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The magnetization angle and thickness dependence of magnetic anisotropy in the exchange-biased [Pd/Co]×5/

FeMn multilayers with an out-of-plane anisotropy were investigated to determine the origin of perpendicular

exchange biasing. As the Co thickness increased to 1.5 nm in the [Pd(0.8 nm)/Co(t)]×5/FeMn(120 nm) films, the

hysteresis loops were converted from square loops at a thin Co (< 0.4 nm) to complicated round ones at a thick

Co. The irregularly asymmetric step (IAS) at the left top of the loop appeared in the loop of the 0.6-nm Co film

due to an inhomogeneity in the exchange anisotropy. As the Pd thickness increased to 1.6 nm, the step disap-

peared, and the perpendicular magnetic anisotropy was maximized in the Co thickness between 0.6 and 0.9 nm.

The conversion of the magnetization loop along the magnetization angle coincided with the equation H(eff) = Ho

cos θ. The IAS of the 0.8-nm Pd film disappeared after thermal annealing up to 200 oC under an external mag-

netic field.
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1. Introduction

Recently, exchange bias effects were observed in Co/Pt

and Co/Pd multilayers with perpendicular anisotropy

coupled to an antiferromagnet (AFM) [1, 2]. The perpen-

dicular magnetic phenomenon can be quite useful for

magnetic field sensors and the magnetic recording techni-

que, especially integrated planer sensors, or for MRAM

devices. Although perpendicular exchange bias has found

applications in spin electronic devices, a magnetic de-

scription that satisfactorily explains all observed phen-

omena has not, as yet, been formulated [3-5].

In this work, the dependence of perpendicular magnetic

anisotropy on the magnetization angle and thickness in

the [Pd/Co]n/FeMn film was discussed to explain perpen-

dicular exchange biasing at the interface between Co and

FeMn. To eliminate the asymmetric hysteresis loop gene-

rated by inhomogeneous exchange coupling at the inter-

face, the Pd thickness dependence and thermal annealing

under an external magnetic field were investigated.

2. Experiments

Ta(2 nm)/[Pd/Co]×5/FeMn(120 nm)/Ta(2 nm) multi-

layers were deposited, using the dc magnetron sputtering

system without a magnetic field, under a base pressure of

1.0 × 10−7 Torr. The Pd and Co thicknesses changed from

0.8 to 1.6 nm and from 0.2 to 2.1 nm, respectively. The

sample was annealed to 200oC under 1.0 × 10−5 Torr

during an hour. The external magnetic field of 500 Oe

was applied during the annealing process. The magneti-

zation curves of the exchange-biased perpendicular films

were measured using the extraordinary Hall effect (EHE)

and VSM. To investigate the dependence of magnetizing

angle on perpendicular magnetic anisotropy, the magneti-

zation curves was obtained under the applied field of 0,

30, 60 and 90 degree for the out-of-plane direction.

3. Results and Discussion

The hysteresis loops of the [Pd(0.8 nm)/Co(0.3-1.5

nm)]×5/FeMn(120 nm) multilayers as a function of the

magnetizing angle and thickness of Co are shown in

Figure 1. The loop of the 0.3-nm Co layer has clear
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square-type curves due to a strong perpendicular magnetic

effective anisotropy, and its exchange biasing field (Hex)

and coercivity (Hc) are 310 Oe and 590 Oe, respectively.

The perpendicular magnetic effective anisotropy became

weak as Co thickness increases, because a decrease of the

out-of-plane magnetic effective anisotropy occurs for

either very thin or relatively thick Co layers, which

drastically reduces perpendicular exchange bias [6]. The

IAS at the top of the loop, as shown in figure 1(c) and

(d), resulted from the inhomogeneity in the exchange

anisotropy. The region of the asymmetric loop was placed

at the center of the zero magnetic field. Therefore, the

area of the asymmetric loop was proportional to the

region uncoupled from the FeMn antiferromagnet at the

interface. The 1.5-nm Co sample has in-plane effective

anisotropy [6], and perpendicular exchange anisotropy

vanished above the 1.2-nm Co sample. The Hc’s of the

0.4-nm Co sample were 350, 400, and 650 for the

magnetization angle of 0, 30, and 60 degrees, respec-

tively. The Hex’s, on the other hand, were 350, 400, and

700 along the angle. This shows that the conversion of

the magnetization loop coincided with the equation H(eff)

= Hocos θ as the angle increased [7].

Figure 2 shows the hysteresis loops of the [Pd(1.6 nm)/

Co(0.3-1.5 nm)]×5/FeMn(120 nm) multilayers as a func-

tion of Co thickness and the magnetizing angle. The loop

of the 0.5- and 0.7-nm Co layer has clear square-type

curves, and its Hex and Hc are 250 and about 580 Oe,

respectively. When the Co thickness went beyond 1.2 nm,

the loop was converted into a round curve and caused the

perpendicular magnetic anisotropy at the 1.8-nm Co

multilayers to disappear. In the case of the 1.8-nm Pd

multilayers, the IAS did not appear as the Co thickness

increased. This proves that a Pd thickness of below 1.0

nm can induce inhomogeneous perpendicular exchange

anisotropy. 

From the hysteresis loops of the 0.8-nm and 1.6-nm Pd

films, it can be observed that the loops of Figure 1a (Pd =

0.8 nm; Co = 0.3 nm) and Figure 1b (Pd = 0.8 nm; Co =

0.4 nm) are similar to those of Figure 2b (Pd = 1.6 nm;

Co = 0.7 nm) and Figure 2c (Pd = 1.6 nm; Co = 0.9 nm).

This shows that the magnetic properties of the multilayer

Fig. 1. Normalization Hall voltage of the Ta(2 nm)/[Pd(0.8

nm)/Co(t)]×5/FeMn(120 nm)/Ta(2 nm) multilayers as a func-

tion of Co thickness and the magnetizing angle.

Fig. 2. Normalization Hall voltage of the Ta(2 nm)/[Pd(1.6

nm)/Co(t)]×5/FeMn(120 nm)/Ta(2 nm) multilayers as a func-

tion of Co thickness and the magnetizing angle.



− 72 − Magnetization Angle and Thickness Dependence of Perpendicular Exchange Anisotropy
…

− S. D. Choi et al.

depend on the ratio of the Co/Pd thickness rather than on

the thickness of each. 

Figure 3 shows Hex and Hc as functions of the Co

thickness of Pd = (a) 0.8 nm and (b) 1.6 nm. For Pd = 0.8

nm, Hex and Hc were maximized to the Co thickness

between 0.3 and 0.4 nm. Above 0.6-nm Co, the valves

decreased continuously and became a zero field at 1.2

nm. In the case of Pd = 1.6 nm, however, the Hex was

maximized to 250 Oe at the 0.5 nm Co thickness, and its

value was maintained up to the Co thickness of 1.2 nm.

Also, the Hc was about 580 Oe at the Co thickness of 0.5-

0.7 nm, but was reduced to zero above the Co thickness

of 1.8 nm. This shows, therefore, that the perpendicular

exchange anisotropy of the [Pd/Co]/FeMn multilayers

that have a thick Pd layer is more stable and homo-

geneous than that of the thin Pd layer. The Hex and Hc

were at a maximum at Co = 0.3-0.4 nm in the case of Pd

= 0.8 nm, and 0.6-0.7 nm in Pd = 1.6 nm. This proves

that the Hex and Hc were optimized when the Co thick-

ness was twice the Pd. 

Figure 4 shows the effective magnetic anisotropy (Keff)

as a function of the Co thickness for the Pd thickness of

0.8 nm and 1.6 nm. Keff can be written as Keff = KV + (2n

− 1)Ksurf/ntCo + Ktop/ntCo [5, 8, 9], where n is the number

of bilayer repeats, KV is the volume anisotropy of the Co

layers, Ksurf is the perpendicular interfacial anisotropy of

the Co/Pd interface, and Ktop is the interfacial anisotropy

of the Co/FeMn interface. Keff was estimated from the

difference of the area between the out-of-plane (positive)

and in-plane (negative value) hysteresis loops by VSM.

For Pd = 0.8 nm, the 0.3-nm Co layer sample has the

highest Hc (590 Oe) and Keff/Keff,max (1.0). The Keff /

Keff,max of the 1.5-nm Co sample was a negative value of

−0.05. For Pd = 1.6 nm, however, the Keff/Keff,max of 0.5-

nm Co had the maximum value, and its value was

maintained up to 0.7 nm Co thickness. The Keff/Keff,max of

the 1.8-nm Co sample was a negative value of −0.1. This

shows that in-plane anisotropy is stronger than the

perpendicular one. For the [Pd/Co]/FeMn multilayer

structure, the perpendicular magnetic anisotropy became

weak for very thin (< 0.5 nm) or very thick Co (> 0.9 nm)

[6]. 

To understand better the IAS of the hysteresis loop in

the exchange-biased [Pd/Co] films, the [Pd(0.8)/Co(0.5)]

×5/FeMn(12 nm) multilayers were thermally annealed, as

shown in Figure 5. In Figure 5(a), the disappearing

process of the IAS can be observed with the increase in

the annealing temperature. This shows that the sample

with an inhomogeneous exchange-coupled interface bet-

ween [Pd/Co] and FeMn developed a homogeneous

interface due to thermal annealing under an external

magnetic field. With the increase in Pd thickness, the Hc

likewise increased from 250 to 350 Oe, as shown in

Figure 5(b). The IAS also vanished above 1.2-nm Pd. The

Keff/Keff,max and Hex, especially, were maximized to 1.0

Fig. 3. Changes of Hex (circle) and Hc (triangle) as a function

of Co thickness in the Ta(2 nm)/[Pd(0.8 and 1.6 nm)/Co(t)]×5/

FeMn(120 nm)/Ta(2 nm) multilayers.

Fig. 4. Changes of Keff as a function of the Co thickness of the

Ta(2 nm)/[Pd(0.8 (a) and 1.6 (b) nm)/Co(t)]×5/FeMn(120 nm)/

Ta(2 nm) multilayers.

Fig. 5. Normalization Hall voltage of the Ta(2 nm)/[Pd(0.8)/

Co(0.5 nm)]×5/FeMn(120 nm)/Ta(2 nm) multilayer as a func-

tion of the annealing temperature (a) and the Ta(2 nm)/[Pd(t)/

Co(0.9 nm)]×5/FeMn(120 nm)/Ta(2 nm) multilayer as a func-

tion of the thickness of Pd (b).
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and 330 Oe at 1.2-nm Pd. The Keff/Keff,max and Hex of both

0.8- and 1.6-nm Pd were 0.7 and 250 Oe, respectively.

4. Conclusion

Dependence of Co and Pd thicknesses and the magne-

tizing angle on perpendicular magnetic anisotropy in the

exchange-biased [Pd/Co]×5/FeMn multilayers was report-

ed. The magnetization curves were changed from a square

loop to a round one with the increase in Co thickness due

to weakening a perpendicular anisotropy. The irregulary

asymmetric step in the loop of the (Co/Pd-0.6/0.8 nm)

film was originated from an inhomogeneity of exchange

anisotropy at the interface between [Pd/Co] and FeMn.

The step disappeared after thermal annealing under an

external magnetic field and the increase of Pd thickness.
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