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Abstract
The perpendicular exchange bias effect is observed in the 

ferromagnetic Co/Ni multilayers adjacent to the antiferromagnetic FeRh 
layer. It is found that as the antiferromagnetic FeRh thickness increases 
from 10 Å to 50 Å, the hysteresis loop is gradually changed from the 
symmetric shape to the asymmetric shape shifted by some amount 
corresponding to the exchange-biased field at the thickness of 25 Å. Also, 
the magnetic domain observation experiment confirms that the domain 
reversals in the increasing and the decreasing field regions of the sample 
with the thickness of 50 Å exhibit the same single domain wall motion 
even though they have the different coercivities.
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Introduction
In general, when the ferromagnetic (FM) film is adjacent to the 

antiferromagnetic (AFM) layer, the magnetic hysteresis loop of the 
film exhibits an asymmetric shape moved to a particular direction of 
magnetic field due to the interaction at the interface [1]. Such phenomena 
in the AFM/FM film is called as an exchange bias effect. In addition, the 
magnetic hysteresis loop shifted to a certain direction is used to measure 
the degree of the exchange bias effect. While the exchange bias effect is 
classified as an in-plane exchange bias and a perpendicular exchange 
bias depending on the magnetic anisotropy direction of the FM film, 
most studies have been done in the in-plane exchange bias so far [2-8]. 
However, since the perpendicular exchange bias is recently discovered, 
new phenomenon in the promising exchange bias have attracted new 
attention due to the possibility of application to spintronics devices 
such as magnetic sensors, magnetic recording read heads and magnetic 
random access memory (MRAM) [9-15].

In most FM/AFM structures with perpendicular exchange bias effect, 
Co/Pd [16-18] and Co/Pt [9-11,15] mulilayers have being mainly used for 
the FM material due to their strong perpendicular magnetic anisotropy, 
while FeRh [19-21], FeMn [11,22], IrMn [9,15,23,24], and FeCl2 [25] 
are considered as the AFM material. Furthermore, since the asymmetric 
inversion on magnetization is observed in the perpendicular exchange 
bias, the magnetic domain movement also have been actively studied to 
a broaden understanding of the exchange bias [13,26,27]. In particular, 
the change of the exchange bias magnetic field HE and the coercivity HC 
is known as the results of the complex interaction of AFM/FM domain 
wall as well as an unidirectional anisotropy coming from the AFM/FM 
interface [1,2,28,29].

In this paper, we confirmed the perpendicular exchange bias effect 
experimentally in a thin film composed of FM Co/Ni multilayer and AFM 
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FeRh layer. In recent years, Co/Ni multilayer is being used 
for the current-induced spin dynamics due to its relatively 
small HC and fast domain wall mobility compared to Co/
Pd and Co/Pt multilayers [30-39]. In order to investigate 
the thickness of AFM layer dependent exchange bias effect, 
we produced samples with various thickness (from 10 Å to 
50 Å) of FeRh which is G-type AFM material. G-type AFM 
material is a promising candidate to tailor the interface spin 
configuration for exchange bias. In G-type AFM materials, the 
nearest neighboring magnetic moments on the (001) plane 
align antiferromagnetically whereas those on the (111) 
plane have a ferromagnetically ordered spin configuration, 
providing the ideal uncompensated interface for exchange 
bias [40]. The magnetic hysteresis loops were measured 
by using a home-built longitudinal magneto-optical Kerr 
effect (MOKE) set-up based on photoelastic modulation. 
In addition, the magnetic domain revolution patterns in 
regions with both increasing and decreasing magnetic field 
were observed by using a magneto-optical microscope.

Materials and Methods
The samples were deposited on the Si(100) substrate 

by using a dc magnetron sputtering system under working 
pressure of 1.4 × 10−6 Torr. The Si(100) substrates were 
loaded for deposition without removing the amorphous 
SiO2, and the targets were pre-sputtered for 20 minute 
before deposition. A dc-magnetic field of 1.5 kOe was applied 
parallel to the substrate surface during the growth of the 
film to set the exchange bias direction in the films. All the 
layers were deposited at room temperature.

During magnetic annealing was carried out in a vacuum 
chamber in 5 × 106 Torr at 400°C for 1 hour, the annealing 
temperature was controlled using a proportional-integral-
derivative (PID) controller.

The detailed structure of sample is illustrated in 
Figure 1(a). In the exchange bias, Co/Ni multilayer with Pt 
contributes to the perpendicular magnetic anisotropy, while 

FeRh serves as AFM material. TaN deposited above and 
below the layer was used for the capping layer.

The measurements of the magnetic hysteresis loops were 
carried out using a home-built longitudinal MOKE. A solenoid 
was used to generate the magnetic field in steps of 0.3 Oe 
by sweeping the current using a programmable constant 
current source. The thickness of the individual layers was 
determined using specular X-ray reflectivity measurements 
carried out using X-pert Panalytical X-ray diffractometer. In 
addition, the magnetic domain revolution patterns under the 
increasing and the decreasing magnetic field were observed 
by using a magneto-optical microscope. The obtained image 
was converted to an artificial image with better contrast 
through a real-time image processing system. 

Results and Discussion 
Using a longitudinal MOKE, we measured the magnetic 

hysteresis loop of the FM Co/Ni multilayer adjacent to the 
AFM FeRh layer of various thicknesses. Figure 1(b) shows 
a magnetic hysteresis loop of a sample having a FeRh 
thickness tAFM = 50 Å. The Kerr angle corresponding to the 
magneto-optical intensity is almost proportional to the 
magnetization M of the magnetic material. Therefore, we 
present normalized Kerr angle (θ/θS) which corresponds 
to saturated magnetization (MS) with angle of Kerr θ for 
convenience. Unlike a typical ferromagnetic thin film which 
shows a symmetrically shaped magnetic hysteresis loop, it 
exhibits an asymmetric shape moved from the origin. This 
is due to an unidirectional-anisotropy perpendicular to 
the sample created by the exchange interaction between 
the FM Co/Ni multilayer and the AFM FeRh layer at the 
interface. Such unidirectional-anisotropy shows different 
coercivity depending on the direction of the magnetic field 
in the magnetic hysteresis loop, as shown in figure 1(b). In 
order to investigate the magnetic properties of the AFM/
FM film indicating the exchange interaction, the magnetic 
coercivity HC and the exchange bias field HE should be 
measured. In particular, the HE is an important value to 
predict the degree of exchange interaction between FM and 
AFM layers. For the Co/Ni multilayer with 50 Å FeRh, HC and 
HE were measured as 225±5 and 325±5 Oe, respectively. 
These values were calculated from relations of HC = (HC1-
HC2)/2 and HE = -(HC1+HC2)/2. Here, HC1 and HC2 are the values 
obtained under the increasing and the decreasing magnetic 
field, respectively. Since the value of HE is much greater 
than that of HC in the Co/Ni multilayer with 50 Å FeRh, we 
can confirm that strong exchange interaction exists at the 
AFM/FM interface. In order to further investigate the AFM 
thickness dependent features of the exchange bias system, 
we produced a number of samples having different thickness 
of the AFM FeRh layer from 10 Å to 50 Å and measured the 
respective magnetic hysteresis loop.

As shown in figure 2, different hysteresis loops were 
obtained as the thickness of the AFM FeRh layer varies. First, 
the magnetic hysteresis loops of the samples show almost 
perfect rectangular shape, which means the present systems 
maintain the perpendicular magnetic anisotropy well even 
if the AFM FeRh layer is adjacent to the FM Co/Ni multilayer 
regardless of tAFM. Interestingly, as the tAFM increases, the 
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Figure 1: (a) Schematic diagram of the detailed sample structure basically 
consisting of the FM Co/Ni multilayer and the AFM FeRh layer. (b) Kerr 
hysteresis loop of the sample with the FeRh thickness of 50 Å exhibiting 
the exchange bias effect. Here, HC1 and HC2 correspond to the coercivities in 
the increasing and the decreasing field regions, respectively. HE denotes the 
exchange-biased field.
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center position of the magnetic hysteresis loop placing at the 
origin gradually moves to the left for samples with tAFM>25 Å. 
This means the exchange bias effect appears more and more 
from tAFM = 25 Å.

For quantitative analysis, exact HC and HE were 
calculated using the relationships mentioned previously. As 
shown in figure 3, HE is almost zero in the films of tAFM<20 
Å, however, it begins to arise from tAFM=25 Å and gradually 
increases with thicker tAFM. While it is predicted that the value 
of HE is saturated after particular thickness tAFM = ∼50 Å, this 
is because only the AFM layer having an effective thickness 
effect on the exchange bias effect in the AFM/FM structure 
[1,2]. Non-linear change characteristics of the coercivity 
HC is known to be due to the complex interaction between 
the FM and AFM magnetic domains appearing at interface. 
However, for Co/Pd and Co/Pt multilayers, the change 
characteristics of the HC shows monotonically increasing 
tendency with respect to the thickness of AFM layer as same 
as the HE [9], unlike the case of the present Co/Ni multilayer. 
In other words, the maximum AFM/FM magnetic domain 

wall interaction and the maximum HE appear simultaneously 
in the same tAFM for the Co/Pd and Co/Pt multilayers, whereas 
the maximum domain wall interaction occurs with thinner 
AFM layer than tAFM where the HE shows the maximum value 
in the present Co/Ni multilayer system. This implies that the 
HC of the magnetization inversion in the Co/Ni multilayer 
is much more sensitive to the AFM/FM interface compared 
to the magnetization inversion of the Co/Pd and the Co/Pt 
multilayers.

In order to investigate the phenomenon of the 
magnetization inversion, we measured the inverted pattern 
of the magnetic domain in an exchange bias sample with 
tAFM = 50 Å showing an asymemetic hyteresis loop. The real-
time magnetic domain revolution patterns were obtained in 
each region with the increasing and the decreasing magnetic 
field corresponding to the points of HC1 and HC2 in figure 1, 
respectively.

As shown in figure 4, inversion of magnetization in 
regions of the HC1 and the HC2 reveals a tendency of the 
domain wall movement, and there is not notable difference 
between the HC1 and the HC2 in perspective of the magnetic 
domain revolution pattern. Moreover, it was confirmed that 
only a single domain wall movement is visible in the both 
magnetic field area for all samples with various tAFM. On 
the other hand, in the case of Co/Pt and Co/Pd multilayers 
[24,41,42], domain wall movement is completely different 
from the Co/Ni multilayer. Therefore, in the case of Co/Ni 
multilayer, it can be assumed that the complex interaction of 
the AFM/FM domain walls at the interface plays a key role 
rather than the asymmetric isotropic characteristics due to 
the exchange bias.

Conclusion
In this study, we produced exchange bias structure 

composed of the FM Co/Ni multilayer and the AFM FeRh 
layer having a perpendicular magnetic anisotropy. Changes 
of the exchange bias magnetic field HE and the coercivity 
HC was investigated by measuring the magnetic hysteresis 
loops. In particular, as a thickness of the AFM FeRh increases 
from 10 Å to 50 Å the exchange bias effect was started to 
appear from 25 Å, and such effect is continued to increase 

Figure 2: Various Kerr hysteresis loops of the samples with the FeRh thicknesses varying from 10 Å to 45 Å.
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Figure 3: Dependence of the coercivity HC and the exchange biased field 
HE as a function of the AFM FeRh thickness, respectively. Here, the 
values of HC and HE were obtained using relations of HC = (HC1HC2)/2 
and HE=(HC1+HC2)/2, respectively.
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up to 50 Å. In perspective of the pattern of magnetic domain 
revolution, there is not a visible difference between the 
regions with increasing and decreasing magnetic field for 
the present Co/Ni multilayer adjacent to the AFM FeRh layer.
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