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ABSTRACT

Using the methods of atomic force and electron microscopy and the magneto-optical Kerr effect, the role of the interface, roughness, and
thickness of the magnetic layer in the temperature-dependent magnetic properties of thin Al2O3–Co films with a naturally oxidized cobalt
surface was studied. The layers were deposited by magnetron sputtering. The thickness of the cobalt layer varied from 2 to 100 nm. For the
first time, the dependences of coercive forces and exchange displacements on the thickness of the cobalt film in the temperature range from
80 to 300 K were obtained and analyzed. The contribution to the coercive force and exchange displacement from the oxidized cobalt surface
increases as the temperature decreases below 160 K. The magnitude of the contribution depends on the base material on which the cobalt
film is deposited and is maximum for a cobalt film with a thickness of ∼20 nm in the Al2O3/Co structure. A weakly magnetic layer was
found at the Al2O3/Co interface. The behavior of the exchange bias in this layer is similar to the behavior of a ferromagnetic Co core with a
naturally oxidized CoO shell. The thickness of this layer depends on the speed and order of deposition of the layers. When the order of dep-
osition of layers (Co/Al2O3) changes, the behavior of the exchange displacement of the interface becomes similar to that observed in the fer-
romagnet/antiferromagnet system. That is, when the deposition order changes, the value of the exchange shift changes sign when the cobalt
layer thickness is below 10 nm.

Published under an exclusive license by the AVS. https://doi.org/10.1116/6.0003772

I. INTRODUCTION

The study of thin films with alternating magnetic and non-
magnetic layers is being emphasized by new fundamental research
studies and practical applications.1,2 One of the fields of research in
this area is the exchange bias (EB) effect.3 This effect is the basis of
many applications in the field of spintronics, such as magnetic data
storage, touch devices, and flexible electronics.

The exchange bias effect was discovered in the study of ferro-
magnetic (FM) Co particles coated with an antiferromagnetic
(AFM) CoO shell.4 Many studies are devoted to the study of EB
effect phenomenology.4–6 The main characteristics defining the
properties of the EB effect are the shift magnitude, its sign, the
asymmetry of the hysteresis loop, the blocking temperature (TB is
the temperature above which EB disappears), the training effect
(a decrease in the hysteresis loop bias with a cyclic change in the
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magnetic field), and the dependence of EB on time. Each of the
characteristics is of independent interest for understanding the EB
effect. The interaction at the FM-AFM interface results in the FM
coercive force increasing with respect to the AFM single film, as
well as the appearance of a hysteresis loop shift. The spin orienta-
tion at the AFM/FM interface can be very complicated, since in
some cases, the crystallographic directions may not be equivalent
in magnetic terms.

The AFM crystallinity, its morphology (e.g., surface roughness
and grain size), and magnetic anisotropy are the most important
parameters determining the value of EB.7,8 Initially, it is suggested
that only the AFM interface controls EB, i.e., EB is a purely inter-
phase phenomenon where the role of the AFM bulk mass is
limited to fixing interphase magnetic moments. However, the inter-
face is always related to the AFM volume. Thus, the volume of
AFM can affect the magnetic state of the interface, followed by an
effect on EB. Now, there is much convincing evidence that the bulk
magnetic state of AFM can affect EB.9

The FM layer crystallinity and its morphology are also the
parameters that affect the value of EB. Thus, in flexible thin
Co/CoO films grown by magnetron sputtering, there is an increase
in the EB effect due to a decrease in the size of ferromagnetic parti-
cles and an increase in the FM/AFM contact area. In addition, the
dependence of coercive force on film deformation has been demon-
strated.10 The studied Co/CoO thin film showed no worsening in
all quality parameters after 500 bending cycles, which indicates its
mechanical strength.

The interest of scientists in the Co/CoO system is
increasing.11–14 Cobalt (Co) is one of the 3d metals, and its distinc-
tive features are high saturation magnetization, high Curie tempera-
ture, and a fairly high degree of conduction electron
polarization.15–17 It is known that the cobalt deposition conditions
affect its phase composition, which is most often a mixture of
phases.18,19 In addition, cobalt is capable of oxidizing under atmo-
spheric conditions. Thus, samples with an initial thickness of 5 nm
or more are oxidized almost instantly. As a result, the top layer of
the metal with a thickness of 2.5 nm turns into an oxide. With a
greater cobalt thickness, but less than 5 nm, the oxidation time
increases significantly and reaches a maximum value of 190 days.
In this case, the cobalt layer with a thickness of less than 2.5 nm
remains ferromagnetic for some time.20

Thus, problems related to the influence of structural, dimen-
sional, and interface effects on the magnetic characteristics of thin-
film structures come to the fore. Previously,21 the relationship
between the technological features of the Al2O3/Co film production
and magnetic and structural properties at a cobalt thickness of
∼100 nm has been investigated. Radu et al.22 established the depen-
dence of the EB effect on the thickness of wedge-shaped cobalt
grown by HF spraying on an aluminum oxide substrate [a-phase
Al2O3 (1120)] with a Co thickness of 2.7–40 nm. Next, the samples
are exposed to air at room temperature. All samples have a positive
EB below the blocking temperature and a negative EB near the
blocking temperature. However, there is little information in the lit-
erature about the relationship between the cobalt film interface
morphology and the EB effect, as well as the dependence of the EB
effect on the thickness of cobalt on Al2O3 substrates at tempera-
tures below room temperature.

This paper studies the EB effect in the Co/CoO system
depending on the morphology of a sample with variable Co thick-
ness at temperatures T≤ 300 K. Cobalt is deposited by the magne-
tron method on a glass substrate and on an Al2O3 layer on a glass
substrate. The oxidation of cobalt occurs under the natural influ-
ence of atmospheric air at room temperature.

II. MATERIALS AND METHODS

The structures of glass/Co and glass/Al2O3/Co with a layer of
aluminum oxide (Al2O3) and a magnetic layer of cobalt (Co) have
been studied. The films are applied to a glass substrate (SiO2) with
an ultrahigh vacuum magnetron sputtering unit by “Omicron
NanoTechnology” (Germany) with “Pfeiffer Vacuum” turbomolec-
ular pumps. The substrate is placed in the elevator of the working
chamber through the sample loading gateway system. Precipitation
is carried out at a base pressure of 10−10 Torr in an argon atmo-
sphere at a pressure of 3 mTorr (with a film thickness control
system during the growth process). The substrate is cleaned by ion-
plasma etching in a working chamber before the spraying process
in an argon atmosphere. Spraying of all layers is carried out on a
rotating substrate at its temperature T≈ 373 K.

The aluminum oxide layer is deposited by high-frequency
magnetron sputtering of an Al2O3 target (99.99%). The cobalt layer
is deposited by direct current magnetron sputtering from a Co
target (99.95%). All targets are manufactured by “Scotech Limited,”
UK.

Two series of samples with variable thicknesses of cobalt (tCo)
layers from 2 to 100 nm are obtained for the study:

• Series 1: deposition of cobalt on a SiO2 substrate (glass/Co/
CoO).

• Series 2: deposition of cobalt on an Al2O3 layer (thickness 5 nm)
deposited on SiO2 (glass/Al2O3/Co/CoO).

The deposition rate of Al2O3 was 0.55 nm/min. The deposi-
tion rate of cobalt was v1 = 7.2 nm/min. Additionally, samples with
a cobalt deposition rate of v2 = 1.2 nm/min were obtained to
change the surface roughness of cobalt in samples with tCo = 10
and 100 nm. After the films were deposited, the samples were kept
in a high vacuum for 30 min. Next, the samples were taken out
into the atmosphere, in which natural oxidation of the surface of
the cobalt film occurred.

The surface morphology of all samples including the clean
glass surface and the Al2O3 surface on the glass is studied by a
Veeco MultiMode atomic force microscope (resolution 1 nm). The
mean square roughness (Rms) and the diameter of the granules on
the surface are investigated. The scanning transmission electron
microscopy (STEM) image of the cross section of the structure is
obtained by a Hitachi HT7700 transmission electron microscope.
Transverse sections were prepared using a single-beam focused ion
beam system (Hitachi FB2100). To protect it from destruction
during the section preparation process, the sample was previously
coated with a protective film of amorphous germanium (Ge). The
average thicknesses are determined by means of the processing of
the obtained images.

The chemical composition of the samples is studied by a
SPECS electron spectrometer equipped with a PHOIBOS 150 MCD
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9 hemispherical analyzer using a monochromatic Al Kα source
(1486.6 eV). Electron gun characteristics were as follows: energy
range 20 eV–5 keV and energy spread <1 eV. The pressure in the
analytical chamber was 10–9 mbar. The spectra are obtained at
room temperature. A coaxial surface charge neutralizer is used in
the experiments. The experimental curve was decomposed into a
series of peaks corresponding to the photoemission of electrons
from atoms in different chemical environments. The spectra are
processed by the CASAXPS program. The decomposition of the
spectra into components with a combination of Gaussian and
Lorentzian lines was carried out in accordance with the Shirley
algorithm, after subtracting the nonlinear background caused by
secondary electrons and photoelectrons losing energy. The binding
energy measurement accuracy was ±0.1 eV. The decomposition of
the Co2p3/2 line is made with regard to the multiplet structure
using the semiempirical approach described in the work of
Biesinger et al.23

Magnetic measurements are carried out using the magneto-
optical Kerr effect method (NanoMOKE-2) in the temperature
range from 4.2 to 300 K. An external magnetic field was applied
in the plane of the sample along the easy magnetization axis.
Magnetization loops are obtained by the magneto-optical
Kerr effect according to the method described in the work of
Kosyrev et al.24

The operating principle of the NanoMOKE2 installation is
based on recording the linear longitudinal Kerr effect ([the optical
polarimetric scheme is classified as polarizer, sample, compensator,
and analyzer (PSCA) and is as follows]. A laser diode (L) with a
power of 2.5 mW generates radiation with a wavelength of
630–640 nm. Next, the beam becomes linearly polarized when
passing through the polarizer P (the azimuthal angle is close to
90°). After that, the laser light is focused on the sample using an
objective lens. Three lenses with different magnifications are pro-
vided; in this work, lenses that provide a diameter were used,
probing beam 50 μm. The sample is mounted on a holder between
the poles of a dipole electromagnet in such a way that the magnetic
field strength vector H lies in the plane of incidence. Light, after
reflection from the sample S, passes through a quarter-wave plate
(C) (the azimuthal angle varies from 10° to 20°), the analyzer (A)
(azimuth angle close to 0°), and a longitudinal Kerr effect detector

(D). The detector performs an analysis of the polarization of laser
radiation, namely, changes in the parameters of the polarization
ellipse upon reflection for various values of the magnetic field and
temperature (Fig. 1).

III. RESULTS

The results of STEM for both series of samples showed that
the layers are fairly well separated [Figs. 2(a)–2(c)]. Figures 2(a)
and 2(b) show the STEM images for glass/Al2O3/Co/CoO and
glass/Co/CoO samples with cobalt deposition rates v1 = 7.2 nm/min
(tCo= 40 nm). Figure 2(c) shows a STEM image of glass/Al2O3/Co/
CoO, with cobalt deposition rates v2 = 1.2 nm/min [Fig. 2(c)]. It
should be noted here that as the speed increases, the interfaces
become less clear and blurry.

A typical photoelectron spectrum characterizing the surface of
a cobalt film is shown in Fig. 2(d). An example of a glass/Co/CoO
sample with tCo= 20 nm. The experimental curve is asymmetrical.
After its development, a set of substances was obtained. A similar
set of faces in the glass/Al2O3/Co/CoO samples are given as
follows:

• Metallic Co with a main peak at 778.3 eV and two weak satellites
(781.5 and 783.5 eV) at higher binding energies. The data corre-
late with the main cobalt peak and two plasmon loss peaks at 3.0
and 5.0 eV above the main peak making up the surface and
volume plasmons, respectively, consistent with the work of
Biesinger et al.23

• CoO oxide with a main peak at 780.3 eV and three satellites at
higher binding energies (782.4, 785.8, and 786.8 eV). Although
CoO and Co3O4 have similar positions for the main peak and
the first satellite peak (∼780 eV), the second strong satellite at
about 786.8 eV is a distinctive feature of CoO and confirms the
presence of oxide in the CoO spectrum.

• Weak peaks were presented, consistent with Co3O4 with a main
peak at 779.4 eV and three satellites at higher binding energies
(780.9, 783.7, and 788 eV).

• There is also a small contribution characteristic of carbon (the
share is 8.6%).

The proportion of cobalt was 49.7% (2p3/2), and the propor-
tion of oxygen components was 41.6%. Note that the oxides CoO
and Co3O4 are antiferromagnets with Néel temperatures TN∼ 290
and 40 K, respectively. Thus, multiple peaks in the spectrum
confirm the formation of an oxidized layer on the surface of the
cobalt film, which is an antiferromagnet.

Figures 3(a)–3(d) show the examples of SEM images and his-
tograms of particle size distribution on the film surface for the
samples: glass/Al2O3, glass/Co/CoO, glass/Al2O3/Co/CoO (v1), and
glass/Al2O3/Co/CoO (v2), respectively. The cobalt thickness in the
sample images is 10 nm. As expected, the surface has a granular
structure. The grains have the correct shape in the nanometer
range. In all the studied films, the grains are packed tightly. It has
been determined from the particle size distribution histograms that
the particle size in all samples varies from 10 to 32 nm.

Figure 4 shows the dependences of the average grain diameters
(D—black line) and the average surface roughness of the samples
(Rms—red line) on the cobalt layer thickness deposited on glass

FIG. 1. Illustration of operation on the installation NanoMOKE2. L—laser diode,
P—polarizer, C—quarter-wave plate, A—analyzer, D—detector S—sample, and
H—magnetic field strength vector.
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[Fig. 4(a)] and on aluminum oxide deposited on glass [Fig. 4(b)].
The corresponding patterns for both series of samples are similar
to each other but differ in absolute values.

D(t) decreases while the cobalt layer thickness changes from
100 to 8 nm when it is deposited on SiO2. For cobalt deposited on
the Al2O3 layer, D(t) decreases while the cobalt thickness changes
from 100 to 15 nm with a further decrease in the cobalt thickness,
D(t) increases. For cobalt deposited on the Al2O3 layer, the depen-
dence D(t) has another minimum at tCo∼ 4 nm.

The roughness Rms(t) for both series of glass/Co/CoO and
glass/Al2O3/Co/CoO samples behaves as follows. At cobalt thick-
nesses of 40–50 nm for both series of samples, a maximum rough-
ness Rms(t) occurs. Furthermore, Rms(t) falls while cobalt
thickness decreases and becomes minimal at tCo∼ 20 nm for
glass/Co/CoO samples and tCo∼ 8 nm for glass/Al2O3/Co/CoO
samples. With a further cobalt thickness decrease, a maximum
Rms(t) occurs again at tCo∼ 8 nm for glass/Co/CoO samples and
tCo∼ 2–3 nm for glass/Al2O3/Co/CoO samples.

It should be noted that the substrate after preliminary cleaning
and cleaning by ion-plasma etching in the working chamber had
an average roughness value of about 0.3 nm. The average grain size
of the substrate is 22 nm. As expected, after the deposition of
Al2O3 onto the substrate, the average roughness decreased to
0.26 nm, and the grain size on the Al2O3 surface decreased to
18 nm.25

When studying changes in coercive forces and exchange bias,
magnetic hysteresis loops have been measured in the temperature
range T = 4.2–300 K. The EB effect is characterized by an exchange
bias field HE = (H1−H2)/2 and a coercive force Hc = (|H1| + |H2|)/
2. H1 and H2 meet the values of the magnetic field, at which the
magnetization of the hysteresis loop changes sign while magnetic
field strength decreases and increases. At tCo∼2 nm, weak hysteresis
appears. Figure 4 shows the dependences of coercive forces on the
cobalt film thickness for both series of samples at room tempera-
ture (Hc—blue line).

Figures 5(a) and 5(b) show the graphs of the coercive force
dependence on the thickness of cobalt films for glass/Co/CoO and
glass/Al2O3/Co/CoO samples, respectively. The graphs are pre-
sented for temperatures from 80 to 290 K. Coercive forces for all
series of samples increase while the cobalt film thickness decreases
from 100 to ∼50 nm. At a thickness of ∼50 nm, the Hc(t) depen-
dence has a maximum. In glass/Al2O3/Co/CoO samples, at this
cobalt film thickness, the maximum Hc disappears at temperatures
below 180 K.

With a further decrease in the thickness of the cobalt layer to
10–15 nm, a feature arises. In both series of samples, a weakly pro-
nounced maximum appears on the Hc(t) dependencies at tempera-
tures below 170 K.

With a further decrease in the thickness of the cobalt layer to
6–10 nm, a minimum appears on the Hc(t) dependence, and with

FIG. 2. STEM image of the sample
glass/Al2O3/Co/CoO, cobalt deposition
rates v1 = 7.2 nm/min (a), glass/Co/
CoO, cobalt deposition rates v1 (b),
glass/Al2O3/Co/CoO, cobalt deposition
rate v2 = 1.2 nm/min (c), XPS spectra
of the glass/Co/CoO film, with a cobalt
thickness of 20 nm, obtained with Al
Kα radiation excitement (1486, 6 eV).
Co, CoO, and Co3O4. Solid circles are
the main peaks, and open circles are
the plasmons (d).
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a further decrease in the cobalt thickness to the minimum values,
the coercive force increases sharply.

As expected, when there is a ferromagnetic cobalt and antifer-
romagnetic Co and Co3O4 particles in the film, an exchange bias
effect occurs. We have presented the EB field as a dependence on
the ferromagnetic layer thickness—HE(t). Figures 6(a) and 6(b)
show the graphs of HE(t) dependencies for glass/Co/CoO and
glass/Al2O3/Co/CoO samples, respectively. Graphs are presented
for two series of samples for temperatures from 80 to 100 K up to
220–250 K, respectively.

When approaching room temperature, the HE(t) dependences
become similar in both series of samples. However, when cooling
below 190 K, there are differences. For glass/Co samples, a HE(t)
maximum occurs at tCo∼ 13–17 nm. At the same time, HE has pos-
itive values. For glass/Al2O3/Co/CoO samples, a HE(t) maximum
occurs at tCo∼ 20 nm. At the same time, HE becomes negative at
temperatures below 170 K and at a tCo of less than 10 nm. When
the temperature decreases, the maximum height increases.

Figure 7(a) shows the temperature dependences of the
exchange bias HE(T). For glass/Co/CoO samples, all HE(T) depen-
dencies have a positive sign. For glass/Al2O3/Co/CoO samples,

HE(T) dependences have a positive sign at temperatures above
200 K (discontinuous lines). However, when the temperature drops
below ∼190 K, the HE value changes its sign and becomes negative
for samples with tCo = 10 nm or less. The temperature at which the
HE sign changes decreases as the cobalt thickness increases from 6
to 10 nm.

For a modified deposition sequence sample—glass/Co/Al2O3,
on the contrary, there is a sharp increase in HE below 200 K (green
dots). For a glass/Co/Al2O3 sample with a reduced deposition rate
(1.2 nm/min) at tCo = 10 nm, the dependence is similar to the stan-
dard one, like for the FM/AFM (Co/CoO) system with a blocking
temperature of TB∼ 166 K (pink dots).

IV. DISCUSSION

The observed increase in the average grain size D(t) and the
average surface roughness Rms(t) at thicknesses greater than 10 nm
(see Fig. 4) is consistent with the results presented in other
works.26–29 The morphology of the cobalt film surface with thick-
nesses of more than 10 nm has been studied in the works.

FIG. 3. SEM images and histograms
of particle size distribution on the film
surface for samples: glass/Al2O3 (a),
glass/Co/CoO (b), glass/Al2O3/Co/CoO
(v1) (c), and glass/Al2O3/Co/CoO (v2)
(d). Cobalt thickness is 10 nm. Cobalt
deposition rates are v1 = 7.2 nm/min
and v2 = 1.2 nm/min.
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The observed increase in the average grain size D(t) and the
average surface roughness Rms(t) at thicknesses less than 10 nm is
consistent with the results presented in other works.30,31

Such dependencies are related to the fact that in a cobalt film
with a thickness of less than 10 nm, the energy of the Bloch-type
domain boundary is greater than the Néel-type. Both the Néel and
Bloch walls are in cobalt films at thicknesses of 20–30 nm. In
cobalt films with a thickness of about 40–60 nm, the energies of the
walls coincide. With even greater cobalt thicknesses, the energy of
the Néel wall exceeds that of the Bloch wall. The energies of the
Neel- and Bloch-type walls in films with a thickness of about
20–60 nm are comparable in magnitude.32

The change in the coercive force while the cobalt thickness
increases is associated with a change in the size and energy of the
Néel and Bloch walls and a change in roughness during the growth
of the cobalt layer.

Since33 the surface free energy of cobalt, which is 2.7 J m−2, is
significantly higher than that of SiO2 and Al2O3 ffi (0:95–1:9)Jm�2,

it can be expected that the growth of cobalt proceeds by the Vollmer–
Weber mechanism.34,35 In this case, the film grows in the form of
islands that merge together at higher thicknesses. This was shown
with the growth of cobalt on MgO36 and Si.37

Initially, the distance between the cobalt islands was quite
large. The further deposition of cobalt results in an increase in the
island’s height and width. At this point, there is no electronic con-
ductivity between the islands. There is no ferromagnetic interaction
(there is a superparamagnetic ordering). The new islands result in
an increase in roughness and a decrease in the average size of the
granules (see Fig. 4). When a certain critical size of the islands is
reached, a weak ferromagnetic interaction takes place between
them.

With further cobalt deposition, there is a gradual transition
from the island stage of growth to the formation of a continuous
layer. At the same time, the roughness starts to decrease. It is
minimal when the film is fully formed. At this point, the energy of
the Bloch domain walls is slightly higher than that of the Néel

FIG. 4. Dependences of the average grain diameter (D), average roughness
(Rms), and coercive force (Hc) on the thickness of the cobalt layer at a temper-
ature of 300 K. (a) glass/Co/CoO and (b) glass/Al2O3/Co/CoO.

FIG. 5. Coercive force dependence on the thickness of cobalt at temperatures
from 80 to 290 K. (a) glass/Co/CoO and (b) glass/Al2O3/Co/CoO.
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walls.38 The size of the Néel walls decreases rapidly in this process,
and the film thickness can be about 10–20 nm, depending on the
material and the roughness of the surface on which cobalt is
applied.

With a further increase in the cobalt thickness (more than
10–20 nm), the energy of the Néel-type walls increases. It results in
an increase in roughness and in coercive force. The maximum
coercive force at a cobalt thickness of 40–60 nm takes place on
other substrates, for example, Si (at 50 nm) and GaAs (at
100 nm).39 The energies and sizes of the Néel and Bloch domain
walls become equal at the moment.

All the samples consisted of small grains. The average grain
size in the samples ranges from 10 (for cobalt with a thickness of
2 nm) to 32 nm (for cobalt with a thickness of 100 nm), as shown
in Fig. 4. There is a certain critical size below which the ferromag-
netic order is violated. The critical size depends on the material
itself, as well as on the impurities and their amount. For cobalt, this
parameter can range from 10 to 30 nm.40 When this size is

exceeded, a strong exchange bond arises between the grains (some
authors indicate that bonds are formed already at an average grain
size of about 40 nm or less41,42).

A strong exchange bond between the grains results in a per-
pendicular magnetization component to the film plane in films
with a cobalt thickness of more than 50 nm. At the same time,
oxides are formed in the upper layer since the surface of small par-
ticles is chemically more active. Thus, the exchange interaction
between grains plays a very significant role, smoothing and averag-
ing the random distribution of the magnetocrystalline anisotropy of
individual grains.26 The structural configurations at the interface of
the layers result in a dependence of HE on the thickness of the fer-
romagnetic and antiferromagnetic layers.1 For example, for
CoO/Co bilayers, the EB field is inversely proportional to the

FIG. 6. Exchange bias dependence on the cobalt layer thickness at tempera-
tures from 80 to 290 K. (a) glass/Co/CoO and (b) glass/Al2O3/Co/CoO.

FIG. 7. Temperature dependences of the exchange bias HE (a). Solid lines
are glass/Co/CoO samples (v1 = 7.2 nm/min). tCo = 5, 7, 10, and 20 nm.
Discontinuous lines are glass/Al2O3/Co/CoO samples: tCo = 6, 8, and 10 nm.
The dots are glass/Co/Al2O3, tCo = 10 nm. and glass/Al2O3/Co/CoO (v2
= 1.2 nm/min), tCo = 10 nm. The temperature dependence at which the hys-
teresis loop becomes rectangular on the cobalt layer thickness in glass/
Al2O3/Co/CoO (b) samples.
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thickness of the ferromagnetic (1/tFM), even for very small thick-
nesses (up to 2 nm) of the Co layer. This occurs when the layer is
homogeneous.

The JFM–AFM bonding energy at the interface between
FM and AFM determines the interaction. Provided that
JFM–AFM = KAFM × tAFM, the dependence of HE on the thickness of
the FM layer becomes decisive. KAFM is the AFM magnetic anisot-
ropy constant, and tAFM is the AFM thickness. In this case, a
dependence arises: HE = JFM–AFM/MFMtFM (where MFM is the FM
magnetization). An increase in HE with a decrease in the thickness
of the FM layer is associated with an increase in disorder, both at
the interface and on the cobalt surface.1,42 The disorder increases
with a decrease in the thickness of less than 20 nm. It results from
a decrease in the diameter of the cobalt surface granules and the
transition to a superparamagnetic state in both series of samples on
the surface and at the Al2O3/Co interface (Figs. 4 and 6).

There is an increase in HE when the temperature drops below
300 K. Figure 7(a) is related to the competition between JFM–AFM

and thermal energy. At low temperature, the magnetization stabi-
lizes at the FM-AFM interface and HE increases. TB depends on
the mess at the interface and on the AFM layer thickness. For
thicker AFM layers, TB≈ TN, whereas in polycrystalline structures,
TB < TN.

43–46 The dependence is in Fig. 6(a). The blocking temper-
ature decreases while the cobalt thickness increases from 6 to
10 nm in glass/Al2O3/Co/CoO samples (Fig. 7—discontinuous
lines). That is, structural inhomogeneities on the cobalt surface and
at the Al2O3/Co interface result in a TB change.

The HE dependence in glass/Co/Al2O3 samples with cobalt
thicknesses less than 10 nm at low temperatures has a negative HE

sign. It changes while the temperature increases. This behavior is
similar to that of HE for a structure with a ferromagnetic Co core
and a naturally oxidized CoO shell.1,47 However, in samples with
lower roughness, the behavior of HE is standard, like in the
FM/AFM system [Fig. 7(a), glass/Al2O3/Co/CoO (v2) sample
deposited at a speed of v2 = 1.2 nm/min, t = 10 nm]. The same type
of HE(T) dependence occurs when the deposition order of layers is
changed (glass/Co/Al2O3 sample, tCo = 10 nm).

It is known that the exchange bias field depends nonmonotoni-
cally on the thickness of the CoO shell and the greatest value of HE is
achieved when the Co core and the CoO shell have comparable dimen-
sions.48,49 Therefore, this occurs when the cobalt layer thickness is less
than 10 nm. With a further increase in the thickness of the cobalt layer
deposited on Al2O3, the dependence of HE(T) also approaches the
standard behavior of HE like in the FM/AFM: Co/CoO system.

The Al2O3/Co interface is considered an Al2O3 matrix with
cobalt grains embedded in it. This is indicated by an increased
amount of roughness in small cobalt layer thicknesses (less than
10 nm) in glass/Al2O3/Co/CoO samples, compared with glass/Co/
CoO samples. Magnetically, such a system has a superparamagnetic
state. The violation of the ferromagnetic ordering is confirmed by a
deviation from the squareness of the hysteresis loop when tempera-
ture decreases in glass/Al2O3/Co/CoO samples at tCo≤ 10 nm. The
dependence of the temperature at which the hysteresis loop
becomes rectangular on the thickness of the cobalt layer is shown
in Fig. 7(b). Below the temperatures indicated on the curve, the
squareness of the hysteresis loop is disrupted. This confirms
the magnetic disorder at the Al2O3/Co interface. The interface with

the reverse sequence of Co/Al2O3 layers does not have a similar
structure, and the hysteresis loop is rectangular in the entire tem-
perature range (from 4 to 300 K). Thus, cobalt is deposited on the
SiO2 surface more evenly than on Al2O3. It takes place because the
size of the granules on the surface decreases when Al2O3 is depos-
ited on SiO2, but the roughness increases in comparison with SiO2.

To simulate the behavior of the saturation magnetization
of the surface layer of a cobalt film, depending on temperature,
we have constructed three-dimensional maps of saturation

FIG. 8. Spatial saturation magnetization map for the glass/Al2O3/Co/CoO
samples. T = 4 (a), 120 (b), and 300 K (c). Area is 1 mm2.
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magnetization. According to the temperature dependences of the
exchange bias (Fig. 7), three temperatures have been selected for
mapping. They are T = 4 K [Fig. 8(a)], T = 120 K [Fig. 8(b)], and
T = 300 K [Fig. 8(с)]. The maps are constructed using data from
magnetization loops obtained from one and the same place with an
area of 1 mm2 for each temperature (∼400 loops). The maps are
constructed for a glass/Al2O3/Co/CoO sample with a cobalt thick-
ness of 100 nm.

According to spatial maps, it can be concluded that at
T = 120 K, the saturation magnetization amplitude in the selected
area is maximum (about 4 arb.u.), in contrast to the amplitudes at
T = 4 and 300 K (about 2 arb.u.). This suggests that the magnetic
surface roughness increases by about two times at temperatures
near 120 K. The data indicate an increase in structural inhomoge-
neities near the temperature.

V. CONCLUSION

The structure, surface, and magnetic properties of glass/Co/
CoO, glass/Al2O3/Co/CoO, and glass/Co/Al2O3 films have been
systematically studied by means of atomic force, electron micros-
copy, and the method of the magneto-optical Kerr effect. The tech-
nological conditions of the deposition of samples and their
structural and magnetic properties have been compared. For the
first time, the dependences of coercive forces and exchange dis-
placements on the thickness of the cobalt film in the temperature
range from 80 to 300 K were obtained and analyzed. There are
some main results of the work.

The dependences of the average grain diameters and average
surface roughness of the samples depending on the thickness of the
cobalt layer deposited on glass and aluminum oxide have been ana-
lyzed. An increase in roughness has been revealed at a cobalt thick-
ness of about 8 nm and in the range of 40–60 nm at room
temperature. The first increase is associated with the formation of
the cobalt film structure, and the second with the equality of the
energy of the Bloch and Néel walls in the film.

In the temperature dependences of coercive forces and
exchange bias on the thickness of the magnetic layer, maxima
appear at thicknesses of about 10 and 20 nm at temperatures from
80 to 190 K for glass/Co/CoO and glass/Co/Al2O3 films, respec-
tively. The appearance of the exchange bias is associated with the
formation of antiferromagnetic oxide CoO on the cobalt surface
during sample preparation and the appearance of magnetic disor-
der at the Al2O3/Co interface.

The Al2O3/Co and Co/Al2O3 interfaces cannot be considered
equivalent. When cobalt is deposited on Al2O3, an interface struc-
ture similar to a ferromagnetic Co core with a naturally oxidized
CoO shell arises. The exchange bias of the structure changes sign at
temperatures close to the blocking temperature of 166 K. The value
of the blocking temperature depends on the structural disorder at
the interface. Reducing the rate of cobalt deposition and changing
the order of Co/Al2O3 deposition lower the structural disorder of
the interface.

The results of experiments on growing thin films under
various conditions (deposition rates, rotation, substrate materials,
and temperatures) can provide additional information on the for-
mation of interfaces during the growth of a thin cobalt film. The

results may be of interest in the production of multilayer structures
designed for information storage, touch sensors, and other devices.
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