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Perpendicular exchange-biased ��� ���� ��� ��� 	
�� and 	
�� ��� ��� �� ��� ���� multilayers have been fabricated,
changing the thickness � ��� of the cobalt that is next to the IrMn layer. The crystal structure, interface roughness and magnetic prop-
erties were characterized by X-ray diffraction (XRD), X-ray reflectivity (XRR), atomic force microscopy (AFM) and extraordinary Hall
Effect (EHE). The multilayers are flat, and the roughness is about 0.2 nm across the 2- 
 scanning range. The magnetization reversal
is dependent on ��, and the exchange bias and coercivity vary with ��. The exchange bias reaches a maximum value (about 13.9
mT) for top-pinned multilayers at �� � � �� �
, while it reaches a maximum (about 3.5 mT) for bottom-pinned multilayers at
�� � � � �
. For both stacks the coercivity is maximum (about 30 mT) at �� � � � �
, and stable for �� � � �
. These

results are well understood in terms of the Co spin orientation at the Co/IrMn interface.

Index Terms—��� ���� perpendicular multilayers, magnetization reversal.

I. INTRODUCTION

T HE phenomenon of exchange bias (EB) between fer-
romagnetic (FM) and antiferromagnetic (AFM) films,

leading to a shift in the hysteresis loop of the ferromagnet, has
attracted much attention because of the rich and controversial
physics, and the potential applications of exchange bias in mag-
netic memory and sensors based on spin valves or magnetic
tunnel junctions (MTJ) [1]–[5]. Usually, the phenomenon is
studied in FM-AFM bilayers with in-plane anisotropy. More
recently, perpendicular exchange bias has been investigated in
continuous or nano-structured magnetic perpendicular multi-
layers [6]–[13]. Among these systems, or
multilayers are often used, and they are coupled with an AFM
layer, such as CoO [6], [7], NiO [8], FeMn [9], [12] or IrMn
[10], [11], [13]. There are several parameters that influence the
perpendicular anisotropy, such as the period (n) of multilayers
and the relative thickness of Co, Pt or Pd. It is found that
increasing n increases the perpendicular exchange bias [14].
Exchange bias is essentially determined by the orientation of
the local magnetic moment on the surface of the Co layer that
couples with the AFM layer. For example, experiments on
exchange-biased multilayers have shown that the
exchange bias was enhanced by inserting an ultrathin Pt layer
at the Co/IrMn interface [10]–[13], which suggests that a thin
Pt layer reorients the Co spin from a tilted orientation (due to
the in-plane anisotropy at the Co/AFM interface) towards the
normal to the AFM film. Until now, there have been few reports
on the relation between the exchange bias and magnetization
reversal in perpendicular multilayers varying the
orientation of the local moment of cobalt at Co/IrMn interface.

In this work, we have systematically investigated the
top-pinned
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and bottom-pinned
perpendicular multi-

layers by changing the thickness of the Co layer. The
dependence of the exchange bias and the coercivity has been
determined for varying , and a strong competition be-
tween the out-of-plane interfacial anisotropy and the in-plane
anisotropy has been observed. There are significant differences
between the top-pinned and bottom-pinned structures.

II. EXPERIMENTAL METHODS

Two series of multilayers with complete layer se-
quences
and
were grown on thermally oxidized Si wafers; layer thicknesses
are given in nanometers. All multilayers were grown under
high vacuum at room temperature in a Shamrock sputtering
tool [15]. The thickness of the Co layer that is next to the
IrMn layer ranged from 0 to 5.0 nm. The out-of-plane magnetic
hysteresis loops were measured using the extraordinary Hall
Effect (EHE). For EHE measurements, square samples were
contacted at the four corners in the Van der Pauw geometry.
The thickness, the interface roughness and crystal structure
were characterized by X-ray Reflectivity (XRR), Atomic Force
Microscopy (AFM) and X-ray Diffraction (XRD), respectively.

III. RESULTS AND DISCUSSION

Fig. 1 shows typical X-ray reflectivity (XRR) spectra for top-
and bottom-pinned multilayers with .
A good fitting is made after using the total thickness (21.8 nm)
of the stacks. Furthermore, according to the equation below [16]

(1)

where is the total thickness of sample, is the X-ray wave-
length, is the oscillation period. The estimated thicknesses
of bottom-pinned and top-pinned multilayers are 21.1
nm and 21.3 nm, which is similar to what we intended (21.8
nm). Fig. 2 presents the XRD results for top- and bottom-pinned

multilayers. Two XRD peaks are attained (see the fit-
ting lines), one belongs to (111)-oriented Pt, and the other is
(111)-oriented IrMn, which shows the crystalline character of
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Fig. 1. Typical X-ray reflectivity (XRR) spectra of top- and bottom- pinned
������� multilayers with � � ��	
 ��.

Fig. 2. High angular X-ray diffraction (XRD) of top- and bottom- pinned ex-
change-biased ������� multilayers, a broad peak about 40 is shown, which
can be fitted by two peaks, one is Pt (111) and the other is IrMn (111).

these samples. A similar structural characterization is observed
in [17]. The XRD peak is slightly higher for the bottom-pinned
multilayers, and it may be due to a better crystalline structure.

Fig. 3 gives the out-of-plane EHE loops for top-pinned
(a)–(h) and bottom-pinned (i)–(p) multilayers by
changing . Both multilayers give a square hys-
teresis loop with almost 100% remnant magnetization. For
top- and bottom- pinned samples, different sample shows
different EHE loops. For example, as shown in Fig. 3(f) with

, a little tilting is observed in the EHE loop
when it goes to saturation. This is probably due to most
of the moments of the Co layer has become aligned from
out-of-plane to in-plane. As shown in Fig. 3(l) and Fig. 3(m)
with and 0.8 nm, there exists a reversal asymmetry
in the EHE loops. It is often attributed to the asymmetric nu-
cleation process during the magnetization reversal [7], [18]. To
understand the origin in these stacks, the EHE loops
of bottom-pinned with are measured,
as shown in Fig. 4, a little asymmetry is found in the 1st EHE
loop, but the EHE loop becomes symmetry after measured 5
times. Here, the reversal asymmetry can be interpreted by the
training effect, which is often observed in exchange biased
systems [7], [19]–[21].

Fig. 5 summarizes the exchange bias and the coercivity as
the function of . As shown in Fig. 5(a), the exchange bias in-
creases first for both top- and bottom- pinned multi-
layers. Then the exchange bias reaches a maximum (about 13.9

Fig. 3. Out-of-plane EHE hysteresis loops of top-pinned (a)–(h) and bottom-
pinned (i)–(p) exchange-biased perpendicular ������� multilayers.

Fig. 4. Out-of-plane EHE hysteresis loops of bottom-pinned ������� multi-
layers with � � ��
 ��.

mT) for top-pinned samples at nm and it reaches
the maximum (about 3.5 mT) for bottom-pinned samples at

. After that, both decrease with increasing .
The exchange bias is almost zero when is more than 1.5
nm for both configurations, which is similar to the results as re-
ported in [11], [22]. The spin structure of the Co layer at the
Co/IrMn interface is the key factor for perpendicular exchange
bias. The perpendicular exchange bias is roughly proportional
to the FM-AFM spin projection at the interface [11]. As shown
in Meiklejohn and Bean’s model, the exchange bias is written
as [23], [24]

(2)

where is the interface exchange energy, and are
the spin moments along the film normal in the AFM and FM
interfacial layers, is the AFM unit cell size, is
the magnetization of the FM layer and is the thickness
of the FM layer. With the increase of , the Co layer shows
very strong perpendicular anisotropy. The thin Co film exhibits
an out-of-plane easy axis due to strong interfacial anisotropy
for in multilayers [6]. When the Co
layer has , a competition between the out-of-plane
interfacial anisotropy and the in-plane shape anisotropy shows
in multilayers. The effective anisotropy of the Co film
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Fig. 5. Out-of-plane of exchange bias field (a) and coercivity (b) with the va-
riety of Co thickness for top- and bottom- pinned of exchange-biased �������
multilayers.

gradually changes from out-of-plane perpendicular anisotropy
to in-plane anisotropy.

A schematic structure of the top-pinned stacks is
shown in Fig. 6(a), and the domain structure of the Co layer for
them with is given in Fig. 6(b)–(e). In these exchange-bi-
ased stacks, when is 0.2 nm (a monolayer), the
exchange bias is nearly zero due to the very thin Co layer,
which is unlikely to form a continuous film, but some separated
islands. For this case, the and values are limited
at the Co/IrMn interface. Furthermore, the separated islands
may show superparamagnetism, as indicated in Fig. 6(b). With
the increase of up to 0.4 nm, the exchange bias reaches
about 8 mT. This suggests the interface area of Co/IrMn for the
out-of-plane interfacial anisotropy becomes large. When is
0.45 nm, the highest exchange bias is obtained for top-pinned
samples, which reflects the highest out-of-plane interfacial
anisotropy. The Co layer may form a continuous film and a
single domain state is formed, as shown in Fig. 6(c). Then,
the exchange bias starts to decrease on increasing , which
suggests the in-plane shape anisotropy has an influence on the
exchange bias. Due to the competition between the in-plane
shape anisotropy and out-of-plane interfacial anisotropy,
multi-domain states occur and the effective Co spin may have
a little tilting, which correspond to a decrease of the exchange
bias with as shown in Fig. 5(a). With the further increase of

(for instance, ), the exchange bias is close to
zero for both stacks. The in-plane domain structure
appears and there is no net perpendicular magnetic moment
in the Co layer (Fig. 6(e)). From the above discussion, the
magnetic structure of the Co layer may go from the random
superparamagnetic, to out-of-plane single domain, out-of-plane
multi-domain to the in-plane domain in the range of 0–5 nm
[25]. However, there are other factors which may influence the
exchange bias. For example, the layer roughness can increase
pinning sites, and change the interfacial exchange coupling and
AF uniaxial anisotropy, which also contributes to the exchange
bias [26].

As for the coercive field, shown in Fig. 5(b) as a function of
, it increases first, and reaches the maximum value (about

30 mT) at for both top- and bottom-pinned
multilayers. However, when is larger than 1.0

nm, coercivity is quite different for both configurations. For
bottom-pinned multilayers, the coercivity becomes
stable after , But for top-pinned configurations,

Fig. 6. A schematic structure of (a) typical top-pinned ������� multilayers.
(b)–(e) the schematic domain structure of the Co layer with the increase of
� . The domain structure goes from random superparamagentic (b), the out-of-
plane single domain (c), the out-of-plane multi-domain (d) and in-plane domain
(e).

Fig. 7. AFM images for the surface roughness of (a) ���������� and (b)
�����	
����� ������������ multilayers with � 
 ��� 
�, which
shows the roughness is 0.16 and 0.21 nm, respectively.

the coercivity does not become stable until and a
much smaller value is observed.

To understand the coercivity change with the thickness of
the Co layer, the spin model given by Mobley et al. [27] is
used. According to this model, each spin is initially assigned
an anisotropy field, defined as

(3)

where is the anisotropy energy. is the field at which
an isolated spin would flip from up to down and conversely
for . Thus each spin has its own reversal field and is in-
herently hysteretic. Comparing our data with this model, when

increases from 0 to 0.8 nm, the total out-of-plane spin mo-
ment of the Co film monotonically increases. This explains the
coercivity increase with the increase of for both
multilayers as shown in Fig. 5(b), which is consistent with (2).
However, when is larger than 1.0 nm, the coercivity is quite
different for both stacks. The net out-of-plane spin moment of
Co is small, and the magnetization reversal mostly comes from
the multilayers. In this case, the roughness becomes
dominant. Here XRD and AFM are measured, as shown in Fig. 2
and Fig. 7. XRD data show the crystal structure of the samples,
and the AFM reflects the interface roughness. For top-
and bottom- pinned multilayers, the roughness is 0.16
nm and 0.21 nm, respectively. To increase the layer thickness
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will increase the roughness, and larger roughness comes from
thicker bottom IrMn/Co layers. It is found that larger surface
roughness can increase the coercivity of the thin films [28]–[31],
which is due to the formation of more pinning sites that pin do-
main walls. Because the Co layer is thin in our multi-
layers, the domain wall may be a Néel wall [31]. The Néel wall is
characterized by its domain wall energy and domain wall thick-
ness. The surface roughness causes the fluctuations in the do-
main wall energy. When the domain wall width is smaller than
the surface/interface inhomogeneity, the higher interface rough-
ness enhances the domain wall pinning sites, hence the coer-
civity [30], which well explains the coercivity in our
multilayers when .

IV. CONCLUSION

In conclusion, top- and bottom-pinned perpendicular
mutilayers have been systematically investigated.

With varying thickness of the cobalt layer that is coupled
with the IrMn layer, the exchange bias and coercivity shows
interesting changes for both mutilayers. By tailoring the mag-
netization reversal of multilayers, one may achieve a
superparamagnetic state, an out-of-plane single domain state,
an out-of-plane multi-domain state, and an in-plane state. These
results may be helpful in designing magnetic media and other
devices with different switching fields.
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