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Study of the In-Plane Anisotropy in a Co/Cu/Co Trilayer
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Abstract―Magnetic characteristics of Co films on a surface of Cu are calculated numerically within the spin
density functional theory. The energy efficiency of the antiferromagnetic and ferromagnetic configurations at
different layer thicknesses is studied. The magnetic moments of atoms, and the energy and parameter of the
magnetic anisotropy of the Co/Cu/Co structure are determined with allowance for spin‒orbit coupling,
depending on the orientation of the surface’s face.
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INTRODUCTION

The magnetism of thin films is an important area of
research with a special impact on technological prog-
ress. Such materials find wide application in spin-
tronic, nanoelectronic, and microelectronic devices.
They are used in particular to store and record infor-
mation in memory devices, ensuring a high density
and speed of recording information [1].

Researchers’ interest in this area is due to its results
contributing greatly to the development of physics of
magnetism [2] by studying such intriguing effects as
giant magnetoresistance [3].

One of the most important physical properties
affecting magnetic microstructure, magnetization
switching, and other magnetic characteristics is mag-
netic anisotropy. Its existence in the Co/Cu/Co sys-
tem has been discussed in many studies [4–7]. Bulk
Co has high Curie temperature  = 1388 K [8], mak-
ing this material promising for use at room tempera-
ture, plus a strong single-ion anisotropy with a mag-

netic anisotropy energy of  =  [9] and a

magnetic moment of μ = 1.73  [9]. It was shown

experimentally in [4] that cobalt films exhibit in-plane
uniaxial anisotropy with an easy magnetization axis,
since they lack the strong positive surface anisotropy
that would allow magnetization to align perpendicular
to the surface. Perpendicular magnetic anisotropy in
Co/Cu is consequently less widely studied [5]. Kohl-
hepp et al. [6] and den Broeder et al. [7] confirmed
that the Co/Cu(111) system displays weak perpendic-
ular anisotropy.

Since the mutual orientation of magnetic moments
of different layers depends on the spacings between
them, it is important to predict theoretically at which
thickness of a nonmagnetic layer will a certain mag-
netic configuration be more energetically advanta-
geous. The magnetic moments of a Co/Cu/Co struc-
ture obtained in some works [10, 11] also depend on
the thickness of the nonmagnetic layer, as was shown
in [8], where the magnetization of the system changed
as the thickness of copper spacers was varied from 2
to 15 Å.

The aim of this work was to study the magnetic
characteristics of the Co/Cu/Co system at different
thicknesses of the nonmagnetic layer and cobalt films.
We calculated the effect the surface orientation has on
the energy of magnetic anisotropy and obtained the
relationship between the thickness of the cobalt mag-
netic layer and the parameter of magnetic anisotropy.
The contribution from the energy of magnetocrystal-
line anisotropy (MCA) induced by spin‒orbit cou-
pling to the energy of magnetic anisotropy was also
examined.

The calculations in this work were made using the
VASP package, one of the most common and efficient
software tools for calculating the electronic structure
of many-particle systems in quantum physics and
quantum chemistry. It is based on the spin density
functional theory, within which the total energy is cal-
culated as the electron density functional minimum
using the generalized gradient approximation (GGA)
for the energy of exchange correlation and projective
augmented waves (PAW). This makes the approach
preferable for use in numerical calculations. To allow
calculation of the magnetic properties, the energy of
the system is written as a functional of the densities of
electrons and magnetization, which are calculated
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Fig. 1. Crystal structure of surface cells and a supercell with the orientation of the magnetic moments of atoms.
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self-consistently and depend on the magnetic moment
of each atom in the system. Magnetization was consid-
ered in two versions: collinear, where the magnetic
moment is specified by a scalar quantity, and noncol-
linear, where the magnetic moment is specified by a
vector. We investigated two magnetic configurations of
the Co/Cu/Co system (Fig. 1): antiferromagnetic
(AFM), where the magnetic moments of atoms in
films on both sides of the spacer are directed opposite
to each other, and ferromagnetic (FM) when they are
co-directional.

These states differ in the established order of the
magnetic moments of atoms or ions. In antiferromag-
nets, the spin magnetic moments of electrons are
spontaneously aligned antiparallel to each other. Anti-
ferromagnets therefore have very low magnetic sus-
ceptibility and behave like weak paramagnets. In con-
trast, the magnetic moments of atoms in ferromagnets
are parallel to each other. At temperatures below the
Curie point, they can be magnetized without an exter-
nal magnetic field.
BULLETIN OF THE RUSSIAN ACADEM

Table 1. Difference between the total energy of a supercell
in a trilayer system with the AFM and FM configurations at
different layer thicknesses

 ( ), 
meV

 ( ), 
meV

 ( ), 
meV

3 7.102 3.710 3.561
5 −3.142 −2.709 0.059
7 −4.033 5.460 −3.196
9 −3.747 −0.864 318.548

CuN ΔE =Co 1N ΔE =Co 2N ΔE =Co 3N
Another important feature of the system is the
geometry of the surface (i.e., the type of the modeled
surface cell and the position of the adsorbed atom).
Examples of surface geometry can be seen in Fig. 1
with faces (100), (110), and (111). These faces have a
number of features. Surface (111) of copper is the one
most densely packed and stable. Surface (100) is a
square lattice obtained by splitting a face-centered
bulk plane. Surface (110) is the least stable of the
investigated surfaces [12].

Collinear calculations were made ignoring the
spin‒orbit coupling within which the magnetic
moments were obtained. We studied the energy advan-
tage of the system’s spin configurations, which can be
defined as  =  (i.e., the difference
between the total energies of the AFM and FM config-
urations). The total energies of a supercell with one
atom in the layer were obtained (Fig. 1). The number
of nonmagnetic (copper) spacer layers was taken to be
3, 5, 7, and 9 at cobalt film thicknesses of 1–3 mono-
layers. The size of the k grid used in our calculations
was 48 × 48 × 1, and the cutoff energy was Ecut =
600 eV. The ∆E values calculated for face (100) of the
surface are listed in Table 1.

Based on the above data, which show the depen-
dence of the energy difference between AFM and FM
structures of one supercell atom on a substrate and the
thickness of the magnetic material, we can reach the
following conclusions. The FM configuration
becomes more energetically advantageous at three
cobalt monolayers and five and nine substrate layers
(approximately 0.7 and 1.6 nm, respectively). The
AFM configuration is favored at a copper thickness of
7 monolayers (approximately 1.0 nm). These results
are confirmed by the experimental work of another
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Table 2. Magnetic moments of individual atoms in the Co/Cu/Co system

( ), μB ( ), μB ( ), μB

AFM FM AFM FM AFM FM

3 −1.865 1.866 −1.599
−1.790

1.598
1.789

−1.660
−1.644
−1.877

1.670
1.652
1.876

5 −1.868 1.863 ‒1.603
−1.789

1.594
1.785

−1.655
−1.656
−1.872

1.665
1.651
1.872

7 −1.865 1.866 −1.594
−1.782

1.593
1.781

−1.657
−1.652
−1.876

1.659
1.652
1.877

9 −1.867 1.866 −1.596
−1.786

1.598
1.784

0.318
−1.520
−1.861

1.658
1.650
1.883

CuN
μ =Co 1N μ =Co 2N μ =Co 3N

Table 3. Average magnetic moment, depending on cobalt
film thickness.  is the number of Co monolayers,  is
the value obtained in calculations, and  is a magnetic
moment borrowed from the experimental work of other
researchers

System , μB , μB

Co/Cu/Co 1 1.826 2.111 [16]
1.901 [11]
1.891 [17]

2 1.691 1.73 [4]
1.74 [18]
2.1(3) [19]

3 1.715 1.81 [20]

CoN 1
totμ

2
totμ

CoN 1
totμ /atom 2

totμ /atom

Table 4. Total supercell energies and magnetic moments of
atoms in the 1Co/3Cu/1Co system for faces (100), (110),
and (111)

Face , eV , eV , meV , μB

100 −22.717 099 −22.716 201 0.898 1.870
1.863

110 −21.663 702 −21.663 726 −0.024 1.730
1.866

111 −23.282 756 −23.281 794 0.961 1.756
1.752

||Е ⊥Е МАЕ μ
team [13–15]. The AFM configuration is favored in
the structure consisting of a single cobalt and copper
monolayer five to nine monolayers thick. An advanta-
geous FM configuration in a system consisting of two
cobalt monolayers is seven copper monolayers.
Advantageous AFM configurations are five and nine
copper monolayers. Table 2 gives the magnetic
moments of cobalt atoms for the investigated configu-
rations. We can see the magnetic moments depend
weakly on the spin configurations: the difference is
~0.01 μB. The largest magnetic moment corresponds
to the cobalt atom farthest from the spacer.

Table 3 gives the reduced magnetic moment (i.e.,
the ratio between the total magnetic moment of the
system and the number of atoms of the magnetic
material) for an FM configuration with 7 monolayers
of a nonmagnetic (copper) spacer, depending on the
number of ferromagnet (cobalt) layers.

The calculated magnetic moments agree well with
the experimental data obtained by other researchers.

A collinear system was calculated earlier that had
no preferred axis of magnetization along which mag-
netic moments could be directed. However, this must
be done to study features of noncollinear magnetism,
particularly the properties of magnetic anisotropy
determined by the dependence of the system’s mag-
netic properties on the direction of magnetization with
respect to the structural axes of the crystal that form it.
We are interested in directions x and z (i.e., in the
plane of the film and perpendicular to it).

Table 4 gives calculated energies  =  ‒  of
magnetic anisotropy, depending on the surface orien-
tation, which can be defined as the difference between
the total energies of the system at the magnetic
moments directed in the plane of the film  and
perpendicular to it .

МАЕ ⊥Е ||Е

||( ) Е
( )⊥Е
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They showed that the configuration with magnetic
moments parallel to the plane of the film was energet-
ically more advantageous for faces (100) and (111),
which is in good agreement with data from other
researchers [6, 21]. The existence of the vanishingly
weak anisotropy found experimentally in [22] was
confirmed for face (110).
: PHYSICS  Vol. 87  No. 11  2023



1664 SUKHACHEV, MAMONOVA

Fig. 2. Calculated parameters of anisotropy, depending on the number of cobalt monolayers relative to values 

obtained in  experiments with Co/Cu(100) ( ) [23] and ( ) [24]). The inset in the main plot is an
approximation of the parameters of magnetic anisotropy, depending on the number of cobalt monolayers on a logarithmic scale.

0

0.2

0.4

0.6

0.8

1.0

0 1 2 3 4 5 6 7 8 9

0.3

0.4

0.5

0.6

0.7

0.8

0.9

1.0

1.1

21 43 5

�

Experiment 1
Experiment 2

Our calculations

NCo, monolayers

( )
( )

= −
∞C

c
Δ 1

T N
T

( )cT N Experiment 1 Experiment 2
For numerical Monte Carlo modeling [2] and
comparing our results to experiments, we must know
the type of anisotropy and the parameter of anisotropy
in the Hamiltonian of a system with anisotropy

(1)

Let us find the dependence of parameter  of
magnetic anisotropy on the number of layers of our
magnetic material (cobalt).

( ){ }= − + + − Δ|| , ||
,

1 .x x y y z z
i j i j i j i j

i j

H J S S S S S S

Δ||
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Table 5. Average magnetic moment of the Co/Cu system at
different directions of magnetization: in film plane ( ) and
perpendicular to it ( )

, μB

1 1.879 1.878
2 1.692 1.692
3 1.729 1.729
4 1.689 1.691
5 1.697 1.698
6 1.687 1.687
7 1.686 1.686
8 1.684 1.684

||
⊥

CoN
totμ /atom

|| ⊥
Let all spins be directed along the x axis. We then
have   . We sub-
stitute these values into (1) and obtain

(2)

We now direct spins along axis z. After similar
actions, we arrive at

(3)

Let us derive the parameter of anisotropy from the
obtained equations:

(4)

The ferromagnetic configuration of the system for
face (100) was calculated at a constant copper thick-
ness of 3 monolayers and cobalt thicknesses of 1 to
8 monolayers.

Figure 2 compares the calculated parameters of

anisotropy to values , obtained from

experimental critical temperatures  for
Co/Cu(100) [23, 24] depending on the number of
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Table 6. Energies of spin‒orbit coupling at different directions of magnetization and their differences

, eV , eV , meV

1 −0.076661 −0.078297 1.636 0.898
2 −0.106206 −0.106064 −0.142 −0.062
3 −0.139079 −0.141456 2.377 1.161
4 −0.170703 −0.172107 1.403 1.098
5 −0.202876 −0.204850 1.974 1.032
6 −0.233835 −0.236287 2.452 1.525
7 −0.266121 −0.269110 2.986 1.760
8 −0.297662 −0.300837 3.176 2.040

CoN ( )⊥SOCЕ SOC(||)Е Δ SOCЕ МА, meVЕ
cobalt monolayers. The inset in the main plot shows
an approximation of the parameter of magnetic
anisotropy, depending on the number of cobalt mono-
layers (except for NCo = 2) on the logarithmic scale.
Parameter λ = 1.007 was calculated as the angle of
inclination of the approximation is similar to scaling
parameter λ = 1.02 from [24]. The parameter of mag-
netic anisotropy disappears at a cobalt thickness of
2 monolayers, due to the change in the energy of mag-
netic anisotropy in both sign and value (Table 6).
Raising the size of a surface cell (from 1 to 4 atoms in
a layer) and the thickness of a nonmagnetic spacer
(from 3 to 9 monolayers) did not eliminate this fea-
ture. In contrast to experiments, where partially filled
layers were considered (i.e., the film thickness ranged
from 1 to 2 monolayers with a step of 0.2), we consid-
ered the multiple thickness of a monolayer. Noncol-
linear calculations whose resource intensity depends
strongly on the number of atoms in a supercell are
required for determining magnetic anisotropy. With
monolayers completely filled, it is sufficient to use
1 atom per layer, as we did in these calculations. With
partially filled monolayers, we must take 4 or 9 atoms
per layer, which raises the resource intensity of the cal-
culation by an order of magnitude.

Table 5 gives the calculated average magnetic
moments of the cobalt film for the same system. As in
the collinear calculations (Table 3), we may conclude
that different spin configurations affect the magnetic
moments weakly. However, allowing for spin‒orbit
coupling in noncollinear calculations raises the mag-
netic moment and improves agreement with experi-
ments.

The energy of magnetic anisotropy can be divided
into two contributions:  (MCA
energy  induced by spin‒orbit coupling) and

 (the energy of shape anisotropy induced by
magnetic dipole interactions). Contribution  is
determined entirely by the electronic structure of the
investigated system. It can be estimated directly from
the spin‒orbit coupling energy calculated for different

= + ΔМА МCА shapeЕ Е Е

МCАЕ
Δ shapeЕ

МCАЕ
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orientations of magnetization. the contribution is in
this case  = 

Table 6 compares the energies of spin–orbit cou-
pling calculated with the VASP software package
according to [25] at different directions of the mag-
netic moments. We can see that spin–orbit coupling
was the main source of the MCA.

CONCLUSIONS

Results were presented from ab initio calculations
of the magnetic properties of cobalt films separated by
a nonmagnetic copper spacer. The energy efficiency of
different spin configurations of such a trilayer system
was examined and the magnetic moments at different
layer thicknesses were obtained. The FM configura-
tion became more energetically advantageous at three
cobalt monolayers and spacer thicknesses of 5 and
9 monolayers (0.7 and 1.6 nm, respectively). The
AFM configuration was favored at a copper thickness
of 7 monolayers (~1.0 nm), as was confirmed experi-
mentally in [13–15].

Magnetic moments of cobalt films of different
thicknesses, obtained in both collinear and noncollin-
ear calculations, showed that different spin configura-
tions weakly affect the average values of the former.
However, allowing for spin‒orbit coupling in noncol-
linear calculations raises the magnetic moment and
improves agreement with experiments. Calculations
were made to describe the effect the surface orienta-
tion has on energy EMA of magnetic anisotropy. They
showed the direction of the magnetic moment parallel
to the plane of the film is more energetically avanta-
geous for faces (100) and (111). The existence of van-
ishingly weak anisotropy was established for face
(110). The contributions from spin‒orbit coupling to
the energy of magnetic anisotropy were calculated.

The parameter of in-plane anisotropy depending
on the number of cobalt monolayers will allow them to
be used in Monte Carlo calculations of the coefficient
of magnetoresistance.

МCА Е Δ SOC.Е
: PHYSICS  Vol. 87  No. 11  2023
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