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With purpose to investigate influence of magnetically non-active metal layers on the Faraday 
effect in multilayer Ferromagnetic/Normal metal films, dependences of the Faraday rotation angles of 
the light polarization plane on magnetic field have been studied in multilayer [Co/Cu] nanofilms. It 
was revealed that the Faraday rotation φ varies with thickness of the Cu layers dCu. This φ(dCu) 
dependence consists of the monotonic component, namely a gradual rise of the angle with increase of 
dCu, and the non-monotonic one represented by two minima. The monotonic changes of the Faraday 
rotation were satisfactory described in frames of the effective medium method. Two minima are 
explained with the Co layer’s fragmentation due to influence of size electron quantization in the Cu 
layers on formation of Co clusters during deposition of the films.

Keywords: multilayer Co/Cu nanofilms, Faraday effect, superparamagnetic clusters, quantum size effect, 
fragmentation of nanoscale magnetic layers
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1. Introduction

Multilayer epitaxial metallic nanofilms, which are widely 
used in different areas of information and sensor technology, 
continue to be promising objects for scientific study [1-4]. 
Among the “Ferromagnetic/Normal metal” (FM/NM) systems 
the Co/Cu periodic structures remain attractive due to their 
magnetoresistive properties and manufacturability [4,5]. The 
Giant Magnetoresistive effect (GMR) in such nanofilms is 
attributed to the antiferromagnetic (AF) exchange coupling 
between Co layers through conductivity electrons of copper 
and depends on both the thickness of Cu layers and structure 
of the Co/Cu interfaces [6-7].

Ferromagnetic Co layers of the multilayer Co/Cu 
nanofilms, prepared by different methods, often are non-
continuous and have no sharp interfaces. The Co layers 
contain small FM clusters, which behave as 
superparamagnetic (SPM) particles [8-10]. Magnetoresistance 
of these nanofilms is caused by spin-dependent scattering of 
conductivity electrons on the SPM clusters [11-12]. Many 
questions in relation to connection between parameters of the 
SPM clusters, their quantity and technology of preparation of 
the nanofilms remain open so far [8-10, 13].

In our previous studies [14,15] of magnetoresistive 
properties and the magneto-optic longitudinal Kerr effect of 
the [Co/Cu(111)]m multilayers, obtained by the magnetron 
sputtering method, we found that the SPM clusters are smaller 
in the films, for which there is an antiferromagnetic exchange 
coupling between the Co layers. It was supposed that this 
feature is caused by the electronic quantum size effect in the 
Cu layers on formation of the Co layers during their 
deposition. The inhomogeneous electric field of electron 
standing waves in the Cu layer affects the deposition of Co 
atoms, and under these conditions a more fragmented cobalt 
layer containing smaller SPM clusters is formed.

Usually, due to high reflectivity and sufficiently large 
magneto-optical coefficients, the Kerr effects are used to 
research ferromagnetic metals. In a case of the Kerr effect the 
FM/NM interfaces play a major role in formation of magneto-
optical response, but for the Faraday effect the response is 
formed by the whole thickness of the FM layers. This 
circumstance allows to use the Faraday effect as a tool to get 
additional information about FM layers in multilayer films 
having a thickness up to tens of nanometers, at which they are 
still sufficiently transparent. In this work we study the 
behavior of the Faraday effect in multilayer Co/Cu having 
different thickness of the Cu layers in order to determine 
mechanisms of influence of magnetically inactive metal layers 
on the Faraday effect in the magnetoresistive FM/NM 
nanofilms prepared by the magnetron sputtering.

2. Nanofilm structure and experimental methods

The multilayer [Co(0.8 nm)/Cu(dCu)]m nanofilms (Fig. 1) 
were obtained by the magnetron sputtering method in the 
vacuum setup, where the residual atmosphere was 10-6 Torr. 
The working pressure of argon during sputtering did not 
exceed 1.3·10-3 Torr. Fluorphlogopite mica was used as a 
transparent substrate, which has optical properties of a weak 
birefractive biaxial crystal. The Cu buffer layer with thickness 

5 nm was deposited on the mica substrate before deposition of 
the multilayer structure. The deposition rates for Co and Cu 
were 0.045 nm/s and 0.058 nm/s, respectively. Thicknesses of 
the layers were defined by the deposition time. Calibration of 
the deposition time was made by the method of multi-beam 
optical interferometry with error less than 2% [16]. 

The prepared films [Co (0.8 nm) / Cu (dCu)]m contained 20 
cobalt layers and 19 cooper layers located between them. All 
cobalt layers had identical thickness 0.8 nm (4 atomic layers). 
Twelve multilayer nanofilms in which Cu layers had 
thicknesses dCu  = 0.6, 0.7, 0.9, 1.0, 1.1, 1.2, 1.35, 1.5, 1.7, 
1.8, 1.9, and 2.0 nm were studied (Fig. 1). The top Cu layer 
was 1.25 nm thick. All films had a layered granular columnar 
structure, in which the granules were multilayer columns with 
transverse sizes of about 8 - 10 nm (Fig. 2). 

The electron diffraction studies were performed using an 
EMV-100AK transmission electron microscope (TEM) 
operating with the accelerating voltage of 100 kV. It was 
found that the copper and cobalt layers had a face-centered 
cubic structure with the crystallographic planes of (111) Co 
and Cu oriented parallel to the substrate [16].

[Co/Cu(dCu)]m

Cu
Co

Co
Cu

Cu

m = 20

mica

H||k||Z

Co

Fig. 1. Schematic view of the [Co(0.8 nm)/Cu(dCu)]m 
multilayer nanofilms.

For measurements of the Faraday effect, the polarization 
modulation method was used. YBi-iron-gallium garnet served 
as the working medium of the magneto-optic modulator. The 
compensator in which the angle of rotation of the light 
polarization plane was proportional to the current through the 
solenoid was used for calibration of the Faraday rotation 
angles. Optical glass was used as a working medium of the 
magneto-optic compensator. A helium-neon laser with 
radiation wavelength  = 632.8 nm served as a light source. 
The [Co/Cu(dCu)]20 films were oriented perpendicular to the 
magnetic field vector. The dependences of the Faraday 
rotation angle φ on the magnetic field strength H were 
measured.

During the measurements, an incident light propagated in 
the first instance through the mica substrate and then through 
the [Co/Cu(dCu)]20 film to minimize an influence of 
birefringence in mica. The samples were always oriented in 
such a way that polarization of the incident light was parallel 
to the plane of optical axes of the mica substrate. 
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Fig. 2. TEM image of grains in [Co/Cu(1 nm)]20. 

Contribution to the Faraday rotation from the mica 
substrate did not exceed 3×10-5 deg/kOe. Contribution to the 
total rotation of polarization plane from the Faraday effect in 
the lenses, caused by the stray field of electromagnet, was less 
than 2×10-4 deg/kOe. These both contributions were measured 
and subtracted from the experimental φ(H) dependences. 
Magnetization was measured for the nanofilms with dCu = 0.7 
and 0.9 nm at 300 K using the SQUID-magnetometer. Surface 
potential images of the films with dCu = 0.9, 1.5, and 1.8 nm 
were obtained using a Multimode Atomic Force Microscope 
(Nanoscope IV from Veeco). The images were acquired in 
tapping mode, using silicon probes, operating at a resonance 
frequency of about 320 kHz and a force constant of 42 N/m. 
Image analysis was performed using Gwiddeon Software 
(version 2.37).

3. Results and discussion

The φ(Н) dependences without contributions from the 
lenses and the mica substrate are shown in Fig. 3 for several 
[Co/Cu(dCu)]20 films with the copper layer thickness 
dCu = 0.6, 0.9, 1.35, 1.8, 1.9, and 2.0 nm. The φ(Н) 
dependences are the same upon both for increasing and 
decreasing of the magnetic field strength without hysteresis 
loops in the frames of scatter of the experimental points. 
Therefore, the magnetic state of the nanofilms was considered 
as equilibrium enough.

The magnitudes of φ versus the Cu layer thickness are 
shown in Fig. 4. It should be noted that the angles of Faraday 
rotation at the same magnetic field strength are different for 
most of the films. This feature seemed to be unusual for the 
films under study, in which the total nominal thickness of the 
magneto-optical Co layers is invariable. The φ(dCu) 
dependences demonstrate two overlapping features, namely 
monotonic rise of Faraday rotation angle with increasing of 
the Cu layer thickness and two minima at certain Cu layer 
thickness values: near dCu = 1.0 and 1.8 nm. The monotonic 
rise is shown in Fig. 4 as dashed lines.
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Fig. 3. The magnetic field dependences of Faraday rotation angle 
for several [Co/Cu(dCu)]20 films under study. Two curves for every 
film correspond to the opposite orientation of the applied magnetic 
field. The vertical axis corresponds to the absolute magnitudes of the 
Faraday rotation angles. The summary contribution from the lenses 
and the mica substrate is shown multiplied by factor of 5.

Fig. 4. The Faraday rotation angles in the [Co/Cu(dCu)]20 films at 
different strength of the applied magnetic field as a function of the 
Cu layer thickness. The dashed lines indicate a monotonic rise of the 
Faraday angles φ. 

3.1 Monotonic variation of the Faraday rotation vs. dCu

It should be noted that the field dependences φ(H) in the 
region of weak magnetic fields (less than 3 kOe) are linear 
ones indeed but are not such that are asymptotically 
approaching to linear ones. These field intervals of linearity 
were found for all the films by plotting the differences φ - βH 
as a function of H. The β coefficients were chosen in order to 
compensate the linear rise of φ and to obtain the plateau on 
the dependences φ – βH = f (H) for every film. Figure 5 
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illustrates the existence of the linearity intervals 2H* in the 
φ(H) dependences in particular nanofilms.

Fig. 5. Illustration of existence of the linearity intervals in the 
experimental φ(H) dependences, which are transformed in horizontal 
plateaus in the magnetic field dependences of φ-βН .

Magnetic anisotropy of Co / Cu nanofilms is the “easy 
plane anisotropy” because the magneto-dipole contribution to 
anisotropy energy is predominant [17]. The observed non-
asymptotic linear parts of the φ(H) dependences 

,                  (1)HVmdHH Co  )(
when magnetic field is perpendicular to the film plane, point 
to homogeneous rotation of magnetic moments in the Co 
layers to the field direction at H<H*. This property allows to 
determine the magneto-optical coefficients of proportionality 
between the Faraday rotation and magnetization - the 
effective Kundt coefficients for all the films:

 .                           (2)
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In the case of homogeneous rotation of the magnetic 
moments of the ferromagnetic layers, the projection of the 
magnetization of the composite film on the field direction is 
determined by demagnetization factor of the film, N, as 

, and the Faraday rotation angle can be expressed H
N

M 1


in the following form: 
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Fig. 6. The Cu layer thickness (dCu) dependences of the 
coefficient V (solid circles, right scale) and K=4πV (left axis), 
determined from the experiment at H<H* (Eq. (1), (4)), and the 
Kundt Kcalc coefficient, calculated according to Eq. (6) (solid line, 
left axis) in assumption that magnetization of the ferromagnetic 
layers M0  is invariable. Meaning of the value denoted by open circle 
is explained in the text.

Using the N-factor and the obtained magneto-optical 
coefficient V it is possible to perform the effective Kundt 
coefficient as 

                                   (4)NVK 
The demagnetization factor N of the multilayer in 

direction perpendicular to its plane is close to . If we 4
consider the Co/Cu multilayer as a set of unlinked 
ferromagnetic disks whose planes coincide with the plane of 
the film and which are evenly distributed in the Cu matrix 
with effective density , the )/( CuCoCo ddd 
demagnetization factor of such a composite flat system can be 
estimated as , where  4)1( //  diskNN

 for the disk diameter D>>dCo )6.11/(4// D
dN Co

disk  

[18,19]
The factor N/4π varies from 0.90 to 0.95 with the 

thickness of the copper layers dCu (from 0.6 to 2.0 nm) and 
with the disk diameters D (from 8.0 to 10 nm). Taking into 
account that the Co disks of the adjacent multilayer grains 
form planes, N should be even closer to 4π. In order to plot 
the dependence of K(dCu), we assumed that the ferromagnetic 
layers in the columnar grains remain similar to disks for all 
films, and the coefficients of N for them are the same and 
equal to 4π. The error in the determination of K, which caused 
by the difference of the coefficient N from 4π, does not 
exceed 10%.

The values of the coefficients V and K=4πV depending on 
the thickness of the copper layers in the films are shown in 
Fig. 6. As seen from the Figure, the magneto-optical 
coefficient V, determined for weak fields, where 
homogeneous rotations of the magnetic moments of the Co 
layers occur, varies with the thickness of the Cu layers, in 
accordance with the Faraday rotation changes in stronger 
fields. The V(dCu) dependence is similar to φ(dCu) one and has 
monotonic and non-monotonic components.

The influence of NM layers on magneto-optical effects in 
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FM / NM multilayer structures has been studied theoretically 
and experimentally in many papers [20-31]. Among different 
mechanisms of the influence, the interface hybridization of 
the electronic orbitals of the NM and FM atoms, which leads 
to changes of energy level structure of both metals, was 
considered. These changes can cause both increase and 
decrease of magneto-optical effects depending on the light 
wavelength and thickness of the metal layers [20]. As it has 
been reported in Ref. [21] the changes in spectra of the 
magneto-optical polar Kerr effect for the Co/Cu nanofilms 
due to hybridization do not exceed ten of percent. For the 
Faraday rotation influence of the interfaces is much weaker.

Spin polarization of conduction electrons of NM layers 
which are adjacent with FM layers can also affect the 
magnitudes of magneto-optical effects [22]. This mechanism 
depends on thickness of the NM layer. Changes of magneto-
optical properties are results of formation of new resonance 
states (quantum well states) of spin-polarized conduction 
electrons in the NM layer, which induce the antiferromagnetic 
exchange coupling between the FM layers. Increasing of the 
magneto-optical Kerr rotation due to this quantum size effect 
does not exceed 10% [23, 24, 25].

The magnitudes of magneto-optical effects in 
dependence on thickness and number of the FM and NM 
layers are usually calculated using the transfer-matrix method 
[26-28]. However, in the case when period of the structure 
Λ = dFM + dNM is much less than the light wave length, 
Λ << λ, magnitudes of magneto-optical effects can be 
estimated by the method of effective medium [29,30]. This 
method was used for consideration of dispersion of optical 
and magneto-optical parameters in two-component multilayer 
Co/Cu nanofilms in order to compare calculated and 
experimental data. The difference between the experimental 
and the calculated results in this method did not exceed 20% 
[31].

In the present study, it was supposed that the 
components of the dielectric permeability tensors εij(Co) and 
εij(Cu) are the same for all the [Co(0.8 nm)/Cu(dCu)]20 
nanofilms. The angles φ of Faraday rotation for the 
magnetized metal films can be written as [32]

          (5)
22 )Im()Re(

)Im()Re()Re()Im(

effeff

eff
xyeff

eff
xyeffeff

NN
NNd












where deff = m(dCo + dCu) is the thickness of the effective 
magneto-optical film, equal to the sum of the thicknesses of 
all magneto-opticaly active and non-active layers, 

CuCo

CuxxCoxxeff
xxeff d+d

dCuε+dCoε=εN )()(


is the effective refractive index, and

CuCo

CuxyCoxyeff
xy d+d

dCu+εdCoε
=ε

)()(

- the effective non-diagonal components of the dielectric 
permeability tensor. For copper, εxy(Cu) = 0. 

Using Eq. (5), the magnitudes of φcalc and Kundt 
coefficient 

0

)()(
Mmd
d=dK

Co

Cucalc
Cucalc

                         (6)

were calculated for different dCu values (solid line in Fig. 6). 

The diagonal components of the dielectric permeability tensor 
were taken for copper as εxx(Сu) = -11.64-i1.64 from Ref. 
[33] and for cobalt as εxx(Co) = -11.5-i18.32 from Ref. [34]. 
The non-diagonal component was fitted as εxy(Co) = 0.36-
i0.057. It should be noted that the diagonal εxx components 
and, especially, the non-diagonal εxy components or magneto-
optic coefficients Q = Q1 + iQ2 = іεxy/εxx reported by different 
authors (see Table 1) are considerably different. 

Magnetization of the FM subsystem, M0, in saturated state 
was taken as 495 G for all the films. This value was obtained 
for the film with dCu = 0.7 nm from the SQUID-magnetometer 
measurements and chosen because considerable part (not less 
than 95 %) of the Co layers of this film is ferromagnetic, as 
known from the previous Kerr effect measurements [15].

Table 1. Components of the dielectric permeability 
tensor for Co and Cu at the light wavelength of 
λ = 632,8 nm.

εxx(Сo) εxy(Сo) Q Ref.

-11.5 - i18.32 0.89 - i0.89 0.055 - i0.013 [34]

-12.0 - i19 0.56 - i0.08 0.023 + i0.01 [35]

-8.19 - i16.38 0.499 - i0.1 0.027 +i0.007 [36]

-12.5 - i18.46 [37]
-11.5 + i18.31 [38]

0.043 + i0.007 [39]

εxx(Сu) Ref.
-11.64 - i1.64 [33]
-11.6 - i1.84 [40] 

As it is seen from Fig. 6 the method of effective medium 
describes satisfactory the observed monotonic increase of the 
K(dСu) function dependence. With taking into account the size 
dependence of the dielectric tensor components of ultrathin 
films on their thickness the consistency of the experiment data 
with the description will be improved [31]. Besides, reflection 
of light from the surface of metal ultrathin films changes 
significantly when their thickness is several atomic layers 
[41]. So, it is possible that multiple reflections of light from 
interfaces make a contribution to the observed monotonic 
increase of the Faraday rotation and this contribution rises 
with increasing of the Cu layer thickness.

3.2 Non-monotonic changes of the Faraday rotation

When the thickness of the copper layers is close to 0.9 nm and 
1.8 nm, both the Faraday rotation angle and the magneto-
optical coefficient decrease. The non-monotonic changes in 
the Faraday rotation with increasing of copper layers 
thickness in the multilayer Co/Cu films consist in decrease of 
the Faraday rotation angle and reducing of the magneto-
optical coefficient V at thicknesses of the copper layers close 
to 0.9 nm and 1.8 nm. The decrease of φ can be caused by 
reduction in number of cobalt atoms bound in the 
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ferromagnetic blocks, with increase of the "easy-plane" type 
anisotropy and with appearance of the antiferromagnetic 
exchange interaction between the ferromagnetic blocks of the 
nearest cobalt layers. The fact that these features are observed 
at the thicknesses of copper layers at which the exchange 
interaction of RKKY (Ruderman–Kittel–Kasuya–Yosida) 
between the cobalt layers is established requires consideration 
the possibility of influence of the size quantization of the 
electron density in the Cu layers on magnetic and magneto-
optical properties of the multilayer films.

The antiferromagnetic exchange interaction between the 
ferromagnetic layers changes the magnitude of the coefficient 
V, but not the coefficient K. The antiferromagnetic exchange 
field prevents the alignment of the magnetic moments of the 
ferromagnetic cobalt layers to direction of the applied 
magnetic field as well as the demagnetization field. If the 
exchange energy and energy of demagnetization field is 

expressed as  and ,  2cos
2
1 2

0MAF   22
0 cos

2
1 NMdem 

correspondingly, the magnetization along the field can be 

expressed as  and then .



N

HM






N

HKmd calcCo

For the film with dCu = 1.8 nm, for which the deepest 
minimum in the V(dCu) dependence (open circle in Fig. 6) is 
observed and V=1.22×102 deg/(Oe cm) and Kcalc  = 3.34×102 
deg/(G cm), the exchange parameter γ can be calculated as

79.74



V

VK=γ calc  ,                 (7)

Assuming that the magnetization of the adjacent 
antiferromagnetic coupled FM Co layers M0 is equal to 495 G, 
the exchange field is 

kOeMH AF
ex 2

2
|| 0 



and the energy of this AFM exchange coupling is equal to

.
2

2
0 08.0

2
||

cm
ergdMJ Co 



This value of the exchange coupling energy is close to those 
obtained for the [Co/Cu(111)]m/Co systems in different 
experiments: 0.1 erg/cm2 (Ref. [42]), 0.06 erg/cm2 (Ref. [43]), 
and 0.05 erg/cm2 (Ref. [44]).

However, the AF exchange interaction cannot explain the 
decrease in the Faraday rotation angle of the films with dCu 
near 0.9 and 1.8 nm in the fields larger than the flip field (

) of the magnetic moments of the FM layers. This AF
exH2

decrease in φ can be caused by magnetization reduction of the 
whole volume of the ferromagnetic blocks in the films. The 
Co/Cu films under study contain some number of cobalt ions 
that are not included in ferromagnetic blocks, but are 
combined into clusters whose blocking temperature is lower 
than the room temperature. Note that the “loss” of cobalt 
atoms by ferromagnetic blocks entails decrease in 
magnetization and magnitude of the Faraday rotation, but it 
alone does not lead to decrease in the magneto-optical 
coefficients K and V, since the magnetic susceptibility 
remains equal to 1/N. 

To determine the number of these "loose spins" depending 
on the thickness of the copper layers, the Faraday rotation 

angles in the state of magnetic saturation of all films were 
determined. The applied magnetic field was not strong 
enough to reach the saturated state in most of the films. 
Therefore, the φ(H) dependences for each film were converted 
in functions of the internal magnetic field 

CocalcmdK
HHH )(4int



and the Faraday angle in saturation, φsat, was determined by 
the linear extrapolation of the φ(Hint)/Hint plots versus φ to 
zero. The magnetizations of the films in saturation were 
defined as 

 .CoCucalc

Cusat
Cusat mddK

d
dM

)(
)(

)(




As an example Fig. 7 illustrates the procedure of 
determination of φsat and Мsat for particular nanofilms.

Fig. 7. Determination of the Faraday rotation angle φsat and 
magnetization Msat of the Co/Cu multilayers at the saturated 
magnetic states for the samples with the Cu layer thicknesses 
dCu = 0.7, 1.0, 1.5, and 1.8 nm. The top horizontal axis for 

magnetization is .CoCucalc mddK
M

)(




The obtained values of Мsat correspond to the 
magnetization of saturation of ferromagnetic blocks and 
sufficiently large superparamagnetic clusters. Contribution 
from magnetization of the "loose spins" (up to 20 atoms per 
cluster) [12,45,46] is negligible in the fields of order 10 kOe 
at room temperature. 
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Fig. 8. Dependences of the saturation magnetization Мsat on the 
Cu layer thickness for the [Co/Cu(dCu)]20 nanofilms. The 
magnetization values obtained from the Faraday rotation angle 
dependences φ(H) are shown as solid circles, while the values 
obtained from magnetic SQUID measurements (for films with dCu = 
0.7 nm and 0.9 nm) are represented by crossed circles.

It can be seen from Fig. 8 that the magnitude Мsat depends 
on the thickness of the copper layers in a non-monotonic way 
and demonstrates minima near dCu = 1.0 - 1.1 nm and 1.8 nm. 
Such decrease can indicate a fine fragmentation of the cobalt 
layers in the same films, namely an increase in the number of 
the "loose spins". The Мsat values measured in the fields up to 
40 kOe using a SQUID-magnetometer for two films with 
dCu = 0.7 nm and 0.9 nm (crossed circles in Fig. 8) are 
presented as well. The fact that the saturation magnetization 
values of these two films measured directly are close to the 
values determined from the magneto-optical measurements of 
the Faraday rotation confirms the reliability of the latter.

It should also be noted that the anisotropy of magnetic 
defects of type "easy axes in the plane" of the film can make a 
significant contribution to the non-monotonic changes in the 
coefficient V of the film depending on thickness of the Cu 
layers. This anisotropy contribution rises in the films with 
increase of fragmentation degree of the ferromagnetic disks 
and roughness of the Co/Cu interfaces in the multilayer 
pillars.

Quasi-one-dimensional interface defects and edge 
magnetic defects form a net of local magnetic anisotropy of 
the "easy axes in the plane" type, the random directions of the 
easy axes of which are close to the plane of the film. This 
inhomogeneous anisotropy prevents the alignment of 
magnetic moments along the field and can lead to a decrease 
in the coefficient V according to the expression

.
 loc

KV
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Here κloc and ν are integral effective constants which 
characterize the local anisotropy magnitude of the "effective 
easy plane" type and the fraction of the volume where it takes 
place, respectively.

Thus the non-monotonic changes of the magneto-optical 
coefficient V in the Fig. 6 are due to influence of both 
antiferromagnetic exchange interaction and the local magnetic 
anisotropy of the films on process of magnetization. In any 
case, the influence of both contributions is observed for the 
thicknesses of copper layers at which size quantization of the 
electron density occurs in the layers.

3.3 Surface morphology of the nanofilms 

It is known that the antiferromagnetic exchange coupling 
between FM layers in FM/NM multilayers is induced by the 
quantum size effect in the NM layers, namely a redistribution 
of the electron density in the volume of the NM layers. This 
redistribution induces electric fields, which affect on 
deposition of the FM atoms during formation of the FM layers 
in the multilayer structures. Such electron distribution can 
induce structural changes of deposited metal layers [47-50] 
and impact on distance between atomic layers [51-53], 
quantum dots distribution and structure of FM clusters on 
surface of non-ferromagnetic metal [54,55]. Therefore, it is 
most likely that such spatial redistribution of electron density 
in the volume of the Cu layers affect also on formation of the 
Co layers und appearance of the fine fragmentation of the 
antiferromagnetically exchange coupled Co layers in the 
[Co/Cu(111)]20 nanofilms.

Morphological features of metal films with a thickness of 
several atomic layers are determined by the substrate, 
interface and the competition mainly between the energy 
anisotropy, the surface stress and the energy associated with 
this spatial quantization of electron density. It can be expected 
that the fragmentation of the cobalt layers, caused by this 
redistribution of the electron density in the films, will affect 
the surface structure of the whole film.

Surfaces of the films with dCu = 0.9, 1.5 and 1.8 nm were 
studied using Atomic Force Microscopy. Figure 9 shows the 
distribution of electric potential on the surfaces of these three 
films. The surface potential of the films, in which the copper 
layers undergo spatial electronic quantization (dCu = 0.9 and 
1.8 nm) indicates a much larger number of surface defects 
than the film with dCu = 1.5 nm, in which no electronic spatial 
quantization occurs.
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Fig. 9. The images of surface potential of the nanofilms with dCu = 0.9, 1.5, and 1.8 nm, obtained using Atomic Force Microscopy. The 
contrast axis displays roughly the height of the surface defects. 
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3. Conclusions

Magnetic field induced changes in the Faraday effect in 
periodic [Co(0.8 nm)/Cu(111)(dCu)]20 nanofilms having the 
same thickness of all cobalt layers and the thickness of the 
copper layers is varied from 0.6 to 2 nm, were studied. 
Monotonic rise of the φ(H) dependence with increasing of the 
Cu layer thickness and two minima on background of this rise 
were detected. It was demonstrated that the monotonic 
increase of the Faraday rotation angle is well described within 
the approximation of an effective optical medium. The non-
monotonic variations in the φ(dCu) dependence, which were 
observed as two minima of the Faraday rotation angle at 
dCu = 1.8  and 1.0 nm are associated with decrease of 
magnetization due to the “loose spins” as result of the Co 
layer’s fragmentation. We suggest that increasing of the 
magnetic fragmentation in these films appears during 
deposition of the Co layers in conditions of the quantum size 
effect in the Cu layers. Changes in the surface defects of the 
nanofilms, observed using Atomic Force Microscopy, confirm 
indirect influence of the electronic quantization in the Cu 
layers on the defect structure of the multilayer [Co/Cu(111)]m 
nanofilms.
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Highlights 

- Faraday rotation in the periodic Co/Cu 
nanofilms depends on the Cu layers 
thickness. 

- Decreasing average sizes of 
superparamagnetic Co clusters due to 
quantum size effect in Cu layers

- Quantum size effect in the Cu layers 
induces very fine fragmentation of the Co 
layers 

- Ferromagnetic magnetization is decreased 
in the films with fine fragmentation.


