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In this report, we calculated the angular dependence of exchange bias (H,,) by using single domain model in exchange coupled
ferromagnetic (F)/antiferromagnetic (AF) bilayers, which results with AF thickness (¢,) were used for the analysis of measured ones
in NiFe/Mnlr bilayers. Angular dependence of H,, calculated at z,-> t. showed typical unidirectional behaviors, however, calculated
one at 0.5z, < t4- < t. showed peculiar angular behaviors by fixed AF spins at specified angle near 6,= 90°. Angular dependence of H,,
measured in NiFe/Mnlr (20 nm) bilayers showed typical unidirectional behaviors. However, measured one in NiFe/Mnlr (4 nm)
bilayers showed mixed behaviors including both of unidirectional and peculiar angular behaviors, which was explained by the grain
size distribution of polycrystalline Mnlr.
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Fig. 1. (Color online) M-H loops calculated by using single domain model at 6= 0° 30°, 60°, 90°, 120°, 180°, respectively.
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Fig. 2. (Color online) Angular dependence of exchange bias calculated by using single domain model at #,-=0 ., 0.25 ¢, 0.5 ¢, 0.75 ¢, 1.0 ¢,

1.5¢., respectively. The ¢, is critical thickness of antiferromagnetic layer.
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Fig. 3. (Color online) Exchange bias with Mnlr thickness measured at
easy axis in NiFe/Mnlr bilayers. The #. is about 2 nm in NiFe/Mnlr
bilayers.
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Fig. 4. (Color online) Angular dependence of exchange bias measured

in NiFe/Mnlr(4 nm) bilayers. The dot and solid lines are calculated by
using single domain model at ¢,-=¢. and 2z,, respectively.

Figure 4= NiFe/Mnlr(4 nm) BFtol|A] Z43 w3k njojo]
29] 7% 9]EAS K2l Aot) Fig. 4914 S vl (o=
=4 doln, F& AdT AL =269 tp=1. 24
X ©xp mEE AL A9E Z82F UERATE NiFe/
Mnlr #ollA Mnlr®] 9A 57 ¢ ¢F 2 nme]|2Z 4 nm®]
Mnlr 7= ¢F 210 alg3Ht. webA] NiFe/Mnlr(4 nm) B}
ol x] ST 1Sk npo]olxd] A% AFAFLE 1,p=21 2
< WSSk 9 ool o3t wgk nlojojd] A% oE
Arro 2 AwE|ojof gt} ey, Fig. 40X 1p=21. 21
o @A md=E Akt AvkEe At 34 Ade
2 ZolE HA{T} o]yt & Aol FASZE FAISE 1=
1. 205 WSSk 1w ulololzd] Ziw oFEA e oFt g
Fo g o] 7hssitt.

—~33 -
/q? ° ZIe[a;uretd)(l\/lnlr=2O nm)
- Cal(t, =t

o 40 Cal.(t,=10t)

x

[
I
0
Y
m
()]
(@]
<
©
=
[&]
X
1]

T 4 T

0 45 90 135 180
Angle, 0, (degree)

Fig. 5. (Color online) Angular dependence of exchange bias measured
in NiFe/MnlIr(20 nm) bilayers. The dot and solid lines are calculated
by using single domain model at #,-=f. and 10z, respectively.
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