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Angular dependence of magnetization reversal process in exchange
coupled ferromagnetic /antiferromagnetic bilayers

Z.Y. Liu and S. Adenwalla®
Department of Physics and Astronomy, University of Nebraska-Lincoln, Lincoln, Nebraska 68588-0111

(Received 12 August 2002; accepted 19 December 2002

The angular dependence of the magnetization reversal process in the exchange biased
ferromagnetic/antiferromagnetic bilayers has been investigated carefully using the Stoner—
Wohlfarth rotation model. Depending strongly on the orientation of the applied field and the
competition between the unidirectional and uniaxial anisotropic energies, the magnetization rotation
can occur at either the same side or the different sides of the field direction for the decreasing and
increasing field branches of the hysteresis loop. The calculated results and the magnetooptical Kerr
effect have been used to understand the magnetization reversal process in the NiFe/NiO bilayers,
which is caused mainly by the magnetization rotation. 2@03 American Institute of Physics.
[DOI: 10.1063/1.1554760

I. INTRODUCTION pressure was 810 ' Torr. A 45 nm NiO layer was first

The magnetization reversal process has been one of tf€Posited onto the &i00) substrate using the rf gun with the
interesting issues in magnetic materials. Two basic modelgleposition rate of 0.034 nm/s; then a 15 nmy,Né,, layer
coherent rotation and domain wall motion, are generally use/as grown onto the NiO layer with the deposition rate of
to understand the magnetization reversal. Although the hy<2-024 nm/s; finally a 10 nm Pt layer was coated to prevent
teresis loops cannot give direct information about the magoXidation. After the growth, the sample was annealed at a
netization reversal, much useful information can still be in-temperature of 252°C for 10 min and then was cooled to
ferred indirectly. Especially, the magnetization component§C0M temperature in a magnetic field of 4 kOe. The x-ray
parallel (M) and perpendiculad,) to the applied field can  diffraction shows the polycrystalline texture of the sample.
be determined using proper configurations of the magneto- e magnetization measurements were performed using
optical Kerr effect(MOKE) magnetometryso that a good & MOKE magnetometry. The sample was mounted on a ro-
understanding of the magnetization reversal can bdatable holder. A 660 nm laser withpolarization was used
achieved-2 as the light source. First, the magnetic field was applied in

Recently, a great deal of attention has been given to thE'e Plane of the sample and parallel to the incident plane of
magnetization reversal in the exchanged biased ferromadP® light. In this way, the magnetization componeM )
netic (FM)/antiferromagneti¢AF) systems due to its intrigu- parallel to the field can be (_jetermmed and the longitudinal
ing phenomena. In the FM/AF systems, the magnetizatioW/OKE loops of M,—H at different anglesx between the
reversal may drastically change due to the exchange codield and the unidirectional axis were measured. After these
pling at the interface, which induces many unusual feature§1€asurements, both the sample and the magnet were rotated
such as the enhanced coercivity and the loop shift from th&0° With the other parts being fixed. After that, the field was
origin by an amount known as the exchange fielg.? Re- still in the sample plane. but perpendicular to the |nIC|de.:nt
cent investigations have shown that, depending on the paR/ane of the light. By this arrangement, the magnetization
ticular exchange coupled FM/AF system, both the domairfomponent ;) perpendicular to the field can be determined
wall nucleation and magnetization rotation can be respon@nd the transverse MOKE loops bf;—H were obtained at
sible for the magnetization reverdaf® In this work, the different anglesa. The detailed MOKE arrangement to ob-
angular dependence of the magnetization reversal process {n M¢ andM has been published elsewhere.
the FM/AF bilayers has been calculated carefully using the
Stoner—Wohlfarti{SW) model, and the calculated results to- IIl. RESULTS AND DISCUSSION
gether with the longitudinal and transverse MOKE |00psSA. Calculated results
have been used to understand the magnetization reversal in

the NiFe/NIO bilayers. In the exchange coupled FM/AF bilayers, we assume for

simplicity that the unidirectional and uniaxial axes in the FM
layer lie along the same direction and the FM layer is in a
single domain due to the exchange coupling. Therefore, the
The sample was prepared in 3 m Torr Ar pressure usingnagnetization reversal in the FM/AF system may be treated
the magnetron sputtering from separate targets. The basging the Stoner—Wohlfartt5W) model® According to the
two models proposed by Madfiand Malozemoff® domain
Author to whom correspondence should be addressed; electronic mai¥alls could be formed in the AF layer, which induces the
sadenwal@unlserve.unl.edu unidirectional interfacial anisotropy and plays the role of de-

Il. EXPERIMENTS
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FIG. 1. The calculatedl,—H andM—H loops at different values di. ~ FIG. 2. The calculatet,~H andM,—H loops at different values df,
for a—5°. Solid line:M,—H loop: dashed lineM,—H loop. for «=70°. Solid line:M,—H loop; dashed lineM,—H loop.

termining the exchange field éfgoc AAK A With A and
Kae being the exchange constant and the anisotropy of th . - A
AF layer, respectively. The magnetic energy per unit area o f the hysteresis loop, but tid, — H loops with high values

the exchange coupled FMIAF biayers with the thickness ofy e 5 & % RUaS. SO el el o e e
t andte, respectively, can be expressed®d§

tion for the decreasing and increasing field branches, respec-
E=Kgtg Sir? O+ 2VAsK ar(1— CcOSOE) tively. This unusual feature of the magnetization reversal
cannot be revealed in thd ,—H loop. Moreover, the shape
~HMste coga— 6g). @ of the M;—H loop is not symmetric. The lower the value of
The first term is the uniaxial anisotropic energy in the FMh., the more obvious the asymmetry of tiv,—H loop.
layer. The second term is the energy of domain wall formed/ith the increasing value dfi,, the asymmetry of thév,
by rotating interfacial spin of the AF layer. The last term is —H loop tends to disappear. As the field is applied close to
the Zeeman energy in the FM layer with a saturation magthe hard axis(Fig. 2 at«a=70°), only the loops with very
netizationM g. The terma is the angle between the field and high values oth.=4, 6[Figs. 2e) and 2f)] exhibit the hys-
the unidirectional axisgg represents the angle of the FM teresis. Unlike theM ,—H loops, theM;—H loops in Figs.
moment with respect to the unidirectional axis. By defining2(e) and 2f) show the obvious asymmetry of the shape and
the coercivityHo=2Kg/Mg and the exchange fieldlg,  the magnetization rotation occurring on the different sides of
=2JA K ae/ M ¢t along the unidirectional axis and scaling the field orientation. The loops with low valuesigf=0.5, 1,
the above energy expression By, Eq. (1) can be written 1.5, and ZFigs. 2a)—2(d)] show that the magnetization ro-
as tation is reversible and occurs at the same side of the field
. orientation for both the decreasing and increasing field
e=hesir? /2~ cosdr —h coga— b), @ branches. Unlike the magnetization rotation in the uncoupled
whereh,=Hcq/Hgo andh=H/Hgg. FM layer with a uniaxial anisotropy which always occurs at
The hysteresis loops can be determined by finding outhe different sides of the field orientation for the decreasing
the angle 6y at which the energy is a minimum. Then and increasing branches of the loop, the magnetization rever-
Mgcosle—6zg) and Mgsin(@—6) give the M,—H and sal in the exchanged coupled FM layer depends strongly on
M;—H loops, respectively. the value ofh, and the field orientatiof). The value oth,
Figures 1 and 2 give th#1,—H and M;—H loops at reflects the relative strength of the uniaxial anisotropy com-
different values ofh, for the two field directions olx=5°  pared to the unidirectional interfacial anisotropy. For a given
and 70°, respectively. These calculated loops show clearlyalue ofh., there exists a critical angle,, which can be
that the magnetization rotation depends strongly on the valused to determine if the magnetization rotates at the same
ues ofh; anda. At a=5° (Fig. 1), theM,;—H loops with low  side or at the different sides of the field orientation for the
values ofh,=0.5, 1[Fig. 1(a) and Xb)] reveal that the mag- decreasing and increasing branches. Figui@ 8ives the
netization rotation occurs at the same side of the field orienvalue of @y as a function oth.. The diagram in Fig. ®)

gation for both the decreasing and increasing field branches
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FIG. 4. Both the experimentdkxp) and calculatedcal) angular depen-
dences of the exchange fiettk and coercivityH .

directional axis, the calculated coercivily: tends to zero
swiftly, but the experimental coercivityl - maintains a non-
zero value. This feature can be seen clearly in the-H
loops in Fig. 5. With the applied field turning away from the
unidirectional axis, the hysteresis of the calculahdd—H

loop disappears quickly, but the hysteresis of the experimen-
tal M,—H loop only becomes weaker instead of disappears
even when the field is along the hard axis. Even though the
SW model cannot account for the angular dependence of the

FIG. 3. (&) The critical angler, as a function oh,; (b) the magnetization

coercivity, it can provide a good simulation to the angular
dependence of the exchange fidlk and the calculated
M,—H loops (Fig. 5 still describe the general features of
the experimentaM ,—H loops.
According to the calculated results, the low valuehef

reversal diagram showing that for a given valuehef the magnetizaton ~=0.47 suggests that the magnetization always rotates at the
rotates at the same side of the field direction for the decreasing and increaggme side of the field orientation for both the decreasing and

ing field branches of the hysteresis loop when the field is applied in the
shadow area, otherwise the magnetization rotation occurs at the differe|J1
sides of the field direction.

shows that the magnetization rotation occurs at the same side
of the field orientation for both the decreasing and increasing
field branches when the field is applied in the shadow area,;
otherwise the magnetization rotation occurs at the different
sides of the field orientation for the decreasing and increas-
ing branches. From Fig.(8), it can be seen that the critical
angle o is always zero whei, is less than or equal to 1,
implying that the magnetization rotation always occurs at the
same side of the field orientation when the unidirectional
anisotropy is stronger than or comparable to the uniaxial
anisotropy.

B. Experimental results

Figure 4 gives the experimental and calculated angular
dependences of the exchange field and coercivityH: .
The experimental exchange fieldz displays the unidirec-
tional symmetry, while the coercivitl - shows the uniaxial
symmetry. In the calculationh.=0.47 andHgy,=450e
have been used to get the best simulation to the experimental
results. It is shown clearly in Fig. 4 that the calculated angu-
lar dependence dflg from the SW model is in good agree-

M/M_

pcreasing field branch of the hysteresis loops. This feature
of the magnetization reversal cannot be revealed byMhe
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ment with the experimental result, but the deviation betweer&IG_ 5. Both the experimental and calculathty—H loops at different

_the ex_perimental and qalcu_latec_i angular dependencelg of ~angles ofa. Solid line: experimentaM ,—H loop; dashed line: calculated
is obvious. As the applied field is turned away from the uni-M,—H loop. In Fig. 5a), the calculated loop is for=2°.
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zation reversal. Due to the presence of the unidirectional
09 anisotropy, the domain wall formation in the FM layer could
be different for the decreasing and increasing field branches
of the hysteresis loop1214This difference can cause the
asymmetric shape of the hysteresis loop. Therefore, the do-
main wall formation in both the FM and AF layers may be
the main reason for the persistence of the coercidigyand
the asymmetric shape of tié,—H loops in the NiFe/NiO
system even when the field is applied close to the hard axis.
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06 06
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IV. CONCLUSIONS

In this article, the angular dependence of the magnetiza-
tion reversal in the exchange biased FM/AF bilayers has
been investigated carefully using the SW model. With the
presence of both the unidirectional and uniaxial anisotropies,
the magnetization reversal strongly depends on the orienta-
tion of the applied field and the competition between the
unidirectional and uniaxial anisotropic energies. When the
e e unidirectional anisotropy is stronger than or comparable to

00-150 0 150 300 -H00-250 0 250 500 the uniaxial anisotropy, the magnetization always rotates at
H (Oe) the same side of the field orientation for both the decreasing
and increasing field branches of the hysteresis loop. When
FIG. 6. Both the experimental and calculatbti—H loops at different  the uniaxial anisotropy is stronger than the unidirectional
angles ofa. Solid_ line: experimentaM;—H Ioop; dashed line: calculated anisotropy, a critical field orientation af,, exists. If the
M;—H loop. In Fig. &a), the calculated loops is far=2°. . . . .
field is applied in the ranges of a¢g<a<ag and 7— aq
<a<w+ g, the magnetization rotation occurs at different
sides of the field orientation for the decreasing and increas-

—H loops. Only theM;—H loops can exhibit it clearly. To ing branches: if the field is applied in the rangesaci<
better understand the magnetization reversal in the NiFe/NiQ g ’ PP gesie=a

, X m—ag and T+ ag<a<2m— aq, the magnetization rota-
bilayers, theM,—H loops are also measured and shown inio, occurs at the same side of the field orientation for both
Fig. 6 together with the calculatéd,—H loops. The calcu-

) L the decreasing and increasing branches. This unusual feature
lated M,—H loops cannot describe all the details in the ex-

i X of the magnetization reversal can be revealed clearly in the
perimentalM,—H loops, but they really give the general \, _ ;55 instead of thev,—H loop. The calculated re-
feature of_ the experiment&l,—H Ioops:_the magne_t|zat|0_n sults and the experimentMg—H and M,—H loops have
reversal in the exchange coupled NiFe layer is mainlyyoon ysed to understand the magnetization reversal in the
through the rotation and the magnetization always rotates Rire/NiO bilayers, showing that the SW model can describe

the same side of the field orientation for both the decreasint@he general feature of the magnetization reversal, but cannot
and increasing branches no matter which direction the field iﬁxplain the angular dependence of the coercikty. ,which

applied. This feature of th.e experimenmlt—lﬂ loops plus may be due to the domain wall formation in the exchange
the low value ofh,=0.47 in the calculation imply that the coupled NiFe layer.

unidirectional interfacial anisotropy is much stronger than
the uniaxial anisotropy in the NiFe/NiO system. The experi-
mental M;—H loops also display the asymmetry of the
shape. This work has been supported by NSF9806308.
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