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The research on exchange coupled ferromagnetic/antiferromagnetic (FM/AF) bilayers has been the foundation of
spintronic applications such as hard disk reading heads and spin torque oscillators. In order to further explore the
exchange bias behavior of NiCo/(Ni, Co)O bilayers, effect of field cooling process, magnetic angular dependence,
and ion-beambombardmentwas investigated. The difference infilm composition resulted in remarkable distinc-
tion in crystalline structures and domain patterns. The exchange biasfield (Hex) in the bilayer systems exhibited a
strong angular dependence. The negative Hex after a field cooling process indicated that the polarity of Hex can be
defined by aligning the magnetization orientation of the FM NiCo layer with the applied field. Moreover,
enhanced exchange bias effect was observed in the NiCo/(Ni, Co)O bilayers that resulted from the surface of
the (Ni, Co)O layers bombarded with different Ar+ ion-beam energies using End-Hall voltages from 0 V to
150 V. The interface spin structures as well as the surface domain patterns were altered by the ion-beam
bombardment process. These results indicated that the exchange bias field of NiCo/(Ni, Co)O bilayer systems
could be tailored by field cooling process, angular dependence of magnetic properties, and post ion-beam
bombardment.

© 2014 Elsevier B.V. All rights reserved.
1. Introduction

Ever since the discovery of exchange anisotropy in Co particles
covered with CoO coatings [1], exchange bias has been intensively in-
vestigated in both nanostructure composites [2,3] and ferromagnetic/
antiferromagnetic (FM/AF) bilayers [4,5]. In the early observations, the
center of hysteresis loop of a FM/AF bilayer structure shifted from zero
to negative (this shift is known as exchange bias field (Hex)) as a result
of the exchange coupling in the interface of FM/AF layer [6,7]. However,
further research theoretically predicted and experimentally proved the
existence of positive exchange bias field in Fe/FeF2 [8] and Fe/MnF2 [9]
bilayer systems. One possible explanation for such anomalous phenom-
ena attributes the sign of Hex to the coupling mechanism in the AF and
FM interface [8,10–14]. As calculated by Koon [15], the orientation of
AF spins is perpendicular to the FM axis direction. If the FM and AF cou-
ple ferromagnetically (FM coupling), the AF orientation cants towards
the FM direction. In themagnetization reversal process, higher negative
magnetic field is then required to overcome the coupling between AF
and FM layers, resulting in normally negative shift of the hysteresis
in), ppong@eee.hku.hk
loop. On the contrary, AF coupling, where the AF magnetic orientation
cants away from FM axis direction, results in positive Hex.

The polarity and magnitude of exchange bias field are influenced by
several factors. Firstly, the composition is important in determining the
microstructure and thus the magnetic properties of exchange coupled
bilayers. Negative Hex was observed in NiFe/FeMn bilayers [16], while
NiFe/CoO tends to exhibit positive Hex [5]. Even in the same bilayer
system, the difference in AF content would result in dissimilar exchange
bias behavior. In our previous research, the content of the oxides was
adjusted by changing the O2/Ar ratio during the preparation of dual
ion-beam deposited NiFe/(Ni, Fe)O [17] and NiCo/(Ni, Co)O [18] bilay-
ers. The exchange bias field of both bilayers exhibited strong reliance
on the composition of AF layer.

Secondly, when the bilayer structures are cooled through the Neel
temperature (TN) of the AF layer, the cooling field effect also influences
the sign of Hex to a great extent. In NiFe/(Ni, Fe)O bilayers, cooling down
with no applied field constituted positive Hex, whereas cooling down
with a positive cooling field formed negative Hex [11]. On the other
hand, many structures exhibited a shift from negative Hex to positive
Hex with increasing cooling field, such as (1) ferromagnetic/ferrimagnetic
transition-metal rare-earth alloy thin films (CoNi/Gd/CoNi trilayers and
CoNi/Gd bilayers [13]), (2) ferrimagnetic/ferrimagnetic bilayers (GdFe/
TbFe [19]), (3) ferrimagnetic/ferromagnetic bilayers (FeGd/FeSn [20]),
and (4) certain FM/AF bilayers (such as Fe/FeF2 [8], Fe/MnF2 [9], GdFe/

http://crossmark.crossref.org/dialog/?doi=10.1016/j.tsf.2014.03.032&domain=pdf
http://dx.doi.org/10.1016/j.tsf.2014.03.032
mailto:kwlin@dragon.nchu.edu.tw
mailto:ppong@eee.hku.hk
http://dx.doi.org/10.1016/j.tsf.2014.03.032
http://www.sciencedirect.com/science/journal/00406090


Fig. 1. The grazing angle XRD patterns of (Ni, Co)O (0%, 8%, 26%, and 30% O2/Ar).
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NiCoO [12] and Fe/MnF2 [14]).When these bilayers are cooled inmagnet-
ic field, the orientation of the AF interface spins is influenced by the com-
petition between the interface exchange coupling and the external
magnetic force. Under small cooling field, the AF spin configuration is
dominated by the interface coupling. However, when the cooling field is
so high that the Zeeman energy of the AF interfacial spins is comparable
to that of the exchange coupling unidirectional anisotropy energy, the ori-
entation of AF spins is aligned towards the direction of the external field
[21]. When the competition between the external magnetic field and
the internal unidirectional anisotropy energy reaches a balance, the loop
shift can be expressed by the following equation [22]:

Hex ¼
Δσ

2μ0MFMtFM
ð1Þ

whereMFM and tFM are the saturationmagnetization and thickness of the
ferromagnetic layer, respectively, whileΔσ is the change of the interfacial
exchange energy density upon the reversal of the magnetization of the
FM layer.

Thirdly, ion bombardment is effective in altering the surface status
and domain alignments of magnetic materials [18,23–27]. Ion-beam
bombardment can be conducted during the deposition of a certain
layer, or after the deposition as a post-treatment. During the ion-
bombardment process, the factors that govern the magnetic properties
of thin films, including chemical composition, crystallinity, grain sizes
and their distribution, can be altered [24]. The research on ion-beam
bombarded NiFe/NiO bilayers indicated that by varying the bombard-
ment energies and durations, the NiO spin structures could bemodified
and the coupling type could be changed [27]. As such, the exchange bias
can be tailored by ion-beam bombardment.

Ni and Co are two commonly used FMmaterials. Their oxides are AF
with highNeel temperature (TN(CoO)=293K, TN(NiO)=525K [6]). In
our previous research, the field cooling effect [26,28] and post ion-beam
bombardment effect [23] on the magnetic properties of NiFe/(Ni, Fe)O
bilayers were systematically investigated. Our preliminary work
revealed that the magnetic properties of NiCo/(Ni, Co)O bilayers were
strongly influenced by the O2/Ar ratio and bombardment voltage of
the assisting ion source during the in-situ oxidization of NiCo [18]. In
this paper, we further investigate the influence of field cooling process,
angular dependence of magnetic properties and post ion-beam bom-
bardment on the microstructure as well as the magnetic behavior of
such bilayers.

2. Experimental details

NiCo (10 nm)/(Ni, Co)O (25 nm) bilayers were prepared by dual-
ion-beam deposition technique, as described previously [17,23,29]. A
Kaufman deposition source (VK = 800 V) was engaged to sputter the
Ni50Co50 target. The bottom (Ni, Co)O layers were prepared by in-situ
oxidization under different O2/Ar ratios of 0%, 8%, 26% and 30% with
an End-Hall assisting source operating at End Hall voltage (VEH) of
100 V. The top NiCo layers were subsequently deposited onto the
(Ni, Co)O layers directly or after the ion-beam bombardment process.
The base pressure of the chamber was 5.3 × 10−5 Pa before the deposi-
tion process while the coating pressure was around 6.7 × 10−2 Pa.

In order to investigate the field cooling effect, NiCo/(Ni, Co)O (8%
O2/Ar and 30% O2/Ar) were cooled down from 298 K to 160 K with and
without the cooling field of 1.6 × 106 A/m. In the ion-beam bombard-
ment experiment, the (Ni, Co)O (26% O2/Ar) layers were bombarded
by Ar+ ion-beam with VEH varied from 0 V to 150 V for 5 min before
the deposition of the top NiCo layer. Then, the bilayers were field cooled
to 5 K with a magnetic field of 1.6 × 106 A/m.

The crystalline structures of the samples were measured by Rigaku
D/MAX2500 X-ray Diffractometer with Cu Kα radiation (λ= 0.154 nm).
A JEOL Transmission Electron Microscope (JEM-2010) operating at
200 kV was engaged in obtaining the microstructures of the samples. To
make the samples electron-transparent for taking both planar-view and
cross-sectional TEM images, the samples were grinded with sand papers
and thinned down by a Gatan ion-mill system. Magnetic properties were
characterized by an ADE-DMS 1660 Vibrating Sample Magnetometer
(VSM) at room temperature and at 160 K under zero-field-cooling (ZFC)
or field-cooling (FC) processes from 298 K with applied magnetic field
(H = 1.6 × 106 A/m) parallel to the film plane; and at 5 K under FC pro-
cesses by Quantum Design MPMS-7 Superconducting Quantum Interfer-
ence Device (SQUID) magnetometer. Photoemission electron microscopy
(PEEM) was conducted in the National Synchrotron Radiation Research
Center (NSRRC) in Taiwan to investigate the morphology of domain pat-
terns. VEECO (DI-3100) Atomic/Magnetic Force Microscope (AFM/MFM)
operated under tappingmodewith a Co-alloy coated tipwas utilized to in-
vestigate the domain structures at the sample surfaces.
3. Results and discussion

The crystalline structures of (Ni, Co)O single layers prepared with
different O2/Ar ratios can be analyzed from the X-ray diffraction (XRD)
patterns (Fig. 1). For the samples prepared with 0% and 8% O2/Ar,
two major peaks emerged at 2θ = 44° and 76°. These two peaks
corresponded to the (111) and (220) planes of FCC NiCo, and the calcu-
lated lattice constant was 3.53 Å. The lower peaks at 2θ = 36°, 62° and
76°, corresponding to the (111), (220) and (311) orientations of (Ni,
Co)O respectively, indicated that the content of oxide was relatively
low in (Ni, Co)O single layer (8% O2). However, when the oxygen ratio
was increased to 26%, (Ni, Co)O (200) peak and sharp (Ni, Co)O (311)
peak could be observed, and the (Ni, Co)O (220) and (111) peaks were
also greatly strengthened. By further increasing the oxygen content to
30%, the (Ni, Co)O (311) was weakened, and (111) and (220) remained
to be the preferred orientations. The lattice structure of (Ni, Co)O was
Rocksalt FCC with lattice constant of 4.29 Å.

As reported previously [18], the changes in composition and
preferred orientation resulted from the in-situ oxidization of NiCo.
For the samples prepared with low oxygen content (0% and 8%), the
major composition of the layers was NiCo. When the oxygen content
reached 26%, antiferromagnetic (Ni, Co)O was formed despite the fact
that a flat NiCo peak could also be observed at 2θ=44°. This transition
in composition resulted in remarkable changes in the magnetic proper-
ties of the bilayers. When O2/Ar ratio was further increased to 30%, the
change in the preferred crystalline orientation led to transformation in
spin and magnetic structures, which in turn affected the exchange
coupling between NiCo and (Ni, Co)O. These phenomena are discussed
as follows.



Fig. 2. Hysteresis loops measured at different angles at 298 K for samples (a) NiCo/(Ni, Co)O (8% O2/Ar) and (b) NiCo/(Ni, Co)O (30% O2/Ar).
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3.1. Cooling field effect and angular dependence of the coercivity and
exchange bias of NiCo/(Ni, Co)O

As shown in Fig. 2, the hysteresis loops of NiCo/(Ni, Co)O (8% and 30%
O2/Ar)weremeasured at 298Kwith different in-plane angles. Compared
with the HC of the pure NiCo (~1.6 kA/m at room temperature), the
coercivities of the bilayers measured at 0° (6.8 kA/m and 3.4 kA/m)
were greatly enhanced, which was believed to be the characteristic of
exchange coupling between ferromagnetic NiCo and antiferromagnetic
(Ni, Co)O [6]. No evident exchange bias effect was observed in the sam-
ples prepared with 8% O2/Ar (Hex ~ 0.32 kA/m), while NiCo/(Ni, Co)O
(30% O2/Ar) presented large positive Hex (~4.0 kA/m). This distinction
could be explained by the different compositions of the two samples.
As discussed in the XRD patterns, the content of oxide was relatively
low in the bilayers prepared with 8% O2/Ar. In addition, the antiferro-
magnetism of (Ni, Co)O is rather weak at room temperature. As a result,
the exchange coupling in NiCo/(Ni, Co)O (8% O2/Ar)was relativelyweak,
which in turn led to the small Hex (0.32 kA/m). When O2/Ar ratio
reached 30%, the content of (Ni, Co)O increased and the exchange
coupling was enhanced, resulting in the larger exchange bias field. The
positive Hex is believed to be the result of the antiferromagnetic coupling
in the interface [28]. The reduction in square ratios of hysteresis loops in
NiCo/(Ni, Co)O (30% O2/Ar) indicated the change in NiCo anisotropy
because of interfacing with the AF (Ni, Co)O.

To further investigate the cooling field effect, the NiCo/(Ni, Co)O
(30% O2/Ar) bilayers were cooled down to 160 K with and without the
cooling field of 1.6 × 106 A/m. The hysteresis loops of the samples
under ZFC and FC are presented in Fig. 3. When measured at 0°, the
ZFC samples exhibited positive Hex, similar to that measured at room
temperature. This could be explained by the fact that the exchange
coupling between AF and FM layers remained antiferromagnetic in the
ZFC process. In addition, since antiferromagnetism of (Ni, Co)O was
enhanced at low temperature, the AF coupling was strengthened. As a
consequence, Hex (6.3 kA/m) and HC (35.7 kA/m) were both enlarged.
However, after field cooling process, the exchange bias field shifted to
Fig. 3. Hysteresis loops of NiCo/(Ni, Co)O (30% O2/Ar) measured at different ang
negative (−3.7 kA/m). This indicated that the exchange coupling
changed from AF to FM. In the field cooling process, the large applied
field not only maintained the single domain state [30] of the FM layer
but also altered the orientation of AF spin. As a result, the AF spins
canted towards the orientation of the cooling field, leading to FM
exchange coupling.

The angular dependence ofHex andHC at room temperature and160K
is shown in Fig. 4. The angular dependence of HC of both bilayers showed
some periodicity. The HC of NiCo/(Ni, Co)O (8% O2/Ar) bilayers reached
minimum at 0°, 180° and 360° (i.e. perpendicular to the easy axis of the
FM materials), while ramped to maximum at 90° and 270° (i.e. parallel
with the easy axis). The HC curves of NiCo/(Ni, Co)O (30% O2/Ar) bilayers
exhibited different characteristics. HC was largest at 0°, 180°, while
dropped to theminimumat 90° and270°.However, one thing in common
is that they both demonstrated cosinusoidal relationship with period of
180°. Hex curves of NiCo/(Ni, Co)O (30% O2/Ar) bilayers also illustrated
cosinusoidal traces, which are consistent with the previous theoretical
simulations [31,32]. It should be noted that the period for Hex is 360°,
twice as large as that for HC. The Hex measured at 298 K shifted from pos-
itive to negative in 135°–270°. Similar angular dependence could be ob-
served at 160 K when the samples were cooled down without magnetic
field. However, after field cooling process, Hex remained negative, regard-
less of measuring angle. This indicated that through field cooling, the sign
of exchange bias could be defined. Note that the different values mea-
sured at 0° and 360° are considered to be a result of the training effect.

Direct evidence of the surface domain structures could be observedby
PEEM as shown in Fig. 5. Large domains were observed in the NiCo alloy
(Fig. 5(a)) while entangled long continuous stripe domains appeared on
the surface of the NiCo/(Ni, Co)O (8% O2/Ar) bilayer (Fig. 5(a)). As the
bottom layers were further oxidized with higher O2/Ar ratio, the surface
domain patterns changed to short fine stripes (Fig. 5(c) and (d)). From
these variations in domain patterns, we could see that the changes in
microstructure of the bottom layers resulted in vast changes in the
shape and size of the surface magnetic domain patterns, thus modifying
the magnetic properties of the bilayers.
les at 160 K after (a) the zero field cooling and (b) the field cooling process.



Fig. 4. Angular dependence of HC and Hex of NiCo/(Ni, Co)O (8% O2/Ar) and NiCo/(Ni, Co)O (30% O2/Ar) at 298 K and 160 K.
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3.2. Ion-beam bombardment effects

Ar+ ion-beam bombardment with VEH ranging from 0 V to 150 V
was conducted on the surface of (Ni, Co)O (26% O2/Ar), resulting in re-
markable changes in both microstructure and magnetic properties. The
surface morphology and cross-sectional profile were characterized by
TEM as shown in Fig. 6. A smooth interface between the top NiCo and
the bottom (Ni, Co)O layer (thickness variation less than 2 nm) could
be seen from the cross-section profile (Fig. 6(a)). This indicated that
the layers exhibited low surface roughness and weak diffusion. In the
electron diffraction rings (Fig. 6(b)), the corresponding crystal planes
of rock-salt FCC (Ni, Co)O ((111), (200), and (220)) and FCC NiCo
((200), (222), and (311)) could be observed. The preferred orientations
measured by TEM are in good accordancewith the results characterized
by XRD. The bright field images show the high resolution surface mor-
phologies of the bilayers bombarded by VEH = 0 V (Fig. 6(c)), VEH =
70 V (Fig. 6(d)), and VEH = 130 V (Fig. 6(e)). The grain sizes of all the
Fig. 5. The magnetic domain patterns by PEEM for (a) NiCo, (b) NiC
samples ranged from 5 nm to 15 nm, and reached the maximum
when VEH was 70 V. Noticeable fold structure was observed on the bi-
layer bombarded by VEH = 130 V (Fig. 6(e)). This indicated that the
ion-beam bombardment significantly modified the surface morphology
of (Ni, Co)O, and this deformation altered the surface structure of upper
NiCo. These changes in microstructure also led to different magnetic
properties, which is discussed later.

In order to study the influence of ion-beam bombardment of the
(Ni, Co)O surface on themagnetic properties of NiCo/(Ni, Co)O bilayers,
the magnetic properties of all the samples were characterized twice,
one at 298 K and one after 1.6 × 106 A/m field cooling to 5 K. In Fig. 7,
shifted hysteresis loops and enhanced coercivities could be observed
in the bilayers at 298 K and at 5 K. This asymmetry in hysteresis loops
was a strong evidence for the unidirectional anisotropy provided by
the interfacial (Ni, Co)O moments coupled to the NiCo moments. Two
mechanisms were responsible for the magnetic reversal process when
the bilayers were saturated by the negative magnetic field. The round
o/NiCoO (8% O2/Ar), and (c) and (d) NiCo/NiCoO (30% O2/Ar).



Fig. 6. TEM characterizations of NiCo/(Ni, Co)O bilayers bombarded by various End-Hall voltages: (a) cross-sectionmorphology of VEH=70V, (b) diffraction pattern of VEH= 0V, and the
bright field images of (c) VEH = 0 V, (d) VEH = 70 V, and (e) VEH = 130 V.
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hysteresis loops of the NiCo/(Ni, Co)O (VEH = 0 V (Fig. 7(a)), 70 V
(Fig. 7(b)) and 130 V (Fig. 7(c)) bilayers indicated that the magnetiza-
tion reversal was likely dominated by the rotation of the interfacial
magnetization [33]. However, thehysteresis loop of bilayers bombarded
by VEH= 150 V (Fig. 7(d)) is more rectangular in shape and exhibited a
magnetic reversal process dominated by the domain wall motion [6].

In addition, the hysteresis loops split into two subloops when mea-
sured at 298 K, and this phenomena was enhanced when VEH = 70 V.
Similar complex hysteresis loops were also observed in nanocomposite
Co/CoO thin films [7]. Yi et al. attributed the presence of the two
subloops to the competition between dipolar interaction and exchange
coupling. As discussed in the X-ray diffraction patterns (Fig. 1), a small
content of NiCo existed in the (Ni, Co)O (26% O2/Ar). The dipolar inter-
action between the NiCo contents in the bottom and the top layer con-
tributed to positive Hex, while the exchange coupling between (Ni, Co)O
and NiCo acted oppositely. After the FC process to 5 K, the exchange
coupling between the FM and AF layer was greatly enhanced, and the
magnetic performance of the bilayer was dominated by the exchange
coupling. As a result, the two subloops merged into one at 5 K. It should
be noted that the negative Hex in the NiCo/(Ni, Co)O (26% O2/Ar, VEH =
0 V) indicated a FM exchange, which was different from the coupling
mechanism of the NiCo/(Ni, Co)O (30% O2/Ar). This variation could be
due to the different contents and microstructures between the two
samples.



Fig. 7.Hysteresis loops of NiCo/(Ni, Co)O bilayers bombarded by (a) VEH = 0 V, (b) VEH =
70 V, (c) VEH = 130 V, and (d) VEH = 150 V measured at 5 K and 298 K (insets).
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The variations of HC and Hexwith VEHmeasured at 298 K and 5 K are
plotted in Fig. 8(a) and (b), respectively. At 298 K, the measured HC

changed slightly after ion-beam bombardment process, ranging from
5.1 kA/m to 6.0 kA/m. However, Hex exhibited significant fluctuation.
When VEH reached 70 V, the most enhanced Hex (−2.1 kA/m) was ob-
served. However, as the ion-beam energy increased, Hex changed to 80
A/m at VEH = 130 V. Further increasing the bombardment voltage to
150 V failed to enhance the positive exchange bias. On the contrary,
Hex shifted to −1.6 kA/m as a result of the structural deformation.
McCord et al. [34] proved that tilted exchange anisotropy is responsible
for the loop asymmetry in exchange-coupled FM/AF thin films. The in-
fluence of ion-beam bombardment on the AF surface is twofold [33].
On one hand, the bombardment alters the tilted FM/AF exchange unidi-
rectional anisotropy. The misalignment between this exchange anisot-
ropy and FM uniaxial anisotropy leads to declined exchange coupling
strength and reduced Hex. On the other hand, uncompensated interfa-
cial spins are created as a result of the structural deformation, which
may enhance the exchange bias effect. In the case of moderate Ar+

ion-beam bombardment (VEH = 70 V), the largest Hex (−2.1 kA/m)
was likely due to the uncompensated AF spins which was created dur-
ing the ion-beam bombardment process. As the ion energy increased,
tilted spins emerged and resulted in misaligned interfacial spins. This
in turn led to declined exchange coupling strength and reduced Hex.

After the FC process to 5 K, a different dependence pattern on VEH

was observed in the HC and Hex. With increasing VEH, the exchange
bias was greatly enhanced, and Hex reached maximum at VEH = 150 V
(−31.5 kA/m). As a consequence of the enhanced exchange coupling
effect, HC also increased greatly after the ion-beam bombardment
Fig. 8.Dependence of HC and Hex on VEH for NiCo/(Ni, Co)O bilayers measured at (a): 298 K and
by MFM.
process. The cooling field effect was responsible for the enhanced Hex

at 5 K. As discussed above, the FC process affected the bilayers by
aligning the AF spins towards the cooling field orientation. As a result,
the misalignment between the interfacial moments and the exchange
anisotropy was reduced. The reduction in misalignment and the
increase in uncompensated interface spins resulted in the enhanced ex-
change coupling with increased ion-beam energies. After ion-beam
bombardment of VEH = 150 V, the interfacial exchange energy density
calculated from Eq. (1) was 3.1 × 10−4 J/m2.

The ion-beam bombardment on the bottom layer also resulted in ob-
vious changes in surface domain patterns (Fig. 8 inset). As VEH increased,
the domains elongated to stripes of around 1 μminwidth. These changes
indicated that the initial FM domain states are strongly affected by
interfacing with the different ion-beam bombarded AF layers during
the magnetization reversal process. These results are consistent with
our previous research on NiFe/Mn [33] and NiFe/(Ni, Fe)O [26] bilayers.
4. Conclusions

NiCo/(Ni, Co)O bilayers were prepared by dual-ion-beam-deposition
technique with O2/Ar ratio ranging from 0% to 30%, and the microstruc-
ture andmagnetic propertieswere investigated. The bilayers consisted of
FCC NiCo (3.53 Å) and rock-salt (Ni, Co)O (4.29 Å), as characterized by
XRD and TEM. The cooling field effect and angular dependence of the co-
ercivity and exchange bias field was analyzed at room temperature and
160 K. For the samples measured at 298 K, Hex switched from positive
to negative as the measuring angle changed from 0° to 135°. After the
ZFC process, similar angular dependence was observed. The Hex of the
field cooled samples remained negative at different angles, indicating
the existence of FM coupling. Such transition proved that FC process
could dictate the exchange coupling mechanism. The Ar+ ion-beam
bombardment could create uncompensated AF spins (enhancing Hex)
and increase spin misalignment in the interface (diminishing Hex). At
298K, strongest exchange couplingwas exhibited as a result ofmoderate
ion bombardment. After FC process, enhancement of Hex with increasing
ion energy was observed, indicating that the exchange bias was contrib-
uted by the uncompensated interface spins. This work demonstrated
that the polarity of exchange bias can be adjusted by the cooling field
process, angular dependence of magnetic properties, and ion-beam
bombardment. These results provided feasible means to tailor the
magnetic properties of magnetic thin films, which could be applied in
spintronic devices suchas exchange biased giantmagnetoresistance sen-
sors and magnetic tunnel junctions. Further study will be conducted to
establish the theoretical model in order to explain and predict the mod-
ifications in magnetic properties by engaging the techniques developed
in this work. Moreover, further experiments will be carried out to reveal
the influence of thin-film geometry and post-annealing on the exchange
bias of (Ni, Co)O bilayers.
(b): 5 K after the field cooling process, and (a) inset: domain patterns at 298 Kmeasured
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