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Abstract

This work is a study of the formation processes and the effect of related process parameters of multilayer nanosystems and devices
for spintronics. The model system is a superconducting spin valve, which is a multilayer structure consisting of ferromagnetic
cobalt nanolayers separated by niobium superconductor nanolayers. The aim was to study the influence of the main technological
parameters including temperature, concentration and spatial distribution of deposited atoms over the nanosystem surface on the
atomic structure and morphology of the nanosystem. The studies were carried out using the molecular dynamics method using the
many-particle potential of the modified embedded-atom method. In the calculation process the temperature was controlled using the
Nose—Hoover thermostat. The simulation of the atomic nanolayer formation was performed by alternating the directional deposi-
tion of different composition layers under high vacuum and stationary temperature conditions. The structure and thickness of the
formed nanolayers and the distribution of elements at their interfaces were studied. The alternating layers of the formed nano-
system and their interfaces are shown to have significantly different atomic structures depending on the main parameters of the

deposition process.
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Introduction

Multilayer superconductor/ferromagnetic (S/F) hybrid nano-
structures are a new type of quantum electronics elements based
on electron spin transport. Unlike conventional electronics,
spintronics uses not only charge transfer, but also the electron
spin in solids, solving the problem of transport and recording of
information [1-7]. Based on the basic nondissipative elements
of spintronics, it is possible to create new superconducting
nanoelectronics devices that consume minimum energy and

have a high operation speed [8-13].

One type of magnetic nanostructure with wide potential use is
the spin valve [14,15], consisting of several magnetic films sep-
arated by a magneto-resistive layer. Due to the exchange inter-
action with the adjacent antiferromagnetic nanofilm, one of the
layers has constant magnetization. For the adjacent nanofilm,
the direction of magnetization can be controlled by an external
magnetic field. The weak link of the ferromagnetic layers
causes a restructuring of the magnetic moment configuration
under low-power magnetic fields and switches the spin valve
from a high to a low resistance state. When a superconducting
film is used as a magneto-resistive interlayer, a supercon-
ducting spin valve is obtained. Furthermore, these structures are
highly sensitivity to magnetic field switching and energy
consumption is significantly reduced due to the absence of
dissipation in such a valve in the ground (superconducting)

state.

Practice shows that the creation of multilayer S/F nanostruc-
tures with the required properties is an extraordinarily complex
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process. Figure 1 and Figure 2 show actual spin-valve multi-
layer nanosystems formed from various materials [9]. As
demonstrated in the figures, the structure of real nanosystems is
far from ideal. In particular, it can be noted that the surface
separating the various nanolayers of the system is not perfectly
flat. The surface has noticeable irregularities that penetrate into
adjacent layers. The figures also show that there is a mutual
penetration of one contact layer into another. Therefore, the
layer interface has a certain quantifiable thickness. It should be
noted that the atomic structure of each layer does not form an

Si-Cap a——.

CuNi —
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Figure 1: Transmission electron microscopy (TEM) image of a layered
nanostructure consisting of Nb, CuNi, CoO, and Co layers, prepared
by magnetron sputtering.

Figure 2: High-resolution transmission electron microscopy (HR-TEM) image of a layered Co, CoO, and CuNi nanostructure prepared by magnetron

sputtering.

1777



ideal single crystal, but rather a polycrystalline system is
formed.

The influence of the interface quality on the spin valve func-
tionality is an especially important issue, which has been exper-
imentally investigated in previous works [16-19] where the
quantum-mechanical transparency of the interface, T, was
assigned. Here, they considered the effect of the mutual solu-
bility of the metals (of a superconductor and a ferromagnet) on
the quantum-mechanical transparency. The transparency param-
eter of the interface for completely non-wetting metals, such as
lead—iron, is small: T =~ 0.4. This reduces the probability of
penetration of Cooper pairs from the superconductor into the
ferromagnetic material and requires smaller thicknesses of
superconducting layers in order to obtain a significant effect of
ferromagnetism on superconductivity. In turn, the structural
quality of superconducting niobium layers, for example, with a
thickness comparable to the coherence length of approximately
<10 nm, is worse than that of thicker films, and the destructive
effect of the interface roughness also suppresses the manifesta-

tion of interference effects in ultrathin films.

For highly mutually soluble metals, such as vanadium and iron
(solubility of about 30% at room temperature), the quantum-
mechanical transparency parameter is many times higher,
Tg = 1.6. However, if the structural quality of the films requires
deposition on a substrate heated to 100-300 °C, there is a high
risk of mutual diffusion and the formation of a thick “dead”
layer, which also suppresses the transparency of the S/F inter-
face [20].

In the case of materials wetting and limited mutual solubility (as
in niobium-nickel and niobium—cobalt, with solubility of about
5% at room temperature), the transparency parameter is Tp ~ 2
and is the highest of all possible metal pairs. It is possible that
high transparency is facilitated not only in the mixing layer at
the interface between extremely thin film materials, but also by
a good matching of the band structures of two metals (see the
study in [21,22]). A detailed discussion of the boundary resis-
tance issue of two metals in contact and experimental data anal-
ysis for a number of magnetic and nonmagnetic metals pairs is

given in [23].

A number of previous studies suggest that a significant increase
in the interdiffusion of niobium and cobalt with an increase in
the substrate temperature will decrease the transparency param-
eter T and worsen the functional parameters of the layered S/F
heterostructure.

The implementation of optimal technological processes is re-

quired to minimize these defects and imperfections of layered
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nanosystems. This would require basic research for a deep
understanding of the physical and chemical processes taking
place at different structural levels of the used materials. In addi-
tion, the development of manufacturing technology for a funda-
mentally new device for superconducting spintronics requires a
long period of equipment time and highly specialized know-
ledge, together with a large number of experiments aimed at op-

timizing the process.

Thus, due to the laborious nature of vacuum technologies, the
high cost and long duration of experimental methods for inves-
tigation of the physics and chemical properties of S/F nano-
system formation, it would be very useful to develop new inte-
grated methods that combine theoretical modeling and experi-
mental methods for analyzing the formation processes and prop-
erties of this class of functional nanomaterials and nanostruc-
tures. Here, computer simulation can significantly reduce the
number of technological steps and adjustments required to
obtain the desired multilayer nanostructure.

It should be noted that mathematical modeling is widely used in
the design and analysis of various nanosystems properties
[24,25]; however, in relation to the considered class of multi-
layer nanosystems for spintronics, the number of works is
extremely limited.

This work presents the advancements in our previous studies on
the modeling of various nanosystems [26-29], including spin-
tronic studies [30-32], where the aim was to investigate the in-
fluence of selected technological parameters (substrate tempera-
ture, concentration and spatial distribution of the deposited
atoms over the interface) on the structure and morphology of

the layered nanosystem.

Mathematical Model and Theoretical
Foundations

The formation processes and the structure of multilayer systems
for spintronics applications were studied by the molecular dy-
namics method [33,34]. Molecular dynamics describes the
motion of each nanosystem atom at a certain point in time,
therefore, it is possible to reproduce the detailed evolution of
nanoelements and their properties. The basis of the method is
the equations of motion of all atoms supplemented by the initial
conditions in the form of atom coordinates and velocities:

d2 oU (r dr; (¢
mi;;:_%*—l?ex’ ri(tO):riO’ #:Vio’
(D
i=1,..N,
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where N is the number of atoms that form the nanosystem. In
this equation, m; is the mass of the ith atom; r;(, r;(¢) are the
initial and current radius vector of the ith atom, respectively;
U(r) is the system potential, which depends on the relative posi-
tion of all atoms; V;q, V;(¢) are the initial and current speed of
the ith atom, respectively; r(¢) = {ri(?), r(?), ..., ry(t)} shows
the dependence of the location of all the atoms in the system;
F.y is the external force, which reflects the interaction of the
nanosystem with the external environment, including adjust-

ments to the energy to maintain a constant temperature.

The molecular dynamics method is based on the concept of
potential U(r), which is responsible for the nature and magni-

tude of the interactions of the atoms in the nanosystem.

There are many possible choices for the type of potential, but
recently, due to its accuracy and adequacy, many-particle force
fields have gained great popularity. In this work, we used the
potential of the modified embedded-atom method (MEAM)
which is based on density functional theory (DFT). In this
method, the resulting potential of the nanosystem is represented
as the sum of the energy contributions of the individual atoms,
and the contributions of pair and multielement interactions are

considered separately. Thus,

U(r)=2Ui(r)=X| Fi (p) %2%‘ ()b i=1.2..N, @

i J#i

where U;(r) is the potential of an individual atom, affecting the
type and degree of interaction in the equations of motion (Equa-
tion 1); F; is the atom immersion function, which is dependent
on electron background density p;; ¢;;(r;;) is a contribution of

the pair potential to the total energy, which varies with distance

rij-

The immersion function is corrected by the force field created
through pair interactions and refines this value. This value is
due to the presence of electron gas in the material and, in accor-

dance with [33,34], can be calculated by the formula

F()-| AEPn(P). P20 .,
- 4E B <0

where A; is an empirical force field parameter; Eio is the value
of sublimation energy; and p; is the value of the background
electron density.

To calculate the background electron density at the immersion

point, the following equation is used in which all electronic
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orbitals of atoms of various configurations contribute their
terms as

()| B @

where the parameters t,(k) are the weight coefficients of the
model; p? is the magnitude of the background electron density
of the initial structure; and pik characterizes the change in
electron density under real conditions. The indices k = 1,2,3
represent the different types of electronic orbitals of an atom.
In this sense, there are spherically symmetric one-electron
s-orbitals and angular-electron p-, d-, and f-clouds. The elec-
tronic distribution density of each orbital is calculated accord-

ing to its own formula:
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where pA®) are radial functions; S;j is the potential shielding
function; and 7, is component a from the distance vector be-

tween atoms a,B,y = x,y,z.
The functional G(I') in Equation 4 can be defined in various

ways. One of the most popular formulations is used here and is

given as follows:
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The weight coefficients of the MEAM from Equation 4 also
have an additive relationship with single-electron radial func-

tions given as

P= 2 , (10)
(k) )" ,4(0)
2inj (to,j P Sy

where t(()kj) are empirical parameters that depend on the chemi-

cal type of the element.

Distance energy smoothing in MEAM is achieved by intro-
ducing a shielding function. Using the screening function, the
attenuation of the potential occurs gradually, which allows one
to provide a more physically accurate nanomaterial properties

description and reduces computational costs during simulation:
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where Cphin, Cmax are the parameters of the mutual influence
of atoms, depending on their chemical types, and are set for
each triple of atoms with numbers i, j, k. In Equation 11, r. is
the distance at which the force field is cut off and f.(x) is a func-
tion that smooths the potential after x exceeds the cutoff dis-

tance re.

Problem Statement and Software

The influence of the process parameters on the formation of
spin system S/F hybrid structures is studied for a multilayer
nanosystem based on cobalt and niobium. This system is a func-
tional material that has demonstrated a giant spin-valve effect,
which was theoretically and experimentally investigated in
previous works [13,19,35]. In these works, the authors pro-
posed a new design and performed the calculation of a spin
valve consisting of superconducting plates and an artificial
magnetic metamaterial placed between them, formed by period-
ically alternating thin and thick nanolayers of a ferromagnetic
metal. The thickness of the layers affects the magnetic exchange
interaction between ferromagnetic layers, which allows for the
possibility of artificial magnetic metamaterials designed with

tunable properties.

The choice of niobium and cobalt as the metals forming the
nanolayers is made because of the wide potential of using these
elements in spintronics. At the moment, not only has research
been carried out on spintronic devices involving these metals

[36,37], but also new patents are being issued [38-40].

The general scheme of the investigated nanosystem is presented
in Figure 3.

The numbers in Figure 3 next to the elements in the layers
represent their thickness in nanometers. The sample production
is carried out by the magnetron deposition method in vacuum.
In general, a nanosystem contains about 20 layers. In this work,

X -@>
j\ x6 +
/ y
K
%
) Nb25 gl Nb25 > <@
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Figure 3: Sketch of a Nb/Co spin-valve nanosystem. The numbers next to the elements in the layers represent the layer thickness in nanometers.
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we consider the deposition of only the first four layers of cobalt
and niobium.

The general problem statement for the multilayer nanosystem
formation process modeling is presented in Figure 4. The first
material layer formed by atoms of single-crystal niobium (in the
real deposited structures niobium layers have crystalline struc-
ture [18]) serves as the substrate and the basis for the vacuum

deposition of subsequent nanofilms.

Material
evaporation
zone

:::::0. Sz.;.f

{1l

(= Substrate and =)

formed nanofilms

Deposition
area

y X

Layer of fixed atoms

Figure 4: Scheme of the multilayer nanosystem formation modeling
processes. The nanosystem contains a material evaporation zone,
atom deposition area, and a substrate with a fixed lower layer of
atoms. During the first nanofilm formation, the deposition is carried out
directly on the substrate; subsequent depositions are made on the
substrate with previously formed nanofilms.

The substrate is placed in the lower region of the computational
cell; its extreme layer is fixed to prevent chaotic movement of
the sample during the simulation. In the horizontal direction,
periodic boundary conditions are imposed on the computational
cell, which reduces the computational cost. In the upper region,
boundary reflection conditions are present so that the deposited
atoms do not leave the modeling system. The deposition process
is simulated by the appearance of atoms in the evaporation zone
above the substrate. In this case, the deposited atoms gained
speed towards the substrate. The layers are sprayed in stages.
During the formation of all layers, the magnetic field was

absent in the nanosystem.

The temperature and pressure for the deposited atoms was not
regulated. The deposited atoms are given an initial velocity of
approximately 0.1 A/ps (or 10 m/s) towards the substrate sur-
face. Subsequently, the speed of these atoms gradually
decreases due to the energy exchange with the substrate surface

atoms and the upper atom’s layers of the formed nanolayers.

Beilstein J. Nanotechnol. 2020, 11, 1776-1788.

The substrate temperature in each calculation is held constant.
The concentration of the deposited atoms was about five atoms

per cubic nanometer.

The upper boundary of the computational cell was shifted
during the transition to the deposition of the next nanolayer by
the value of its thickness. Thus, the deposition region above the
substrate turned out to be approximately the same for each
nanosystem layer. The process parameters that affect the result-
ing nanomaterial properties were the following: the deposition
rate, controlled through the number of deposited atoms per unit
time; substrate temperature; and spraying flux density, which
was determined by the area of the evaporation zone.

As the computational module of the program for theoretical
research, the large-scale atomic/molecular massively parallel
simulator (LAMMPS) computing complex was used [41]. This
software and tool package is freely distributed, contains the
ability to perform parallel computing and supports multilevel
mathematical models, including molecular dynamics. The
results analysis algorithms were described in TCL and C++.
Based on LAMMPS, scripts and algorithms were developed and
implemented for a detailed study of the structure and spatial
profile of a S/F material. The results were visualized using the
Visual Molecular Dynamics (VMD) [42] and Open Visualiza-
tion Tool (OVITO) [43] software packages, which not only
provide images of nano-objects atomic and molecular struc-
tures, but also construct spatial profiles and distributions by the
target parameter, e.g. height or coordination number.

Results and Discussion

A series of numerical experiments on modeling the multilayer
hybrid structure formation processes based on cobalt and
niobium were performed. The variable elements in the studies
were the material fabrication technological parameters, includ-
ing the substrate temperature, the intensity and area of the depo-
sition flow. The influence of technological modes was evalu-

ated in comparison with the basic version of the nanosystem.

As a basic variant, the growth processes were considered at
300 K (substrate temperature) and deposition was carried out by
a uniform flow over the entire surface of the substrate. The term
temperature in this work is synonymous with substrate tempera-
ture.

The temperature of the nanosystem was controlled using a
Nose—Hoover thermostat. The deposited atoms had a directed
velocity; therefore, they were not involved in the direct correc-
tion of the thermostat. The formation of a multilayer system
was carried out in several stages. Each layer was deposited by

the sequential deposition of niobium or cobalt.
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At the first stage, cobalt was deposited on a substrate formed by
niobium atoms. The substrate had a crystalline structure with a
height of 3.7 nm and a width of 13.2 nm in the horizontal direc-
tion. For the mark of zero height, from which the layers of the
deposited material began to form, the substrate surface was
chosen. The number of niobium atoms in the substrate was
33,600.

To match the simulation results and experimental data, in addi-
tion to the required nanolayer thickness, 18,000 cobalt atoms
were deposited on the substrate in the first stage, 70,000
niobium atoms were deposited in the second, and 30,000 cobalt
atoms were deposited in the third stage. As a result, three
nanofilms with a thickness of 1.5 nm, 8.0 nm and 2.5 nm were
formed. The duration of the layer deposition process under
normal conditions was chosen according to the desired thick-
ness and was 0.2 ns, 0.6 ns, and 0.4 ns, respectively. An image
of a multilayer nanosystem resulting from the mathematical
modeling is presented in Figure 5.

Figure 5 clearly demonstrates the niobium and cobalt layered
nanosystem formation: the layers formed by niobium and cobalt
atoms have a polycrystalline structure. In this case, groups of
atoms are combined into domains with different spatial orienta-
tions. The blurring of the contact area between the layers and a
less even surface profile compared to niobium are noticeable.

A quantitative characteristic of the material spatial structure can
be obtained by calculating the coordination number. The coor-
dination number in crystallography reflects the number of
nearby equally distant atoms of the same type in the crystal
lattice. The number of nearest neighbors determines the materi-
al packing density. For different types of crystal lattices, the

Beilstein J. Nanotechnol. 2020, 11, 1776—1788.
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Figure 5: Multilayer nanosystem of niobium and cobalt. The contact
points of the nanofilms are indicated by (b) and (c). At the indicated
contact points, the distribution of coordination numbers is given in
Figure 6. The substrate temperature was fixed at 300 K.

coordination number will be different. The cubic volume-
centered lattice (characteristic of niobium) has a coordination
number equal to 8, whereas the hexagonal close-packed lattice
(corresponding to cobalt) is 12. For the formed nanosystem, the
change in the average value of the coordination number in the

layers was calculated and shown in Figure 6.

The change in the coordination number in Figure 6 correlates
with the structure of the nanomaterial shown in Figure 5. The
niobium substrate has a parameter value close to 8, which indi-

cates its crystalline structure. The cobalt nanofilms are charac-

CN |

1
1
—T=500 K

10

—T=800 K

TS
/
/

s

-3

3

5 7 9 H,nm

Figure 6: Change in coordination (CN) number along the z-axis (shown in Figure 5) in Nb and Co layers of the nanostructure. The contact points of
the nanofilms are shown by the dashed vertical lines. The distribution is plotted for substrate deposition at 300, 500, and 800 K.

1782



terized by a higher coordination number in the range of 10-11.
This value does not reach 12, which corresponds to the ideal
crystalline state of a hexagonal close-packed lattice, indicating
an amorphous-like structure of cobalt nanofilms. Variations in
the coordination number within the intermediate niobium layer
are more significant. When approaching the contact regions
with cobalt, an increase in this parameter is observed.

Thus, it was shown that the structure of the nanomaterial
depends not only on the current layer characteristics, but also on
the structural features of the regions adjacent to it. In addition,
the temperature has a definite effect on the number of nearest
neighbors in a nanosystem, and therefore on its structure and
properties. A significant decrease in the coordination number in
the outer layers of the last nanofilm is associated with the sur-
face effects and boundary phenomena appearance in that region.
The spatial distribution of this parameter is shown in Figure 7.

The spatial distribution of the coordination number in the
formed multilayer nanocomposite, illustrated in Figure 7, char-
acterizes its structure in more detail. The dashed lines in
Figure 7 indicate the locations of the parallel sections shown in
Figure 7b and Figure 7c. The sections correspond to the contact
zones of the nanolayers and are also marked in Figure 5. The
color profile of the coordination number corresponds to an in-
creased value for cobalt layers. The value of the parameter in
these layers is variable with a spread over a certain range of
values. The niobium substrate has a lower coordination number.
The structure of this region was initially crystalline and changed
insignificantly during modeling and deposition. An interesting
effect is observed in the intermediate niobium nanolayer, where
distinct crystallization zones appeared. Crystallization zones

Beilstein J. Nanotechnol. 2020, 11, 1776—1788.

have a higher coordination number and are characterized by a
denser packing of atoms. The described regions arise in suffi-
ciently thick films mainly near cobalt layers. The initial metal
crystal lattice mismatch causes mutual rearrangements of atoms

and structure transformation inside the material.

The next series of computational experiments was aimed at
understanding the deposition flux area influence and the
modeling region size on the structure and morphology of the
simulated layered nanosystem. Figure 8 shows these parame-
ters of the nanosystem.

The change in the area of the deposition flow, illustrated in
Figure 8a, was carried out by reducing the evaporation zone of
the starting materials shown in the upper region of this figure.
The spray flow area was reduced four times from the original
value.

Also, nanocomposite formation modeling was performed on a
scale reduced by four times. In this case, the number of
deposited atoms in each layer was proportionally reduced so
that the thickness of the formed nanofilms did not change.

The deposition flow area influence and the modeling region size
on the relative layer-by-layer nanosystem composition are
shown in Figure 9. The dependencies without an index in paren-
theses correspond to the nanosystem formation in its basic
mode. The analysis of this result reveals a decrease in the evap-
orated metal content and a decrease in the calculated region,
which does not lead to the rearrangement of the active atoms or
a change of the nanolayer composition. A decrease in the area
of the deposition flux led only to the increase in the atomic

Figure 7: Spatial distribution of the coordination number in the formed multilayer No—Co (a) system and in its parallel sections (b) and (c). Substrate

temperature is 300 K.
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Figure 8: The area of deposition flow (a) and the size of the simulation area (b). The deposition flow area is shown at the top of (a) with solid black
lines. The narrowing of the computational domain in (b) is illustrated by the factor x0.5 in the horizontal direction.

N.% //
100
80
—e— Nb
60 ——Co
—=—Nb (1)
——Co (1)
40
—A—Nb (2)
—&—Co (2)
20
0
0.5 95 H,nm

Figure 9: Relative layer-by-layer composition of the No—Co nanosystem when the deposition flux is reduced by four times (1) and the modeling area
is reduced by four times (2). The parameter N is the cobalt or niobium percentage in the horizontal nanofilm layers. The substrate temperature is

300 K.

density zone in the upper region above the substrate. Leaving
the evaporation zone, the deposited atoms tend to occupy a
more energetically favorable state and are scattered in an evenly
distributed layer throughout the entire free volume. When the
deposited atoms reach the substrate surface, the effect of
reducing the flux is leveled.

A decrease in the nanosystem transverse size by a factor of
four also did not affect the nanosystem layer composition,

which can be seen in Figure 9. The dependence of the niobium

and cobalt fractions slightly differ from the basic version of the
nanosystem.

Changing the size of the simulation area allows us to analyze
how well the computational cell is represented. Small computa-
tional domains can lead to incorrect simulation results due to
the appearance of boundary effects. As follows from the calcu-
lations, a four-fold decrease in the volume of the nanosystem
did not affect the nanocomposite layer composition. The layers

are connected at the same places, and the proportion of niobium
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and cobalt differ slightly from the main part of the sample. The
obtained data indicate that the initially selected modeling area is
fully representative, and the results properly reproduce the

properties of the modeled nanosystem.

The next series of computational experiments was aimed at elu-
cidating the dependence of the multilayer nanosystem structure
on the flux density of deposited atoms. This value is controlled
by an increase or decrease in the number of deposited atoms per
unit time introduced into the system from the evaporation zone.
Here, numerical calculations for the nanofilm variations with a
2-fold increase and a 1.5-fold decrease of the deposited atom
flux density are performed.

The relative layered composition of the nanocomposite for the
calculations is shown in Figure 10. Here, the fraction of ele-
ments in the composition during the nanolayer formation when
the deposition rate was reduced by 1.5-fold is shown by the
solid lines without markers, the increased intensity is repre-
sented by dashed lines without markers and the base atom depo-
sition intensity is represented by solid lines with markers. The
analysis of Figure 10 reveals that a decrease in the deposition
rate of the metals did not significantly affect the composition
distribution within the layers of the multilayer nanosystem.

An increase in speed led to a deviation of the composition from
the data obtained in the basic version of the calculation. A sig-
nificant increase in the flux intensity leads to higher agglomera-
tion of the metal atoms above the surface of the substrate. The
structure of the resulting nanofilms directly depends on the size
of the deposited clusters and does not always have time to

N, %
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rebuild upon direct contact with the surface. Due to the effects
that arise, inhomogeneity, dislocations, and voids can occur in
the material. The deviations in the constructed composition in
the upper layers of the nanocomposite were due to a more
rarefied structure, and additional mixing of the nanofilm con-
tact regions is especially noticed. The conducted studies indi-
cate that there is a critical deposition rate, whereby a higher rate
leads to the formation of a nanomaterial with a different struc-
ture. Since in real technological processes the deposition is
carried out using a sufficiently low intensity (about 1000 nm per
hour), in order to obtain physically adequate results, the deposi-
tion process must be simulated at a speed not exceeding this
critical value. On the other hand, there is no need to increase the
duration of the nanofilm growth stage. The maximum should
approximate the true experimental value, and as given in

Figure 10, the structure and composition in this case are similar.

A series of computational experiments was carried out in which
the multilayer Nb—Co nanosystem formation was studied in the
temperature range of 300-800 K for substrate temperatures of
300, 500, and 800 K, respectively. The simulation results are
presented in Figure 11 in the form of a percentage composition
of the nanosystem.

The calculations showed that the temperature of the substrate
significantly affects the nanosystem structure formation. An
increase in temperature leads to an increase in the total thick-
ness of the nanosystem (at 800 K, this value is increased by
0.3 nm compared with a temperature of 300 K). The region of
mutual penetration of Nb atoms into the Co layers (and vice
versa) also increases, which is clearly seen in Figure 11.

100 ¢ o

80

60

—@— Nb (normal rate)
—&— Co (normal rate)

40

’ Nb (rate x0.67) E iy
] / / Co (rate x0.67) o\
20 = = = =Nb (rate x2.0) K -‘
| J = = = =Co (rate x2.0) N “
‘ x \\£
0 3 >
0.5 1.5 4 . 95 H,nm

Figure 10: The relative layered composition of the No—Co nanosystem for different deposition rates. The parameter N is the cobalt or niobium per-
centage in the horizontal nanofilm layers. The substrate temperature is 300 K.
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|| —m— Co (T=300 K)

—— Nb (T=500 K)
Co (T=500 K)
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- - - “Nb (T=800 K)
- - = ~Co (T=800 K)

Figure 11: The percentage composition of the Nb—Co multilayer nanosystem formed at a substrate temperature of 300, 500, and 800 K. The parame-

ter N is the cobalt and niobium percentage in the horizontal nanofilm layers.

Noticeable variations in the nanosystem layer composition at
the interface regions of all nanolayers are visible. The obtained
results indicate the multilayer nanosystem formation processes
vary significantly including the atomic structure of the inter-
face contact areas, as well as the multilayer nanosystem compo-
sition and structure due to the increase in the thermal diffusion

processes.

Conclusion

The paper proposes a technique and describes a mathematical
model for studying technological modes and parameters in the
manufacture of multilayer nanosystems. The model was tested
in the study of the formation of a nanosystem based on a hybrid
niobium and cobalt structure for a superconducting spin valve
design. The influence of various technological parameters was
investigated including substrate temperature, deposition flow
rate and density, and the nanosystem dimensions.

An analysis of the coordination number distribution in the mate-
rial showed that the layers have a different structure when
multilayer nanofilms are formed under normal conditions. The
niobium substrate structure is close to crystalline; cobalt
nanofilms are characterized by an amorphous-like structure. In
the thickened niobium layer, crystallization zones are observed
where direct contact with the cobalt nanolayer occurs. The
crystal lattice mismatch of the starting metals causes mutual re-
arrangements of atoms and the structure transformation inside

the nanosystem.

It was also found that a decrease in the area of the deposition
flux and the simulation region by 75% of the initial value does

not lead to atomic rearrangement or to a change in the nanofilm

composition. A decrease in the deposition flux area caused an
increase in the atomic density zone in the upper region above

the substrate.

The adjustment in the number of vaporized atoms per unit time
and the duration of the nanofilm deposition stages revealed the
layer and contact area compositional dependence on the intensi-
ty of the starting element deposition. A significant increase in
the deposition flux intensity led to the appearance of inhomo-
geneities, dislocations and voids inside the formed nanosystem
due to the preliminary clustering of free atoms.

In order to obtain representative results that correspond to
real technological processes, it was found to be critical to
model the growth mechanisms of nanoscale films and layers
using a deposition rate not exceeding the critical value of clus-
tering.

It was also found that the substrate temperature is a leading
factor affecting the multilayer nanosystem formation, the
atomic structure of the interface contact areas, as well as the
composition and structure of the multilayer nanosystem as a
whole.

The results presented in this work can be used as a tool to
support future experimental investigations and for adjusting and
optimizing technological processes related to the production of

multilayer nanosystems and devices for spintronics.
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