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Abstract: A hybrid molecular dynamics and spin modeling approach using the SPIN package within the LAMMPS software 
suite was employed to investigate the influence of thickness on the magnetic properties of crystalline cobalt nanofilms with 
a face-centered cubic structure. Film thickness acts as a critical parameter determining magnetic behavior through the 
dynamic interplay of surface and bulk effects. In the region of ultrathin films (thickness less than 4.5 nm), a pronouncedly 
inhomogeneous magnetic response is observed, stemming from the dominance of surface effects. Key contributing factors 
include the influence of atomic-scale roughness, which creates local demagnetizing fields. This leads to complex domain wall 
dynamics, manifested as abrupt changes in magnetization and fine-scale non-uniformity in its spatial distribution. When the 
film thickness exceeds 4.5 nm, a transition to bulk-like behavior occurs. The reduction in the relative proportion of surface 
atoms allows the bulk properties of cobalt to come to the fore. Consequently, the dependence of magnetization on the external 
field becomes more pronounced and stable, while its spatial distribution exhibits increased uniformity. The normalized 
magnetic energy stabilizes at a level characteristic of the bulk material. The obtained results hold practical significance for the 
design of spintronics and magnetic recording devices. Furthermore, by understanding the magnetic interactions and dynamic 
responses of nanofilms, researchers and engineers can develop more efficient and reliable magnetic memory technologies, 
as well as novel spintronic components that leverage their unique magnetic characteristics for applications in sensing, data 
processing, and quantum information systems.
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1. Introduction

The practical significance of using cobalt nanostructures is 
due to their unique physico-chemical properties, which open 
new possibilities for applications in various fields. Cobalt 
nanofilms are widely used in electronics [1, 2] because of 
their good conductive properties and ability to form thin 
layers, making them ideal for creating new functional 
devices such as sensors [3, 4], batteries and fuel cells [5], 
and solar panels [6, 7]. The unique electrical and mechanical 
properties of cobalt-based nanomaterials can improve energy 
storage efficiency and increase battery lifespan. Studies [8, 9] 
show that cobalt can balance and enhance the conductivity 
and stability of electrodes, which is an important factor for 
improving the performance of lithium-ion batteries.

Cobalt nanofilms exhibit interesting and unconventional 
magnetic properties, making them promising for use in 

magnetic devices and information technologies [10 –12]. 
These materials can be used in the production of hard drives 
and magnetic recording devices, which is highly relevant 
in the context of increasing data volumes and the need for 
efficient information storage systems. Cobalt nanostructures 
play a significant role in spintronics [13,14], which explores 
the possibility of using not only charge but also electron 
spin for storing and processing information. Cobalt has 
high magnetic coherence and can form ferromagnetic 
nanostructures [15 –17]. These structures can be created 
as films, dots, or wires and are often used in devices such 
as magnetoresistive memory types, spin transistors, and 
communication systems. One of the key advantages of 
cobalt nanostructures is the ability to manipulate electron 
spin at relatively low energy costs. This opens prospects 
for creating more efficient and faster devices. Additionally, 
cobalt can be combined with other materials [18 – 20],  
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significantly improving the characteristics of spintronic 
devices.

Thanks to its unique magnetic properties and ability 
to provide high control over spin polarization, cobalt 
nanostructures are used in Josephson contacts [21, 22]. 
Josephson contacts, which are one of the key elements in 
superconducting technologies, utilize tunneling effects 
between two superconducting materials, enabling the 
creation of devices for high-frequency electronics, quantum 
computing, and sensors.

Cobalt in the form of nanostructures is also used to generate 
spin-polarized currents [23, 24], increasing the sensitivity and 
efficiency of Josephson contacts. Due to their ferromagnetic 
nature, cobalt nanostructures enable control over electron 
spin, which is critically important for developing new types of 
contact structures known as spin Josephson contacts. Using 
cobalt in these contacts can improve their characteristics 
such as critical current magnitude and resistance to thermal 
fluctuations [25]. Moreover, cobalt nanostructures can be easily 
integrated into existing technologies due to their compatibility 
with various superconductors (materials or devices with 
outstanding electrical properties such as high conductivity, low 
resistance, or special properties in magnetic fields).

The aim of this work is to study the magnetic behavior 
of thin cobalt films under external magnetic fields of varying 
strength. The direction of the external field induction was 
chosen perpendicular to the plane of the nanofilms. The 
thicknesses of the cobalt films varied. This work builds upon 
earlier publications by the authors that investigated the 
structure, composition, and morphology of composites with 
cobalt nanofilms [26 – 28], as well as analyzed their magnetic 
properties [29].

2. Mathematical model and problem statement

The physical system under study consists of crystalline cobalt 
nanofilms with a face-centered cubic (FCC) structure, with 
thicknesses varying in the nanometer range (from 1.8  to 
7.1 nm). The key objective is to study the influence of film 
thickness, a critical parameter, on its magnetic properties at 
room temperature. The external magnetic field is directed 
perpendicular to the film plane, and its magnitude varies 
from 0 to 3 T.

The physical formulation of the problem involves 
establishing quantitative and qualitative relationships 
between nanofilm thickness, the fraction of surface atoms, the 
magnitude of the external magnetic field, and the resulting 
magnetic characteristics (magnetization and magnetic 
energy). This is necessary for predicting the behavior of 
promising materials in spintronic devices.

For the computational experiments in this work, a 
combined mathematical model of molecular dynamics and 
spin reorientation calculations of atoms [30] was used. This 
model integrates the equations of molecular dynamics, which 
describe the motion of atoms and molecules in the system, 
with methods that account for the spin states of particles. 
This allows for the analysis of both classical interaction forces 
and quantum effects related to spins, which is especially 
important when studying ferromagnets, antiferromagnets, 
and other magnetic systems.

The foundation of the employed mathematical model 
consists of the Langevin equation [31] and the Landau−
Lifshitz−Gilbert equation [32]:
   

,	 (1)

   	

(2)
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where Hmag(r, s) — the energy of magnetic interaction of the 
atomic system, depending on the position vectors of all atoms 
r = {r1, r2, ..., rN} and their spin orientations s = {s1, s2, ..., sN}; 
UMEAM(r)  — the potential energy of force interaction; κ  — 
the viscous damping parameter; λ  — the spin damping 
coefficient; ħ  — the reduced Planck constant; J(rij)  — the 
exchange integral value, which regulates the magnetic 
ordering of spins depending on the distance between atoms 
rij=|rj − ri|; Bext — the external magnetic field induction; gi — 
the Landé g-factor for the i-th atom; μ0  — the magnetic 
constant; μB  — the Bohr magneton. The exchange integral 
was described as a Bethe−Slater curve and included three 
parameters to reflect the degree of magnetic interaction 
between the spins of atoms:

	

(4)

where α, δ, γ are the three constant coefficients, and Rc is the 
radius cutoff associated to the pair interaction.

To describe the motion of atoms and their magnetic 
moment dynamics, functions χ(t) and η(t) are used, 
representing white noise and depending on the values of 
thermodynamic and spin temperatures of atoms [33].

For modeling force interactions between atoms, a 
potential based on the Modified Embedded Atom Method 
(MEAM) was used — UMEAM(r). MEAM is an important tool 
in quantum chemistry and molecular dynamics because it 
is based on the distribution of electronic density in atoms 
and molecules and allows accounting for the influence 
of neighboring atoms on electrons, which is especially 
important in studying molecular structures and their 
properties. The application of MEAM assumes that instead 
of a point approximation for electron-nucleus interactions, 
an environmental description with various characteristics is 
considered, significantly simplifying computational processes 
during mathematical calculations [34]. The method is widely 
used in developing new materials and investigating their 
properties. Additionally, MEAM has proven effective when 
combined with other methods, such as density functional 
theory, to obtain a more comprehensive and accurate picture 
of interactions in complex multi-atomic systems.
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The interaction between the coordinate subsystem 
(Eq.  (1)) and the spin subsystem (Eq.  (2)) in the model 
was implemented through an exchange integral J(rij). This 
integral reflects the degree of influence between neighboring 
atomic spins and directly affects the magnetic properties of 
the material. In the employed model, the exchange integral 
was described using a Bethe−Slater curve and included three 
parameters to reflect the degree of magnetic interaction 
between atomic spins. When describing magnetic interactions 
in solids, this exchange integral and its parameters play a key 
role because they directly influence atomic spin distribution, 
determine various orbital states depending on electronic 
structure, and shape the type of magnetic behavior of 
the studied material (ferromagnetic, antiferromagnetic, 
paramagnetic, etc.). A more detailed mathematical model, 
types of magnetic interactions, expressions for the exchange 
integral, and details about MEAM are described in works 
[28 – 30].

The mathematical model used is implemented within 
the freely available LAMMPS software package [35], which 
allows simulating various physical and chemical processes at 
atomic and molecular levels. The SPIN package [30] within 
LAMMPS specializes in modeling magnetic materials and 
spin systems. The SPIN module provides tools for working 
with atomic magnetic moments, enabling studies of 
magnetic system behavior under different conditions such 
as temperature, interactions, and external magnetic fields. It 
supports various models of magnetic interactions, allowing 
exploration of complex phenomena like ferromagnetism, 
antiferromagnetism, spin waves, spin dynamics, and phase 
transitions in magnetic systems.

In this work, cobalt crystalline nanofilms with a face-
centered cubic (FCC) structure were considered. The films 
contained 20  elementary cells along x and y axes. Along 
z-axis, their thickness varied from 5  to 20  elementary cells 
with a step size of 1 cell. Computational experiments were 
conducted where film thicknesses varied so that studied 
systems contained from 8 800 to 32 800  atoms. During 
each simulation, an external magnetic field remained 
constant within each run but varied between runs from 
0  to 3  T. Periodic boundary conditions were applied along 
horizontal axes (x and y) at both edges of the nanofilm, while 
boundary conditions along vertical axis (z) remained free. An 
illustration of the modeled system is shown in Fig. 1.

Each calculation consisted of two stages. In the first 
stage, the system underwent a phase of initial partial self-

organization of the magnetic moments. At the initial moment 
in time, the atomic spins were randomly oriented according 
to their spin temperature of 300  K. Subsequently, over a 
period of 50 ps, the system relaxed under conditions of no 
external forces and in a constant magnetic field. This stage 
was necessary to eliminate the influence of initial conditions 
on the analyzed magnetic characteristics. In the second stage, 
lasting 10 ps, the study of magnetic properties continued, and 
graphical dependencies were constructed for them. During 
both stages, the thermodynamic and spin temperatures were 
maintained at 300 K with damping coefficients of temperature 
τt = τs = 0.01  ps. The integration step in the computational 
experiments was dt = 0.1 fs.

3. Results and discussion

As a result of conducting a series of computational 
experiments, the behavior of atomic spins in cobalt 
nanofilms of various thicknesses under a constant external 
magnetic field Bext = 0 – 3  T was analyzed. Visually, the 
obtained images of spin vector distributions indicated the 
formation of magnetic domains with sizes ranging from one 
to several tens of nanometers. In thicker films and at larger 
spatial scales, domain walls between uniformly oriented 
regions became clearly visible. The obtained data are in good 
agreement with studies [12], where the structure of magnetic 
domains in cobalt nanofilms grown by molecular beam 
epitaxy was analyzed. Additionally, in [12], it is shown that 
as the thickness of the nanofilm increases, the magnetization 
changes from being completely planar with perpendicular 
orientation to being out-of-plane relative to the film surface.

Based on the distribution of atomic magnetic moments, 
the coordinates and magnitude of the magnetization 
vector of the nanofilm were calculated. After the relaxation 
stage, the magnitude of the magnetization vector changed 
insignificantly within a few percent, so its dependence on 
time is not presented in this work. Greater interest is in the 
value of the magnetization magnitude for cobalt nanofilms 
of different thicknesses in an external magnetic field. The 
presented value of the magnetization magnitude as a function 
of the crystalline layer thickness Lz is shown in Fig.  2 a. 
This value (ranging from 0  to 1) was used for convenience 
in comparing data, to eliminate dependence of the total 
magnetization on the number of atoms. The average value of 
the magnetization magnitude for different external magnetic 
induction values is shown in Fig. 2 b. The colors in Fig. 2 a and 
Fig. 2 b correspond to each other.

An analysis of the spatial distribution of magnetic 
moments revealed the formation of a domain structure with a 
predominance of perpendicular magnetization orientation in 
ultrathin films (<4.5 nm) and a transition to plane-oriented 
domains with increasing thickness. The observed domain 
walls in the bulk of the films corresponded to the Bloch 
type. The presented values of the magnetization modulus 
were calculated as the modulus of the magnetization vector 
averaged over the entire film volume, which correctly 
characterizes the overall magnetic response of the system 
even in the presence of domains with different directions.

From the analysis of the graphs in Fig. 2, it is evident that the 
magnitude of magnetization in cobalt nanofilms of different 

Fig.  1.  (Color online) The appearance of the computational domain 
in the study of magnetic properties of crystalline cobalt nanofilms.
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thicknesses behaves unevenly. Spikes and fluctuations in the 
total magnetization are observed, which may be associated 
with the movement of domain walls within the nanomaterial. 
Such behavior is likely a direct consequence of the dominant 
influence of surface effects and microstructural features at 
the nanoscale. A key role in this case is played by surface 
(interfacial) magnetic anisotropy (PMA) [36, 37], whose 
intensity is inversely proportional to the film thickness. In thin 
films, PMA becomes so strong that it creates energy barriers 
stabilizing domains with perpendicular magnetization. 
Uneven pinning of domain walls at surface defects or interface 
inhomogeneities (for example, with the substrate or protective 
layer) can lead to their “jump-like” movement under an 
external field. Each such jump, accompanied by switching of 
magnetic moments in a group of domains, manifests on the 
magnetization graph as a sharp spike or drop.

Additionally, surface roughness significantly contributes 
to the total magnetization. Atomic irregularities, growth 
islands, or grain boundaries create local inhomogeneities in 
the magnetic field  — demagnetizing fields. These fields act 
as traps or barriers for domain walls [37]. When the external 
field changes, a domain wall can be held between such 
inhomogeneities until the applied field exceeds a critical value 
for its depinning, which also results in a sudden change in 
magnetization. This effect is exacerbated as the film thickness 
decreases, when roughness becomes comparable to its size.

Nevertheless, the behavior of the histogram in Fig.  2 b 
indicates a directly proportional dependence of the average 
value of the magnetization magnitude on the external magnetic 
induction. The averaging of the magnetization magnitude 
was performed over all film thicknesses. The dependence 
shown in Fig. 2 b has a nonlinear character with a stronger 
correlation between these quantities as their values increase. 
This feature is explained by fundamental mechanisms of 

hysteresis in nanomaterials and by an increased influence of 
surface effects within certain field ranges. The proportion of 
surface atoms depending on the thickness of the crystalline 
layers of cobalt nanofilm is shown in Table 1.

It is known that surface effects in nanofilms can be a 
determining factor in the material’s functionality [38, 39]. 
This occurs due to a sharp increase in the surface-to-volume 
ratio, as a significant proportion of atoms are located at 
the boundary with another coating or the surrounding 
environment. The breaking of the crystal lattice symmetry at 
the surface leads to a reconstruction of the electronic orbitals 
of cobalt atoms. This generates a strong surface magnetic 
anisotropy (PMA), sometimes manifesting as perpendicular 
magnetic anisotropy. The effect is especially pronounced at 
cobalt interfaces with heavy metals (Pt, Pd) or oxides (MgO, 
Al2O3), where it depends heavily on the crystal structure of 
cobalt and the quality of the boundary.

In addition to anisotropy, surface effects influence the 
very magnitude of magnetization, as shown in Fig.  2 b. 
Atoms at the boundary may possess a magnetic moment 
different from that of atoms within the volume due to altered 
hybridization of electronic states or structural defects. The 
weakening of exchange interactions among surface atoms 
due to the lack of neighbors can also lead to a reduction in the 
Curie temperature of the nanofilm compared to bulk cobalt. 
Moreover, surfaces and interfaces become primary sources 
of spin relaxation, increasing energy losses and affecting the 
speed of magnetization reversal during dynamic processes.

Continuing the analysis, Fig. 3 presents the distribution 
of normalized magnetization magnitude for cobalt nanofilms 
of various thicknesses under an external magnetic field. The 
film thicknesses in Table 1 are given in nanometers, ranging 
from 1.8 to 7.1 nm. The color palette on the right corresponds 
to the normalized magnetization magnitude of the samples, 

		     	      a							           b
Fig.  2.  (Color online) Variation of the normalized magnetization magnitude depending on the thickness of the crystalline layers of the cobalt 
nanofilm Lz (a), and the average value of the normalized magnetization magnitude (b) in an external magnetic field of different strengths.

Nanofilm thickness, unit cells 5 6 7 8 9 10 11 12 13 14 15 16 17 18 19 20
Proportion of surface atoms, % 12 11 9 8 7 7 6 6 5 5 5 4 4 4 4 3

Table  1.  The proportion of surface atoms depending on the thickness of the cobalt nanofilm.
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which varied from 0  to 0.7  in computational experiments. 
Interpreting this color palette (corresponding to normalized 
magnetization values from 0  to 0.7) allows for a deeper 
understanding of the processes occurring. Areas with low 
values (close to zero, “cold” colors) correspond to regions with 
very weak or zero magnetization magnitude. Such zones are 
characteristic of domain wall centers, strongly demagnetized 
regions at the beginning of magnetization reversal processes, 
and prominently expressed areas near the surface. High 
values (close to 0.7, “warm” colors) indicate regions saturated 
or nearly saturated with magnetization. Color gradients on 
the map visualize transitional states of magnetization during 
exposure to an external field.

The modeling results presented in Fig.  3 clearly 
demonstrate a significant difference in the magnetic response 
of the films depending on their thickness. The behavior of 
ultrathin cobalt films (less than 4.5 nm thick) is characterized 
by a pronounced dependence of the magnetization magnitude 
on the external magnetic field. This high sensitivity is 
explained by the dominant influence of surface effects. A 
substantial proportion of regions with disrupted exchange 
interactions and interface effects significantly affect the 
average magnetization of the entire film. At the same time, 
strong perpendicular magnetic anisotropy (PMA) may require 
applying considerably larger fields to achieve saturation of 
magnetization along the easy axis. An additional complexity 
arises from the inhomogeneity of the magnetization reversal 
process: the combination of strong PMA, inevitable surface 
roughness, and interface defects contributes to the formation 
of a complex domain structure, which is reflected in a 
colorful pattern of magnetization distribution on the map. 
PMA results from a decrease in the symmetry of the crystal 
field for surface atoms, which is accounted for through the 
dependence of the exchange integral on the local interatomic 
environment. Atomic roughness is formed by thermal 
vibrations of surface atoms (the Langevin equation with 
stochastic force) and lattice relaxation at the free boundary.

Moving to thicker films (range 4.5 – 7.1 nm), a significant 
change in the nature of the dependence of magnetization 
on the field is observed. The dependence becomes more 
pronounced and well-defined. This is associated with a 

weakening of the relative contribution of surface effects 
as the surface-to-volume ratio decreases. The influence of 
surface zones and interface-induced PMA becomes less 
significant against the background of increasing importance 
of bulk magnetic properties of cobalt. The volume exchange 
interaction and its characteristic ferromagnetic behavior 
dominate for bulk cobalt. As a result, the magnetic response 
of the film becomes more rigid. The magnetization reversal 
process proceeds more coherently and uniformly throughout 
the material volume. Although a domain structure is present, 
its scale and impact on the overall response become more 
predictable and approach that of bulk material, which 
is reflected in larger, more homogeneous regions on the 
magnetization distribution map.

Another important characteristic for the studied cobalt 
nanofilms is their magnetic energy. For convenience, this 
energy was normalized relative to the total number of 
atoms in the film. The graphs showing changes in average 
magnetic energy depending on the fraction of surface atoms 
(plot with triangular markers) and film thickness (reduced 
area at the bottom) are presented in Fig. 4. The dependence 
of normalized magnetic energy on surface atom fraction 
demonstrates a pronounced linear trend, well approximated 
by a straight line. This is a direct consequence that surface 
atoms contribute significantly different, usually higher, 
amounts to the total magnetic energy compared to atoms 
within the volume of the film. Each additional surface 
atom adds its characteristic share of energy associated with 
disrupted coordination, altered electronic structure, surface 
anisotropy, and influence from neighboring materials at 
interfaces. The form of the approximating linear function and 
the magnitude of approximation error are shown directly on 
the graph within a highlighted frame.

Unlike this, the dependence of normalized magnetic 
energy on film thickness has a nonlinear character. The 
observed nonlinearity is explained by the changing relative 
contribution of surface effects as the thickness increases. In 
ultrathin films (with small thickness), the fraction of surface 
atoms is maximal, and their contribution to the total magnetic 
energy dominates. However, as the film thickness grows, the 
ratio of surface area to volume decreases (see Table 1). As a 

Fig.  3.  (Color online) Distribution of the normalized magnetization magnitude for cobalt nanofilms of various thicknesses under an external 
magnetic field.
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result, after reaching a certain thickness (where the surface 
contribution becomes relatively small), the normalized 
magnetic energy approaches a value close to the steady-state 
energy corresponding to bulk cobalt. Further increases in 
thickness lead to only minor changes in energy, since the 
properties of the film increasingly resemble those of bulk 
material, where the influence of surface effects diminishes.

The established universal linear relationship between the 
normalized magnetic energy and the fraction of surface atoms 
serves as direct evidence of the crucial role of interfaces as 
sources of increased energy and magnetic inhomogeneity in 
nanomaterials [40, 41]. The movement of domain walls, their 
pinning at defects, inhomogeneities, and modified surface 
areas, leads to a discrete rather than smooth magnetization 
reversal process.

4. Conclusion

The comprehensive modeling of cobalt nanofilms using 
a hybrid molecular and spin dynamics method revealed a 
fundamental dependence of magnetic properties on the 
material’s thickness, driven by the balance between surface 
and volume effects. The employed model allows for describing 
the dynamics of magnetic states at various temperatures 
and conditions, as well as investigating mechanisms of 
magnetization and magnetic behavior in nanomaterials.

In the ultrathin range (less than 4.5  nm), the magnetic 
behavior of nanofilms differs radically from bulk cobalt, 
exhibiting pronounced inhomogeneity. The key factor here 
is the dominance of surface effects and strong interface-
induced PMA generated at the interfaces. As the film 
thickness increases to 4.5 – 7.1  nm, a transition to volume-
like behavior is observed. Consequently, the dependence of 
magnetization on an external field becomes more pronounced 
and stable, while the spatial distribution of magnetization 
shows increased homogeneity and larger magnetic domains, 
indicating cooperative magnetization reversal processes.

From a practical standpoint, these results can be utilized 
in designing spintronic devices and magnetic storage systems. 
Ultrathin films (less than 4.5 nm) are promising for memory 
elements (STT-MRAM) due to their strong PMA but require 
careful engineering of interfaces and protection against 
degradation to minimize adverse surface effects. Films with 

thicknesses between 4.5 – 7.1  nm offer predictable volume-
like behavior, which is optimal for applications sensitive 
to magnetization uniformity. Managing the relationship 
between film thickness and surface effects opens pathways 
for targeted development of cobalt nanofilms with tailored 
magnetic properties for quantum electronics and advanced 
nanotechnologies.
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