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Abstract

High-resolution anisotropic magneto-resistance measurement (AMR) was used to detailed study the training
effect in exchange biased CoO/Co bi-layer. The sample was cooled to 10 K from room temperature in the
magnetic cooling field of 4000 Oe. Then we used 1500 Oe declined perturbation field to pin the magnetiza-
tion orientation of the FM layer. The perturbation field forms certain angle ® with the cooling field direction
in-plane to re-induce the untrained state. The dependence of the untrained state on the angle between the di-
rection of perturbation field and cooling field has been investigated. The AMR results reveal that the
re-induced degree of untrained state is strongly correlated to the angle ®. The exchange bias field Hj for dif-
ferent ® has been determined from the AMR results, which is in apparent agreement with the Meik-
lejohn-Bean model. The recover degree of untrained state is the largest when the angle is 75°, which is dif-
ferent from the traditional view point that untrained state should be the maximum when it is perpendicular.
The training effect is related to the FM spin orientation, which can induce the change of the interfacial AFM

spin reorientation with different angles.
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1. Introduction

Since Meiklejohn and Bean discovered exchange bias [1]
this effect has obtained considerable interesting both
technologically and scientifically because of its applica-
tion in spintronics [2]. Exchange bias (EB) is typically
set by field cooling the anti-ferromagnetic (AFM) and
ferromagnetic (FM) bi-layer through the Néel tempera-
ture and is an interfacial coupling effect, as well as often
associated with training effect, enhancement of coercive
and so on. The training effect mechanism is important to
help understand the exchange bias [3]. Although ex-
change bias has been discovered for 50 years [1], com-
prehensive understanding of its mechanism, especially
the understanding of training effect mechanism is still
missing [4-7]. More recently, magnetic force microscopy,
neutron diffraction and anisotropic magneto-resistance
(AMR) were used to investigate the training effect [3,8]
in thin films [9-11]. Brems ef al. reported the surprising
possibility to re-induce the untrained state when training
effect occurred. Size effect was also involved in the
training effect phenomenon included the dependence of
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the training effect on AFM and FM film thickness as
well as the number of hysteresis loop and the magnitude
of magnetic field [10,12-14]. Hoffmann [15] pointed out
the specific anisotropy of AFM layer plays a crucial role
in understanding of the training effect. Other approaches
with different spin configurations assume that the AFM
bulk plays no role in determining the interfacial spin
configuration and the magnitude of EB. [16] Experimen-
tally, it is not apparent to detect the influence of AFM
spin orientation on training effect. For Co/CoO system,
several techniques have been applied to study AFM do-
mains [17], and applied in-plane magnetic field perpen-
dicular to the cooling field largely restores the untrained
state [3]. So, the reappearance of untrained state will
promote us obtain the training effect mechanism. In this
case, if the applied magnetic field forms different angle
with the cooling field, the transport properties of the sys-
tem will be important to reflect the restoring of the un-
trained state and the change of the AFM bulk spin struc-
ture. The above features prompt us to undertake a new
refit for the sample-hold of physics property measure-
ment system (PPMS), which make the perturbation field
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form 15°, 30°, 45°, 60°, 75°, and 90°, respectively, with
the cooling field. We select Co/CoO bi-layer film system
as studied sample, which is particularly suitable for this
study because of distinct training effect [18] and initial
asymmetry of AMR hysteresis after field cooling. Our
goal is to give the angle dependence of untrained state
and the change of the AFM bulk spin structure by using
the high-resolution-anisotropic-magneto-resistance mea-
surement (AMR). Present results reveal that the un-
trained state can reappear and depends on the angles
closely. The recover degree of untrained state is the
largest when the angle is 75°, which is different from the
traditional view point that untrained state should be the
maximum when it is perpendicular. The training effect is
related to the FM spin orientation, which can induce the
change of the interfacial AFM spin reorientation with
different angles. The angle dependence of the EB effect
can be served as the reference layer for key devices in
magnetic sensors.

2. Experiment

The exchange coupled Co/CoO film samples was DC
magnetron sputtered on Si (100) substrates at a total
pressure of 6.3 x 107 Pa with O, to Ar ratio of 1: 9,
whose structure is CoO(10 nm)/Co(20 nm)/Si(100).
X-ray diffraction measurements revealed that the crys-
tallographic structure of the samples was good single
phase. The thickness of the sample was determined by
SEM 4800. AMR measurements were carried out using
PPMS-9 (physical property measurement system, Q/D
Inc., US) with the precision 20 nV for voltage, and 0.2
Oe for the magnetic field.

3. Measurement and Discussion

The AMR measurement was performed as following
procedure. Firstly, the sample was cooled to 10 K from
room temperature in the magnetic cooling field of 4000
Oe to make training effect emerge, which is well below
the temperature that the exchange bias appears. Secondly,
we turn the sample hold and apply 1500 Oe declined
perturbation field to re-induce the untrained state. The
direction of 1500 Oe perturbation field forms several
certain angles ® with that of cooling filed in-plane.
Thirdly, we measure anisotropic-magneto-resistance
along the cooling field direction to re-induce the occur-
rence of training effect. The recovered AMR value was
measured also along the cooling field as shown in Figure
1, which gives schematic measurement of AMR for dif-
ferent ©. All the measurements and applied magnetic
field are carried out in the plane, which parallel to the
membrane surface.
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Figure 1. A schematic of the measurement of AMR for dif-
ferent angles, where the direction of cooling field is repre-
sented by the black arrow B, and the direction of applied
external field is represented by the red arrow A.

The in-plane hysteresis loops in 10 K after the sample
being cooled in the magnetic field of 4000 Oe were
measured as shown in Figure 2(a). Form the figure, the
distinct exchange bias and training effect can be seen.
The arrows indicate the four coercive fields, respectively.
Figure 2(b) gives the in-plane AMR measurement,
where two subsequent hysteresis loops were measured
with the field parallel to the cooling field and the current.
From this figure, it can be seen that the AMR curve
minimum value coincides with the magnitude of four
coercive fields in the hysteresis loops as displayed by
arrows, respectively, which is consistent with the result
of T. Gredig et al. [11]. Since the AMR loop is corre-
sponding to the hysteresis loop, the asymmetry of two
peaks’ height of AMR loop indicates the occurring de-
gree of the training effect (untrained state) [3]. For
in-plane AMR hysteresis loops (Figure 2(b)), a smaller
change of resistance is observed during the first reversal
at —=3000 Oe when compared with the second reversal,
which is dominated by domain wall motion. The mag-
neto-resistance initially decreases slightly in the de-
scending field branch, and then the AMR value decreases
abruptly in the ascending field branch. In order to study
the training effect, we used the declined perturbation
field to re-induce the untrained state after training effect
appears by using measurement of the second AMR loop,
where the AMR peaks value decrease abruptly in the
descending field branch. For the second AMR minimum,
this occurs abruptly and is mainly controlled by the rota-
tion of the magnetization [3]. The disappearance of
asymmetry of two peaks’ height means the occurrence of
training effect. After following several AMR loops
measurement, the AMR loops were the same as the sec-
ond AMR loop. In general, the original AMR loop, i.e.,
untrained state or the recover appearance, is difficult to
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be re-induced once training effect occurs, except heating
the sample through Néel temperature and then field
cooling or performing an in-plane external field which
form certain angle with respect to the cooling field direc-
tion [8]. This is because AFM spin orientation is difficult
to be recovered to the original orientation when the AFM
spin rotation occurs at the first coercive field. So, the
interfacial AFM spin rotation is caused by the magneti-
zation rotation of FM layer [19].

In polycrystalline CoO/Co films, the resistance
changes as a function of the angle ( #) between the cur-
rent direction and magnetization as following [3],

R(B)=R,+ARcos’ B )

where, R, is the isotropic resistance and AR is the differ-
ence in resistance with the magnetization parallel and
perpendicular to the current direction, f is the angle be-
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tween the current and magnetization. As a result, AMR
will have sensitivity to changing in the direction of
magnetization by £. In order to study the re-induced de-
gree of untrained state to understand the training effect
mechanism, we detail measure the AMR value and re-
veal that the reversal of the training effect depends on the
angle between the direction of cooling field and 1500 Oe
perturbation field. The sample is cooled from room tem-
perature to 10 K in the field of 4000 Oe in-plane. After
two AMR loops measurements to induce training effect
along the cooling field direction, subsequently, the AMR
loop was measured after performing 1500 Oe perturba-
tion field which forms 15°, 30°, 45°, 60°, 75°, and 90’
angle with respect to cooling field direction, respectively.
The following AMR loops were measured along the field
cooling direction as shown in Figure 3, which give the
remarkable new results of normalized resistance after

—e— the first loop
1.00000 |- the second log
& 0999921 /\\:
@ | b
.g 0.99984 | ’«-‘J"‘ / = o
= 4 b Vi =e
g “‘tt‘:‘:"‘..‘
N 0.99976 | } f W
©
£ /
O 0.99968 |
z {"
0.99960 1 " 1 " 1 1 " 1 " 1 " 1

-4000 -3000 -2000 -1000 O 1000 2000 3000 4000
Magnetic field (Oe)
(b)

Figure 2. The hysteresis loops in 10 K (a) after the sample was cooled in the field of 4000 Oe. The normalized AMR loops was
also measured in 10 K. The arrows indicate that the coercivity field in is corresponding with the normalized AMR peaks

value, respectively.
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Figure 3. The recover degree of normalized AMR peaks value along the cooling field after performing a external perturba-
tion field which forms certain angle ® with respect to cooling field direction, ® is 15°, 30°, 45°, 60°, 75°, and 90°, respectively.
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applied 15°, 30°, 45°, 60°, 75°, and 90" perturbation field
with respect to cooling field direction. The 1500 Oe per-
turbation field is large enough to change the FM layer
magnetization along its orientation due to soft FM layer
magnetization. In this case, however, AFM interfacial
spin direction will also be changed, which deviates away
from field cooling direction approximately 21° after
training effect occurred [3].

Since AMR curve minimum value coincides with the
magnitude of four coercive fields in the hysteresis loops,
we can get the exchange bias field Hr as a function of
angle ® according to the curves of Figure 3. For the
magnitude of the exchange bias Hp, the first theoretical
model was proposed by Meiklejohn and Bean (MB
model) [1,20], which didn’t include the AFM layer
thickness #,r. Taking into account the effect of finite
magneto-crystalline anisotropy of the AFM layer, Binek
et al. [21] generalized the MB model and derived the
following equation,

HE=H;@—199:] )

2 .2
8kAFtAF

where AE =JS.S,. is interface energy per unit area
and Sapr is spin of AFM/FM ions at the interface, J is
their exchange coupling constant. K, is the anti-ferro-
magnetic anisotropy constant. The above Equation (2) is
obtained when magnetization of AFM layer M r= 0 and
the angle of cooling field and perturbation field ® = 0.
As a matter of fact, because of the spiraling spin struc-
ture in the AFM layer [22], ® should be gt,r (here, g is a
constant). In our present Co/CoO system, t,r is 10 nm
and O is the formed angle between cooling field and
perturbation field. Based on these, the following equation
can be obtained according to original MB model,
(AE) gZJ

s A3)
8k’ ®

HE:H;p—
According to the assumption made in above MB ap-
proach Equation (3), when we take
AE = Hi M .t =10 erg/cm’ [23], estimate g =~ 1.91°/nm,
and take K~ 5.0%10° erg/cm3 [24], the Hg changing
with angle ® can be obtained as displayed in Figure 4.
From the figure, it can be seen that the experiment results
of Hg nearly accords with the results of MB model. In
the high-angle range, i.e., above 30°, the result is very in
line with the MB model. There is a little deviation be-
tween experimental and theoretical data when the angle
is small. We think this due to the angle smaller than
anti-ferromagnetic deviation. The maximum deviation
angle of anti-ferromagnetic interfacial spin is approxi-
mately 21°. So, the coupling FM/AFM spins follow the
perturbation field rotation within approximately 21° [3].
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Figure 4. Exchange bias Hg as a function of ® for Co (20
nm)/CoO (10 nm) bi-layer at 10 K. Solid line shows the
theoretical calculation Hg(®) according to Equation (3).

However, the formula for calculating exchange bias as-
sumed that the pinning AFM spins direction remains
unchanged. So, there is negligible for the difference.
Though 1500 Oe perturbation field is not too large to
change the AFM spin direction, FM magnetization rota-
tion will change the interfacial AFM spin align. Figure 3
shows that the recovery is partially re-induced, the peak
of AMR increases in the descending field branch com-
pared with the second AMR loop. We introduce the re-
cover degree W of AMR to analyzed the re-induced un-
trained state for different angle ®. The recover degree of
AMR is defined as the difference in height of the AMR
peaks at both the descending branch of second and third
AMR loops divided by the change of AMR at both the
descending branch of original and second loops [3]. The
value of recover degree is corresponding to the value of
re-induced untrained state, i.e., the larger recover degree
of asymmetry means that the untrained state is more easy
to be re-induced. Figure 5 displays the calculated value
of recover degree as a function of ® according to the
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Figure 5. The recover degree W of normalized AMR de-
pendent on the angle which formed with respect to cooling

field direction. The horizontal axis corresponds to the angle
O between external field and cooling field.
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AMR results in Figure 3. From the figure, it can be seen
that untrained state is partially re-induced and the reap-
pearance of untrained state depends on the angle O,
which reflects the changing of FM layer magnetization
orientation. Untrained state can be re-induced while di-
rection of perturbation field and filed cooling form 45°
angle. The recover degree of untrained state is the largest
while the angle is 75°. It’s different from our traditional
view point that perpendicular is the maximum.

For a qualitative understanding of the recovery and
disappearance of training effect, we introduce a simple
model modified by Hou ef al. [25] within the framework
of the Fulcomer and Charap model [26]. In this approach,
many small AFM spin grains interact with ferromagnetic
spin domain, and meanwhile, the FM spins was pinned
by AFM spins. Our results due to the AFM spins pinning
includes two aspects: one is the stable uncompensated
AFM spins; the other is the couple interact between
AFM spins and FM spins. They will follow FM spins
rotation. After training effect occurs, the totally average
AFM spins deviates away from field cooling direction,
and the ferromagnetic region form a domain. We applies
perturbation field 1500 Oe to change the FM spins, the
part of AFM spins is also rotated with FM spins because
FM spins and AFM spins couple with each other. And
meanwhile, the ferromagnetic domains will also be bro-
ken as the angle increases. This makes the larger recov-
ery with the angle variation. So, there is no recovery af-
ter training effect appearance while the angle between
external field and field cooling direction is smaller than
30° due to the maximum deviation angle of anti-ferro-
magnetic interfacial spin is approximately 21° [3]. How-
ever, when the angle is greater than 30°, there is emer-
gent untrained state. This is because the perturbation
field breaks the ferromagnetic domains. Simultaneously,
the angle is also greater than deviation angle of the anti-
ferromagnetic spins. So, the recovery becomes distinct
when the angle is large than 30°. However, the degree of
recovery is large as the angle are 45° and 75°, while the
angle are 60° and 90° is relatively small. We believe that
maybe caused by anisotropic of ferromagnetic. When the
angle is 45° and 75°, the ferromagnetic domain is de-
structed into very many smaller domains. While the an-
gle is 60° and 90°, the ferromagnetic domain is destruc-
ted into fewer large domains. The larger magnetic do-
main made exchange bias small. So, the recover degree
of untrained state is the large when the angle is 45° and
75°. For the traditional view, untrained state should be
the maximum when it is perpendicular. However, they
do not like us to do so detailed work, the angle we chose
is so small. This issue is also needs further detailed
study.
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4. Conclusions

In summary, AMR is used to study the training effect in
exchange biased CoO/Co bi-layer. The 1500 Oe pertur-
bation field is used to re-induce the untrained state,
which forms different angle ® with respect to cooling
field direction. The dependence of the untrained state on
the angle between the direction of perturbation field and
cooling field reveals that the re-induced degree of un-
trained state is strongly correlated to the angle ®. The
exchange bias field Hy for different ® accords with the
Meiklejohn-Bean model. The recover degree of un-
trained state is the largest when the angle is 75°, which
indicates that the training effect is related to the FM spin
orientation and induces the change of the interfacial
AFM spin reorientation with different angles. When the
angle is greater than 30°, there is emergent untrained
state. This is because the perturbation field breaks the
ferromagnetic domains. Simultaneously, the angle is also
greater than deviation angle of the anti-ferromagnetic
spins. So, the recovery becomes distinct when the angle
is large than 30°. However, the degree of recovery is
large as the angle are 45° and 75°, while the angle are 60°
and 90° is relatively small. We believe that maybe
caused by anisotropic of ferromagnetic. When the angle
is 45° and 75°, the ferromagnetic domain is destructed
into very many smaller domains. While the angle is 60°
and 90°, the ferromagnetic domain is destructed into
fewer large domains.
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