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The dependence of exchange bias in polycrystalline Co/CoO nanoscale antidot arrays on temperature and Co
layer thickness 7, has been systematically probed using the anisotropic magnetoresistance technique. Our
experimental results reveal a relatively small degree of asymmetry in the magnetization reversal process of the
antidot arrays as compared to a continuous film of identical composition, attributable to the configurational
anisotropy of the antidot arrays and the competition between interfacial ferromagnetic-antiferromagnetic (FM-
AFM) exchange anisotropy and FM uniaxial anisotropy. The strong interplay between thermal activation
effects and AFM domain size confinement in the antidot arrays results in the exchange bias field Hy being
either smaller or larger than the continuous film depending on the temperature. Furthermore, with increasing
fco» the asymmetry in the magnetization reversal of the antidot arrays increases monotonously due to enhance-
ment in the FM anisotropy. This enhancement is accompanied by a reduction in the magnitudes of Hp and

coercive field H, with increasing #¢, at all temperatures.
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I. INTRODUCTION

There has been sustained interest in the exchange bias
phenomenon, which is a magnetic proximity effect that typi-
cally occurs due to interfacial exchange coupling at
ferromagnetic-antiferromagnetic (FM-AFM) interfaces. This
coupling could give rise to an induced unidirectional aniso-
tropy in the FM layer, thereby leading to the displacement of
the magnetic hysteresis loop along the magnetic field axis.!™
This shift in the hysteresis loop, or the exchange bias field
Hp, is often accompanied by an enhancement in the coercive
field H .58 The exchange bias is usually established by cool-
ing the FM-AFM system from above the Néel temperature
Ty of the AFM material in the presence of an external mag-
netic field. By employing such a field-cooling procedure,
spins at the FM-AFM interface are “frozen” in a predefined
direction. Although the microscopic origin of the exchange
bias effect is still not elucidated completely despite exhaus-
tive experimental and theoretical studies,* it has been exten-
sively utilized in several magnetoelectronic applications. Ex-
change bias has been used to pin the magnetization
orientation of the FM layer, which then serves as the refer-
ence layer for key devices in magnetic sensors and high-
density magnetic data storage, for instance, in spin valves
and magnetic tunnel junctions.’

With the development of advanced lithography tools for
fabricating nanostructures with controlled dimensions and
geometry,'!®!! there has been a constant miniaturization in
the physical dimensions of magnetic elements in recent
years. As the dimensions become comparable to certain rel-
evant length scales in magnetism (spin diffusion length, do-
main size, domain wall width, etc.), the properties of nano-
structures differ significantly from continuous films. This has
subsequently triggered extensive studies on the magnetic
properties of exchange biased nanostructures.'>* From a
fundamental point of view, investigation of exchange bias in
systems with lateral dimensions comparable to AFM or FM
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domain sizes is crucial since it allows probing of the role of
domains in exchange bias'>!*!% and also aids in understand-
ing the influence of lateral confinement and shape anisotropy
on exchange bias fields and magnetization reversal
mechanisms.?>? Alternately, from a technological aspect,
exchange bias can be employed as a tunable source of uni-
directional anisotropy to stabilize the magnetization in nano-
structures and, hence, enables reduction in length scales that
determine the superparamagnetic limit.'®

In continuous FM/AFM bilayers, it has been shown that
the AFM layer thickness dependence of exchange bias can be
used to directly establish the effect of AFM anisotropy.?® For
extreme cases of very thin AFM layers, no exchange bias
effect was observed in the system.?®2” Similarly, the effects
of varying the thickness of the AFM layer, as well as altering
the lateral dimensions, have also been extensively studied in
exchange biased nanostructures.'®?324 It has been shown that
reducing the lateral dimensions of the exchange biased sys-
tem results in changes in the asymmetry of the magnetization
reversal mechanisms'®!® and enhancement in the coercive
field H.'>1%1618 It is important to note however that there is
no universal dependence of the exchange bias field Hg on the
dimensions of the nanostructures. Recently, we have demon-
strated for antidot arrays, which consist of “nonmagnetic
holes” or antidots embedded in a continuous exchange bi-
ased film, that Hy, is larger than the continuous film at room
temperature and increases progressively as the diameter of
the antidots is increased.!> While similar enhancement in Hy
was also observed in other nanostructures,'®!” a variety of
exchange biased systems exhibits the  opposite
trend.!*18-20.22 This discrepancy clearly illustrates the diffi-
culty in inferring systematic trends on the magnitude of ex-
change bias fields and is attributable to the AFM and FM
materials employed, (differing FM and AFM domain sizes
and anisotropies), the nanostructure form (varying shape
anisotropies), or the lithography technique employed.

In this work, we have probed in detail using anisotropic
magnetoresistance (AMR), the exchange bias effect in nano-
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scale Co/CoO antidot arrays as a function of temperature and
FM layer thickness. We have employed the Co/CoO system
due to its Néel temperature Ty (291 K), which is just below
room temperature, thus enabling the exchange bias to be re-
set conveniently. Our results demonstrate that the asymmetry
in magnetization reversal of Co/CoQO bilayers is markedly
modified due to the presence of antidots and is strongly de-
pendent on the FM layer thickness. We also observe that the
exchange bias field in the antidot arrays can be either larger
or smaller than the continuous film, depending on the tem-
perature. The interfacial nature of the FM-AFM coupling in
the exchange biased antidot arrays is further established from
the dependence of Hy and H. on the FM layer thickness.

II. EXPERIMENTAL DETAILS

The nanoscale antidot arrays were fabricated over a large
area (4X4 mm?) on commercially available Si substrates
using deep ultraviolet (DUV) lithography at 248 nm expos-
ing wavelength. To create patterns in resist, the substrates
were initially coated with 60-nm-thick antireflective layer
followed by 480 nm of positive DUV photoresist, which is
four to five times thicker than those used in electron beam
lithography. This allows for the fabrication of antidots with
high aspect ratio and also makes the lift-off process easier.
A Nikon lithographic scanner with KrF excimer laser radia-
tion was used for exposure, leading to the formation of resist
dots. The antidot pitch on the mask was kept at 415 nm. To
convert these resist patterns into antidots,
Co(tc,)/CoO(5 nm)/Cu(2 nm) multilayers were subse-
quently deposited using e-beam evaporation at room tem-
perature. The exchange biased multilayers were then re-
moved from the unexposed areas by ultrasonic assisted liftoff
in OK73 resist thinner. Lift-off completion was determined
by the color contrast of the patterned film and confirmed by
inspection under a scanning electron microscope (SEM). The
final structure consists of exchange biased antidot arrays of
diameter 265 nm and edge-to-edge spacing of 150 nm in a
square lattice geometry, as shown in Fig. 1(a). Details of the
fabrication process are described elsewhere.”

To probe the magnetotransport properties, electrical con-
tacts were made on the exchange biased antidot arrays using
standard optical lithography, followed by deposition of Cr
(10 nm)/Au (200 nm) by thermal evaporation and subsequent
liftoff in acetone. As shown in Fig. 1(b), the choice of con-
tact geometry differs from that used in the standard four-
probe dc technique. The standard four-probe dc technique
results in nonuniform current-density distribution in the large
area antidot arrays and, hence, reduced sensitivity to magne-
toresistance (MR).? In an earlier work, it has been shown
using experimental studies and finite element simulations on
current-density distributions that the standard four-probe
technique completely changes the sign of MR response in
rectangular antidot structures due to the presence of orthogo-
nal current flow.3%3! To circumvent this problem, the uncon-
ventional contact geometry was used to ensure unidirectional
current flow in the exchange biased antidot arrays.

The MR response from the exchange biased antidot array
and a continuous film deposited under identical conditions
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FIG. 1. (Color online) (a) Scanning electron micrograph of Co
(25 nm)/CoO (5 nm)/Cu (2 nm) antidot arrays after liftoff and (b)
schematic of electrical contact geometry used in the AMR
measurements.

were measured simultaneously in the temperature range of
5 K=T7T=300 K using a custom-designed cryogenic sample
holder to ensure identical experimental conditions for both
samples during measurement. The exchange bias was set by
field cooling the samples in the presence of an in-plane mag-
netic field Hpc=5 kOe from 7=300 K (above the Néel tem-
perature Ty=291 K for bulk CoO) to the desired set point
temperature T along the edge of the square lattice. Magnetic
properties of the antidot arrays were characterized as a func-
tion of temperature using a vibrating sample magnetometer
(VSM). The exchange bias was set in the samples using the
field-cooling technique described above. After each measure-
ment, the samples were warmed back to 7=300 K to reset
the exchange bias. As reported earlier,>} exchange biased Co/
CoO systems with thicker CoO layers (fc,o=5 nm) reveal
smaller training effects as compared to thinner CoO layers.
Although training effects were negligible for our Co/CoO
antidot arrays and films due to the choice of thicker CoO
layer, we started the data acquisition only after the first five
loops had been completed. The results presented in this work
thus correspond to the state when no further variations in
exchange bias or coercive fields occur.
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FIG. 2. (Color online) Longitudinal AMR curves as a function of temperature for the exchange biased continuous film and antidot array
of composition Co (25 nm)/CoO (5 nm)/Cu (2 nm). The dots represent the sweep from negative to positive saturation field, while the squares
represent the sweep from positive to negative saturation field.

III. RESULTS AND DISCUSSION is much faster as compared to hysteresis loops using either
VSM or superconducting quantum interference device
(SQUID). The AMR effect is caused by spin-orbit scattering,
and for a saturated ferromagnet, it depends on the relative
orientation of current density and magnetization.*> Figure 2
shows the representative longitudinal AMR curves for Co
(25 nm)/CoO (5 nm)/Cu (2 nm) antidot arrays and the cor-
responding continuous film as a function of temperature. The

samples were field cooled in Hgc=5 kOe from 7=300 K

A. Comparison of magnetization reversal
in antidot arrays and continuous films

The magnetization reversal in Co/CoO antidot arrays and
the corresponding continuous film was systematically inves-
tigated using the AMR technique, which has been demon-
strated to be a versatile tool for the investigation of exchange
bias.’* Moreover, measurement of exchange bias using AMR

064413-3



D. TRIPATHY AND A. O. ADEYEYE

(along the edge of the square lattice for the antidot array) and
also measured along the same direction. For all measure-
ments, the magnetic field was swept parallel to the current
density, along the field-cooling direction. The resistance has
a maximum in both the saturated states, i.e., parallel and
antiparallel to the field-cooling direction and a minimum
when the magnetization is perpendicular to the field-cooling
direction.

At T=200 K, we observed that the AMR curve for the
continuous film is shifted by Hy=257 Oe from the zero-field
axis, and the magnetization reversal is highly asymmetric as
illustrated clearly by the difference in heights of the AMR
peaks at both the coercive fields shown in Fig. 2(a). To ob-
tain the degree of asymmetry, the AMR curves were normal-
ized and the difference in heights of the AMR peaks at both
coercive fields was divided by the AMR at the second coer-
cive field (i.e., in the decreasing branch). Using the above
definition, we obtain an asymmetry of 0.28% at 200 K. The
asymmetric nature of the AMR curve is attributed to differ-
ent reversal mechanisms dominating the increasing and de-
creasing branches of the curve. In the decreasing branch, the
magnetization reversal is primarily due to nucleation of re-
versed domains and propagation of domain walls since the
magnetization is mostly collinear with the field-cooling di-
rection. In the increasing branch, however, the reversal is due
to rotation of the magnetization at the coercive field. Similar
asymmetry in magnetization reversal has also been addressed
in other Co/CoO bilayer systems**3° and patterned
systems.!>#*0 The origin of such asymmetric reversal has
been ascribed to a variety of factors such as existence of
higher-order FM anisotropies,*! dispersion of the FM or
AFM anisotropy axis,*>** and competition between the FM
uniaxial anisotropy and interfacial FM-AFM exchange
anisotropy.** Theoretical studies employing numerical inves-
tigations of the domain state model have shown that depend-
ing on the angle between the field-cooling direction and the
AFM anisotropy axis, magnetization reversal occurs either
by coherent rotation for both loop branches or is asymmetric
with a nonuniform reversal in the decreasing branch.*> As the
temperature is reduced, it was observed that the asymmetry
in the AMR curves decreases gradually to 0.16% at 90 K and
reduces further to 0.01% at 5 K. This trend in asymmetry is
closely related to changes in the ratio of K,/ Ky as a function
of temperature, where K;; and Ky are the uniaxial and unidi-
rectional anisotropies.** The stability of the interfacial ex-
change coupling varies in different regions of the FM/AFM
interface. In certain regions, the coupling is weak due to the
presence of defects or roughness, while in other regions the
coupling is comparatively stronger. Both these regions con-
tribute to the uniaxial anisotropy K at all temperatures.
However, it has been shown previously that the FM-AFM
freezing temperature is proportional to the strength of the
interfacial exchange coupling.***’ Hence, contributions to
the unidirectional anisotropy Ky at high temperatures come
predominantly from the regions of strong exchange coupling,
while the regions with reduced coupling start contributing
only as the temperature is reduced. Hence, the ratio K/ Kp
reduces with decreasing temperature, thereby resulting in a
reduction in the asymmetry of the AMR curves. The magne-
tization reversal processes in the continuous film and the
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resulting trends in the temperature dependence of asymmetry
are thus consistent with the competition between K; and
KE-38

In contrast to the continuous film, we observed that the
corresponding AMR curve for the antidot array exhibits a
relatively small degree of asymmetry at 7=200 K and is
shifted by Hp=175 Oe. A discussion on the comparative
magnitudes of Hy as a function of temperature for both the
antidot arrays and the continuous film will be presented in
Sec. III B. We observed that the coercive field for the antidot
array is greatly enhanced as compared to the continuous film.
This is attributed to the fact that antidots act as “pinning
centers” which hinder the propagation of domain walls, thus
increasing the coercivity. Another prominent characteristic
that was not observed in the continuous film is a small linear
increase in resistance as the external magnetic field is re-
duced from saturation for the antidot arrays. This behavior
results from a slight misalignment between the current den-
sity and magnetization at saturation due to geometrical con-
finement introduced by the antidots.?? The linear increase in
resistance thus indicates that the local spins are more aligned
with the current density during the initial reduction in exter-
nal magnetic field from saturation. Moreover, since the thick-
ness of the Co/CoO bilayers and the dimensions of the anti-
dot arrays are both in the nanometer regime, the formation of
domain walls is likely to be impeded in the antidot arrays.*3
Hence, magnetization reversal in the antidot arrays is most
likely realized by spin rotation rather than domain wall mo-
tion. The relatively small asymmetry in the AMR curves may
be attributed to the highly ordered geometry of the antidot
arrays. We have shown earlier that due to configurational
anisotropy, antidot arrays with square lattice geometry ex-
hibit biaxial anisotropy with an easy axis along the diagonal
direction and hard axes along the edges of the square unit
cell in order to minimize the magnetostatic energy.*’ The
observed periodicity in the anisotropy is due to geometrical
equivalence as the antidot array is rotated every 90°. For
FM/AFM bilayers, it has been shown that the asymmetry in
magnetization reversal is observed only for a range of angles
from the easy axis, the magnitude of which is determined by
the competition between FM uniaxial anisotropy and the in-
terfacial FM-AFM exchange anisotropy.** Since the AMR
curves for the antidot arrays were measured with magnetic
field applied along the edge of the square lattice (correspond-
ing to the hard axis and hence beyond the range of angles for
exhibiting large asymmetry), in agreement with the above
argument, the asymmetry between the reversals in the in-
creasing and decreasing branches of the curve is extremely
small. It was also observed that unlike the continuous film,
variations in the degree of asymmetry for the antidot arrays
are minimal as the temperature is reduced.

B. Temperature dependence of exchange
bias and coercive fields

The evolution in exchange bias field Hy has been system-
atically studied as a function of temperature to emphasize the
importance of thermal activation effects in exchange biased
nanostructures, especially in light of some of the conflicting
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FIG. 3. (Color online) Dependence of exchange bias field Hy on
temperature for both the Co (25 nm)/CoO (5 nm)/Cu (2 nm) antidot
arrays and the corresponding continuous film.

results on the comparative magnitudes of Hy in nanostruc-
tured exchange biased systems and their continuous film
counterparts. Figure 3 shows the dependence of Hy extracted
from the AMR curves on temperature for the Co (25 nm)/
CoO (5 nm)/Cu (2 nm) antidot arrays and the corresponding
continuous film. We observed that Hy decreases with in-
creasing temperature for both the antidot arrays and the con-
tinuous film. This decrease in Hy is attributed to the ther-
mally induced weakening of the AFM pinning strength as
temperature is increased. We also note that Hy decreases at a
faster rate for the antidot arrays as compared to the continu-
ous film for which the reduction in Hy is more gradual as
temperature is increased. This may be ascribed to the fact
that when compared to continuous films, AFM layers in
nanostructures are more susceptible to thermal activation ef-
fects which results in the depinning of a large proportion of
the AFM spin lattice.'!4

Recently, we have shown that due to the three-
dimensional confinement of the AFM domains, the exchange
bias fields in NiFe/IrMn antidot arrays are larger than the
corresponding continuous films at room temperature.'? The
result is in agreement with Malozomoft’s static model which
predicts an inverse proportionality between the magnitude of
Hy and AFM domain size.>® Moreover, due to the presence
of thicker AFM layers (f;3;,=30 nm), thermal activation ef-
fects were negligible at room temperature for the NiFe/IrMn
antidot arrays. In the present study, however, the thickness of
the AFM layer is comparatively smaller (fc,o=5 nm) and
thus more prone to thermal activation. As a result, there is a
strong competition between thermal activation effects which
favor a reduction in Hg in nanostructures and constraints
imposed on the AFM domain size by the reduced lateral
dimensions of the antidot arrays, which favor an enhance-
ment in Hg. Consequently, there is a crossover temperature
Teross=110 K in the evolution of Hjy, which determines the
temperature range in which H for the antidot arrays in either
larger or smaller than the continuous film. It is evident that
once thermal activation effects are minimized below 110 K,
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FIG. 4. (Color online) Temperature dependence of left coercive
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Co (25 nm)/CoO (5 nm)/Cu (2 nm) (a) antidot arrays and (b) con-
tinuous film.

the antidot arrays exhibit larger exchange bias fields as com-
pared to the continuous film.

The temperature dependence of the coercive field was
also investigated for the Co (25 nm)/CoO (5 nm)/Cu (2 nm)
antidot arrays and the corresponding continuous film using
AMR measurements. We define the coercive fields H; and
H, as the fields at which the resistance is minimum in the
decreasing and increasing branches of the AMR curves, re-
spectively, and total coercive field H-=(Hc—H¢y)/2. Fig-
ure 4 summarizes the analysis of temperature dependence of
Hcy, He, and He. We note a clear asymmetry in the tem-
perature dependencies of H.; and H,. For the antidot array,
we observed that while the absolute value of H; increases
monotonously with decreasing temperature, H, remains al-
most constant at ~350 Oe with varying temperatures, as
shown in Fig. 4(a). For the continuous film similarly, Fig.
4(b) shows that H, remains fixed at =30 Oe while |H|
increases as temperature is reduced. Consequently, the in-
crease in H. with decreasing temperature for the antidot ar-
rays and the continuous film is primarily due to the increase
in magnitude of H.,. Although the temperature dependence
of exchange bias field has been interpreted on the basis of
theoretical models,’*>2 these models could not elucidate the
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asymmetric temperature dependence of coercive fields H;
and H,. To explain this phenomenon, Wang et al.,>® consid-
ered the contribution of the AFM layer microstructure along
with the exchange coupling between the FM and AFM lay-
ers. By taking into account the variation in spin arrange-
ments at the FM-AFM interface, different temperature de-
pendencies were obtained for H-; and H,. Furthermore,
it was also established that the temperature dependence
of He depends  strongly on the factor «
=Axrmo(Aarmo/ Karvo)*/ (Apmdpy),  Where  Azpyo  and
K armo are the exchange stiffness and the anisotropy constant
of the AFM layer at 0 K and Apy and dpy represent the
exchange stiffness and thickness of the FM layer. For k<1,
it was predicted that H, should remain effectively constant
as temperature is varied from 300 to 5 K.>3 Our experimental
results for the temperature dependence of coercive fields are
in good qualitative agreement with this model, thereby sug-
gesting that variations in spin orientations at the FM/AFM
interface contribute to the coercive field in the decreasing
branch (H.;) of magnetization reversal but not during the
increasing branch (H,). Using reasonable values from the
literature for A spvo» Kapmos Apv, > and dpy=25 nm, we
obtain k<1, and thus almost constant values for H., as
temperature are varied.

C. Comparison of Hy obtained from AMR
curves and hysteresis loops

To investigate the effects of measurement technique on
the magnitude of exchange bias, the magnetic properties of
the antidot arrays and the continuous film were also investi-
gated using systematic hysteresis loop measurements. Figure
5 shows the representative hysteresis loops for Co (25 nm)/
CoO (5 nm)/Cu (2 nm) antidot arrays and the corresponding
continuous film as a function of temperature. The samples
were field cooled in Hpc=5 kOe from 7=300 K (along the
edge of the square lattice for the antidot array) and also mea-
sured along the same direction. The expected shift in the
hysteresis loops, as well as the enhancement in coercive
fields of the antidot arrays as compared to the continuous
film due to pinning of domain walls in the vicinity of the
antidots, is clearly discernible. We also observed that the
exchange bias field Hy and the coercive fields extracted from
the hysteresis loops do not coincide with those obtained from
the AMR peak minima. To illustrate this scenario, we con-
sider the hysteresis loops and the AMR curve for the antidot
arrays at 7=90 K. The coercive fields extracted from the
decreasing and increasing branches of the hysteresis loops
are —760 and 240 Oe, respectively, while the corresponding
values obtained from the AMR peaks are —1780 and 220 Oe.
Moreover, it was also observed that the magnitude of ex-
change bias field obtained from AMR measurements
(Hg.amr=418 Oe) exceeds the corresponding hysteresis
loop shift (Hp.py=261 Oe). Similar discrepancies in the
magnitudes of coercive and exchange bias fields obtained
from the two measurements were also observed at other tem-
peratures. This discrepancy may be attributed to the fact that
AMR measurements determine the average pinning field
across the entire FM-AFM interface, while in the case of
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FIG. 5. (Color online) Normalized hysteresis curves for the ex-
change biased continuous film and antidot array of composition Co
(25 nm)/CoO (5 nm)/Cu (2 nm) measured at (a) T=200 K, (b) T
=160 K, and (c) 7=90 K.

hysteresis loops the exchange bias field is established by the
weakest site for nucleation during the magnetization reversal
process.’” Hence, values of Hj determined from hysteresis
loop shifts are significantly smaller than those obtained from
AMR measurements and should be only considered as a
lower limit to the actual magnitude of the exchange bias
field. Our results are in good agreement with similar com-
parative studies of exchange bias fields obtained from hys-
teresis loops and AMR measurements.37-38:3
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D. Effect of varying FM layer thickness

The exchange bias in the Co/CoO antidot arrays was fur-
ther investigated by systematically varying the thickness of
the Co layer #c, from 25 to 100 nm while keeping other
geometrical parameters and experimental conditions un-
changed. Figure 6 shows the representative AMR curves for
Co(t¢cy)/CoO(5 nm)/Cu(2 nm) antidot arrays correspond-
ing to thicknesses #-,=25, 50, 75, and 100 nm, respectively,
and measured at 7=5 K after exchange bias initialization
using field-cooling techniques described in Sec. II. We ob-
served that the magnetization reversal in the antidot arrays is
strongly dependent on the Co layer thickness 7, The evolu-
tion in the asymmetry of the AMR curves is evident as 7¢, is
increased from 25 nm to 100 nm. While the asymmetry in
magnetization reversal is relatively small for f-,=25 nm
(~0.012%), it increases gradually with increasing fc, and
manifests itself clearly in the AMR curve shown in Fig. 6(d),
corresponding to fc,=100 nm. Quantitatively, we observed
that the asymmetry in the AMR curves corresponding to the
exchange biased antidot arrays has increased to 0.112% for
tco=100 nm at T=5 K. As discussed earlier, the degree of
asymmetry in the magnetization reversal is determined by
the competition between FM uniaxial anisotropy and the in-
terfacial FM-AFM exchange anisotropy.** This suggests that
the asymmetry would increase for larger K;;, or weaker FM-
AFM coupling. Indeed, as the thickness of the Co layer is
increased, the interfacial FM-AFM coupling in the antidot
arrays remains identical, while the effective FM anisotropy
increases. As a result, the K/ K, ratio is larger for thicker Co
layers, thus explaining the enhanced asymmetry in the AMR
curves as f¢, is increased.

The evolution in the magnitude of the exchange bias field
Hp was also investigated for the antidot arrays as a function
of 7c, at varying temperatures. Figure 7 shows the depen-
dence of Hg on 1/t¢, at T=5, 40, 90, 160, and 200 K, re-
spectively. It was observed that Hy decreases with increasing
fc, at all temperatures and exhibits a linear dependence on
1/tc,. This 1/1¢, dependence of Hp highlights the primarily
interfacial nature of the FM-AFM coupling in the antidot
arrays and is in agreement with exchange bias fields pre-
dicted by Meiklejohn and Bean.?> According to the random-
field model,>® domains in the AFM layer are separated by
domain walls perpendicular to the FM-AFM interface in
conjunction with the presence of roughness at the interfaces,
which would otherwise be perfectly compensated. The ex-
change bias is a consequence of the energy difference be-
tween the different random domains. Accordingly, the ex-
change bias field Hy is given by!

Hg = 22(AapmK apn) ' (7 Mt (1)

where z is a number of order unity, Aapy and Kapy are the
exchange stiffness and anisotropy constants of the AFM
layer, and My and fg; are the saturation magnetization and
thickness of the FM layer, respectively. As predicted by Eq.
(1), the dependence of Hy on f¢, for the antidot arrays fol-
lows an inverse proportionality between exchange bias field
and FM layer thickness.

We have further investigated the effects of varying 7, on
the exchange bias fields by plotting Hytc, as a function of
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CoO(5 nm)/Cu(2 nm) antidot arrays at T7=5 K corresponding to
(@) 1co=25 nm, (b) 1c,=50 nm, (¢c) fc,=75 nm, and (d) ¢,
=100 nm.
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fits of the Hg evolution at varying temperatures.
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temperature for the Co(tc,)/CoO(5 nm)/Cu(2 nm) antidot
arrays and the corresponding continuous film. Figure 8§
shows that our data do not exhibit a universal scaling of
temperature and FM layer thickness with respect to Hy for
both the antidot array and the continuous film. This is in
contrast to a recent study by Polisetty et al.>’ on the scaling
behavior of exchange bias where each individual data set
follows an empirically linear temperature dependence and
the entire data collapses on a virtually linear master curve.
The temperature dependence of Hgt-, was also used to de-
termine the difference in blocking temperatures T for the
antidot arrays and the continuous film. We observed that
while Ty for the continuous film is close to the Néel tem-
perature for bulk CoO, it is lower by ~18 K for the antidot
arrays. This is attributed to the fact that thermal activation
effects in the AFM layer are more pronounced in the antidot
array as compared to the continuous film. Hence, the depin-
ning of a large proportion of the AFM spin lattice in the
antidot arrays results in a reduction in blocking temperature
Ty for the antidot arrays.
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FIG. 9. (Color online) (a) Co layer thickness ¢, dependence of
Co(tc,)/CoO(5 nm)/Cu(2 nm) antidot arrays for (a) left coercive
field H, right coercive field Hq, at T=5 K, and (b) overall coer-
cive field H at varying temperatures. The lines are 1/, linear fits
of the H evolution at different temperatures.
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Figure 9 shows the variation in the coercive fields of the
exchange biased antidot arrays as a function of 7-,. We ob-
served that for any temperature below 7T, the right coercive
field H ., remains almost constant with varying 7¢,, while the
magnitude of the left coercive field H,; decreases with in-
creasing tc,. This behavior is illustrated for 7=5 K in Fig.
9(a), which clearly shows that the reduction in the overall
coercive field H- with increasing 7, is primarily due to the
decrease in H. Similar dependencies for Hq and H., were
also observed at other temperatures. This unusual asymmetry
may be understood on the basis of a model proposed by Tang
et al.,’® which extends the idea of Mauri et al.,’® by incor-
porating higher-order anisotropy energy terms into the total
free energy o at the FM-AFM interface. By minimizing , it
was ascertained that due to the presence of higher-order
anisotropies in the exchange biased system, the right coer-
cive field H¢, remains almost constant, while the left coer-
cive field H; decreases substantially with increasing FM
layer thickness. In Fig. 9(b), we present the dependence of
coercive field Hq on 1/tc, at varying temperatures. A con-
sistent 1/7¢, linear dependence similar to H is clearly ob-
served at all temperatures, indicative of the interfacial nature
of the exchange bias in the antidot arrays. The linear de-
pendence of H. on inverse FM layer thickness is consistent
with experimental observation in exchange biased
systems.+35:60.61

IV. CONCLUSIONS

In summary, we have investigated the exchange bias in
Co/CoO nanoscale antidot arrays using systematic AMR
measurements as a function of temperature and Co layer

PHYSICAL REVIEW B 79, 064413 (2009)

thickness 7¢,. It was observed that while the continuous film
exhibits asymmetry in the magnetization reversal due to dif-
ferent reversal mechanisms dominating the increasing and
decreasing branches of the curve, the corresponding asym-
metry in the antidot arrays is significantly smaller. This dif-
ference in asymmetry is ascribed to the configurational an-
isotropy in antidot arrays with square lattice geometry and
competition between the FM uniaxial anisotropy and interfa-
cial FM-AFM exchange anisotropy. The temperature depen-
dence of exchange bias field Hy was also examined, and a
strong competition between thermal activation effects and
AFM domain size confinement imposed by the reduced lat-
eral dimensions of the antidot arrays was observed. Hy for
the antidot arrays was thus smaller or larger than the continu-
ous film, depending on the temperature. Additionally, the
temperature dependence of coercive fields demonstrated an
asymmetric behavior in the left and right coercive fields with
varying temperature, which could be understood by consid-
ering the variations in spin arrangements at the FM-AFM
interface. The effect of varying the FM layer thickness in the
antidot arrays was also studied, and it was demonstrated that
due to increased FM anisotropy with increasing fc,, the
K/ K, ratio was larger for thicker Co layers, thus resulting
in enhanced asymmetry in the AMR curves.
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