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Angular dependence of the exchange bias obtained from magnetization and ferromagnetic
resonance measurements in exchange-coupled bilayers
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Theoretical calculations of the angular dependence of the exchange bias field in ferromagnetic/
antiferromagnetic bilayers were carried out in the framework of a model assuming the formation of a planar
domain wall at the antiferromagnetic side of the interface with the reversal of the ferromagnetic orientation.
The calculations were performed for various exchange interaction field strengths and for both cases of ferro-
magnetic and antiferromagnetic coupling. Analytical expression for the angular dependence of the ferromag-
netic resonance field was obtained as well. It was shown that the exchange bias field variations derived from
ferromagnetic resonance and hysteresis loop measurements become very close for strong interactions only.
These field shifts, due to the different magnetization processes involved in the corresponding measurements,
are different physical entities and, in general, must give different values.
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[. INTRODUCTION ent values for the exchange coupling for the cases of very
weak and very strong interfacial coupling as the analytical
The phenomenon of exchanged anisotfopgfers to the expressions forH., from magnetization measurements
exchange interactions at the interface between ferromagnetidyy C, coincide with the ones from FMR measurements
(FM) and antiferromagneti€AF) materials. It is character- HZE"R. The difference between the shift field values, esti-
ized by several experimental observations, the most welnated experimentally by ac susceptibility and through hys-
known being the shift of the magnetization curve away fromteresis loop measurements, has been explained as well. An
the zero field axis. Although it has found important techno-attempt to reconcile the data obtained with three different
logical application in magnetoresistive heads biasiagd  techniques, namely magneto-optical Kerr effect magnetom-
spin valve structuredup to now there exists no basic, gen- etry, Brillouin light scatteringBLS), and FMR, was reported
erally applicable, predictive theory or modef the reason DY Ferminet al®
being the inherent complexity in a structural combination Measurements of the dependencesdef, andH. on the
that leads to competing interactions. The models proposed iA"9!€ ¢+ that the applied fieldd, makes with the easy axis

the literature have attained different degrees of agreemeffl the FM layer are very informative and provide an inde-
with existing experimental results. Models which, similar to pendent test for the validity of the existing theoretical mod-

the one of Maurket al.” include the existence of AF domain els. The choice of the model used is of decisive importance

wall in exchange coupled systems, account quantitatively fol;or the interpretation of data obtained via experimental tech-

2 . : : . niques such as FMR, BLS, or ac susceptibility. Recently, the
:hef 10 re((jjulctlor;_olfl the ex"chanfge field frolmt.the ideal in angular dependences Hif,,, andH . have been explored ex-
erface model case, ™ as well as Ior accumuiative memory o imantally and/or by model calculatio-22 For several

effects gf t_hq th_ermal13and field history of real FM/AF real systems, it has been obtained tHat( $y,) andH (dy)
bilayers:~ Miltenyi et al.”* have shown both by experiments \ere 1ot simple sinusoidal functions as initially expected.

and by numerical simulations that for some systems dilutingry, s revealing the angular dependence of the exchange cou-
the AF layer in the volume part away from the FM/AF inter- i 'is of crucial importance in understanding its nature.

face leads to formation of volume domains in the AF which™ 5 yhe hresent work, theoretical calculations of the angular
could significantly enhance the exchange bias. .dependence oHM*® the FMR resonance fieltir, and
An interesting feature of the exchange biased bilayers is, Fur were carrieeg o,ut based on the model of Maa'atrial7

the fact that different experimental techniques may yield dif-, &P X . . X
ferent values for the shift fielt,,. Recently, Xiet al.* for both ferromagnetic and antiferromagnetic coupling. The

based on the model of Matet al.. investigated theoretically question of whether the exchange bias variations obtained

the irreversible and reversible measurements of exchange aglrough the above two techniques should coincide is

isotropy. They derived expressions relatidg, measured by iscussed.
various techniques with the interface coupling field, and

the effective domain wall fieltHy , for external field applied

along the exchange bias direction, and concluded that differ- | et us consider two coupled magnetic layers, denoted as
ent techniques must give differeHt, values. Geshévde- A and B, with magnetization® , andMg, and thicknesses

rived analytical expressions féte,, coercivityH¢, and ef-  t, andtg, respectively. A generic form of the total free
fective anisotropy field in the framework of the same model.energy of the system per unit area can be written as

He showed that hysteresis loop and ferromagnetic resonance
(FMR) measurements in such systems should not give differ- E=tsEa+tgEg+Ejn- D

Il. MODEL
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The energie€, and Eg could include, for each layer, the the dispersion relation depends on the second derivatives of
Zeeman, anisotropy, domain wall, and demagnetizing term< in respect todg and ¢z as well, so one cannot use the
Ei« corresponds to the interlayer interactions. The statistandard resonance relation (w/y)zz(EgAgAEq;A(ﬁA
equilibrium directions of the magnetization vectors of the_Eg 4.)/(taMasinga)2. Thus, in the framework of the
two layers, assuming that each of them rotates coherentl ATA
can be calculated from E@l) by finding the polar ¢, and
0g) and azimuthal §, and ¢g) angles ofM , andMg in the
spherical coordinate system for whi€his at minimum. The

projections oM, andMs along the field direction will give The domain wall formation and motion in the AF is crucial

the layers’ magnetizations. c]‘or the existence of exchange bias also for the systems in
When thi h - I il is | i li . : A )
en this exchange-coupled bilayer is located in applie Vestigated in the work of Milteyi et al2®

static magnetic field, the magnetization of each layer, if per-
turbed from its equilibrium orientation, will precess around
its equilibrium direction. Following Smit and Beljef3 the IIl. RESULTS AND DISCUSSION

roots of the determinant of the>d44 matrix In the present study, the dc magnetic field is applied in the
film’s plane and its azimuthal anglg, was varied from 0 to

Yresent modeHM*® and Hy (and subsequentlftM'?) are

strongly influenced by the AF magnetization. The latter is
found to change during the field variati¢see, e.g., Fig. 2 in
the work of Mauriet al.” and Fig. 4 in the Geshev’s work.

+i . . . . .
Boatn Eousatiza B Eoave 2. The dispersion relation we obtained for this case (
E0A¢A_ iZp E¢A</>A EGB</>A E¢>A</>B =Ya, O4=0p=0g=m/2) is
me o o o = =[H cos gp— dp) + Hycodp+4mM -+ HE"
Eoate Egate Eogsg 128 S Y
will give the dispersion relation of the exchange-coupled bi- X[H coS ¢pp— pyy) + Hy cOs 2pa+ HEM, 3)

layer system, i.e., a fourth-order equation«n(the angular
frequency of precessionvith at most two meaningful solu- Where
tions at any given dc field. Herg;;’s denote the second

derivatives with respect to the equilibrium angkeand ¢ of Heff= Hu COS¢g COS dp — dg) — HeSi(da— ¢e) ,
the energy given in Eq(1), za=(w/ya)tAMASINGs, Zg (Hw/Hg)cosgp+ cog da— ¢s)
=(wl/yg)tgMgsinfdg, andy, and yg are the gyromagnetic

ratios of the two layers. He'= Hw COS¢g COS hp— b8)

In the following, a bilayer whose behavior can be de- (Hw/HEg)cosog+ cog dpp— dg)

scribed in the framework of the model proposed by Mairi _ . . )
al.,” has been considered. It applies to a system formed by a'ﬂ%re/ r'LKA_ZKﬁEégA Aexlzhzizee FCMOUaH:]SOUEEKj f'ig(’:E
infnitely thick AF layer and a FM layeflayer A) with thick- ~ _ ¢ f(ﬁ MA)) fhe exchange couping fied S
nesst,. The FM spins rotate coherently, and a domain wall(3) mus'? bé* taken at the equilibrium positions W and
can form at the AF side of the interfadg, is much smaller M. The in-plane angular dependencers can be gerived
than the thickness of the domain wall. Both films are as- B P 9 ep

s . rom the above equations, i.e.,
sumed to have uniaxial anisotropy, and the FM easy magne-
tization axis is chosen to coincide with the AF one. The
energy of the system per unit area can be phenomenologiHR:

( Hy(1—3coSgp) —4mMa—HET—HE"
cally written as

2

E=[2m(Ma-N)2—H-Ma—Ka(Mp-U/M )]t 3
[2m(Ma )2 = H- M= Ka(Ma: 8/M )]t +\/(Husin2¢A+4wMA+Hiﬁ_Hgﬁ)ZM_z/
_O-WMB'CI/MB_JEMA'MB/(MAMB)' (2) Y

The first term contains the demagnetizing, the Zeeman, and 2 CO$¢a~ ¢n). )

the_ F_M anisotropy energies, respectively, wity, the The equilibrium magnetization directions were found us-
uniaxial anisotropy constant; the last two terms refer to thqng the minimization procedure used in our previous

domain wall energy of the AF and the bilinear exchang&orks1524n the hysteresis loop calculations, the field step
anisotropy withJe being the interfacial coupling constant. o< o 02 Oe, the initial step for the angiés and ¢; ; was
Je>0 andJe<0 correspond to ferromagnetic and antiferro- 14-3 rad, and the angles corresponding to the enyt]-:‘rgy mini-
magnetic couplings, respectively,y is the energy per unit ;1 \were determined to an accuracy of frad. The other
surface of a 90° domain wall in the AF. The unit vectors parameters used were w/y=3000 Oe, M A
andn represent the uniaxial anisotropy directi@iong thex =~ =780 emu/cr, H,=20 and 200 OeH,,=100 Oe, and
axis) and the normal to the film surface directiGre., thez Hg was varied from 0.5 to 900 Oe.

axis), respectively. Note that there are no terms in this energy The resultingHy vs ¢ variations are shown in Fig. 1.
expression corresponding to the second term in @  ForHg=0, the resonance field variation is very close to pure
However, due to the domain wall energy term in EB),  cos 2by behavior. When increasingg, there are significant
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FIG. 2. Angular variation oHY'® (curves and HEYR (sym-

FIG. 1. Angular dependence of the resonance field @y |9 for He>0 with the same parameters used to obtain the data in
=3000 Oe,M,=780 emu/c, Hy=20 Oe,Hy=100 Oe, and Fig 1. Only in(a) He=0.5 Oe was used instead HE=0.
Hg=0, 15, 40, 75, 200, 400, 700, and 900 Oe.

changes in the shape of the curves, the most pronounced !t IS worth noting that the above expressions are derived
being the increase ¢ (), which reaches infinity value at Nere without using the restriction imposed in Ref. 13, i.e.,
Heg=H. Further increase oM results in a gradual de- A7Mp much larger than the resonance field. Actually, they
crease oHg(), and the angular variation becomes closer to@"® Vvalid for any demagnetizing energy and frequency
pure cosine behavior. Hig>Hy,, there is one more term in Values. _

the Hg variation compared to the one fdi=0, i.e., When He=0, Hg(fn)=Hgr(7m+¢y), see Fig. ta).
—Hycosg¢y; in the case into consideratiorH(y=5H)) Thus, one can defind EYR(py),

this cosgy term is dominant. A gradual decreasertf(0) is

observed when increasinglg starting from zero, which EMR 1

equalsHgH /(Hg+Hy,) for eachHg, and is asymptoti- Hep (én)=5[Hr(én) —Hr(7T+ ¢1)] (5
cally equal toH,, when Hg—. An increase ofH only

restricts the possiblelx( ) andHey(by) variation types. asthe exchangg bias field obtained fr(?m EMI\QR measurements
For example, forH, =200 Oe, theH cos2p, term is WhenHg#0. Using the above expressid;, s versusey

dominant in theHy expression, and the plotsiot shown  are obtained from theig(¢y,) dependences given in Fig. 1.

corresponding to very strong interactions are similar to thelhey are shown in EL% 2 along with the corresponding an-

ones represented in Figs(bl and Zb). gular variations ofH.™ derived from the hysteresis loops
For H along the exchange bias directidh’'" is defined ~ calculations. The curves in Fig(& are calculated foHg
a@5% L[H(0)—Hg(m)]. With the help of Eq.(4) one =0.5 Oe instead dfig=0. Itis clearly seen that botH };*®
readily obtains the result of Xét al'* and HEYR  exhibit unidirectional symmetry, Hop( 1)
) =Hgy(— édp) = —Hepy(7mx ¢y) for all He values, whereas
HFMR () _ HwHE the coercivity(not plotted in the figureshows uniaxial sym-
eb {THe=Hw ™ 2 — o metry, He( ) =He( — dy) =Ho(7+ 1), as expected.
These curves show strong dependence on the exchange
HgH2 coupling field strength. The field shifts are far from being
Heb (Mot = =3 WZ. simple cospy, dependences for allg, contrary to what is
Hw—HE expected by Wuet al?’ For very weak interaction$Fig.
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2(a)], the curves practically coincide in a broaf, range. Hr vs ¢y variations have also been calculated for the case
For slightly stronger interactions, th¢/"®(¢,,) are charac- of antiferromagnetic exchange interaction, i.elg<<0. It
terized by the largest values notég=0 or = as commonly turned out that

believed, but at other angles, neatr/4 for Hg=15 Oe, for

example. Such curves have been experimentally measured Hr(Pr)He<0=HR(T+ Pr)H >0, (6)
for a NiFe/CoO bilayet/ NiFe/Au/CoO trilayers® and
NiFe/CrMnPt bilayerg? The HEMR versusgy, curves, on the
other hand, show the largest variations fég/H,, values
close to unity and, as a consequence, the two field shift
show rather different variations. For highg/H,, values,
however, the angular dependences become very close, as ¢
be seen in Figs.(®)—2(h). Variations of this type have been

experimentally observed in exchange-biased Permallo . L
layers61927 Note that for this caséi.e., relatively strong Ween these data and those Fbg>0 is the opposite sign of

interaction$ Ho(0)~H,,, whereas for weak interactions both fie]t;l shifts for negativélz, as compared with the ones
Hou(0)~Hg [Figs. 28)-2(0)]. for positiveHg.

Our results demonstrate thet}s'® andHEYR, in general,
must give different values. That is because perturbative mea-
surementglike FMR), rather than reversing the magnetiza-  |n this article, we have determined the angular depen-
tion, move it only a small amount during the measurementdence of the exchange bias derived from magnetization and
i.e., different magnetization processes are involved in thgMR measurements in exchange-coupled bilayers whose be-
hysteresis loop and FMR measurements. Although botihavior can be described in the framework of a model assum-
HY® and HEYR shifts are caused by the same interlayering the formation of a planar domain wall at the AF side of
interactions, they are different physical entities, which isthe interface. We have concluded that these field shifts, due
clearly seen from the frequency dependencelgiEq. (4)].  to the different magnetization processes involved in the cor-
As a consequencé] EE"R depends onw as well, contrary to  responding measurements, are different physical entities and,
HMAG | We verified this frequency dependenceHfy~ by  in general, must give different values. They become very
calculating its angular variations fan/y=9 kOe. Small close for high exchange interaction field strength only.
(however notabledifferences were observed between these

field shifts and those fow/y=3 kOe, especially foHg ACKNOWLEDGMENTS
~Hy . Hgy'® andHEL™ fields only coincidelexactly when This work has been supported by Conselho Nacional de

H is applied along the easy axis direction for the cases ofyasenvolvimento Cieffico e Tecnolgico (CNPg, Brazi,
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andHe>Hy,) interactions®, whereC=(HeHw)?[Hu(Hw  do sul (FAPERGS, Brazj, and Financiadora de Estudos e
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which relation can be easily understood by interpretig
<0 as a field that “couples ferromagneticalll , with a
ector—Mg. This, however, is actually the case of positive
g and H direction given bym+ ¢, thus explaining the
ove relation.
he angular dependencestf},'® andHEYR for negative
g have been calculated as well. The only difference be-
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