregarded, in comparison with
the energy of thermal motion, then flat dendrites will have a
sixth-order symmetry axis. The formation of flat dendrites of
this type was detected at a temperature close to room
temperature in such epitaxial systems as Au/Ru(0001) [89],
Ag/Pt(111) [90], and Fe/Ag(111) [91]. If the energy of thermal
motion is comparable to the anisotropy of diffusion barriers
for bypassing the cluster corners, then flat dendrites acquire
some intermediate shape that does not have any pronounced
symmetry. Such asymmetric flat dendrites are formed, for
example, in the epitaxial system Ag/Ni(111) at a temperature
below 800 K [92] and in the Ag/Re(0001) system at room
temperature [93].

The shape of substantially branched dendrites can be
characterized by the fractal dimension Dy [94]. By definition
[39, 40], the fractal dimension Dy is the limit

. InN(e)

Dy =lim 2/ (15)
where N(e) is the minimum number of n-dimensional cubes
with side ¢ required to cover the fractal, with n being the
dimension of the space in which the fractal is formed (in our
case, n =2, since we are considering flat dendrites). For
practical calculation of the fractal dimension of dendrites,
one of three approximate methods is commonly used [94]. In
the first [94], based on definition (15), the fractal dimension is
found from the slope of the linear dependence In N(¢) =
const — Dylne. Another widely used method for calculating
the fractal dimension of dendrites is to plot the dependence of
the dendrite mass on its radius [82, 94]. Indeed, if a dendrite is
covered with a system of concentric n-dimensional spheres
with the center coinciding with the dendrite growth center,
then the number of atoms N(R) inside a sphere of radius R
will be proportional to the value of R?". Therefore, the fractal
dimension of a dendrite can be found from the slope of the
linear dependence InN(R) = const+D¢lnR. The third
method for calculating the fractal dimension of a cluster is
based on its relation to the correlation function [94, 95] of
dendrite atoms

Cr)=N"Y p()p(r'+r), (16)

where N is the number of atoms in the cluster, and the density
p(r) = lif the crystal lattice node is occupied by an atom, and
p(r) =0 otherwise. For flat dendrites, the relation
C(r) ~ rPr=2 is satisfied [95]. Therefore, the fractal dimen-
sion can be found from the slope of the linear dependence
In C(r) = const 4+ (D¢ — 2) Inr. The details of applying these
methods to finite-size dendrites are discussed in monograph
[94].

Theoretical methods for studying the formation of
dendrites can be divided into three groups: (1) methods
based on the approximation of a continuous medium [38,
96], (2) various variations of the diffusion-limited aggregation
(DLA) model [95, 97], and (3) the kinetic Monte Carlo
method. Methods based on the continuous medium approx-
imation are commonly used to describe the growth of
dendrites in a two-component supercooled system. Their
description is beyond the scope of our review. Readers can
familiarize themselves with the current state of this issue in
review [38].

First, let us dwell in more detail on the description of the
DLA mechanism, according to which a certain type of
dendrite can be obtained in the process of disordered
irreversible growth. Let us imagine a dendrite growing in the
following way [37]: over time, an atom joins it and
immediately ‘sticks’ to it. It is assumed that all atoms move
randomly. If an atom joins an initially compact dendrite
nucleus, a protrusion is formed, and the cluster growth in
this place will accelerate. As a result, the slightly distorted
shape of the nucleus is deformed even more, i.e., unstable
growth occurs, resulting in the formation of a disordered,
highly sparse structure—a dendrite (fractal cluster). An
example of such a structure, consisting of 5000 atoms, is
shown in Fig. 7a. It is worth noting the similarity of the
obtained cluster to the Lichtenberg figure (Fig. 7b), formed
in a dielectric during breakdown [98]. This similarity is not
accidental, since the formation of dendrites within the
DLA framework is described by the Laplace equation,
which is also satisfied by the scalar potential in electro-
statics problems.

The main advantage of the described method is that it
shows the relation between the process of dendrite growth
and its fractal dimension. Based on a simple dimensional
analysis [99], one can obtain a formula for the fractal
dimension of dendrites in the DLA method:

D4+ D -1

- - 17
D+D —1" (17)

f

where D is the dimension of the space in which the dendrite
grows, and D; is the dimension of the trajectory of the
atoms’ movement (D; = 2 in the case of Brownian motion).
According to this formula, the fractal dimension of flat
dendrites is Df(z) =5/3, and the fractal dimension of
volumetric dendrites is Dt@) = 5/2. This result is in good
agreement with those from computer modeling [100].

Figure 7. (a) Cluster of 5000 particles obtained within diffusion-limited
aggregation model. (b) Lichtenberg figure formed due to dielectric break-
down. (Figures adopted from [98].)
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A comparison of Figs 6 and 7 shows that the shape of
fractal clusters obtained within the DLA method differs
significantly from the shape of flat dendrites formed on the
surface of crystals. Flat dendrites not only have a certain
symmetry but also look significantly ‘thicker’ than dendrites
obtained by DLA modeling. This means that the fractal
dimension of flat dendrites takes the values 5/3 < Df(z) <2.
To describe the fractal dimension of real flat dendrites, a
generalized DLA (GDLA) model is used [82, 101], within
which diffusion of atoms along the dendrite boundaries with a
certain effective diffusion barrier AFEg is introduced.
According to this model, the fractal dimension of a flat
dendrite is

4y /voTexp (—AEecage/2kpT) + 5

Dr =
f 2,/voT exp (—AEedge/ZkBT) +3’

(18)

where vy is the frequency prefactor for an atom’s jump along
the surface, 7 is the average time of atom diffusion along the
cluster edge, kg is the Boltzmann constant, and 7 is the
surface temperature. The value of ,/vo7, as a rule, is much
greater than unity. Therefore, at high temperatures
T > Eedge/2kg, the fractal dimension is close to 2, which
corresponds to the formation of compact clusters, and at
low temperatures, 7 < Eeqge/2kg, the fractal dimension tends
to 5/3, which corresponds to a maximally branched dendrite.

Let us now proceed to a description of dendrite formation
modeling by the kinetic Monte Carlo (KMC) method [102,
103] or its ‘smarter’ version — the self-learning KM C method
[104-106]. The KMC method allows demonstrating the
influence of the effective diffusion barrier AEqe. and the
anisotropy of diffusion barriers near the cluster corners on the
shape of a flat dendrite [82]. It is clearly seen from Fig. 8 that,
the smaller the effective barrier AEcqgc, the closer the dendrite
shape approaches a compact cluster, and considering the
anisotropy of barriers for bypassing corners leads to a change
in the symmetry of both compact clusters and dendrites.
Another successful example of KMC modeling is the study of
the growth of two-layer Co clusters on the Cu(111) surface
(Fig. 6a). The results of the simulation and the experimentally
obtained STM image [42] are qualitatively indistinguishable
from each other.

It follows from the above examples that the results of
Monte Carlo simulation of single-component dendrites are in
qualitative agreement with Eqn (18). The situation, however,
is significantly more complicated in the case of two-
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Figure 8. Results of modeling growth of flat dendrites on (111) surface of
FCC crystal in the absence (a—e) and presence (f—j) of anisotropy of
diffusion barriers for bypassing corners [82]. Clusters were obtained at
temperature of 300 K and at different values of effective diffusion barrier
AE g for motion of an atom along cluster edge: (a) 0.80 eV, (b) 0.60 eV,
(c) 0.53 eV, (d) 0.48 eV, (e) 0.35 ¢V, (f) 0.85 eV, (g) 0.58 ¢V, (h) 0.50 eV,
(1) 0.40 eV, (j) 0.25 eV. Each cluster consists of 20,000 atoms.

Figure 9. Images of computing domain (top view) obtained as a result of
simulation [109] of deposition of 4000 atoms on a Cu(111) surface at a
substrate temperature of 300 K. Relative concentration of Pt atoms is
0 (a), 0.2 (b), 0.4 (c), 0.6 (d), 0.8 (e), and 1 (f). Scale bar is 10 nm. Orange
and gray balls represent Cu and Pt atoms, respectively. Inset in e shows
image of experimentally observed cluster [107].

component dendrites. As an example, let us consider the
formation of clusters consisting of Pt and Cu atoms on the
Cu(111) surface. Usually, in the experiment [43, 107, 108], Pt
atoms are deposited on the surface by molecular beam
epitaxy. In this case, Pt atoms can be embedded in the copper
surface, pushing out Cu atoms. As a result, the embedded
platinum atoms become growth centers for the clusters, and
the clusters themselves are formed from a mixture of Pt and
Cu atoms. We emphasize that the experimental data [43, 107,
108] do not allow answering the question of which atoms (Cu
or Pt) the clusters on the Cu(111) surface consist of.

Let us consider the results of modeling the growth of flat
clusters at different ratios of platinum np; and copper ncy
concentrations in the cluster [109]. Let us introduce a
dimensionless parameter, the relative concentration of
platinum atoms n = np;/(ncy + np), varying from 0 to 1.
With an increase in the relative concentration of platinum,
two effects are observed (Fig. 9): a change in the symmetry of
the cluster and a nonmonotonic change in its fractal
dimension. The first effect is associated with a monotonic
increase in the anisotropy of diffusion barriers for bypassing
the corners of the cluster with an increase in the platinum
concentration. The second effect is due to the nonmonotonic
change in the effective barrier AEcqg.. The fractal dimension
D¢ found from the results of the KMC simulation can be
approximated by Eqn (18), and the effective barrier AFEqqg
turns out to be a function of the relative concentration of
platinum atoms n. In the simplest case, the function A Eeqge (1)
can be considered a cubic polynomial with a maximum at
n = 0.45 [109]. Comparing the results of the simulation [109]
and the experimentally obtained STM image [107] (see the
inset in Fig. 9e), it can be concluded that, when Pt atoms are
deposited on the Cu(111) surface at room temperature, the
flat dendrites formed in the experiment consist of 80% Pt
atoms and 20% Cu atoms.

It should be noted that the formation of flat dendrites
occurs not only on flat areas of the surface, but also near steps
(Fig. 6b, c). We will discuss the formation of such dendrites in
Section 4.

Interest in dendritic clusters is associated not only with
their beauty, but also with their unusual physical and
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chemical properties, primarily with high catalytic activity
[110-112]. The increase in the catalytic activity of dendrites
compared to compact clusters is associated with an increase in
both their surface area and surface energy (per unit area) due
to the appearance of a large number of faces with high Miller
indices.

4. Finger-like protrusions

Finger-like protrusions are a very exotic type of nanostruc-
ture, so let us first explain what we mean by a ‘finger-like
protrusion.’” As is known [113], there are always steps on the
surface of a crystal. And, in the absence of defects, such steps
should have a minimum length, i.e., they should be even.
However, if the number of impurity atoms near the steps is
increased, then under certain conditions it is possible to
achieve a significant curvature of the steps and the formation
of elongated formations, resembling fingers in shape [43, 44].
The simplest way to saturate a surface with point defects is to
sputter atoms of another metal onto the surface of a metal. In
this case, for the resulting bimetallic system, it is required,
first, that the impurity atoms remain on the surface, and
second, that they actively mix with the substrate atoms
near the steps. Thus, the formation of finger-like protru-
sions is possible in bimetallic systems that can form a
surface alloy.

Extensive literature is devoted to binary surface alloys
(see, e.g., monograph [114]). As an example, let us consider
the surface alloy Pt/Cu(111). Experimental study [115] of the
early stage of surface alloy Pt/Cu(111) formation showed that
the platinum and copper atoms are most intensively mixed
near the atomic steps on the surface of Cu(111). At the same
time, as theoretical calculations have shown, the main factors
affecting the formation of the Pt/Cu(111) alloy are [116]: (1)
the formation of Pt—Cu chemical bonds, (2) the magnitude of
the energy of attraction between the Cu and Pt atoms, (3) the
difference between the lattice constant values for copper and
platinum crystals.

Let us consider in more detail the formation of the
Pt/Cu(111) surface alloy with a low degree of coverage of the
Cu(111) surface with platinum # < 10% [43, 44]. As can be
seen from Fig. 10, the structure of the forming surface alloy
depends significantly on both the substrate temperature and
the number of Pt atoms deposited on the surface. When
platinum is deposited at a temperature of 550 K, a disordered
Pt/Cu(111) surface alloy is formed with a uniform distribu-
tion of Pt atoms on the surface (Fig. 10a). When the same
amount of platinum is deposited at a temperature of 450 K,
the distribution of Pt atoms embedded in the first layer is
uneven: their concentration increases near the step (Fig. 10b).
At a temperature of 315 K, the surface alloy is formed only
near the atomic steps on the surface of Cu(111), and with a
small number of Pt atoms (1 = 3%), the edge of the step
becomes curved, and small protrusions consisting mainly of
copper atoms are formed on the step (Fig. 10c). With an
increase in the degree of surface coverage with Pt atoms to
10%, the length of the finger-like protrusions increases
significantly (Fig. 10d). Upon closer examination of these
protrusions (Fig. 10e), small areas of ordered surface alloy
with a p(2 x 2) structure (Fig. 10f) or (v/3 x v/3)R30
(Fig. 10g) are found in them. In addition, as can be seen
from Fig. 10d, in addition to the finger-like protrusions,
clusters are formed on the Cu(111) surface, the structure of
which exactly coincides with that of the finger-like protru-

Figure 10. STM images [43] of Pt/Cu(111) surface alloy formed at different
temperatures 7 and degrees of surface coverage n with platinum:
(a) T=550K,n=3%,(b) T=450K, n =3%, (c) T=315K, n = 3%,
(d,e) T=315K, n = 10%. (f, g) Details of ordered surface alloy. Length
of scale bar is 5 nm (a—c), 50 nm (d), 1 nm (e), 0.2 nm (f, g).

sions. Note that such clusters are completely different from
the flat dendrites growing in the Pt/Cu(111) epitaxial system
at room temperature [107, 109]. A significant difference
between the finger-like protrusions and the dendrites con-
sidered in Section 3 is that, first, they are not self-similar, and
second, they mainly consist of substrate atoms.

A qualitative explanation of the experimental results [43]
can be given using a simple model, in which there are only
three events: (1) diffusion of the Pt atom over the Cu(111)
surface, (2) embedding of the Pt atom into the substrate near
the step, and (3) embedding of the Pt atom into the substrate
on a flat terrace. At a temperature of 315 K, processes 1 and 2
predominate, and at 550 K, processes 1 and 3 predominate.
For a deeper understanding of the growth process of finger-
like protrusions, Monte Carlo simulations were performed
[117, 118]. We will briefly describe the main ideas and results
of this work.

The maximum degree of copper surface coverage with Pt
atoms was 5%, which corresponds to the experimental
conditions [43]. The temperature of the copper substrate
varied from 285 K to 345 K. Figures 11b—f show the
successive stages of the Pt/Cu(111) surface alloy formation
at a temperature of 315 K. As can be seen from these figures,
the Pt/Cu(111) surface alloy grows only near the edges of the
steps. With an increase in platinum concentration, a growth
of finger-like protrusions saturated with Pt atoms is observed.
Moreover, the finger-like protrusions on step B are longer
than the ones on step A. Four to five finger-like protrusions
are usually formed on each step, which corresponds to their
average width from 5.1 nm to 6.4 nm.

Let us discuss the formation of ordered sections of the Pt/
Cu(111) surface alloy with the p(2 x 2) or (v/3 x v/3)R30
structure, which were observed in experiment [43]. The
binding energy of two Pt atoms embedded in the Cu(111)
surface at a distance of the second and third nearest neighbors
is 0.112 eV and 0.055 eV, respectively. Positive values of the
binding energy mean that the arrangement of Pt atoms at
distances of the second and third nearest neighbors from each
other is unfavorable from the point of view of energy.
According to the results of modeling [117], Pt atoms are
distributed randomly near the step boundaries. In this case,
some of them indeed find themselves at distances of the
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Figure 11. Successive images of computing domain obtained during
simulation of deposition of Pt atoms on Cu(111) surface [117]: (a) initial
configuration, (b—f) successive configurations corresponding to degree of
surface coverage by platinum atoms y = 1—5%. Temperature of copper
substrate is 315 K. Cu atoms are depicted as orange balls, Pt atoms, as gray
balls. Insets show details of one of the finger-like protrusions.

second or third nearest neighbors from each other, which
corresponds to the experiment [43].

In experimental study [43], the growth of not only finger-
like protrusions but also clusters of Cu and Pt atoms located
near the steps was observed. When analyzing the results of the
simulation in [117], it becomes obvious that the formation of
such clusters is associated with the separation of long finger-
like protrusions from the step, which occurs due to their
thinning at the base. The formation of such clusters occurs
only at a sufficiently low platinum deposition rate, at which
the finger-like protrusions on the steps are sufficiently long
and thin.

Finally, it was shown in [117] that the length of the finger-
like protrusions increases with increasing temperature. In this
case, the probability of the formation of Pt—Cu clusters also
increases. At all temperatures in the range of 315 £ 30 K, the
finger-like protrusions on step B are longer than those on step
A. Their average length increases monotonically with increas-
ing platinum concentration. At temperatures below 285 K,
the Cu and Pt atoms at the edges of the steps are barely mixed
and the formation of finger-like protrusions does not occur.

A significantly greater diversity of nanostructures formed
near the steps can be achieved by simultaneous deposition of
Pt and Cu atoms on the Cu(111) surface. In Ref. [119], such a
process was simulated with different ratios of deposited Pt
and Cu atoms. Figure 12 shows the results of simulating the
deposition of 10,000 atoms on a stepped Cu(111) surface. Itis
evident that the shape of the resulting clusters depends on
three parameters: the temperature 7, the relative concentra-
tion of platinum n = np/(ncy + np), and the type of step on
which the clusters grow. For dendrite growth, the tempera-
ture of the system must be lowered to ~ 200 K. However, even
under these conditions, dendrites do not form during the
deposition of pure copper. Dendrites form only if Pt atoms
are added to the system. Note the significant difference
between the shapes of the dendrites growing on steps of
different types. On step A, dendrites grow that are elongated
in the direction perpendicular to the step, and their length
weakly depends on the Pt concentration atn > 0.4. Under the
same conditions, highly branched dendrites grow on step B.
The length of their boundary is maximum at n = 0.4 and
decreases at a higher Pt concentration. Note the visual
similarity of the dendrites formed on step B and the

Figure 12. Images of part of computing domain (top view) after deposition
of 10,000 atoms [119]. Orange and gray balls show Cu and Pt atoms,
respectively. Relative concentration of platinum is shown in figure above,
with system temperature and step type (A or B) labeled on left.

Figure 13. Result of modeling [120] the formation of finger-like protru-
sions on step A of Cu(111) surface from atoms of (a) Co and Cu, (b) Pt and
Cu. Temperature 300 K, relative concentration of impurity atoms (Co or
Pt) n = 0.6. Orange, blue, and gray balls show atoms of Cu, Co, and Pt,
respectively. Insets show details of finger-like protrusions.

experimentally observed dendrites shown in Fig. 6¢c. At
room temperature, no dendrites are formed. Instead, finger-
like protrusions grow on the steps, which inherit the shape of
the dendrites described above. That is, on step A, the
protrusions are longer and thinner than the ones on step B.
In the case of deposition of pure platinum, the protrusions on
step B acquire a pronounced triangular shape.

Similar results are obtained when simulating the simulta-
neous deposition of Co and Cu atoms on the Cu(111) surface
[120]. However, a significant difference between the Pt/Cu
and Co/Cu systems is that the dimerization energy of the
embedded platinum atoms is positive (0.15 eV), while the
dimerization energy of the cobalt atoms is negative
(—0.12 eV), i.e., it is energetically favorable for the Co atoms
embedded in copper to form bound structures. This leads to
interesting consequences. For example, Fig. 13 shows finger-
like protrusions of Co and Cu atoms (Fig. 13a), as well as of
Pt and Cu atoms (Fig. 13b), growing on the Cu(111) surface
under the same conditions. It is evident that the finger-like
protrusions of Co and Cu atoms have a clearly expressed
skeleton of Co atoms covered with Cu atoms.

The practical application of finger-like protrusions, as
well as dendrites, is currently associated mainly with their use
as catalysts. Thus, in Ref. [44], it was shown that the diluted
surface alloy Pt—Cu, formed in finger-like protrusions, can be
an efficient catalyst for hydrogenation reactions at a
significantly reduced concentration of the precious metal. In
addition, if the above-described results [120] on the formation
of finger-like protrusions with a skeleton of Co atoms are
experimentally confirmed, it should be expected that such
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nanostructures will have interesting magnetic properties and
can find practical application.

5. Nanostructures in first layer of surface

As shown in Section 4, when the temperature of the metal
substrate increases (usually by several hundred degrees above
room temperature), the atoms deposited on it are embedded
in the surface layers of the substrate. When the energy of
interatomic chemical interaction is negative, there is a
tendency toward ordering and a surface alloy is formed
[121]; when the sign is positive, there is a tendency toward
stratification and bound nanostructures are formed,
embedded in the surface layers of the substrate. Let us
consider the case when the embedding of atoms in the
substrate occurs much faster than the formation of bound
nanostructures. In this case, the formation of nanostructures
in the surface layers of the substrate can be divided into two
stages: the embedding of atoms in the surface layers and the
formation of certain structures due to the diffusion of
embedded atoms.

At the first stage, impurity atoms are deposited on a metal
substrate and the metal surface is calcined. The calcination
temperature depends on the surface properties and the type of
deposited atoms. For example, the calcination temperature of
the Cu(001) surface, required for embedding Pd, In, and Co
atoms, is 425 K [122], 675 K [123], and 800 K [45],
respectively. After calcination, the sample is usually cooled
to room temperature or slightly higher, at which the impurity
atoms remain mobile and diffuse in the first surface layer of
the metal.

The diffusion of impurity atoms in the first layer of a
metal substrate has been studied experimentally using STM
[45, 122-125]. For example, the diffusion of embedded In
atoms in the first layer of a Cu(001) surface has several
peculiarities [123]. First, In atoms jump quite rarely: at room
temperature, the interval between successive jumps of one
atom can be several minutes. Second, In atoms typically move
several interatomic distances at once instead of making short
jumps covering the distance to their nearest neighbors on the
surface. Third, correlated diffusion of neighboring In atoms is
observed. To explain such an unusual behavior of the
embedded impurity atoms in the Cu(001) surface, we can
imagine a few possible mechanisms of diffusion of the
embedded atoms [123]: (1) the diffusion of the embedded
atoms is due to the presence of adsorbed gas molecules on the
surface, (2) the diffusion of the embedded atoms occurs
through the permutation of the impurity and substrate
atoms, and (3) the diffusion of the embedded atoms is a
consequence of the intense motion of surface vacancies. Let
us discuss these three possible mechanisms of diffusion of the
embedded atoms in more detail.

The diffusion of embedded atoms may be associated with
the presence of adsorbed gas molecules on the substrate
surface. For example, the diffusion of Pt atoms in the
Pt(110) surface is a consequence of the presence of adsorbed
hydrogen atoms on the surface [126]. However, for a number
of reasons [123], this mechanism is unacceptable for the
Cu(001) surface. The main reason here is that the adsorbed
gas molecules do not stay on the substrate surface for long. In
addition, this mechanism cannot explain the unusual behav-
ior of embedded In atoms described above.

The mechanism of diffusion of embedded atoms by means
of permutation of impurity and substrate atoms is schemat-
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Figure 14. Possible mechanisms of diffusion of impurity atoms in first layer
of (001) surface of an FCC crystal [123]: (a—c) diffusion by means of

permutation of impurity and substrate atoms, (d,e) diffusion due to
movement of surface vacancies.

ically shown in Fig. 14 [123]: (a) a substrate atom approaches
an impurity atom, (b) a substrate atom displaces an impurity
atom from the substrate, and (c) an impurity atom is
embedded in another place on the substrate, displacing the
substrate atom from there. Thus, diffusion of embedded
atoms is carried out by means of permutation of their places
with single substrate atoms, which freely move over the
surface. This diffusion mechanism is decisive, for example,
for the Cu/Co system on the Ru(0001) surface [124].

The mechanism of diffusion of impurity atoms in the first
layer of the Cu(001) surface by means of surface vacancies
was first proposed to explain the diffusion of Mn atoms [125]
and is schematically shown in Fig. 14d, e. In this model, the
diffusion of an impurity atom occurs as follows: first, a
surface vacancy approaches an embedded impurity atom to
the distance of the nearest neighbors, then the impurity atom
and the vacancy change places, after which the surface
vacancy moves away from the embedded atom and continues
to diffuse freely over the substrate surface. This mechanism of
diffusion of embedded atoms was also discovered for the
diffusion of Pd [122] and Co [45] atoms in the first layer of the
Cu(001) surface. As for the diffusion of In atoms in the first
layer of the Cu(001) surface [123], it is characterized by two
mechanisms of diffusion of embedded atoms, both through
substrate atoms and due to the diffusion of surface vacancies.

In order for the ‘vacancy’ mechanism to be realized, it is
necessary that the concentration of surface vacancies be high
enough. The relative concentration of vacancies in the volume
of the crystal can be calculated as exp (—G/kgT) [127], where
G =~ E — TS is the Gibbs energy of vacancy formation, S and
E is the entropy and energy of vacancy formation, 7 is the
temperature, and, as a rule, £ > TS. Thus, the concentration
of vacancies is determined mainly by the energy of their
formation. Calculations using the Green’s function method
[128] showed that, among the 3d-, 4d-, and 5d-metals, the
energy of vacancy formation is minimal in Cu, Pd, Ag, Pt, and
Au. The concentration of vacancies in these metals is already
high enough at room temperature for vacancies to play a
significant role in processes associated with the diffusion of
impurity atoms. The energies of vacancy formation on the
surfaces of Al(111), Cu(111), Ag(111), and Rh(111) calcu-
lated by the density functional method turned out to be 30—
40% lower than the energies of vacancy formation in the bulk
of the same metals [129]. The energies of vacancy formation
on the surfaces of metals Ag, Cu, Ni, Pb, Al, and Pd with low
Miller indices were calculated by the embedded atom method
[130]. Tt turned out that, first the highest energy of formation
of surface vacancies corresponds to the densely packed
surface (111), and second, the energy of formation of
vacancies on the surfaces (001) and (110) is less than on the
surface (111) by 10-25% and 60—65%, respectively. Thus, it is
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Figure 15. Formation of bound nanostructures from Co atoms in first
layer of Cu(001) surface. (a, b) STM images obtained at different potential
differences between STM tip and surface [45]: (a) U= —-60 mV,
(b) U= —170 mV; Y is direction of movement of STM tip. (c¢) STM
image of compact Co clusters at temperature of 317 K [46].

the faces (110) of the crystal that serve as a source of bulk
vacancies [131]. At the same time, the concentration of
surface vacancies on the faces (001) is also quite high.

An analysis of the dimer binding energy values [132]
allows us to determine whether bound nanostructures or a
surface alloy will be formed in the first surface layer.
However, the question of the size and shape of the forming
structures is more complex. Let us discuss the possible types
of bound nanostructures in the first surface layer using the
Co/Cu(001) system as an example. In Ref. [45], it was shown
that scanning the Cu(001) surface with Co atoms embedded
in it can result in the formation of bound chains of Co atoms
(Fig. 15a,b). When scanning the surface, the embedded Co
atoms move predominantly in the direction of their nearest
neighbors ([110]), which forms an acute angle with the
direction of the STM tip (Y) (Fig. 15a). In this case, the self-
arrangement of the embedded Co atoms is a consequence of
the electrical interaction between the STM tip and the Co
atoms. Thus, at a potential difference of 23 mV between the
surface and the STM tip, the Co atoms remain practically
motionless. When the potential difference increases to 60 mV
(Fig. 15a) and 170 mV (Fig. 15b), the embedded Co atoms

begin to follow the STM tip and form atomic chains. The
length of the chain linear sections increases with increasing
potential difference between the STM tip and the surface.
According to the authors of Ref. [45], this experimental result
may be associated with a sharp increase in the concentration
of surface vacancies because of the electrical interaction of the
copper surface with the STM tip. Two years later, experi-
mental study [46] appeared, in which the diffusion of
embedded Co atoms at a temperature of 317 K was studied.
In addition to single Co atoms, compact clusters of embedded
Co atoms are clearly visible in the STM images obtained
(Fig. 15c). The question arises of how to combine the
experimental results showing the possibility of forming both
compact [46] and noncompact [45] bound Co nanostructures
in the first layer of the Cu(001) surface.

This question can be answered by modeling the self-
arrangement of nanostructures from Co atoms in the first
layer of the Cu(001) surface using the Monte Carlo method
[133—135]. To simplify the modeling, two additional assump-
tions can be made: (1) immediately after deposition, the
distribution of Co atoms in the Cu(001) surface is uniform,
(2) the influence of Cu atoms displaced from the copper
surface can be neglected. Thus, the problem of forming
embedded Co nanostructures is reduced to a two-dimen-
sional (single-layer) problem with a constant number of
atoms.

According to the results of modeling [134], the evolution
of the Co atom system in the first layer of the Cu(001) surface
can be divided into three stages: (1) diffusion of adatoms,
(2) formation of atomic chains, and (3) formation of compact
clusters. A typical surface morphology obtained at a substrate
temperature of 7= 400 K and a concentration of embedded
atoms of nc, = 10% at each of the three stages is shown in
Fig. 16a—c. At the first two stages of evolution, mainly dimers
and small bound nanostructures of three to four atoms are
formed: trimers and quadromers. All possible bound nano-
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Figure 16. Three stages of nanostructure formation from Co atoms in first layer of Cu(001) surface. Images of same part of computing domain (top view)
obtained using Monte Carlo simulation [134] at stages of (a) adatom diffusion, (b) formation of atomic chains, and (c) formation of compact clusters.
Images were obtained at 7=400 K, nc, = 10%; dark balls denote Cu atoms, light balls denote Co atoms. (d) All possible nanostructures
consisting of 1-4 Co atoms. (¢) Dependence of times 71, (solid line) and #,3 (dashed line) on reciprocal temperature.
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Figure 17. Magnetic moments (a) of 3d-metal atoms in bulk samples, on surface, and in first layer of Cu(001) surface, as well as of 4d- (b) and 5d-metal

atoms (c) on surface and in first layer of Ag(001) surface [138].

structures of 1 to 4 atoms are shown in Fig. 16d. In the first
layer of the surface of Cu(001), it is possible to form two types
of trimers (/ and I') and five types of quadromers (/, I', Z, and
T, as well as compact 2 x 2 clusters).

We assume that the transition from the first stage to the
second one occurs at time ¢, when the number of Co dimers
becomes equal to the number of Co adatoms, and the
transition from the second stage to the third occurs at time
t23, when the number of Co trimers becomes equal to the
number of 2 x 2 clusters. In the temperature range of 300—
400 K, the dependence of times f;; and t,3 on the substrate
temperature is well described by a simple exponential law
(Fig. 16e),

E
= tyexp (k_> ,
B

where Ea = 0.41 eV is the activation energy of the formation
of bound nanostructures from Co atoms, and ¢, is the time
prefactor, which has an order of magnitude of ~ 107°*! s for
time #» and ~ 10~**! s for time #,3. Note that a change in the
surface temperature in the range of 300-400 K significantly
affects only the evolution rate in the system of embedded Co
atoms. The qualitative picture of the bound nanostructure
formation does not change. In Ref. [134], it was also shown
that boundaries #; and f,3 between stages do not depend on
the concentration of embedded Co atoms when it changes
from 5% to 15%. Finally, note that considering the diffusion
of dimers [135] in modeling leads to an acceleration of the
process of nanostructure formation and a reduction in the
duration of the second stage of nanostructure formation —
the stage of formation of atomic chains. However, these
chains turn out to be linear in most cases. Thus, by selecting
the conditions for conducting the experiment, it is possible to
achieve the formation of both atomic chains and compact
clusters of Co atoms, which agrees with experimental results
[45, 46].

Let us briefly discuss the self-arrangement of nanostruc-
tures from Fe atoms in the first layer of the Cu(001) surface
[136, 137]. In general, the Co/Cu(001) and Fe/Cu(001)
systems are very similar; however, the duration of the atomic
chain formation stage in the Fe/Cu(001) system is reduced to
almost zero. Keeping in mind some conventionality in
defining the boundaries of stages 7 and #;, we can say
that, in the Fe/Cu(001) system, the stage of atomic chain
formation is completely absent. Thus, the evolution of the
Fe/Cu(001) system occurs in two stages: the diffusion of
adatoms and the formation of compact clusters. In this

(19)

case, hardly any linear chains of embedded Fe atoms are
formed.

The results of calculations using the Green’s function
method showed in [138-142] that, on the surface of transition
metals (Cu, Ag, Au, Pt, Pd, Ni, and Fe), the adatoms of 3d-
metals are in a stable high-spin state. In this case, the magnetic
moment of the atoms embedded in the first surface layer is
greater than the magnetic moment of the same atoms in an
ideal crystal, but smaller than on the surface (Fig. 17a). The
change in the magnetic moment is associated with a change in
the number of nearest neighbors of the atoms on the surface.
Note that not all 3d-metal atoms in the first surface layer have
a nonzero magnetic moment. For example, the magnetic
moment of Ni atoms on the Cu(001) surface turns out to be
zero due to the hybridization of the sp-electrons of the
Ca(001) surface with the d-electrons of Ni.

More interesting behavior is exhibited by adatoms of 4d-
and 5d-metals: in an ideal crystalline structure, their magnetic
moments are zero, while the same atoms on the surface or in
the first layer of transition metals may have nonzero
magnetic moments. Figure 17b,c shows the magnetic
moments of 4d- and 5d-metal adatoms on the surface and
in the first layer of the Ag(001) surface [138], which appear
due to a decrease in the number of nearest neighbors
around the adatom. The adatoms with the largest mag-
netic moment are 4d-metals Mo and Tc and 5d-metals W
and Re. The magnetic moments of the adatoms of Y, Rh,
Pd, Hf, Ir, and Pt are zero.

The magnetic moments of adatoms depend on the
substrate lattice constant. For example, the equilibrium
lattice constant of silver is 12% greater than that of copper,
which leads to an increase in the magnetic moment on the
surface of Ag(001) compared to the surface of Cu(001).
Calculating the densities of states and using the Stoner
criterion, it can be concluded that the magnetic moments of
adatoms on the surfaces of Au(001) and Ag(001) should be
greater than on the surface of Cu(001) [138]. The results of
comparing the magnetic moments of adatoms of 3d-, 4d-, and
S5d-metals on the surfaces of Cu(001), Ag(001), Pd(001), and
Pt(001) obtained by the KKR method in [143] confirm this
conclusion. Moreover, the difference between the magnetic
moments of 3d-metal adatoms on the Ag(001) and Cu(001)
surfaces is not very large (not exceeding 30%). From this
point of view, silver and copper surfaces are equally suitable
for having nanoscale information carriers placed on them.
Nevertheless, from the standpoint of mass production, it
seems more reasonable to use copper substrates due to their
lower cost.
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The effect of mixing small clusters with a substrate on the
magnetic properties of such clusters was studied in [141]. The
KKR method was used to calculate the magnetic moments of
atoms of 3 x 3 clusters of Ru, Rh, Os, Ir, Fe, and Co on the
Ag(001) surface, various atoms of which were replaced by
substrate atoms. It was found that various configurations of
clusters with impurities have magnetic moments that differ
significantly from the magnetic moments of ideal 3 x 3
clusters. Using Co, Rh, and Ir as examples, the effect of
cluster size on its magnetic moment was examined [141]. It
turned out that the dependence of the average value of the
cluster atom’s magnetic moment on its size is monotonic only
for cobalt clusters. That is, the magnetic moment of a cobalt
cluster on a metal substrate is proportional to the number of
adatoms in the cluster and weakly depends on its geometric
configuration. This fact makes cobalt clusters attractive from
the point of view of their technical application as information
bits.

In Refs [134, 144, 145], the magnetic properties of
adatoms and small cobalt clusters embedded in the first
layer of a Cu(001) surface were investigated. It was shown
that the main difference from the case of small clusters on the
Cu(001) surface [146] is the negative value of the magnetic
anisotropy energy (MAE), i.e., the difference between the
energies of the system when the magnetic moments of all
atoms are directed parallel to the normal to the surface and
perpendicular to it. Thus, it is energetically favorable for Co
clusters in the first layer of the Cu(001) surface to have
magnetization in the surface plane. Comparing the magnetic
properties of the Coy cluster on the Cu(001) surface and in the
first surface layer [144, 146], it can be concluded that
embedding clusters in a copper substrate reduces the MAE
and also leads to a more uniform distribution of orbital
magnetic moments. For example, the MAE of the cluster
corner atoms decreases by almost twofold when embedded.
At the same time, the projections of the orbital magnetic
moments on the surface plane do not change so significantly
when embedding the cluster, and the spin magnetic moments
of the cobalt atoms decrease by less than 2%.

Another interesting result of studies [134, 144, 145] is that
the MAE of Co atoms in noncompact clusters is significantly
higher than in compact Co4 and Cog clusters. Similar results
were obtained for nanostructures on Ag(001) and Au(001)
surfaces [147, 148]. Moreover, on the Ag(001) surface, the
MAE of Co atoms in the trimer is even higher than the MAE
of a single Co adatom [147]. Thus, the highest MAE is
characteristic of noncompact nanostructures.

Let us briefly consider the main differences between the
magnetic properties of nanostructures of Co and Fe atoms in
the first layer of the Cu(001) surface [28, 137, 145]. The spin
magnetic moment of Fe atoms is approximately one and a
half times greater than that of Co atoms. At the same time, the
average MAE for nanostructures of Fe atoms is substantially
smaller than the MAE for similar nanostructures of Co atoms
[145]. Nanostructures of Fe and Co atoms have different
directions of easy magnetization axes: if the easy magnetiza-
tion axes of all Co nanostructures lie in the plane of the
Cu(001) surface, then the easy magnetization axes of all Fe
nanostructures (except for the adatom) are perpendicular to
the surface. By comparing the results on self-arrangement and
magnetic properties of nanostructures of Fe and Co atoms in
the first layer of the Cu(001) surface, one can find the time
evolution of the magnetic properties of the copper surface
with atoms embedded in it [137].

The combination of self-arrangement and unusual mag-
netic properties makes nanostructures embedded in the first
layer of the substrate possible candidates for future technical
applications as information bits. It should be noted that
obtaining ordered elements from embedded nanostructures
is a more complex task than obtaining ordered nanostruc-
tures on the surface.

6. Clusters under surface

Impurity atoms located deeper than the first layer of the
substrate surface are more difficult to detect experimentally
than those on the surface or in the first layer of the surface.
However, if the substrate is metallic, impurity atoms can be
detected below the surface, since they scatter conduction
electrons of the metal, and standing waves of electron density
in the form of rings are observed on the surface [149, 150].
Figure 18a shows a diagram of such an experiment to detect
Co atoms below the surface of Cu(001), and Fig. 18b—f shows
STM images of the Cu(001) surface directly above the Co
atom, obtained at a temperature of 6 K. The radius of the first
ring of standing waves of electron density depends on the
embedding depth of the impurity atom. Thus, all three
coordinates of the impurity atom can be determined from
the STM image of the surface.

When there is a small cluster under the surface, rather
than a single impurity, it is possible to determine not only
the depth of the cluster embedding but also its shape from
the STM image of the surface [47-49]. As an example, let
us consider the scheme of an experiment for detecting Ar
clusters located under the Cu(001) surface (Fig. 19a).
Electrons from the STM tip are injected into the substrate
surface, reflected from the cluster and returned, forming
standing waves of electron density on the copper surface.
The length of the Bloch wave of the injected electron
depends on the potential difference J between the surface
and the STM tip; therefore, at different voltages V, the
STM image of the surface directly above the cluster will
look different (Fig. 19b—g). In this case, the normalized
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Figure 18. (a) Schematic diagram of experiment for detecting Co atoms
under the surface. (b—f) STM images of Cu(001) surface with a Co atom
embedded in it [149]. Co atom is located in 3rd, 4th, Sth, 6th, and 7th
monolayer (ML) of surface, respectively. Surface is scanned at constant
tunneling current of 7 = 2 nA and voltage of = 10 mV.
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Figure 19. Observation of Ar clusters located under Cu(001) surface.
(a) Schematic representation of electron propagation and reflection in a
copper crystal. (b—g) STM images of Cu(001) surface directly above Ar
cluster at a tunneling current of 7= 1.2 nA and different voltages [47]:
(5)0.3V,(c)0.4V,(d)0.5V,(e) 0.6V, () 0.7V, (g) 0.8 V. (h) Normalized
differential conductivity (dZ/dV)/(I/V) of the surface areas above Ar
cluster (blue dots) and far from the cluster (black dots). (i) Result of
modeling surface conductivity near Ar cluster [48].

spectrum of differential conductivity (df/dV)/(1/V) of the
surface above the Ar cluster has a pronounced oscillatory
character (Fig. 19h). By measuring the period of such
oscillations AE, one can find the depth z at which the Ar
cluster is located, using the formula [47]

n |OF
 AE ’

K (20)
where k is the wave vector and E(k) is the dispersion law of
electrons moving in the [001] direction. In addition to the
central spot, additional spots are also observed in the STM
image, the appearance of which is associated with the
reflection of electrons from the inclined faces and edges of
the embedded cluster. Figure 19i shows a simulated STM
image [48] of the Ar cluster, schematically shown in Fig. 19a.
The black arrows in the figure indicate spots obtained as a
result of the reflection of electrons from the inclined faces of
the crystal. By constructing model images and comparing
them with real STM images, the shape of embedded clusters
can be determined [48, 49].

Let us discuss the mechanisms of diffusion of impurity
atoms in the surface layers of Cu(001) using Co atoms as an
example. As shown above, at a temperature of 300400 K, the
diffusion of Co atoms embedded in the first layer of the
Cu(001) surface is activated. With an increase in temperature,
Co atoms can embed themselves in deeper layers of copper.
However, the diffusion of Co atoms in the bulk copper is
activated only at temperatures above 800 K, which is
associated with the sufficiently high activation energy of this
process Epyx = 2.22 eV [151]. At intermediate temperatures,
Co atoms are embedded in the near-surface region of Cu(001)
[152, 153]. Experimental studies [153, 154] have shown that
Co atoms in the near-surface region at 7' < 800 K move only
over the sites of the copper crystal lattice. Therefore, two

different mechanisms of diffusion of Co atoms are possible.
First, Co atoms can move due to the presence of vacancies in
the near-surface region. Second, a diffusion mechanism is
possible through cyclic permutation of Co and Cu atoms
without the participation of vacancies. The simplest of such
events are the permutation of two neighboring Co and Cu
atoms and the cyclic permutation of three Co—Cu—Cu atoms
in the (111) plane. To clarify the contribution of these
mechanisms to the diffusion of Co atoms in the near-surface
region, a diffusion model was proposed that considers all of
the above events [154]. Moreover, the concentration of
immersed Co atoms was assumed to be small enough so that
the interaction between them could be ignored. In this case, it
is sufficient to consider a one-dimensional model in which Co
atoms move between the layers of the copper surface. In
addition, the time of embedding a Co atom into the first layer
of the Cu(001) surface at a temperature of 7= 650 K is
negligible compared to the time of executing the experiment,
so it can be assumed that the Co atoms deposited on the
Cu(001) surface immediately find themselves in the first layer
of the copper surface.

In experiment [154], Co atoms were deposited on a
Cu(001) surface in 30 seconds. The results of numerical
integration of the diffusion equations for time ¢ = 30 s (the
moment of completion of cobalt deposition), # = 10 min, and
t = 55 min are shown in Fig. 20a. The depth distribution of
Co atoms, obtained experimentally under the same condi-
tions, is shown in Fig. 20b. It is evident that, by the time the
deposition is completed (¢ = 30 s), there are no Co atoms left
in the first layer of the Cu(001) surface, in agreement with the
experimental data. The rapid diffusion of Co atoms from the
first to deeper layers of the Cu(001) surface at 7= 650 K is
due to relatively low diffusion barriers and activation energies
for the diffusion of Co atoms in the upper layers of the surface
(Ea =~ 1.5 eV). The depth distribution of Co atoms immedi-
ately after the end of the Co atom deposition has a maximum
in the second layer of the Cu(001) surface. However, the
diffusion of Co atoms in the near-surface region continues
after the end of deposition. In a short period of time At = 2.5
after the end of deposition, the concentrations of Co atoms in
the second and third layers of Cu(001) become equal to each
other (see the inset in Fig. 20a). And by the time 7 = 10 min,
most of the Co atoms are in the third layer of the Cu(001)
surface. Then, the number of atoms in the third layer begins to
decrease because Co atoms diffuse into deeper near-surface
layers. Comparing the depth distributions of Co atoms
obtained theoretically (Fig. 20a) and experimentally
(Fig. 20b), we see that the closest coincidence of the results
corresponds to the time 7 = 55 min. An important result of
Ref. [154] is the conclusion that the main mechanism of
diffusion of Co atoms in the near-surface region of Cu(001)
at temperatures close to 650 K is the vacancy mechanism.

Describing the growth of clusters under the surface at the
atomic level is a much more complex task than studying the
diffusion of single atoms. The fundamental complication of
the problem is that, due to the mismatch of the lattice
constants of copper and the cluster being formed, large
mechanical stresses arise on the cluster surface, which can
lead to the splitting of large clusters into smaller ones [155].
Obviously, under these conditions, it is necessary to consider
the deformation of the crystal lattice near the cluster
boundaries. This can be done, for example, within the
framework of the nonlattice kinetic Monte Carlo method
[105, 106, 156, 157]. However, as far as the authors know,
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Figure 20. Distribution of Co atoms by depth of immersion in Cu(001) surface at temperature 7' = 650 K: (a) theoretical distributions at moments of time
t = 30 s (end of Co atoms deposition), 7 = 10 min, and # = 55 min; (b) experimental distribution obtained from results of studying two samples [154]. Inset
in Fig. a shows theoretical time dependences of concentrations of Co atoms in second and third layers.

such studies do not exist to date. Therefore, simple diffusion
models are used to explain the growth of clusters under the
surface at a qualitative level [158-160].

Successful detection of impurity atoms and atomic
clusters hidden under the surface allows us to hope for their
possible technical application, e.g., for storing information.
However, to talk about possible technical applications, the
process of formation of clusters embedded under the surface
must be studied in detail. To date, both experimental and
theoretical studies of related issues are far from being
completed.

7. Conclusion

The review considered exotic nanostructures formed in
bimetallic systems. It was shown that the formation of
certain structures depends primarily on temperature.

At low temperatures of the order of several kelvins,
superlattices consisting of individual atoms can form on the
surface of metals. The possibility of forming such lattices is
associated with Friedel oscillations of electron density on the
close-packed surfaces of transition metals, which lead to
oscillations of the potential energy of interaction of ada-
toms, depending on the distance between them. Depending on
the ratio between the extremes of potential energy and
thermal energy, adatoms can form either a two-dimensional
crystal with a hexagonal lattice or some similarity to a liquid
that does not have long-range order. The superlattice
significantly affects the conductivity spectrum of the surface,
which can be used in technology, for example, in low-
temperature sensors.

At temperatures from 100 K to room temperature, flat
dendrites can form in bimetallic systems. Depending on the
surface and growth conditions, dendrites can have different
symmetries. The fractal dimension of flat dendrites takes
values from 5/3 to 2. Dendrites are formed both on flat areas
of the surface and near steps. As the temperature increases,
compact clusters are formed instead of dendrites on a flat
surface, and finger-like protrusions are formed instead of
dendrites near steps. The main patterns of formation of
dendrites and finger-like protrusions were explained at the
atomic level using the kinetic Monte Carlo method. To date,

dendrites and finger-like protrusions have found practical
application as catalysts for chemical reactions. The literature
also discusses the issue of using such nanostructures for
storing energy and information.

Magnetic nanostructures embedded in the surface layers
of a nonmagnetic substrate seem promising from the point of
view of information storage. Embedded nanostructures are
formed at temperatures significantly higher than room
temperature and are thermally more stable than structures
of similar sizes formed on the surface. In addition, the
formation of magnetic clusters in the surface layers of the
substrate is promising for the creation of three-dimensional
arrays for more compact storage of information.

The authors thank all their colleagues at Lomonosov
Moscow State University. The authors express their grati-
tude to the Russian Science Foundation (grant 21-72-20034).
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