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Enhanced Asymmetric Magnetization Reversal in Nanoscale Co=CoO Arrays:
Competition between Exchange Bias and Magnetostatic Coupling
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Magnetization reversal was studied in square arrays of square Co=CoO dots with lateral size varying
between 200 and 900 nm. While reference nonpatterned Co=CoO films show the typical shift and
increased width of the hysteresis loop due to exchange bias, the patterned samples reveal a pronounced
size dependence. In particular, an anomaly appears in the upper branch of the magnetization cycle and
becomes stronger as the dot size decreases. This anomaly, which is absent at room temperature in the
patterned samples, can be understood in terms of a competition between magnetostatic interdot
interaction and exchange anisotropy during the magnetic switching process.
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magnetization hysteresis loops for a series of exchange-
biased Co=CoO dot arrays where the size of the dots is

samples are covered with a 3 nm protective gold capping
layer and a standard lift-off procedure then allows one to
Exchange bias (EB) refers to a shift of the magnetiza-
tion hysteresis loop along the applied field axis and
occurs in systems where a ferromagnet (FM) is in atomic
contact with an antiferromagnet (AFM) [1]. Usually, the
EB shift occurs after cooling the system with a magneti-
cally saturated FM layer below the Néel temperature of
the AFM layer. In spite of intensive experimental and
theoretical investigation, several aspects of the underly-
ing mechanism still lack a detailed understanding [2–4].

One of the interesting properties of EB is that it pro-
duces higher coercive fields when compared to the same
FM layers without AFM contact. Exchange-biased sys-
tems are therefore very attractive for magnetic storage
media where magnetic instability can be a serious draw-
back. This is, in particular, the case when reducing the
magnetic system size down to the nanoscale. Recently,
several groups started to investigate the influence of a
lateral confinement on the EB effect [5–9].

A remarkable EB feature is the asymmetric magneti-
zation reversal, which was first observed in Fe=FeF2 and
Fe=MnF2 bilayers [10] and later also investigated in
Co=CoO samples [11,12]. In both cases bilayer or multi-
layer film structures were studied and polarized neutron
reflectometry was applied since the reflectometry mea-
surements allow one to discriminate between different
magnetization reversal mechanisms. From the neutron
experiments it was concluded that different reversal
mechanisms are active in the upper and the lower branch
of the hysteresis loop. For Fe=FeF2 and Fe=MnF2 coherent
rotation of the magnetization is proposed for the upper
branch and domain wall nucleation and propagation for
the lower one, while the opposite occurs in Co=CoO.

In this Letter we report the results of our study of
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systematically varied, while leaving the interdot distance
constant. Our aim is to study the asymmetric magnetiza-
tion reversal transition for a confined geometry. We find
that varying the size results in a significant change of the
magnetic hysteresis loop. Varying the size of the dots
gives rise to large changes in the strength of the magneto-
static coupling. We argue that these changes in magneto-
static coupling lead to a pronounced variation of the shape
of the upper branch of the hysteresis loop in the exchange-
biased state, while the lower branch is less affected. This
is directly related to the different nucleation sites (i.e.,
free surface versus interface) for magnetization reversal
for the two branches of the hysteresis loop, where mag-
netostatic interdot coupling strongly affects the reversal
mechanism for the upper branch.

Samples were prepared by dc magnetron sputtering in a
high vacuum (base pressure below 8� 10�8 mbar) sput-
tering apparatus (Microscience). A Co film with a thick-
ness of 24 nm is deposited at room temperature on
predefined resist templates prepared by electron beam
lithography on thermally oxidized silicon wafers. The
resulting pattern consists of square Co dots with dimen-
sions varying between 200 nm� 200 nm and 900 nm�
900 nm and set in a square grid with period varying
between 1000 nm and 1700 nm, respectively. The sepa-
ration between the sides of two neighboring dots is always
around 800 nm for the different dot arrays. In order to
have a sufficiently large signal for the magnetization
measurements, the total area covered by the dot arrays
can be increased up to 4 mm� 4 mm. Next, the Co layer
is oxidized in situ by exposing the sample to pure oxygen
at a pressure of 10�4 mbar during 1 h, similar to proce-
dures applied by Gierlings et al. [11]. After oxidation the
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remove the unwanted parts of the deposited film.
Structural characterization with x-ray reflectometry
(XRR), scanning electron microscopy (SEM), and
atomic force microscopy revealed a low film rough-
ness and a good quality of the patterning. XRR also
revealed that the antiferromagnetic CoO layer has a
thickness of 2–3 nm. Low temperature magnetization
hysteresis loops were measured by a superconducting
quantum interference device (SQUID) based magne-
tometer (Quantum Design, MPMS) and by a vibrating
sample magnetometer (VSM, MagLab, Oxford Instru-
ments). All hysteresis loops are normalized by the ex-
perimentally determined saturation magnetization MS to
take into account the different areas of magnetic material
in the different samples.

Figure 1 shows the unidirectional hysteresis loop shift
for an exchange-biased Co=CoO reference (nonpatterned)
film measured by the SQUID magnetometer at 10 K after
field cooling in a field of �0:4 T. Both the shape of the
loop and the magnitude of the EB shift are in good
agreement with observations made by many groups.
Figure 2 shows the SEM images of the studied square
dot arrays with dot size of 900 nm (a), 800 nm (b),
400 nm (c), and 200 nm (d), respectively. The center-
to-center distances are 1700 nm (a), 1600 nm (b),
1200 nm (c), and 1000 nm, respectively. Figure 3 shows
the low temperature hysteresis loops for the Co=CoO dots
with a dot size of 900 nm (a), 800 nm (b), 400 nm (c), and
200 nm (d), respectively. The loops are measured after
cooling the dot arrays in an in-plane magnetic field of
�0:4 T, applied parallel to the side of the dots. Loop (c)
was measured at a temperature of 10 K, while the other
loops were measured at 5 K. Loop (b) was obtained by the
SQUID, while the other loops were measured by the
vibrating sample magnetometer. All loops were corrected
by subtraction of the diamagnetic background caused by
the substrate. The more reliable determination of zero
magnetization for the SQUID measurements allows one
to identify the presence of small vertical shifts of the
hysteresis loops [13], which may be linked to the freezing
of uncompensated spins in the AFM layer [14].
FIG. 1. Hysteresis loop of a reference (i.e., nonpatterned)
Co=CoO film measured after field cooling at �0:4 T.
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The magnetization curves in Fig. 3 reveal an asymme-
try which strongly depends on the magnetic dot size. A
small shoulder appears in the upper branch of the mag-
netization curve in Fig. 3(a), and this shoulder (indicated
by the arrows in Fig. 3) becomes more pronounced as the
size of the dots is reduced, leading to an apparent de-
struction of the EB effect for the smallest dots in Fig. 3(d).
While the magnetization loop in Fig. 3(d) is still asym-
metric about zero field, the hysteretic behavior extends
towards higher fields for the smallest dot size. Figure 3(d)
also suggests that the EB is suppressed for the smallest
structures, in agreement with earlier observations [5,9].
Our magnetic force microscopy (MFM) measurements
(not shown) indicate that the largest dots have a multi-
domain structure, implying that the domain wall con-
figuration is able to adjust to internal and external
magnetic fields. Our MFM images did not allow us to
identify the domain structure in the smaller dots, but we
expect the presence of a single-domain configuration and,
hence, a switching characteristic different from the larger
dots. A lateral size of 200 nm was found to be below the
critical size for single-domain formation [15], although
this critical dimension may change due to the presence of
the antiferromagnet. The hysteresis loops in Fig. 3 should
be compared to the loop of the reference film in Fig. 1,
where no such anomaly is present in the upper magneti-
zation curve. Except for the smallest dot size, the lower
branch of the hysteresis loops in Fig. 3 shows no appre-
ciable change in shape. As discussed in more detail
below, we believe this peculiar behavior arises from the
competition between the magnetostatic interdot interac-
tion energy and the exchange anisotropy energy at the
FM/AFM interface.

As shown before [16], arrays of magnetically coupled
dots reveal internal switching asymmetries. When com-
bined with the typical unidirectional anisotropy of the EB
in our samples, the magnetic coupling allows one to
understand the magnetic response of our dot arrays.
Similar to the case of dot arrays where EB is absent,
switching in the array is expected to start before the
external field reaches zero due to the presence of the
FIG. 2. SEM images of the Co=CoO square dot arrays. The
white marker corresponds to a length of 1 �m.
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TABLE I. Relative magnitude of the magnetostatic fields of
the square dot arrays with different size a and center-to-center
distance b.

a (nm) b (nm) Bi=Bref

200 1000 1
400 1200 4.66
800 1600 15.89
900 1700 18.96

FIG. 3. Hysteresis loops of the Co=CoO square dot arrays
with four different dot sizes. All magnetization curves have
been measured after cooling the array in a magnetic field of
�0:4 T. The arrow indicates the position of the intermediate
saturation in the upper branch of the hysteresis loop which may
be linked to the magnetostatic coupling between the dots.
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interaction between dots. On the other hand, none of our
samples show zero magnetization at zero external field.
Such a zero remanence is typical of magnetic dots with
strong magnetostatic coupling [17]. In our dot arrays EB
produces an additional barrier that has to be overcome
and causes a nonzero remanence. The largest difference
between samples with different dot size occurs in the
vicinity of the remanent state, where the decay rate of
the magnetization is clearly different for the four inves-
tigated samples. If we assume that magnetization reversal
initially proceeds via one-by-one switching of the mag-
netization of the dots, the arrays with larger (more
strongly coupled) dots are expected to reveal an inter-
mediate saturation of the magnetization reversal (see the
arrows in Fig. 3) before the total switching occurs. A
larger dot produces a higher stray field in its vicinity
when compared to a smaller dot. Consequently, once the
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magnetization of a larger dot is reversed, this tends to
stabilize the magnetization of its nearest neighbors.
Switching of other dots in the immediate vicinity of the
dot that switched first is inhibited, and the intermediate
saturation occurs earlier for larger dot sizes. For the
smallest dots the interdot magnetostatic interaction be-
comes relatively weak and rotation of individual dots has
less influence on the subsequent switching of the remain-
ing dots. The stability of a dot is therefore determined by
the relative magnitude Bi=Bref of the magnetostatic field
felt by each dot at the switching point due to the inter-
action with its nearest neighbors and can be calculated as
follows:

Bi

Bref
�

f�ai; bi�
f�aref ; bref�

; (1)

where the function f�a; b� is defined as

f�a; b� �
2�2b� a�

��������������������������������
a2 � �2b� a�2

p �
2�2b� a�

��������������������������������
a2 � �2b� a�2

p ; (2)

with a the square dot size and b the distance between
the centers of adjacent dots (i.e., the period of the array).
Bref is the magnetostatic field felt by the smallest dots
(200 nm� 200 nm). In Table I the relative magnitudes of
the magnetostatic fields calculated from Eqs. (1) and (2)
are given for the four different dot sizes.

In order to further illustrate the relevance of the asym-
metry of the magnetization reversal mechanism we rely
on a simple physical picture inferred from the theoretical
modeling of EB at the ferromagnetic monolayer level [18].
In Fig. 4 magnetic dots are represented as a stack of
monolayers with a spin magnetization given by the arrow
in each of the monolayers. The white arrow in the top
layer refers to the direction of the exchange anisotropy
imposed by the cooling field in the AFM, i.e., the fixed
direction of the magnetization in the layer of the CoO
closest to the FM/AFM interface.

Figure 4(a) illustrates the evolution of the ferromag-
netic spin magnetization for the upper part of the hys-
teresis loops. The left picture shows the spin configuration
for positive magnetic fields. Ferromagnetic spins feel
perfectly ‘‘comfortable’’ with the exchange anisotropy
generated at the FM/AFM interface. When the field is
lowered, magnetization reversal starts at the bottom
187202-3



FIG. 4. Schematic representation of the model accounting for
the magnetization reversal in the patterned Co=CoO structures.
The upper (lower) row of spin configurations illustrates the
magnetization reversal mechanism in the FM layer for the
upper (lower) branch of the hysteresis loops. The FM layer is
represented as a stack of monolayers with a spin magnetization
given by the arrow in each of the monolayers. The upper white
arrow represents the direction of the exchange anisotropy
imposed by the AFM layer.
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layer, i.e., the most unstable spin monolayer, and propa-
gates up to the interface until full reversal is achieved.
The driving force behind the bottom layer rotation is the
decrease in Zeeman energy resulting from the interplay
between the externally applied field and the interdot
magnetostatic interaction. For larger dots the bottom
monolayer is more unstable (larger interdot interaction),
but once one dot is reversed, it is able to stabilize a larger
number of neighboring dots, implying that subsequent dot
rotation becomes more difficult. Consequently, different
dot sizes result in different magnetization curves.

Figure 4(b) illustrates the magnetization reversal for
the lower branch of the magnetization curve. In the left
picture the ferromagnetic spins are aligned along the ex-
ternal negative magnetic field. In this case the FM mono-
layer next to the FM/AFM interface is the most unstable,
because it is frustrated with the spin configuration of the
lower AFM layer. When the external field is reduced (less
negative), the Zeeman energy is decreased and the frus-
trated FM monolayer will be the first to start moving.
Since the interface frustration is the driving force deter-
mining the lower branch of the magnetization loop, the
switching of each Co dot can proceed in a similar fash-
ion, almost independently of the rotation of its neighbors,
explaining why the bottom branches of the magnetization
loops do not appreciably depend on the dot size.

In conclusion, the asymmetry of the magnetization
curves for exchange-biased magnetic dots was investi-
gated for different dot sizes. The evolution of the asym-
metry of the hysteresis loops with decreasing dot size can
be understood in terms of a balance between the magneto-
static interdot interaction energy and the exchange an-
isotropy energy. The striking observation that the two
187202-4
branches of the hysteresis loop are affected in a funda-
mentally different way is therefore linked to our ability to
tune the magnetostatic interaction between the dots. This
procedure allows to probe the influence of magnetostatic
interactions, not only on the exchange bias effect, but on
magnetization reversal transitions in general.
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