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ABSTRACT Exchange bias (EB) effect has been vigorously researched for many years due to its possible
applications in information storage and spintronics, especially in spin valves for magnetic recording devices.
Even though many models have been expounded to this day, they do not prove convincingly the origins
of EB effect. We attempt to establish the azimuthal dependence of EB effect with respect to varying the
composition of the antiferromagnet CoxNij_xO and temperature. In this report, we deposited the bilayer
thin films of Nig gFeg »/Co,Nij_,O with x varying from 0.4 to 0.8 by magnetron sputtering and studied the
variation of exchange bias field and coercivity. The EB effect was investigated for various external parameters
such as temperature, the composition of antiferromagnetic layer, and the direction of magnetic field. The
comparison between the calculations and experimental data showed good consistency with the spin glass
model, and we suggest the validity of spin glass model to understand the origin of exchange bias effect in
the Nig gFep 2/Co,Nij_,O bilayers.

INDEX TERMS Spintronics, antiferromagnetic materials, anisotropic magnetoresistance.

I. INTRODUCTION the field-cooling process. The magnitude of shift of hysteresis

Since exchange bias (EB) effect was discovered by Meik-
lejohn and Bean in 1956 [1], [2], great interest has been
shown to the phenomena due to it’s possible applications in
information storage and spintronics, especially in spin valves
for magnetic recording devices. The EB effect is the induced
unidirectional anisotropy mainly attributed to the interface
between a ferromagnet (FM) and an antiferromagnet (AFM).
When FM/AFM bilayer is cooled from the Néel temperature
(Tn) of the AFM below the Curie temperature (7¢) of FM
with an external magnetic field, a shift of hysteresis loop
emerges in the opposite direction of field-cooling direction
and the coercive field (Hc) increases compared to Hc before
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loop is called as EB field (Hgg). This EB effect has been
widely used in magnetic devices especially pinning the fixed
layer in read heads of hard disk drives. For these reasons
understanding the underlying mechanism for EB effects is
crucial.

The EB effect is caused by the interaction of interfacial
spins between the FM and AFM. Although the EB effect has
been studied for several decades, the origin of EB effect is
still unsolved so that the essence of the EB effect remains
unanswered because of the experimental difficulties by low
interface to volume ratio of the FM and AFM interface.
Although the phenomena of EB effect, for example, coer-
civity enhancement, training effect, temperature dependence,
cooling field dependence, asymmetry of hysteresis loop, and
vertical loop shift [3]-[8], are universally accepted, there is no
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general agreement about qualitative and quantitative analysis
for EB effect. There have been many models stemming from
the Stoner-Wolfram model in attempt to reveal the origin of
EB effect. Among them only a few models, i.e. Meiklejohn
and Bean model [1], Mauri model [9], [10], and spin glass
model [10], [11], have been generally accepted in the research
community. However still there are many controversies in
selecting a model to explain the experimental results in
different systems [12]-[16].

Various material systems are used as the AFM, such
as IrMn [17]-[20], FeMn [21]-[23], CoO [24]-[27], and
NiO [28], [29], for the EB. The most commonly used oxide
AFMs for the EB systems are CoO and NiO. Here, CoO has
a large anisotropy of 2.7 x 107 J/m? but the Néel temperature
of Ty = 291 K which will not work at room temperatures.
NiO has a high Néel temperature of 7y = 563 K but low
anisotropy values of 6.16 x 10° J/m3. Thus, in this study
we use the alloyed system of CoO and NiO to tune the
antiferromagnetic anisotropy (Karm) and the Néel temper-
ature to achieve large exchange bias which work at room
temperature. We have also tried to analyze the azimuthal
dependence of Hgp and Hc with respect to the composition of
Co0 and NiO of the AFM [30]. Additionally, the temperature
dependence from room temperature (300 K) to temperatures
near the blocking temperature (7). Some studies reported
that the EB effect has an azimuthal dependence of external
magnetic field [11], [31]-[34], but so far there has been little
studies on the azimuthal dependence with tuning of the AFM
by changing the composition and measurement temperature.
Especially, we measured Hgg and Hc by using the new
approach by measuring the anisotropic magnetoresistance
(AMR) [35]. We also discuss the qualitative agreement of EB
measurements with the calculation based on the Mauri model
and the spin glass model [10], [11]. The angular dependence
of AMR was measured and fitted by the spin glass model and
Mauri model. The results show that our measurements show
qualitative agreement with the spin glass model. To verify this
agreement with the spin glass, we additionally measured the
temperature dependence of Hgp from extremely low temper-
ature (5 K) to T and the training effect at 5 K.

Il. EXPERIMENTAL DETAILS

Co,Ni;_,O(60nm)/Nig gFep2(20 nm) (where x = 0.3, 0.4,
0.5, 0.6) bilayers were deposited in-situ at room temperature
using magnetron sputtering method on the Si (100) substrate.
The base pressure for the deposition was < 5.0 x 107 Torr.
The AFM layer Co,Nij_,O (60 nm) was deposited by RF
magnetron sputtering in 2 mTorr of mixed argon and oxygen
atmosphere using a Co,Nij_, target. The lattice parameter
of Co,Nij_,O is approximately 4.246 A [36]. Subsequently,
the FM layer Nig gFep.2 (20 nm) was deposited by DC mag-
netron sputtering in 2 mTorr of Argon using a NiggFep.2
target. All the samples were capped with 5 nm of SiO;. The
thickness and roughness of each layers were confirmed by
measuring X-ray reflectivity (XRR) measurements as shown
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in Fig. l1a. The samples are textured and crystalized, which
is determined from the XRR data as shown in Fig. la.
We measured magnetic field vs magnetization curve using
a vibrating sample magnetometer-superconducting quantum
interference device (VSM-SQUID) at 300 K. All samples
have an in-plane magnetic anisotropy so that all the mea-
surements were done with the magnetic field applied in the
in-plane direction of the film. We analyzed azimuthal angular
dependence of Hgg and Hc by measuring the AMR [35].
The AMR was measured by using the Wan der Pauw method
as shown in Fig. 1c. We used indium to make contacts
for AMR measurements. All the samples were heated to
temperature 473 K which is greater than Ty ( = 417 K
in Cog.s52Nig480) of Co,Ni;_,O [35], [36] and lower than
Tc ( = 850 K) of NiggFeg, [37], and then cooled to
room temperature (approximately 300 K) in external field
of 200 Oe parallel to the applied current direction for
the field cooling. After the field-cooling process, AMR of
the samples was measured by using a measurement Sys-
tem equipped with three-dimensional magnets at 300 K,
333 K, and 353 K temperatures lower than 7 (approx-
imately 370 K) [10] with rotating the external magnetic
field from O to 360°. The external magnetic field was
swept from —200 Oe to +200 Oe in the indicated
direction. The measurement system can be operated only
above room temperature therefore we have done the
measurements above 300 K. We extracted the exchange
bias field (Hgp) and coercive field (Hc) by using a
method analyzing the AMR as described in Ref. 35.
In Fig. 1d, we have plotted an AMR sweep of x = 0.5 mea-
sured in the direction of 45° in comparison to the hysteresis
loop measured by the magnetization measurements. We mea-
sured the Hcy and Hcp by finding the crossing points of
the AMR data with the extended line (marked with dotted
lines) of the AMR value when the magnetization is saturated
as shown in Fig. 1d. From these AMR measurements we
could extract Hc and Hgg. The azimuthal angle was defined
relative to the direction of the cooling field. We also observed
temperature dependence from 360 to 5 K after field-cooling
process and the training effect at 5 K by using a measurement
system equipped with one-dimensional magnet which can be
operated from 5 to 360 K. The temperature dependence was
measured for the field cool direction & = 0°. The training
effect was measured at 5 K due to the negligible training effect
above room temperature.

IIl. RESULTS AND DISCUSSION

We measure Hgg and Hc for all the samples of Co,Nij_,
O/Ni ogFep for various compositions (x = 0.3, 0.4, 0.5,
and 0.6) while rotating the applied magnetic field direction
from 6 = 0 to 360°, where 6 is the angle between the applied
magnetic field and field-cooling (FC) direction as shown
in Fig. 1b. Fig. 1d shows a representative hysteresis loop of
the field cooled sample of x = 0.5 at 300 K showing that
Nig gFep» layer is a soft ferromagnet. There is a clear shift
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FIGURE 1. (a) X-ray reflectivity patterns of each Nij gFeg , and

Cog 5Nig 50 layer. (b) Magnetization curve of x = 0.5 sample and
definition of H¢y, Hc, and Hgg. (c) Schematic drawing of the bilayer with
the configuration of the measurement. The black arrow represents the
direction of the applied magnetic field during field cooling. The i is the
applied current and V is the measured voltage for the magnetoresistance
measurements. (d) Representative hysteresis loop of x = 0.5 at T = 300 K
measured after field cooling the sample.

of the hysteresis loop to the left of the H = 0. This means
that by the FC we have induced the EB effect in our system.
Here, we define the Hgp and Hc by Hgg = (Hc1 + Hc2)/2
and Hc = (Hca — Hci)/2, respectively, where Hcp and
Hcy are the two switching fields as shown in Fig. 1b. The
training effect and temperature dependence of Hgp have been
measured for Cog 5Nig 50/Nig gFeq » films.

Fig. 2a show the azimuthal dependence of Hgg for the sam-
ples of different compositions measured at room temperature.
The overall angular dependence behaviors show a sinusoidal
form. Here it is noticeable that the amplitude of the Hgp is
different for different x which is due to the different Néel
temperature and AFM properties of individual compositions.
The overall behavior of the angular dependence of Hgg for
x = 0.3 and 0.6 exhibit a plateau like behavior which is
due to the change in the parameters of the AFM leading to a
deformation in the Hgp angular dependence. In order to better
understand the EB of these materials we have performed
calculations for the azimuthal dependence of Hgg by two
different models, the Mauri model and the spin glass model,
because the modified Stoner-Wolfram model and the general-
ized Meiklejohn and Bean model are simple forms of the spin
glass model which neglect the term associated to the disorder
of the interfacial spins. The Mauri model considers domain
wall developed in the AFM to reduce Hgg computed from
the Meiklejohn and Bean model [9], [10]. The total magnetic
energy for the Mauri model can be described as [10]:

E = —poHMpytpy cos (8 — B) + Krutea sin (B)
—Jepcos (B — ) — 2/ AarmKarm (1 — cos (@) (1)
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FIGURE 2. (a) Azimuthal dependence of H for different composition x,
where the angle ¢ is the angle of the applied magnetic field during the
measurement relative to the field-cooling external field direction.

(b) experimental and calculation results of the azimuthal dependence of
Hc for x = 0.4. The solid lines are the calculation results based on the
Mauri model and the spin glass model. (c) Temperature dependence for
the azimuthal dependence of H¢ for x = 0.4.

where H is the external magnetic field, My is the saturation
magnetization of FM, tgy is the thickness of FM, and Kpm
is the anisotropy of FM. Aarw is the exchange stiffness, « is
the angle between the anisotropy of AFM and the interfacial
AFM spins, and B is the angle between the anisotropy of
FM and the FM spins in the external magnetic field H as
illustrated in Fig. 5a. The first term is the Zeeman energy
of the FM layer, the second term is the anisotropy energy
of the FM layer, the third term is the interfacial exchange
interaction, and the fourth term is the energy of domain wall
at the interface between FM and AFM layers.

The spin glass model [10], [11] assumes that the spin
glass like system at the interface between FM and AFM.
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This model supposes the AFM layer has two types of
AFM spins: one is frozen and uncompensated spins with
large anisotropy and the other is rotatable spins with low
anisotropy. In the spin glass model, the total magnetic energy
can be written as [10]:

E = — woHMpytry cos (0 — B) + Krmtry sin® (B)
— Kapmtary sin® (@) + KEZ sin® (B — y)
— I cos(B —v) )

where Kg'g is the effective uniaxial spin glass anisotropy,
Jﬁg is the reduced interfacial exchange energy, and y is
the average angle of the effective spin glass anisotropy as
illustrated in Fig. 5b. Kseg = (1 — f)Jep and JEX = fIpg,
where f means the degree of disorder at the interface such
that f = 1 implies a perfect interface and f = 0 indicates
100% disorder. The first term is the Zeeman energy of the
FM layer, the second term is the anisotropy energy of the
FM layer, the third term is the anisotropy energy of the AFM
layer, the fourth term is the effective anisotropy energy of the
frustrated spins in the interfacial AFM layer, and the fifth term
is the interfacial exchange interaction energy of the frustrated
spins.

Using (1) and (2), we calculated the hysteresis loops for
different azimuthal angles and extracted the Hgg and Hc
values by varying the parameters such as Kappm and found
calculation results with qualitative agreement to the experi-
mental results. We used Mpy = 8.6 x 10° A/m and Kpy =
5.0x 1073 J/m3 which are the values for permalloy Nig gFeq 2,
and tppm = 20 nm and tapm = 60 nm which is the thickness of
FM and AFM layer, relatively. The parameter Kapy varies on
the composition x, so we used an estimated range of 1.0 x 107
J/m3 to 7.0 x 107 J/m3 from the Kapm of CoO which is
2.7 x 107 J/m? from Ref. 10. Axpm = 6.97 x 10713 J/m,
which is the Aapm value for CoO [10], [38], was used in
the calculations since we assume that the exchange stiffness
does not vary drastically in our samples. Fig. 2b displays
the comparison of our experimental data with the calculated
Hgp data for the azimuthal dependent behaviors in x = 0.4.
We have theoretically studied all the samples and represen-
tatively show the data for x = 0.4 which shows the largest
angular dependence of the exchange bias field. The fitting
parameters for all the compositions are displayed in Table 1.
The data from both models show qualitative agreement with
the measured data. In Table 1 we have presented the param-
eters from the calculation which match best with the experi-
mental data. In the later sections we will discuss the details of
the parameters along with the reason we have not presented
the parameters for the Mauri model. In Fig. 2c, the tempera-
ture dependence of the azimuthal dependent Hgp is plotted
for x = 0.4. We have measured at selected temperatures,
T =293K, 333K, and 353 K, up to the blocking temperature.
There are no significant changes in the shape of the azimuthal
dependence but only a decrease in the overall amplitude as
the temperature increases which is due to the decrease of
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FIGURE 3. (a) Azimuthal dependence of the exchange bias field Hgg for
different composition x, where the angle 6 is the angle of the applied
magnetic field during the measurement relative to the field cool magnetic
field direction. (b) Experimental and calculation results of the azimuthal
dependence of Hgg for x = 0.4. The solid lines are the calculation results
based on the Mauri model and the spin glass model. (c) Temperature
dependence for the Azimuthal dependence of Hgg for x = 0.4.

the EB strength when the temperature reaches the blocking
temperature.

The measured azimuthal-dependent Hc for different com-
positions at room temperature is shown in Fig. 3a. The overall
behavior does not change for the different x. All graphs of
different x exhibit a peak value at angles & = 0, 180, and
360°. Thus, the different compositions do not change the
qualitative behavior of the Hc by the EB effect. Additionally,
we compare the calculated azimuthal angle dependent Hc
values with the measured data. In Fig. 3b the experimental
data of x = 0.4 is plotted with the normalized Hc values
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from the calculations. Here, the Mauri model cannot repro-
duce the angular dependent behavior of Hc with a peak at
angles 6 = 0, 180, and 360°. However, the spin glass model
explicitly explains the azimuthal dependence and tempera-
ture dependence of Hc as introducing frozen and rotatable
spins [10], [11]. Thus, in our system the spin glass model
coincides with the behavior of the azimuthal dependence of
Hc. The temperature dependence of the angular dependent
Hc in x = 0.4 is plotted in Fig. 3c. The overall behavior
does not change over a change in the temperature. Even the
amplitude of Hc exhibits little change implying the possibil-
ity that the magnetic property of the permalloy has negligible
temperature dependence.

In order to find further evidence of the spin glass model,
we have measured the temperature dependence of the coer-
cive field (Hc) and the exchange bias field (Hgp) as shown
in Fig. 4a. For the full temperature dependence, we could
not measure the full angular dependence due to the limi-
tations of our system. We have measured the temperature
dependence for the field sweep in the direction of 6 = 0.
The temperature dependence of Hc shows an increase with
decreasing temperature from 360 to 5 K which is a general
behavior of the coercive field in exchange bias systems. The
temperature dependence of Hgg shows two steps of drastic
increase in low temperature below 50 K and high temperature
range above room temperature. There is a plateau in a wide
range of temperature from 50 to 270 K. This temperature
dependence is similar to that of NiO-NiFe,O4 system [39].
This tendency of a plateau in the temperature dependence
can appear when the domain wall energy at the interface is
greater than the interfacial coupling energy described by the
Stiles-McMichael model [40]. This model assumes random
orientation of antiferromagnetic grains which can act like
disordered spins at the interface in the spin glass model.
Therefore, we speculate the existence of rotatable spins
with low anisotropy by the antiferromagnetic grains at the
interface.

In Fig. 4b, we plot the exchange bias field versus the
number of repeated loops that were measured after the field
cooling to measure the training effect at 5 K. We have fitted
the data by equation (3) considering the single spin rever-
sal (SSR) mode and the collective spin cluster rotation (CSR)
mode [39], [41]. The training effect can be fitted by a hybrid
function consisted of an exponential function for a fast decay-
ing (CSR mode) and a n'/? function that is suitable for the
gradual decaying (SSR mode) which sums up to be [41],

Hg (n) = Hoe """ + Hin ' + HY® 3)

where Hy and Hj represent the CSR and SSR components
of the training effect, respectively. Hg® is the exchange bias
field after infinite cycles, and t is a relaxation time. The
fast decay is attributed to the rearrangement of frustrated
AFM spins, in other words, the rotatable spins in the spin
glass model and the gradual decay is caused by the frozen
interfacial spins [39], [41] which implies that the exchange
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loop to remove the training effect. (b) Training effect of exchange bias
fields measured by measuring the hysteresis loops repeatedly at 5 K.

bias in our system has contributions from spin glass states at
the interface.

To verify whether the Mauri model or the spin glass
model is valid for describing EB by using another method,
the azimuthal dependence of the AMR can be used. Firstly,
we measured the AMR of x = 0.5 at 300 K with a fixed
external magnetic field of 100 Oe and vary the azimuthal
angle. The data is fitted by both the Mauri model and the spin
glass model. In Fig. 5¢ we plot the measured data and the
fitting results by the Mauri model and the spin glass model.
The experimental data show a behavior similar to cos?6 func-
tion which is the normal AMR behavior in polycrystalline
FMs [42]. However, the experimental data does not exactly
coincide with cos26. This can be attributed to the change in
the magnetization angle of FM spins at the interface caused by
EB. Therefore, we fitted our experimental data by reflecting
the tilt in the magnetization angle by using the total magnetic
energy of both the Mauri model and the spin glass model as
described in (1) and (2).

In Fig. 5c, our experimental AMR data was fitted by
varying f from O to 1 and y from 0° to 360°. The fitted
curve by the Mauri model do not coincide with the measured
data. On the other hand, the best fitted curve is found with
Kapm = 5.0 x 107 J/m3, y = 20° and f = 0.8 by
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the spin glass model. Therefore, the Mauri model cannot
appropriately explain EB in our system, and the spin glass
model best describes the AMR changed by EB, and this
provides another evidence that possibly the spin glass model
can shed light on the origin of EB. Fig. 5d shows the relation
between 6 and 8 where the solid line describes the case when
the AMR shows a cosine squared behavior. The magneti-
zation Mgy direction is different from the direction of the
applied external magnetic field H, because the direction of
the effective spin glass anisotropy does not exactly match
with the anisotropy in the FM.

In table 1, we have summarized the parameters y and f
obtained from the azimuthal dependence of Hgp and the
AMR fitting of all the samples measured at 300 K by the spin
glass model. Overall, the y and f values obtained from the
two different measurements agree. The f values are in the
range of 0.7-0.9 meaning small portions of disorder has to be
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TABLE 1. The parameters y and f obtained from the simulation of
azimuthal dependence of Hgg and the AMR fitting of all the samples
measured at 300 K by the spin glass model in all the samples x = 0.3, 0.4,
0.5, and 0.6.

from Hgp and He .
. from AMR fitting
calculation
X Y ) f Y©® f
0.3 180 0.7 175 0.7
0.4 5 0.9 5 0.9
0.5 20 0.9 20 0.8
0.6 0 0.8 0 0.7

taken into account. Although there are differences in some of
the values for the different methods the discrepancy is small.
This might be due the fact that the changes in the y and f
does not drastically change the fitting or calculated results
especially in the realistic range of f values. Therefore, more
studies are required to conclude that the spin glass model can
explain the EB in our system, but we provide some evidence
from the two different measurements that the spin glass model
can better explain our results.

IV. CONCLUSION

In this manuscript we have attempted to analyze the azimuthal
and temperature dependence of Hgp and Hc in various com-
positions, x, of Co,Ni;_,O. The Hgg and Hc were calculated
based on two different models, the Mauri model, and the
spin glass model, to explain the measured results. Both Mauri
model and spin glass model well describe the azimuthal
dependence of Hgg, but only the spin glass model can explain
the azimuthal dependence in Hc. These results well agree
with the fitting of the AMR measurements where the fitting
has discrepancies according to the Mauri model but well
agrees with the spin glass model. Especially, the calculated
parameters y and f well agree for the two different methods.
Thus, we conclude that the spin glass model can better explain
the results of our measurements and can be a more realistic
model for our material system.
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