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Rotational magnetization curves of the exchange-bias bilayers were investigated based on the
Stoner-Wohlfarth model, which can be grouped into three cases according to the magnetization
reversal process. The unidirectional anisotropic field Hz =41.4 Oe, the uniaxial anisotropic field
H;=4.2 Oe and the accurate direction of the easy axis of our FeNi/FeMn exchange-bias bilayers
were obtained by fitting their experimental rotational magnetization curves. During the rotational
process the magnetization reversal of the bilayers is a coherent rotation with a critical magnetization
reversal field H; =41.372 Oe. © 2011 American Institute of Physics. [doi:10.1063/1.3583664]

. INTRODUCTION

Exchange bias (EB) discovered in fine particle of cobalt
with a cobaltous oxide shell is known as a phenomenon in
which the hysteresis loop is shifted along the magnetic field
axis in ferromagnet (FM)/antiferromagnet bilayers.' The
EB effect has been also found in FM/ferrimagnet core-shell
particles,> soft FM/hard FM bilayers* and FM/sperimagnetic
rare earth transition-metal amorphous alloys trilayers.” It
is the EB effect results in new performance of devices, such
as magnetoresistive sensors,6*10 magnetic sensors,“*16 and
read-heads.'®'® Meanwhile, both training effect'® 2" and
spin-transfer effect? are also observed in the EB system. All
of the effects are both closely related to the unidirectional
anisotropic field Hg which is from the interfacial exchange
coupling and the uniaxial anisotropic field H; which is from
the FM layer. However, how to determine quantitatively Hy
and H, of the EB system is a challenge for the EB fundamen-
tal research and application.

Many experimental techniques have been used to inves-
tigate the anisotropy of the EB bilayers. The hysteresis loops
method is commonly used, which can be realized with super-
conducting quantum interference device magnetometer,? >
vibrating sample magnetometer (VSM),?>*® magneto-optical
Kerr effect (MOKE),?”*° and loop tracers.*'** Only Hj can
be derived directly from the shift of the hysteresis loops.
Dynamic measurements by using ferromagnetic resonance
spectrometer,” pulsed inductive microwave magnetome-
ter,>* and vector network analyzer®> are employed to obtain
indirectly the effective anisotropic field rather than Hy and
H, from resonance frequency. As the anisotropic fields are
closely related to the magnetization and reversal mechanism,
a way that the coherent rotation can be achieved is more
effective for extracting accurately Hr and H; in the EB
system.

By fitting the hard axis loop
method,*®? the rotating magnetic field MOKE technique,
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and the rotational magnetization curve,* both Hy and H, in
the EB bilayers should be obtained. Meanwhile, the magnet-
ization reversal process can be studied. Actually, the hard
axis loop gives us a good approximation of H, the torque
method reveals the saturation magnetization reversal pro-
cess, the so-called rotating magnetic field MOKE technique
reveals the magnetization reversal process of the light-spot
position of the sample, and the rotational magnetization
curve reveals the magnetization reversal process of the
whole of the sample at any external field H.

In this paper, the rotational magnetization curve, as a
typical direct measurement for anisotropy, was used to inves-
tigate H, and Hg as well as the magnetization reversal pro-
cess in the EB system. By fitting the experimental results of
the FeNi/FeMn bilayers with the theoretical equation, the
accurate values of the two anisotropic fields and the magnet-
ization reversal process at different H were obtained. At the
same time, the accurate direction of the easy axis (EA) and
the hard axis (HA) can be derived.

Il. THEORETICAL MODEL

Supposing the saturation magnetization M; of the EB
bilayers lies in the film plane, the in-plane rotation of M
under an external field H applied in film plane is satisfied
with a coherent rotation as shown in Fig. 1(a). According to
the Stoner-Wohlfarth (SW) model,** the total effective
energy density of the EB bilayers can be written as**°

F = —KgcosO+ K, sin> 0 — UoMH cos(0y — 0).

In order to make the unidirectional and uniaxial anisotropic
energy densities have the same zero-potential-energy refer-
ence surface, we make a simple transformation

.0
cos) =1— 251n2§,
then the total effective energy density can be rewritten as
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FIG. 1. (Color online) (a) Definition of axes and angles of the EB bilayers
during the in-plane rotation of an external field H; (b) Schematic drawing of
equipment structure of a commercial VSM. EA is anti-parallel to HA for the
EB bilayers.

0
F=Ky+Kg sin25 + K sin? 0 — uoMH cos(0y — 0), (1)

where K, is a constant, Kz is the unidirectional anisotropic
constant, K is the uniaxial anisotropic constant, 6, (0) is the
angle between the direction of EA and H (M;). An equilib-
rium state of M is one which minimized Eq. (1).

With the definition of the unidirectional and the uniaxial
anisotropic field Hg and H;,

Kg 2K,

2,“()Ms, k 3 ()

Hpg
toM;

the optimization problem is more conveniently stated in
terms of reduced quantities, h = H/Hy, m = Hg/Hy, f =
F/K; and supposed Ky = 0. The equilibrium position 0 of
M at different reduced fields 4 is one which minimizes

f=4m sinzg—I— sin® 0 — 2/ cos(0y — 0), 3)

subject to the conditions
af /90 = 0, @)
O*f /00 > 0. 5)

When the EB bilayers is rotated in VSM as shown in
Fig. 1(b), the rotational magnetization curve is achieved as
the 0y dependence of the magnetization M which is satisfied
with

M = M,cos(0y — 0). (6)

With the increase of #, the rotation of My may undergo dif-
ferent cases of the magnetization reversal process, the transi-
tion from one case to others can be determined by

df /00 =0, 8*f /00> =0, (7

and yields

1
hy :§\/2(8+20m2 —m* + (m® + 8m)vVm? +8),
hy = \/m? + 1,

where /h; and h, are the critical reduced fields of transition.

®)
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Because h; < hy, for any value of m corresponding to
different EB bilayers the rotational magnetization curve can
be divided into three cases: 0 < h < hy, hy < h < hy and
h > h,. Obviously, the magnitude of / determines the differ-
ent magnetization reversal process of the sample. It is worth
investigating the characteristics of these three cases of the
magnetization reversal process with any value of m.

lll. CASES OF ROTATIONAL MAGNETIZATION
CURVES

Supposing m = 1.1, h;y = 1.386 and h, = 1.487 can be
obtained from Eq. (8). Combining the rotational magnetiza-
tion curve with the 6 ~ 6y and f ~ 60y curves, each case of
the magnetization reversal process is investigated.

A. Case 1. Nonreversed magnetization rotating
process with 0 < h< h,

Figure 2 shows the 0 ~ 6 curves and the rotational
magnetization curves, which are both continuous with a pe-
riod of 27. As shown in Fig. 2(a), when & = 0, 0 is entirely
quiet. With the increase of £, the change of 0 becomes more
and more significant. With Eq. (4), the largest value of 0 at
h, satisfies

(m+cos0)sin0 = hy, 9)

while the torque from the external field is the largest and
equals uyM H. It is found that the maximum angle of M;
deviating from EA cannot be larger than 90°. Therefore, in
0 < h < hy, My cannot be reversed. From the M/M; ~ 0,

FIG. 2. (Color online) (a) The equilibrium position of M; 0 and (b) the nor-
malized magnetization M/M; as a function of 6y at =0, 0.9, and 1.3.
0o = 0(180)° represents the direction where H is parallel to EA (HA).
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curves shown in Fig. 2(b), it is found that when 4 = 0, M is
stable at EA, and M/M; equals cos 0. The rotational mag-
netization curve becomes narrower as the value of £
increases until the discontinuous magnetic rotation occurs at
h = hy. With Eq. (6), M/M; < 0 suggests the angle |0y — 0|
between H and M is greater than 90°, which also means that
M; is not reversed. For any coherent EB bilayers, there is
only one direction of EA. When H is parallel to EA, the
value of magnetization, the horizontal component of M; at
the direction of H, is the maximum value and equals to M,
so we can obtain the direction of EA from the position of the
maximum value on the rotational magnetization curve. In
this case, 0y = 0(180)° represents the direction where H is
parallel to EA (HA).

B. Case 2. Discontinuous magnetization reversal
process with hy<h<h,

Figure 3 shows the 0 ~ 0y curves and the rotational
magnetization curves which become discontinuous with a
period of 27. As shown in Fig. 3(a), two “jumps” emerge at
0o ~ 140° and 220°, respectively. These two discontinuous
“jumps” correspond to the magnetization reversal: EA — HA
or HA — EA. Related “jumps”occur in the M/M; ~ 6,
curves shown in Fig. 3(b). The values of M/M; are consis-
tently greater than zero, which means that the maximum angle
between H and M; is less than 90° during the rotation. In
order to get an insight into the magnetization reversal process,
f as a function of 6 is further investigated near the “jumps”
point of the magnetization reversal.

Figure 4 shows the f ~ 0 curves at 1 = 1.45 for three 0.
When 0y = 139.3°, there are two energy minima marked as

270 -
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<180
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0.0 " 1 A 1 A 1 A
0 90 180 270 360

FIG. 3. (Color online) (a) The equilibrium position of M; 6 and (b) the nor-
malized magnetization M /M; as a function of 0y at h = 1.39, 1.4, and 1.45.
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FIG. 4. (Color online) The 6 dependence of reduced f at h = 1.45 for
0y =139.3°, 139.9°, and 140.5°. The insets schematically show the magnet-
ization states before and after the magnetization reversal.

min — and min + with a barrier between them, and the equi-
librium position of M stays at min —. With the increase of
0o, the barrier disappears, in turn, the equilibrium state of M
changes from min — to min +, which means the magnetiza-
tion is reversed. The magnetization reversal occurs at
0 =~ 139.9°, which corresponds to the critical point of the
discontinuous magnetization reversal process. The insets
schematically show the positions of M; before and after the
magnetization reversal for 0y =139.3° and 140.5°, respec-
tively. It is found that nearby the critical point, any tiny
switch of the direction of the external field can trigger an
enormous change of M.

C. Case 3. Continuous magnetization reversal process
with h> h,

Figure 5 shows that both 0 ~ 6y curves and the rota-
tional magnetization curves are continuous, and the discon-
tinuous phenomena of 0 vanish at 0 =90°. As the value of /
increases, the curves become smooth, which means the
larger the field H, the nearer the direction of M; close to it.
This indicates that when the external filed is strong enough
to conquer the interfacial exchange-coupling interaction and
the ferromagnetic anisotropy, the magnetization rotating pro-
cess is a continuous magnetization reversal process.

Figure 6 shows the 0 dependence of f at 4 =2. There is
only one minimum and no barrier on each curve. It is found
that the minima of the f ~ 0y curves appear at 0 = 82.3°,
90°, and 99.6° when 6y =120°, 123.5°, and 127°, respec-
tively. The equilibrium position of M, can be stable at
0 = 90°, which reveals that the magnetization reversal pro-
cess becomes continuous in this case. The insets schemati-
cally show the positions of M; for 0y =120°, 123.5°, and
127°, respectively, where 0y = 123.5° is the critical point of
the magnetization reversal.

IV. EXPERIMENTAL RESULTS AND DISCUSSION

The sample FeNi (6 nm)/FeMn (10 nm) with a Ta
(2 nm) buffer layer and a Ta (2 nm) cover layer was deposited
on Si(100) substrate by magnetron sputtering system using
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FIG. 5. (Color online) (a) The equilibrium position of M 0 and (b) the nor-
malized magnetization M /M; as a function of 0y at h = 1.8, 2, and 2.5.

targets of Fe 9Nig;, FesoMnsg, and Ta. The base pressure and
Ar pressure during deposition were 3.0 x 10~ Torr and 2
mTorr. A permanent magnetic field of 120 Oe was applied
parallel to the film plane during the deposition to develop a
necessary exchange bias. No further field annealing and
cooling procedures were carried out.

Figure 7 shows the rotational magnetization curves of
the EB sample FeNi (6 nm)/FeMn (10 nm) measured at
room temperature with VSM for H = 20, 35, and 60 Oe. It is
found that all of three curves are continuous, the curves for
H = 20, 35 Oe (60 Oe) are similar to the Case I° of the theo-
retical rotational magnetization curves. As the magnetization
reversal mechanism of the sample is a coherent rotation

-0.9
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105 120
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FIG. 6. (Color online) The 0 dependence of reduced f at h =2 for
0o =120°, 123.5°, and 127°. The insets schematically show the magnetiza-
tion states before, at, and after the magnetization reversal.
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FIG. 7. (Color online) Experimental results of FeNi/FeMn sample at
H =20, 35, and 60 Oe. 0 = 180° represents the direction where H is paral-
lel to HA.

during the in-plane rotational magnetization, the direction of
EA (HA) exists at 0y =0(180)° comparing with Case I of
the theoretical rotational magnetization curve.

In principle, the anisotropic fields H; and H), of the EB
bilayers can be obtained by fitting the experimental rota-
tional magnetization curve with Eq. (6). Actually, it is con-
venient to transform the rotational magnetization curve into
sin(fy — ) as a function of 0 at different H. From the equi-
librium condition Eq. (4), sin(6y — 0) as a function of 6 is

Hg . He . . .
gSlnH—kﬁstH—sm(Ho 0). (10)

The value of 0 is synchronously satisfied with the both sides
of Eq. (10). Defining

H H,
2(0) = FEsinG + ﬁsinZB, (11)
the values of Hy=41.4 Oe, H,=4.2 Oe, and m =9.8 of the
EB bilayers can be obtained by fitting the experimental
sin(0 — 0p) curves with Eq. (11). As shown in Fig. 8, the
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FIG. 8. (Color online) The symbols (squares, circles, and triangles) are the
experimental sin(fy — 6) as a function of 6 deduced from the rotational
magnetization curves of the FeNi/FeMn EB bilayers at H = 20, 35, and 60
Oe, respectively. The dash lines are the g(f)as a function of 0 fitted by
Eq. (11).
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FIG. 9. Normalized magnetic hysteresis loops measured at room tempera-
ture with H parallel and perpendicular to EA determined by the experimen-
tal rotational magnetization curves.

symbols (squares, circles, and triangles) show sin(6 — ) as
a function of 0 corresponding to three deferent H, and the
dash lines are the curves fitted with Eq. (11).

In order to verify the above results, Fig. 9 shows the nor-
malized magnetic hysteresis loops at H parallel and perpen-
dicular to the direction of EA determined by the
experimental rotational magnetization curve. Hp =40.4 Oe,
obtained from the hysteresis loops, is close to the value
obtained above (41.4 Oe). It is believed that the rotational
magnetization curve approach is still effective to obtain the
values of H k.43

According to m = 9.8 and H;=4.2 Oe, we can obtain
the critical reduced fields /#; = 9.850 and &, = 9.851, from
which the corresponding critical fileds H; =41.372 Oe and
H,=41.374 Oe are derived for our sample FeNi (6 nm)/
FeMn (10 nm). Theoretically, we can obtain the magnetiza-
tion reversal angle 0y = 173.75° and 0y = 174.35° at H; and
H,, respectively. It is clearly found that in Case 2, the range
of H is only 0.02 Oe and the range of the corresponding mag-
netization reversal angle is only 0.6°, which are so small that
the Case 2 cannot be observed experimentally.

V. CONCLUSION

Based on the SW model, we investigate the theoretical
and experimental rotational magnetization curves of the
EB bilayers. For the EB bilayers, the magnetization reversal
process includes three cases: nonreversed magnetization
rotating process, discontinuous magnetization reversal pro-
cess and continuous magnetization reversal process. The
direction of EA of the EB bilayers can be determined by the
maxima of M /M occurred in Case . For the nonlinear EB
bilayers,***° the rotational magnetization curve approach is
still effective, which can help us obtain the direction of EA.
The experimental rotational magnetization curve indicates
that the magnetization reversal mechanism of the sample
FeNi (6 nm)/FeMn (10 nm) is a coherent rotation. The aniso-
tropic fields Hr =41.4 Oe and H; = 4.2 Oe of the sample are
acquired by fitting experimental sin(0 — 0y) with Eq. (11)
without knowing the direction of EA before measurement.

J. Appl. Phys. 109, 103902 (2011)

Combing the experimental results with the theoretical calcu-
lations, we obtain the critical magnetization reversal field
(H;=41.372 Oe) of the EB bilayers. For our sample, the
ranges of H and the corresponding magnetization reversal
angle in the discontinuous magnetization reversal process
are too small to be observed experimentally.
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