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Influence of surface oxidation and interfaces on the magnetic properties

of the Co/Al,0;/Co system
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The magnetic behavior of three-layer Co/Al,O3/Co samples obtained by the magnetron sputtering method with
variable thickness of the oxide layer from 3 to 8 nm and constant thicknesses of the magnetic cobalt layers of 10 nm
has been studied. Contributions to the magnetic behavior from the upper oxidized surface of cobalt (Co-CoO
interface), interlayer interaction of cobalt layers and effects due to defects at the Co/Al,O3 and Al,O3/Co interfaces
have been analyzed. A negative exchange bias was detected at low temperatures. The temperature at which a
step-like hysteresis loop appeared increased with increasing oxide layer thickness
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Introduction
Ferromagnetic(FM)/non-magnetic ~ (NM)/ferromagnetic
three-layer structures are critical spintronic devices.

Conductors, semiconductors, metal oxides and other layers
are used as a non-magnetic layer. Such structures have good
prospects for application and are already used as magnetic
reading sensors in hard disks and magnetic memory cells,
for magnetoresistive random access memory (MRAM),
for flexible electronic devices and other applications [1-4].
The system is also interesting for fundamental research
in the solid state physics, in particular, for investigating
phenomena associated with charge, spin and heat transfer
through an oxide layer [5-7).

FM/NM/FM structures can have unique properties. For
example, a change in their resistance can result from an-
tiparallel magnetization equalization in FM-layers or vortex
configuration of free layer configuration [8]. In the case
when a change in resistance is made sufficiently large, and
the field necessary for magnetization equalization is made
sufficiently small, then the structure comes to be a very
sensitive magnetic field detector. Antiferromagnetic (AFM)
coupling between FM-layers is also an object of keen
experimental and theoretical interest. In many structures,
oscillatory coupling of FM-layers occurs depending on the
NM thickness. In most theoretical models, oscillation
periods are determined by the Fermi surface properties
of NM material. Oscillation periods measured on samples
grown by the molecular-beam epitaxy method are in good
agreement with predictions of these theories in the following
systems: Cr/Fe [9], Mo/Fe [10], Cu/Co [11], Cu/Fe [12],
Pd/Fe [13], Au/Fe [14], Al/Fe [14].
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Generally, FM/NM/FM structures can have bilinear ex-
change interaction when there is collinear arrangement of
magnetizations in FM-layers, biquadratic exchange interac-
tion when there is noncollinear arrangement of magnetiza-
tions in FM-layers and/or twisted domain structures [15].
On the other hand, it is not quite understood how inter-
face alloying affects the interlayer interaction. Interaction
mechanism is unclear due to difficulties in the description
of very complex interfaces between layers. In addition, the
interface itself along with the intermediate layer contribution
will affect the electric conductivity behavior. In addition,
in thin multilayer systems with an AFM/FM or FM/AFM
interface, there can be an exchange bias effect or hysteresis
loop shift along the magnetic field axis.

In [16], AR. Fert et al. demonstrated a spin-polarized
tunnel junction with a NiO-Co—-AlO,-Co film structure. The
team was focused on magnetic layer anisotropy, exchange
bias effect and coupling between two magnetic electrodes
depending on various NiO film preparation conditions. The
study obtained a stable result, more than 20 % TMR (tunnel
magnetoresistance) at room temperature along the easy
axis. It was later shown [17] that the spin polarization
in Co-AlO,—Co magnetic tunnel junctions was controlled
by the interphase atomic structure and emerging chemical
coupling, and the interphase oxygen adsorption may be
the key factor leading to positive spin polarization in the
Co-AlO,—Co system. Thus, ferromagnetic layer oxidation
control in aluminum oxide tunnel junctions is of paramount
importance for achievement of a significant level of tunnel
current spin-polarization.

Besides the magnetization loop shifts [5] and more
complex magnetization loop shapes [18] for some systems,
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asymmetric behavior is observed on the ascending and
descending branches of hysteresis loop [19-21]. Hysteresis
loop asymmetry may be associated with different types of
magnetic rotation mechanisms for descending and ascending
branches. Generally, one branch then relates to coherent
rotation and the other branch relates to domain nucleation
and domain wall movement [21-23]. In such studies, the
origin of asymmetric hysteresis loops is associated with
various causes, for example, higher order anisotropy [24];
irreversibility resulting from a training effect [25]; non-
collinearity of FM and AFM-anisotropy axes [20]; inho-
mogeneity of laterally structured samples [26]; internal
properties with collinear anisotropy [27]. It was also found
that asymmetry can depend on the measurement angle, i.e.
rotation can be more symmetric when the field is applied
along the hard axis [22].

Note that the effect of various magnetic exchanges and
anisotropy on generation and shape of skyrmions have been
reviewed earlier in a FM/NM/FM multilayer structure in the
form of disc [28]. In particular, it has been found that the
RKKY coupling (Rudermann—Kittel-Kasuya—losida interac-
tion) can determine whether skyrmions can be generated.
However, the coupling doesn’t have any significant effect on
the skyrmion size. When the RKKY coupling appears to be
weak, irregular cross-shaped domain states can be formed.

Thus, multilayer structures with the FM/NM interface
have become promising candidates in the field of spintronics
for extensive studies where the FM-layer interface can be
considerably modified. As a result, very interesting magnetic
behaviors can be observed for such multilayer systems.
We study magnetic properties, in particular, exchange bias
and magnetic interaction of FM-layers in a FM/NM/FM
system with a variable oxide interlayer thickness. Cobalt
(Co) was chosen as a ferromagnetic layer. Aluminum
oxide (Al,O3) was chosen as a non-magnetic interlayer.
We assumed that there were disordered spins at the
interface. Therefore, it was decided to make stepped three-
layer samples to explore each step. To explain magnetic
behavior, a phenomenological FM-core-AFM-shell model
is considered [29).

1. Materials and experimental procedure

This study investigated Co/Al,O3/Co structures with an
Al,Os3 layer and magnetic Co layers. Films were applied
to a glass substrate using the ,,Omicron NanoTechnology*
ultrahigh vacuum magnetron sputtering system (Germany)
with the ,Pfeiffer Vacuum® turbomolecular pumps. The
substrate is placed in a working chamber lift through a
sample charging lock system. Substrate position in the
lift with respect to the magnetron was set to ~ 20cm.
Deposition was performed at a basic pressure of 10~1° Torr
in 3mTorr argon (with in-process film growth thickness
control). The substrate was preliminary cleaned by ion-
plasma etching in the working chamber directly before the

[ Co®
[ Al,O3
I Co(D)

Si0,

Figure 1. Configuration of Co/Al,03/Co.

argon sputtering process. All layers were deposited on the
rotating substrate at a substrate temperature of 7 ~ 373 K.

The aluminum oxide layer was deposited by an AC-
powered magnetron using an Al,Oz (99.99 %) target. The
Co layer was deposited by a DC-powered magnetron using
a Co (99.95 %) target. All targets are made by ,,SCOTECH
LIMITED* UK.

A series of samples with a variable Al,O3 thickness from
3 nm to 8nm was produced for the study. An Al,03/Co
sample with Al,Osthickness of 5nm was additionally made
in the same conditions. Thicknesses of all Co layers were
constant — 10nm. Deposition rates were: AlLO;3 —
0.55nm/min, Co — 7.2nm/min. The Al,O3; barrier layer
was grown on a Co layer with a thickness from 3nm at a
low rate, which is indicative of a sharp interface between
Al,O3 and the lower layer. Deposition rate was controlled
by the power supplied to the magnetron. Film thickness
was measured in situ using a calibrated thickness measuring
quartz crystal. To explore magnetic properties in more
detail, samples were made using a dedicated sliding shutter
designed to form stepped films. The shutter worked in situ.
Configuration of the samples is shown in Figure 1. Points, in
which measurements were made, will be named as follows:
the first Co layer surface — ,,Co(1), ALLO; surface—
»AlLO3“, point on the upper Co layer — ,,Co(2)“.

Surface morphology of all samples, including the clean
glass surface, was examined using the VeecoMultiMode
atomic force microscope (resolution 1nm). Phase com-
position was investigated by the X-ray diffraction method
(XRD) using the DRON-4-07 unit. X-ray diffraction
reflection intensity was examined using the ICDD PDF 4+
crystallographic database.

Magnetic  measurements were performed  using
the magneto-optic Kerr effect (NanoMOKE-2) and
SQUID-magnetometer (MPMS-XL). Regardless of the fact
that Co was deposited on the rotating substrate, a small
magnetic anisotropy occurred in samples with an exposed
Co surface. To determine the easy axis orientation more
accurately, the magneto-optic Kerr effect method was used:
the sample rotated from 0 to 3600 at room temperature
and magnetization loops were read every 50 loop. Then
the easy axis orientation was determined from the loop
analysis. Then for all measurements, the magnetic field was
directed in the sample plane along the easy axis.

The maximum magnetic field for the magneto-optic
method and SQUID magnetometry was 1.5kOe and
15kOe, respectively. The temperature range in both
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Figure 2. XRD image for the Co(10nm)/Al;03(8 nm)/Co(10 nm) sample (a

surface (b), ALOs surface (c), Co( ) surface (d).

Mean roughnessRa and mean pellet diameter d on surfaces
(Figure 1)

Sample Surface Ra, nm d, nm
Co(1) 0.27 18
Co/A1,03(3 nm)/Co AL Os 0.29 30
Co(2) 0.3 28
Co(1) 0.35 22
Co/Al,03(5nm)/Co ALLOs 04 18
Co(2) 0.3 27
Co(1) 0.3 18
Co/Al,03(8 nm)/Co ALLOs 045 16
Co(2) 0.3 27

cases was from 4.2 to 300K. The magneto-optic Kerr
effect method was used to measure the magnetization loop
characteristics by the procedure described in [30]. For
measurements using the SQUID magnetometer, a film was
first put into a demagnetizer before each measurement and
then cooled in zero magnetic field (ZFC mode). As a result,
hysteresis loops were measured for all samples. SQUID
magnetometer was only used for measurements in three-
layer parts of the samples. Magneto-optical measurements
were conducted at each sample step.
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2. Results and discussion

Figure 2,a shows X-ray images with a Al,O3 thickness
equal to 8 nm. Diffraction peaks indicate that there are HCP
((100) and (101)) and FCC ((111) and (200)) phases of
Co. There is a peak for Al,O3;. The X-ray image shows the
presence of noise, which may be assigned to the presence
of small amounts of Co + O compounds (CoO and Co304)
and Co + aluminum oxide compounds (CoAl,O3).

The table shows the AFM measurements of mean
roughness Ra and pellet diameter d on the sample surfaces.

SEM images for Co/Al,03(3 nm)/Co samples are shown
in the figures: Co(l) surface (Figure 2,b), AlL,O; sur-
face (Figure 2,c¢), Co(2) surface (Figure 2,d). Surface
roughness of the upper Co layer in the Co/Al,0O3/Co
samples was approx. 0.3—0.4nm. This suggest that the
formed layers had a smooth top surface. In addition,
note that surface roughness of the Al,O3 layer grows
from 0.29 to 0.45nm as the layer thickness grows. The
size of pellets on the Al,Osz layer decreases from 30
to 16 nm. The same surface roughness evolution in the
AL, O3 layer was observed earlier as Al,O; was grown
on Si substrates from the initial growth stage to a layer
thickness of 23 nm with an increase in roughness from 0.25
to 0.4nm [31]. And the evolution of Al,O; pellet sizes is
probably associated with the appearance of new nucleation
centers during the Al,O; film growth, thus leading to
formation of many finer grains. Moreover, thinner Al,O3
films have more interconnected pores, while thicker films
are usually more dense and have less pores [32]. This
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Figure 3. Local magnetization loops measured using the Kerr effect for the Co/Al,03/Co system on surfaces (Figure 1): a — (Co(1)),

b — (A1203/C0), c—e — (A1203),f—h — (CO(Z))

Integral magnetization loops measured using the SQUID magnetometry of the

Co/Al,03/Co three-layer film: (i—k). AlOs layer thicknesses: 3nm (c,f, i), 5Snm (d,g,j) and 8nm (e, , k). I — MOKE signal intensity,

M — magnetization.

affects considerable reduction of pellet sizes. Thus, at
different Al,O3 thicknesses, the Al,O3/Co interface will
have different effect on behavior of Co/Al,O3/Co in a
magnetic field.

Figure 3 shows hysteresis loops measured on each step
surface. Results for the Co(1l) surface are shown in Fig-
ure 3,a. Results for the separate Al,O3/Co film are shown
in Figure 3,b. Results for the Al,O3; surface are shown
in Figure 3,c—e. Results for the Co(2) surface obtained
using the magneto-optic Kerr effect method are shown in
Figure 3, f/—h, and SQUID magnetometer measurements are
shown in Figure 3, 1,7, k. Figures show the measurements at
4.2—-300K for samples with the following Al,O3 interlayer
thicknesses: 3 nm (Figure 3,¢,f, i), 5 nm (Figure 3,d,g,)),
8 nm (Figure 3, e, 4, k).

For a single Co film (Co(1) surface, Figure 3,a),
two effects occur: exchange bias of the hysteresis loop
and change in the loop shape below 180K, which are
apparently associated with the appearance of cobalt oxides
on the surface because such bias is not observed on
the Co film covered by Al,Os (Figure 3,c—e). These
effects were explored earlier in [29]. It was shown
that a photoelectron spectrum measured on a Co surface
consisted of main components typical of Co (a frac-
tion equal to 49.7% — 2p3,2) and oxygen components
(a fraction equal to 41.6%), namely, CoO and Co03O4
(antiferromagnetic materials with Neel temperatures in
the bulk state of7Ty ~290 K and 40K, respectively).
Here, appearance of the exchange bias during cooling
confirms that antiferromagnetic CoO particles have been
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formed. These particles occur when Co surface is oxi-
dized.

Note that loops shift to the positive side during cooling
in external zero magnetic field. This is not typical of the
Co/CoO system. The loop shift direction is associated
with many factors, in particular, with changes in electronic
properties and material’s structural configuration at the
interface between Co and cobalt oxides such as CoO,
Co304, defects and FM-core-AFM-shell pellets.  This
is caused by a complex interface coupling between Co
particles and oxides, and depends on interface spins and
oxide behavior. Positive exchange bias in Co with oxidized
surface can occur only in certain conditions. For example,
it was observed during field-cooling, when using the sample
Hraining”“ effect and by other methods [5].

In [33], the SQUID magnetometry methods detected
positive exchange bias in Co/CoO films during cooling in
ZFC mode at 200—400K followed by loop shift reduction.
Cobalt was an amorphous material. The authors assigned
the unusual positive shift at room temperature and below
to the fact that sizes of various Co-CoO crystals in the
film were not the same, therefore the crystal blocking tem-
perature is distributed. Thus, there is competition between
the magnetic moments of Co and CoO grains, which retain
the AFM-structure. ~AFM-moments can be either in a
low energy state or in a high energy state depending on
the external magnetic field direction. Considering that the
film crystals are not the same, these factors facilitate the
emergence of positive bias.

Such situation was adequately interpreted by AN. Do-
brynin et al. [34]. The model of AN. Dobrynin et al.
implies that 7y is lower at the FM/AFM interface than in
the rest of the AFM-layer. This causes mobility of interface
AFM-spins near Ty, actually changing the sign of interface
exchange coupling from plus to minus and, thus, inducing
a positive exchange bias effect. The authors show that the
positive exchange bias effect is determined by the exchange
interaction within the AFM layer and competes with the
FM-AFM exchange. Thus, such model may be used in
cases when exchange interactions are quite weak for AFM
grains to be remagnetized independently of their neighbors,
but are sufficiently strong to affect magnetization processes,
ie. are equivalent to a magnetic field on the order of the
measured bias field.

In [35], positive shift of the loop was found in the
temperature range of 300 mK—80 K. For this, the external
field was changed during measurement using the following
procedure 0 — (+H), 0 — (=H), 0 — (+H) .... In the
paper, Co was a polycrystalline soft magnetic material
with negligibly low volume-averaged magnetocrystalline
anisotropy. The authors also assign the positive bias to
a competition between the exchange and magnetostatic
energies. Authors show that magnetization inhomogeneities
can occur on the edges of a particle because of its shape,
edge roughness and defects. Such inhomogeneities behave
as remagnetization nucleation centers and can lead to
a higher order effective anisotropy. Remagnetization is
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initiated by the nucleation process followed by domain wall
propagation.

In our case, the presence (Figure 2,a) of HCP phases of
Co (with the (100) and (101) planes in the lattice), FCC
phases of Co (with the (111) planes (200) in the lattice),
inhomogeneities in the form of CoO and Co3zO4 produced
as a result of natural oxidation, and the change in the
external field during 0 — (+H),0 — (—H), 0 — (+H) ...
measurement lead to a weak positive exchange bias. We
have also observed the effect earlier [29] in Co with
thicknesses of 10—40nm when the bias decreased with Co
thickness growth. However, at a Co thickness less than
10 nm, there was the negative exchange bias.

For a Co film coated with aluminum oxide (Al,O3
surface, Figure 3,c—e — Al,Oj; thicknesses: 3, 5, 8 nm),
the exchange bias effect is imperceptible. When the Al,O3
thickness is small, broadening of the hysteresis loop can
be seen in Figure 3,c. There is a weak temperature
dependence. Temperature dependence disappears at a
thickness of 5nm, and small broadening of the loop
occurs at a thickness of 8 nm as the temperature decreases.
This suggests that aluminum oxide protects the Co layer
against oxidation, as a result field dependences are more
rectangular.

It is known that in the XPS-spectrum, besides Al-O
bonds, the presence of a core 2p-line of Al was also
confirmed in an as-deposited film. This suggests that many
broken bonds are formed in as-deposited Al,O3 films during
deposition [36].

AL O3 grows in the Volmer-Weber mode [37]. This
implies that the Al,Os films initially grow in the form of
islands. Thus, Al-O islands contain much more aluminum
than flat regions. Low temperature of the underlaying
Co layer contributes to a short diffusion distance of these
deposited atomic islands on the Co surface, which hinders
their connection to form the layer. Multiple defects occur
in a hyperfine layer after deposition. A hysteresis loop read
from the Al,O3; surface appears to be a little broadened.
As the temperature decreases during measurement, defects
are activated (Figure 3,c¢). Then larger islands grow and
become coupled to each other. Diameter of pellets on the
surface decreases (see the Table). These connected islands
are coated with hyperfine particles. This means that the
growth pattern of the sputtered Al,Os film changes from
island to layer-by-layer growth mode. Mean roughness in
this case increases (see the Table). However, it is more
difficult to identify certain structure formation mechanisms
because, when the magneto-optic Kerr effect method
records hysteresis loops from local film areas.

Then note that measurements by the Kerr effect method
use a 6350 A helium-neon laser, which generally penetrates
the Co film to a depth of 20—30nm [38]. Therefore,
for three-layer samples (Co/Al,03/Co), a hysteresis loop
can contain a combined loop of both lower and upper
Co layers (Figure 3,f~h). Loops measured using the
SQUID magnetometry also have a combined hysteresis loop
(Figure 3,4,j, k).
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Figure 4. Temperature dependences of the coercive force for the Co/Al,03/Co system obtained from surfaces (Figure 1) Co(1), AL,Os,
Co(2) and AL O3/Co using the Kerr effect (a), for the Co/Al,03/Co three-layer film obtained using the SQUID magnetometer (b), and
dependence of the Al,O; interlayer thickness (c). Layer thicknesses ALOj: 3, 5 and 8 nm.

As should be expected, hysteresis loops at room tempera-
ture were rectangular. As the temperature decreases, rectan-
gularity disappears and a ,stepped” configuration appears.
At 25—50K, the latter is most distinct. For samples with a
3 nm interlayer, the hysteresis loop got to be ,stepped” as
the temperature decreased below 50K. As the interlayer
thickness increases to 8§ nm, this temperature grows to
140—220K depending on the measurement method (Kerr
effect or SQUID method).

When the Kerr effect method is used for measurement,
hysteresis loops in fields up to 1.5kOe are symmetric
(Figure 3,f—h). When the SQUID magnetometry is used
for measurement, symmetry of loops in fields up to 15kOe
disappears at temperatures below 50K (Figure 3,i,j,k).
Thus, an asymmetric loop has been found earlier [39] in
the Co/Co304 film plane and perpendicularly to it in fields
higher than 1kOe at low temperatures. This was explained
by oxygen ion implantation into thin Co films, which led
to high magnetization outside the upper surface, and by
training effects. Therefore, inhomogeneous oxidation of
surface and interfaces and appearance of antiferromagnetic
CoO or Co304 particles creating energy barriers for domain
walls may contribute to the asymmetric loop in our case.

Temperature  measurements of hysteresis loops
provided the dependences of the coercive force
H.=(|Hl|+ |H2|)/2 and  exchange bias field

Hg = (H; — Hy)/2 on temperature for all Al,Os interlayer
thicknesses. H; and H, correspond to magnetic fields, at
which magnetizations change their sign as the magnetic
field strength decreases and increases, respectively.

Figure 4,a shows temperature dependences of coercive
force at each step of the sample measured using the Kerr
effect for various Al,Oj interlayer thicknesses (3, 5, 8 nm)
and the separate Al,O3/Co sample. Figure 4,5 shows
dependences of coercive forces on temperature for all Al,O3
layer thicknesses measured using the SQUID magnetometry.

Results demonstrate that increase in coercive forces takes
place in all cases below 250 K. However, for the three-layer
sample (Co/Al,03/Co), H, increases much more abruptly
and becomes ~ 2 times as high as for a single Co layer
at 4.2—100K (a line in Figure 4,a for Co(1)). This fact
indicates an additional contribution to magnetic interaction
through the Al,Os interlayer. In addition, Co deposited on
Al,O3 has a coercive force (~ 80Oe), which considerably
exceeds that of the Co layer covered by Al,O3 (~ 300e).

Figure 4,c¢ shows the diagram of coercive forces vs.
interlayer thickness. The diagram shows an increase in
coercive force oscillations as the temperature decreases.

Figure 5,a shows temperature dependences of the ex-
change bias field at each step of the sample measured using
the Kerr effect for various Al,O3 interlayer thicknesses (3,
5, 8nm) and the separate Al,O3/Co sample. Figure 5,5
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Figure 5. Temperature dependences of the exchange bias field for the Co/Al,O3/Co system obtained from surfaces (Figure 1) Co(1),
Al 03, Co(2) and Al,O3/Co using the Kerr effect (a), for the Co/A1,03/Co three-layer film obtained using the SQUID magnetometer (b),
and dependence of the Al,O; interlayer thickness (c). Al,Os layer thicknesses: 3, 5, and 8 nm.

shows temperature dependences of the exchange bias field
for all Al,O3 layer thicknesses measured using the SQUID
magnetometry.

Results obtained using the Kerr effect and SQUID
magnetometry are different, which is to be expected. They
are discussed in detail below.

When the Kerr effect is used for measurement, positive
exchange bias 70—90 Oe is observed on a single Co layer,
on surface Co(1l). Exchange bias in the Co film covered
with Al,O3; was not found. Exchange bias measured for the
separate Al,O3/Co film is negative. Small negative exchange
bias up to —10Oe is observed for the Co/Al,O3(3 nm)/Co
sample with its minimum near 25—50 K (for surface Co(2)).
For other Al,Os layer thicknesses, exchange bias is low-
observable.

When the SQUID magnetometry is used for measure-
ment, negative exchange bias with its minimum near
25—50K occurs at temperatures below 100—150K. As the
Al,Os interlayer thickness grows, exchange bias increases
from —80 to —40 Oe in the temperature range of 25—50 K.
Consequently, a diagram of exchange bias vs. interlayer
thickness was drawn (Figure 5,c). The diagram shows an
increase in exchange bias oscillations at temperatures below
140 K.

For the Co/Al,O3(5nm)/Co sample, broadening of the
exchange bias minimum should be noted (Figure 5,b) in
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the range of 50—100K. It is known that effective lifetime
of minority carriers is maximum for the Al,O3 film with a
thickness of 5 nm [40]. The authors relate this to passivation
of the Al,O3; layer due to a decrease in the interface
recombination rate and in the density of dangling bonds
at the substrate/Al,O3 interface. The same mechanism
is possible in our case. This will lead to a change in
exchange interaction between magnetic layers near the
Al,Oj3 thickness of 5nm.

Comparison of results obtained by the SQUID magne-
tometry and Kerr effect methods indicates a competitive
mode of mechanisms behind the exchange bias effect and
an activation mechanism responsible for magnetic state
generation. Moreover, the results show that there are
both FM-exchange between magnetic layers through a non-
magnetic intermediate layer at temperatures close to room
temperature and AFM-exchange at low temperatures. As
the interlayer thickness increases, the exchange bias tends
to zero for the whole temperature range. Figure 5, c shows
that the exchange bias oscillates with the interlayer thickness
at ~ 1-2nm intervals depending on temperature.

In the case when the Kerr effect is used, the main
contribution to the hysteresis loop shall be given by the
nearest layer, i.e. the upper Co layer. This layer has surface
oxidation (antiferromagnetic particles, hence the exchange
bias shall occur on the loop measured by this method.
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However, a small shift of the three-layer film is observed
only at the minimum interlayer thickness.

The Kerr effect method measures magnetic data from the
surface magnetic layer because the beam of light cannot
penetrate deeply into a sample (usually max. 20—30nm).
For the exchange bias to appear the antiferromagnetic
thickness shall be at least 2—3 nm. In addition, if oxidation
is nonuniform or partial, the Kerr effect averages the signal
over the laser spot area. However, this is not observed
on the single Co layer where the exchange bias achieves
80 Oe below 150 K. Therefore, it is hard to describe the
disappearance of the exchange bias in the three-layer film
(Figure 5,a — Co(2)), where the total Co thickness is about
20nm, only by nonuniform small oxidation or by ,local
effects“Especially that the negative shift is still observed
as the interlayer thickness increases in the case of SQUID
magnetometry measurements. Note that any large exchange
bias from the Co/Al,O3 interface was not recorded, and a
negative loop shift was observed for the Co/Al,O3 film.

It is known that the Kerr effect and SQUID magnetome-
try methods have different sensitivity to bulk and surface
effects. Thus, the SQUID magnetometry measures the
,total magnetic moment”“ of the whole sample, including the
contribution from all layers and interfaces, and even weak
effects, if they contribute to the total magnetic moment. For
example, in our case indirect exchange interaction between
Co layers may occur through defects (roughness) in the
barrier or spin tunneling through Al,Os3. Alternately, if one
of the Co layers have partially oxidized boundaries, this
can lead to the exchange bias resulting from interaction
between the ferromagnetic (Co) and antiferromagnetic
(CoO) materials.

In [41], a model of uncompensated spins was pro-
posed as an extension of Meiklejohn’s and Bean’s model
with quantitative consideration of exchange bias fields on
the basis of experimentally determined number of fixed
moments and their sizes. In [42], it was shown that
in the case of particular pellet sizes the exchange bias
of the Co/CoO-Al,O3; system approaches 0Oe unlike
Co/CoO-MgO and Co/CoO [42]. Moreover, SQUID, which
acts in higher magnetic fields, is used to observe transitions
between various magnetic states, which might not be
exhibited in lower fields used in MOKE. And magneto-optic
method (MOKE), being a surface method, can ,average”
the effects induced by inhomogeneities and local changes
in magnetic structure leading to a more symmetric loop.
Therefore, in the case of the Kerr effect measurement we
presumably get some ,,compensated” hysteresis loop.

In this case the upper Co-CoO interface, interaction
between the Co layers and effects induced by defects at
the Al,O3/Co interface contribute to magnetic behavior
of the three-layer film. Interaction (ferromagnetic or
antiferromagnetic) force and sign depend on the barrier
thickness. Increase in the barrier thickness (Al,Os3) from
3 to 8nm will define the extent to which the Co layers are
magnetically interconnected.

Thus, strong interlayer interaction occurs in the case
of thin Al,O3 barrier (about 3—4nm). However, spin
tunneling or exchange interaction between Co layers (with
a non-ideal rough barrier) is possible. The upper Co—CoO
layer fixes the lower Co layer through Al,Os. SQUID mag-
netometry will show the exchange bias (up to 10—100 Oe)
because both Co layers are coupled and CoO facilitates
the effect. At low temperatures, the hysteresis loop is
asymmetric. The Kerr effect will be used to record a
compensated hysteresis loop.

In the case of mean Al,O;3 barrier thickness (5—6nm),
the exchange interaction between Co layers decreases. CoO
contribution still exists, but decreases as the Al,O3 thickness
grows. Surface roughness of Al,O3 increases, defects appear
at the interface, ie. pellets are formed — ferromagnetic
Co core with naturally oxidized CoO shell [29]. Pellets
make additional contribution to the exchange bias. However,
oscillations induced by RKKY-like interaction are observed
(Figure 4,c¢ and 5,c¢). The Kerr effect will be used to
record a partially ,,compensated“ hysteresis loop. In the
case when the upper Co-CoO layer is nonuniform, the shift
can disappear due to signal averaging.

In the case of a thick barrier (7—8nm), layer ,,uncou-
pling“ occurs. The Co layers are now almost magnetically
isolated. In the Kerr effect, the contribution from the
upper Co—CoO layer and Al,O3/Co interface now grows. A
small shift (1—10 Oe) occurs at higher temperatures (220K,
Figure 3,%). In the case of the SQUID magnetometry, the
lower Co layer gives a symmetric loop and a small negative
exchange bias from the Al,O3/Co interface still exists.

Note that behavior of magnetic properties in the
Co/Al,03(3nm)/Co sample is similar to synthetic an-
tiferromagnetism (SAF) [43]. Low coercive force
(H. = 10—500e (Figure 4,b)). A linear segment in weak
fields (magnetization almost doesn’t grow to the critical field
(Figure 3,7)). In Figure 3,7, at 5K a part of the loop
is almost linear with a abrupt transition to saturation. In
Figure 3,f, there are abrupt shifts (spikes) at 4.2—100 K —
a sign of concerted domain behavior. In this case strong
antiferromagnetic interaction through the tunnel exchange
equalizes the spins in adjacent Co layers in opposite
directions.

Figure 6 shows dependences of the saturation field
(Figure 6,a) and saturation magnetization M, (Figure 6, b).

Figure 6,a shows that the saturation field depends on the
Al,O3 layer thickness. Hg oscillates as the Al,O3 thickness
increases, which is more pronounced as the temperature
decreases below 100 K. Figure 6, b shows that the saturation
magnetization also oscillates as the Al,Os3 layer thickness
grows throughout the temperature range.

It is hard to estimate the exchange interaction in the case
of indirect exchange coupling of 3d-layers. It is not possible
to identify all contributions from the experimental data.
In addition, various types of exchange interaction between
magnetic moments may exist: ,,orange-peel” coupling (Neel
coupling), indirect exchange coupling (exchange coupling
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Figure 6. Dependence of the saturation field (a) and saturation magnetization (b) on the Al,Os interlayer thickness.

by conduction electrons), anticorrelated dipole-dipole cou-
pling and magnetostatic coupling [44,45].

Conclusion

The study uses the SQUID magnetometry and magneto-
optic Kerr effect methods to examine magnetic behavior of
Co/Al,03/Co. three-layer samples. Contribution to magnetic
behavior occur from several factors. Firstly, the positive
exchange bias is induced by the upper oxidized Co surface
(Co—CoO interface). Secondly, interaction of Co layers
causes additional anisotropy. Thirdly, the Al,O3/Co and
Co/Al, O3 interfaces and defects on them give rise to at least
two effects. Appearance of the negative exchange bias from
the Al,O3/Co interface, on which pellets are formed —a
ferromagnetic Co core with a naturally oxidized CoO shell.
Temperature independence of the lower Co layer depending
on the Al,Os thickness. Exchange interaction oscillations
between magnetic layers as the Co/Al,O3 interface grows.
Interaction (ferromagnetic or antiferromagnetic) force and
sign depend on the barrier thickness and vary at low
temperatures.

At Al,O3 thicknesses of 3—4nm, there are: strong ex-
change interaction due to the Co layer coupling, contribution
from the CoO interface and weak contribution from the
Al,03/Co interface.

At Al, O3 thicknesses of 5—6 nm, there are: a decrease in
the interlayer interaction and increase in contribution from
the Al,O3/Co interface due to interface thickness growth.

At ALO;3 thicknesses of 7—8nm: indirect exchange
interaction is minimized, contributions from the Al,O3/Co
interface, CoO surface and ,,uncoupled” Co layers prevail.

The findings may be of interest for production of multi-
layer structures designed for data storage, sensors and other
devices.
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