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Modification of the magnetic properties of Co films grown on MgO (100) by treatment
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We investigated the surface morphology and magnetic properties of Co films grown on MgO (100) substrates
before and after treatment with a NaOH solution. The surface morphology evolves from a continuous film into
isolated hexagonal nanodisks resulting from the formation of cobalt hydroxide. In the as-grown Co films the
magnetic anisotropy behaves as a superposition of fourfold magnetocrystalline anisotropy and uniaxial magnetic
anisotropy (UMA), and the magnetization reversal proceeds by two-step domain-wall motion. After the NaOH
treatment the UMA is reduced and the magnetization reversal appears to be dominated by magnetization rotation.
In addition, the exchange bias effect, which in the as-deposited films results from the presence of a cobalt
oxide layer, disappears after the NaOH treatment, and can be reinduced by annealing the sample. The observed
significant changes in the magnetic properties can be related to the disappearance and reappearance of a cobalt

oxide top layer.
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I. INTRODUCTION

Magnetic properties of metallic and semiconducting thin-
film magnets, including, in particular, magnetic anisotropy
and the exchange bias (EB) effect, are crucial for the design
of spintronic devices [1,2]. In order to obtain the desired
characteristics for applications, various methods have been
employed to manipulate the magnetic anisotropy and magne-
tization reversal mechanism [3-6]. The surface morphology
of a magnetic thin film can, e.g., be modified by steps in the
substrate, oblique incidence growth, and ion sputtering, which
generate an additional uniaxial magnetic anisotropy (UMA)
originating from dipolar interactions caused by anisotropic
surface roughness or Néel type interface symmetry break-
ing [3,7,8]. The additional UMA is able to manipulate to
a certain extent the magnetic anisotropy and magnetization
reversal of magnetic thin films. On the other hand, the EB
effect is used to pin the magnetization and establish a reference
magnetization direction for tunneling magnetoresistance based
reading heads and nonvolatile memory. The EB effect results
from the exchange coupling at an antiferromagnet/ferromagnet
interface [9-11]. CoO is the most popular antiferromagnetic
material, and the CoO/Co interface can be generated in a
convenient way by oxidation of a Co film in an oxygen
atmosphere. The surface morphology of Co films can also be
modified by relying on chemical reactions. Electrochemical
oxidation of Co in NaOH solution results in the formation
of Co(OH), and CoOOH [12,13], and the latter compounds
can be transformed into CoO or Co3;04 by annealing at the
appropriate temperature [14].

Previously, we found that the magnetic anisotropy in Fe
grown on MgO (100) reveals a superposition of fourfold
symmetry of magnetocrystalline anisotropy and UMA [8,15].
The magnetic anisotropy can be manipulated to a certain extent
by inducing a UMA with controllable strength and orientation,
and the magnetization reversal mechanism changes from
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180° domain-wall nucleation to two successive domain-wall
nucleations. Moreover, a pronounced EB and a related training
effect (a decrease of pinning upon consecutive field cycling)
have been studied in polycrystalline Co films with a CoO top
layer formed by in situ oxidation [16]. It has been predicted that
high-quality epitaxial Co/MgO or Co alloy/MgO layers can
considerably improve the tunneling magnetoresistance charac-
teristics [17]. In the present work, we epitaxially grow Co films
on MgO (100) oriented substrates. The magnetic properties of
the Co films are significantly modified by a treatment with
NaOH solution. Before, only minor modifications of the mag-
netic anisotropy and of the magnetization reversal have been
reported [3,4,15]. We attribute the significant modifications
to the formation of different cobalt compounds during the
chemical reactions resulting from the treatment with NaOH.

II. EXPERIMENT

The Co films were deposited on MgO (001) oriented
substrates by molecular beam epitaxy at a base pressure of
2 x 107! mbar. After annealing the substrate at 600 °C for
1 h to remove the adsorbed gases on the surface, nominal
5 nm thick Co films were deposited at a rate of 0.49 nm/min
while keeping the substrate at 300 °C. Subsequently, a 2 nm
thick CoO layer was formed on top of the Co by applying
a partial oxygen pressure of 10 > mbar for 2 min [18]. In
order to modify the surface morphology, the Co films were
immersed in NaOH solution for 1 min at 70°C. Next, the
samples were rinsed with MilliQ water (Millipore Corp.,
Billerica, MA, USA) and dried with compressed dry nitrogen.
Finally, the treated Co films were annealed in an ultrahigh
vacuum chamber at 300 °C for 1 h. The surface morphology
of the Co films before and after treatment was investigated by
atomic force microscopy (AFM). Additionally, the crystalline
structure of the films was identified by x-ray diffraction
(XRD). The magnetic anisotropy and magnetization reversal
were characterized by magneto-optical Kerr magnetometry
(MOKE) and magnetic force microscopy (MFM) at room
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FIG. 1. (Color online) AFM topography images at different mag-
nifications of (a) and (c) an as-grown Co film on MgO (100) and (b)
and (d) this Co film after treatment with NaOH solution. (e) presents
the line profile of the Co island marked by the green line in (c). (f)
presents the line profile of the hexagonal Co(OH), nanodisk indicated
by the green line in (d).

temperature. The EB effect was measured from room tem-
perature down to 10 K with a superconducting quantum
interference device (SQUID) based magnetometer with an
applied cooling field of 400 mT along the [100] direction
of the substrate. Finally, x-ray photoelectron spectroscopy
(XPS) measurements were performed with a PHI 5600ci setup
(Perkin Elmer, Waltham, MA, USA), using a voltage of 10 kV
and a power of 200 W. All narrow scan spectra were acquired
with a pass energy of 23.5 eV.

III. RESULTS AND DISCUSSIONS

Figure 1(a) presents a large scale AFM image of an
as-grown Co film on MgO (100). The film is quite flat with
a root-mean-square (rms) roughness around 0.8 nm for a
scanned area of 400 um?, except for the presence of a number
of very high islands that stick out of the surface and are
probably resulting from strain relief [19]. In Fig. 1(c) we
present an enlarged AFM view of the Co film. The islands are
randomly distributed across the surface with a nearest neighbor
distance of at least 700 nm. The typical width of the islands
is around 100 nm, while their typical height is around 10 nm,
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FIG. 2. (Color online) XRD diffraction patterns of the as-grown

Co film on MgO (100), this Co film after treatment with NaOH
solution, and this same Co film after annealing.

as indicated by the line profile of an island in Fig. 1(e). In
Fig. 1(b) we present the surface morphology of the Co film
after treatment with NaOH solution. The film now contains a
number of much larger size islands, resulting in an average
rms roughness around 80 nm for a scanned area of 100 um?.
The higher magnification AFM image of the treated film in
Fig. 1(d) reveals the presence of nearly hexagonally shaped
islands which we refer to as nanodisks or nanosheets [20].
Some of these nanodisks or nanosheets are overlapping with
each other. The line profile of one nanodisk is presented in
Fig. 1(f). The width of the nanodisk is about 400 nm and
the height is around 100 nm. The two types of islands, which
appear in the as-grown and in the treated Co films, respectively,
are totally different. This points towards a possibly different
chemical composition and structure. An additional annealing
step does not further affect the surface morphology.

In order to further identify the structure of the Co films,
XRD measurements were done before and after NaOH
treatment, as illustrated in Fig. 2. The diffraction peak of
the Co (1120)y¢p planes is consistent with the one reported
in Ref. [21]. After treatment with the NaOH solution, the Co
(1 IQO)th diffraction peak disappears, while other peaks appear
that can be related to the presence of Co(OH), and CoOOH.
This can be accounted for by the occurrence of the following
chemical reactions [12,22]:

Co 4+ 20H™ — Co(OH); + 2¢~,
Co(OH), + OH™ — CoOOH + H,0 + e™.

ey

Hexagonally shaped Co(OH), and CoOOH nanostructures
have been synthesized before by various methods [22,23].
We therefore link the appearance of the hexagonal nanodisks
in Fig. 1(d) to the formation of Co(OH), and CoOOH. By
annealing the chemically treated Co films at 300 °C for 1 h,
a Co30y4 related diffraction peak appears, while the Co(OH),
and CoOOH related peaks disappear. A possible mechanism
is provided by the following temperature induced chemical
reaction [14,22]:

12CoO0OH — 4Co0504 + O, + 6H,0,
6Co(OH); + O, — 2Co0304 + 6H,O0.

2
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FIG. 3. (Color online) Magnetic hysteresis loops measured by
MOKE along (a) the [100] direction and (b) the [110] direction of the
MgO (100) substrate for the as-grown Co film and for this Co film after
treatment with NaOH solution. The insets of (a) and (b) present the
magnetic domain structure measured by MFM at the applied magnetic
fields labeled in the respective hysteresis loops for the as-grown Co
film. (c) The azimuthal angular dependence of the switching field
in the hysteresis loops for the as-grown Co film. The straight lines
correspond to the fitted curves based on the model for two-jump
domain-wall motion. (d) The azimuthal angular dependence of the
coercive field in the hysteresis loops for the Co film after treatment
with NaOH solution.

Our experiments indicate that the surface morphology
as well as the crystalline structure of the Co films are
significantly modified by the treatment with NaOH solution.
As a result, the magnetic properties are also modified to
a large extent. Figure 3(a) presents the magnetic hysteresis
loops of an as-grown and a treated Co film along the MgO
[100] substrate direction as measured by MOKE. A distinct
two-jump domain-wall motion reversal process appears in the
hysteresis loop of the as-grown Co film. The asymmetry of
the hysteresis loop is a consequence of the second-order Kerr
effect [15,24]. The signature of the two-jump domain-wall
motion as well as the asymmetry disappear for the hysteresis
loop after the treatment with the NaOH solution. In the insets
of Fig. 3(a) we present the MFM images of the magnetic
domains of the as-grown Co film before (left inset) and
after (right inset) the two-jump domain-wall nucleation. The
magnetization direction (indicated by the arrows) is along the
[110] and [110] directions before the two-jump domain-wall
motion and along the [110] and [110] directions after the
two-jump domain-wall motion. This indicates that each jump
of the domain-wall motion is close to 90°. The hysteresis loops
along the MgO [110] substrate direction are similar for the
as-grown and the treated Co film, as illustrated in Fig. 3(b).
In the insets of Fig. 3(b) we present the magnetic domain
images of the as-grown Co film with the applied magnetic field
indicated on the hysteresis loop. The magnetization direction
is always parallel to the [110] direction. The switching fields
occurring for the hysteresis loops of the as-grown Co film are
collected in Fig. 3(c). The fourfold symmetry of the magnetic
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anisotropy is clearly observed with the hard axis along the
(100) directions and the easy axis along the (110) directions.
The previously introduced model for 90° domain-wall motion
can be employed to fit the azimuthal angular dependence of
the switching fields [25]. The total free energy density is
given by

E = K cos (0 + %)ZCOS (9 - %)2 + K, sin (9 + %)2
— uoMgH cos(® — @), 3)

where 6 and ¢ denote the angle of magnetization and the
angle of the applied field with respect to the MgO [100]
direction, respectively. The first term and the second term
represent the magnetocrystalline anisotropy and the uniaxial
magnetic anisotropy, respectively. We adopt the approximation
that for low fields the local minima of the total energy will
always be along the [110], [110], [110], and [110] directions.
The azimuthal angular dependence of the switching field for
the two-jump domain-wall motion results in the following
expression for the lower switching field,

n= o FK T o T cy<n
++/2Mjs cos ¢ 4 4
c1=M, ZSQDSZ or 259053—,
V2Mgsing 4 2 2 4
“
and the higher switching field,
chzggoc—iK", 05(175z or 3—n§<p§n
V2Mg sing 4 4
Hy— S0 —m_ T T, T
+V2Mscosp 4 2 2 4
&)

£99- denotes the 90° domain-wall pinning energy. The az-
imuthal angular dependence of the lower switching field can
be nicely fitted, but the fitting fails for the higher switching
fields. For the relatively high switching fields, especially close
to the hard axis, the 90° domain-wall motion model is no
longer suitable since the magnetization rotation has a non-
negligible contribution. The deviation between the fitted and
experimental values for the higher switching fields is related to
the particular dependence of the switching field on the domain-
wall angle [24]. By relying on the fitting of the lower switching
fields we obtain the following magnetic parameters: K, =
2.38 x 10° J/m? and e9p- = 4.20 x 10* J/m>. The magne-
tocrystalline anisotropy constant K; = 6.50 x 10*J/m? is
determined by the location where the hysteresis loop measured
by the MOKE signal changes sense [15]. We note that the
experimental data cannot be fitted by one-jump domain-wall
motion even near the easy axis, which is different from the
situation in other systems [15,25]. The azimuthal angular
dependence of the coercive fields for the treated Co film is
presented in Fig. 3(d). The results are quite comparable to
the results for the lower switching fields before the treatment.
The fourfold symmetry of the magnetocrystalline anisotropy
of Co still exists, while the UMA strength decreases (see the
difference in coercivity between 45° and 135°). The origin of
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FIG. 4. (Color online) The first two hysteresis loops measured by
SQUID magnetometry along the [100] direction of the MgO (100)
substrate after field cooling for (a) the as-grown Co film, (b) this Co
film after treatment with NaOH solution, and (c) this same Co film
after annealing.

the UMA, which is superimposed on the fourfold symmetry
in the as-grown magnetic thin films, is still under debate. In
our case we can exclude anisotropic surface roughness as a
possible origin [see the AFM topography image in Fig. 1(a)].
The UMA can be possibly attributed to Néel type interface
symmetry breaking [4], which disappears in the treated Co
films due to the newly created interface. It should be mentioned
that there is no Co or CoO left after treatment in the bottom area
between hexagonal nanodisks measured by scanning Auger
microscopy (data not shown). The magnetization reversal
in the treated Co film probably proceeds by magnetization
rotation.

Figure 4(a) presents the result of the SQUID magnetization
measurement of the EB effect along the MgO [100] direction
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FIG. 5. (Color online) XPS high-resolution O 1s spectrum for
the as-grown Co film on MgO (100), for this Co film after treatment
with NaOH solution, and for this same Co film after annealing.

in the as-grown Co film. After field cooling, the coercive field
and the EB fields (shift of the center of the hysteresis loop) for
the first and the second hysteresis loops are 175 and 119 mT
and 97 and 51 mT, respectively. The EB effect and the related
training effect (a decrease of the coercive field and of the EB
field when cycling through consecutive hysteresis loops) has
already been extensively studied before [16]. The coercive
fields inferred from the hysteresis loop are much larger than
in polycrystalline CoO/Co bilayers due to the influence of the
magnetocrystalline anisotropy. After the treatment with the
NaOH solution, the hysteresis loops reveal a disappearance of
the EB effect as well as a drastic decrease of the coercive field to
15 mT and of the total magnetic moment. The decrease of the
coercive field and of the total magnetic moment can be related
to the removal of the Co which is etched by the NaOH solution.
The disappearance of the EB effect implies the removal
of the CoO top layer accompanied by a chemical reaction
between the Co and the NaOH. In addition, the relatively
small ratio M, /My between the remanent magnetization and
the saturation magnetization is probably due to an extra
contribution of Co(OH), [20]. The disappeared EB effect
can be restored by the annealing process, as illustrated in
Fig. 4(c). After the annealing the coercive fields and EB fields
of the two hysteresis loops after field cooling are 37 and
22 mT and 25 and 13 mT, respectively. This hints towards the
formation of a different antiferromagnetic/ferromagnetic inter-
face, which can be related to the transformation of Co(OH),
into Co304 [14,22]. The antiferromagnetic Néel temperature
(Ty = 40 K) is well above the measurement temperature. We
note that the magnetization reversal in the descending branch
of the first loop is much sharper than in Fig. 4(a), suggesting
a negligible influence of magnetocrystalline anisotropy on the
restored EB effect.

To further confirm the changing presence of the cobalt ox-
ide, XPS measurements were performed in order to investigate
the chemical composition of the cobalt oxide. In Fig. 5 we
present the high-resolution O 1s spectrum. After the NaOH
treatment the main peak shifts slightly to the higher binding
energy side when compared to the peak in the as-grown film.
This is consistent with Ref. [22], where the O 1s binding
energy for oxide ions O>~ is smaller (around 529.4 eV) than
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that for Co(OH), and CoOOH (higher than 531 eV). After
annealing, the main peak shifts back due to the transformation
of the Co(OH), and CoOOH. The additional peak corresponds
to the characteristic peak of Co3;04 (530.0 eV) [22]. It can
thus be concluded that the NaOH treated sample exhibits a
higher contribution of hydroxylic functionalities at the surface
than the as-grown sample, whereas after annealing the main
contribution of the oxide species at the surface comes from
the O?~ [26]. The qualitative analysis of the O 1s spectrum is
in accordance with the analysis of the XRD results, which
confirms the different cobalt compounds that appear and
disappear during the treatment with NaOH solution and the
subsequent annealing process.

IV. CONCLUSIONS

In conclusion, we investigated in detail the significant
changes of the magnetic properties that occur in Co films
grown on MgO (100) as a result of a treatment with NaOH
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solution. The continuous Co films evolve into isolated hexag-
onal nanodisks of Co(OH), by the treatment. This results in
the disappearance of the uniaxial magnetic anisotropy and the
two-jump domain-wall motion magnetization reversal mecha-
nism, which are replaced by pure fourfold magnetocrystalline
anisotropy and magnetization rotation, respectively. On the
other hand, the removal of the CoO top layer by the NaOH
solution eliminates the EB effect, which can be restored by an
appropriate annealing process due to the formation of a new
Co304/Co interface.
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