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Rotatable anisotropy and coercivity in exchange-bias bilayers
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A phenomenological approach for polycrystalline exchange-bias bilayers is proposed which explains the
coercivity enhancement as well as its temperature and coupling strength dependences. In the model, it is
assumed that uncompensated interfacial antiferromagnetic grains can switch their magnetizations irreversibly,
producing a rotatable anisotropy. A preferential distribution of the antiferromagnetic easy axes is also consid-
ered. An inhomogeneous ferromagnetic magnetization reversal is allowed, assuming that the ferromagnet is
divided into domains, each coupled to a stable antiferromagnetic grain only. The antiferromagnetic anisotropy
distribution affects the angular dependence of the coercivity, reducing its value in the vicinity of the exchange-
bias direction, also smoothing the loop shift variations, more notably for small ferromagnetic uniaxial anisot-
ropy. The inclusion of the rotatable anisotropy changes the shape of the magnetization curves and their
characteristics. The larger the relative contribution of the rotatable anisotropy to the effective uniaxial anisot-
ropy, the closer the loop shift angular variation gets to a pure cosine behavior, and no significant effect on the
coercivity for strong coupling is detected. The frequently observed peak in the temperature variation of the
coercivity is also explained considering the variation of the rotatable anisotropy, which is directly connected to
the temperature dependence of the unstable antiferromagnetic grains’ magnetization.
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I. INTRODUCTION the interface. Qiaret al,'? on the other hand, introduced an
uniaxial interfacial anisotropy in order to explain the coer-
Exchange interactions at the interface between ferromagsivity enhancement, and Leightaet al’ proposed that in-
netic (FM) and antiferromagnetiGAF) materials, responsible terfacial magnetic frustration provides local energy minima
for the exchange-bias phenomeridheven though discov- which pin the propagating domain walls in the ferromagnet,
ered almost five decades ago, still receive considerable attefeading to an enhanced coercivity.
tion (recent reviews can be found in Refs. 3-480 doubt, to Phenomenological approaches that explain both the iso-
a great extent, this is due to the important technological aptropic negative FMR shift and the increased coercivity in
plication the exchange bias has found in information storagexchange-coupled bilayers with polycrystalline AF layer
technology”’ Other reasons include the followingi) de-  were proposed in the Fulcomer and Charap nfodEC
spite the fact that most of the existent mofleld quantita- mode) and in the Stiles and McMichael mod&l(SM
tively explain the best known macroscopic magnetic prop-mode). In both models the basic assumption is that there
erty of the exchange anisotropy, the hysteresis loop shift fielanust be two parts in the AF layer, one with “rotatabfé”
Hep, the enhancement of the coercivity, , when compared anisotropy and another with “nonrotatable” anisotropy. The
to that of an uncoupled film, is less well understdedch an  FC model treats the thermal behavior of the system of AF
enhancement has also been observed in mechanically alloygdains of uniform orientation and uniform magnetization,
AF/FM powderg?): (ii) the observation of a negative isotro- where the barrier to reversal is determined by a volume an-
pic shift in the ferromagnetic resonan¢EMR) field in  isotropy. This model seems to be a good approximation for
exchange-bias film&~2*and (iii ) the fact that different ex- very small AF grains. In the SM model, the AF grains are
perimental techniques may yield different values for therandomly oriented and have partial domain walls. For larger
exchange-bias fieltf*~3° These differences, at least in grains, where the barrier to reversal is determined by a
some cases, could be assigned either to the fact that the medemain-wall energy, the SM model is likely to be a better
surements are performed on different sets of sanffles, approximation. This model also includes inhomogeneous re-
because the model used to interpret the experimental dateersal as an additional mechanism for the increased coerciv-
from reversible measurement techniques may not be verigy, which contributes to the coercivity at all temperatures.
plausible?®A recent study of our grouf showed that the The frequently observed FMR field shift has been
Hep, values derived from FMR and hysteresis loop measureexplained?! in terms of a rotatable anisotropy fiel,, a
ments are different physical entities and, in general, musfield that in FMR measurements rotates to be parallel to the
give different values, because there are different magnetizaequilibrium direction of the FM magnetization. At a given
tion processes involved in the corresponding measurementeemperaturel, the magnetizations of the smaller grains are
Several possible explanations for the increased coercivitgriented along the applied field, thus producing the rotat-
have been proposed. One includes a random field at thable anisotropy sensed by the ferromagnetic film. The larger
FM/AF interface that results in formation of domains in the grains, however, remain pinned to the cooling fiéfdthe
FM layer, incorporated by Li and Zhart§,where the en- sample is cooled in a magnetic field in order to produce the
hancement oH, is attributed to effective lateral domain- exchange-bias stater to the field applied during the bilay-
wall pinning in the FM layer by AF domain perpendicular to er’s deposition, thus producing the unidirectional anisotropy.
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In the present paper we calculate the angular dependencks/ered samples present such an anisotropy. The unit vectors

of the eXChange-biaS field shift and CoerCiVity derived fromaFM , ﬁ, andﬁ represent the FM |ayer uniaxial anisotropy
hysteresis loop measurements in FM/AF bilayers in thegirection, the normal to the film surface direction, and the
framework of a phenomenological model that takes into acapplied field direction, respectivelgAlthough it is not done
count both rotatable and nonrotatable contributions to the Al]_'n the present Work' cubic magnetocrysta”ine anisotropy en-

layer anisotropy. The influence of the AF easy-axis distribu-ergy should also be included in the above energy form when

tion on the bias field and coercivity has also been discusseqlecessary

as well as the variations of the CoerCiVity with the eXChange The last term in Eq(Z) refers to the rotatable anisotropy_

interaction field strength and its temperature dependence. pcMichaelet al?!included a unidirectional rotatable anisot-
ropy term of a form— Mgy, - H,, in the AF part of the anisot-

Il. MODEL ropy energy in their work concerning the isotropic FMR
shift. Note that this energy could equally well be uniaxial
anisotropy of the FM layer with a constalt,, with a sym-
metry axis along the applied field directioh®® as will be
considered here. Rotatable anisotropy of such a form should

|dsotr<t)p)r,has \)/(verlll ?13 Ofiﬁ??ﬂuzsfs\lﬁﬁ;gr?&&mﬁeﬂ Ia:it;er[} nbe used to model irreversible magnetization processes, where
ue 1o the exchange interactio N agnetizationy, o yirections oMgy andH may differ considerably.

can irreversibly change their magnetization directions, thus It is worth noting that when two uniaxial anisotropiés

producing effective rotatable anisotropy. Possible mechat—he case into consideration with constaks, andK,,) are

nisms for this anisotropy can be irreversible domain-wall :
motiorf! or thermal instggility e, a superparamagneticlikepresent together.wnh easy axes at some a_ngle to each other,
P rather than at right angle, they are equivalent to a new

behawo_r, as assumed b_y FUICOmer and Chérahe AF uniaxial anisotropy* The direction of this new axis is deter-
magnetizations have uniaxial anisotropy and, due to the

weakness of the Zeeman term, are coupled to the FM ma&j'ned_ by Fhe rat|o betweekipy andK,, i.e., lies (.:Ioser o
netization only. If the easy axes of the large AF grains ardev direction if Kgy>Ky,, and has a strength higher than
parallel to each other, we assume that all FM spins rotaté&gv. WhenKgy=K,, this axis lies midway betweeu
coherently. However, preferentiégnd not random, as sup- andh directions, and has a strength equakig, . If the axes
posed in the SM modgldistribution of the AF easy-axis are at right angles, the new direction of easiest magnetization
directions in the plane of the film can also be consideéféd. s the one of the axis with higher anisotropy constant. Thus,
In-plane anisotropic macrostress or a textured structure, e.gas the applied field is rotated from the exchange-bias direc-
can give rise to a preferentially distributed AF anisotropy. Intion, the resultant FM uniaxial anisotropy axis is rotated as
such a case, it is accepted here that the FM film is dividedvell, and its direction is determined by tig- /K, ratio.
into domains, each coupled to a stable AF grain only; thus The second term in Edq1) accounts for the energy of a
the FM reversal could be inhomogeneous, as is also assumeghble AF grain with magnetizatidvl 5, which here will be
in the SM model. Such an assumption is supported by theonsidered to be either the energy required to reversibly form
results of Noltinget al.** which implies that the spin align- domain wall at the AF side of the interface as the FM mag-
ment in individual FM domains close to the interface is de-netization is rotated’
termined, domain by domain, by the spin directions in the
adjacent AF grains.

The total free energy per unit area of a FM domain EX’F=—UW
coupled to a stable AF grain magnetization can be written as

(where oy is the energy per unit surface of a 90° domain

We model a FM film with magnetization vectdv gy,
coupled to a polycrystalline AF film consisting of large
(stable AF grains, which contribute to the unidirectional an-

()

E=Erut Eart Eint- 1) wall), or the uniaxial anisotropy energy of such a grain with
The FM domain wall energy in this equation, normalized to@NiSOtropy constar ,¢ and easy-axis direction given by the
the FM layer thicknesggy, is unit vectoruag,
E M l] 2 EU M a 2
FM A FM " Urm AF AF" Uar
_:ZW(MFM'H)Z—H'MFM_KFM(—) T T AF(— ) 4
tem Mewm tar M ar
Mey- O 2 wheret g is the thickness of the AF grain. Note that forma-
~Kel ) (2)  tion of a planar domain wall in the AF grain does not result

in formation of a domain wall in the adjacent ferromagnet:
where the first three terms are the demagnetizing, the Ze¢he AF domain wall is formed parallel to the interface, and
man, and the FM uniaxial anisotropy energies, respectiveljthe FM moment senses only the interfacial moment of the
Note that in the SM model it is assumed that there is naadjacent AF grair?

anisotropy in the ferromagnet except the anisotropy induced The last term in Eq(1) represents the interaction energy.
by the coupling to the AF grains. Here we accept that a parThe two contributions t&;,; which can be considered are the
of the uniaxial anisotropy, the one with anisotropy constantdirect coupling to the net moment of the AF graih,, (J4
Kem, could be intrinsic to the FM layer; many single FM >0 andJ;<0 correspond to ferromagnetic and antiferro-
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magnetic couplings, respectivelyand the spin-flip coupling, 1F@) —— =T ]
J,, which favors a perpendicular relative orientation between N I zpﬁz%/
. F 1
the FM and AF moments: of :: ;, / -
I 1 FAF ]
Mgy - Mar Mem- Mag|? A S Gy=0° — |FAF 4
Eint:_‘]l M M 2 M M . (5) £ F i ! --- |DWF A
FMIVIAF FMIVIAF < -l . = (set I
_ . _ 5 L) — )
Note that ifK,,=0, J,=0, Ugy||use, and if the expres- E I ’
. . . . [ [ I k
sion given in Eq.(3) is used forE,z, the present model = [ [/ ! I
reduces to that of Maugt al® In what follows, we refer to O —T— DWE T 7 DWE |
this model as the DWHFi.e., domain-wall formationmodel. | ! (set T) ! | (set D)
WhenK,,# 0, the corresponding abbreviation will be DW- B g e=0° ) Fr=0° ]
Fra. Also, when Eq(4) is used for the AF anisotropy energy, T — : L L. '
our model is reduced to that of MeiklejoRmMoreover, if in 3020 -10°0 1030 20 -100 10
Magnetic field (Oe)

the latter modeK ¢ (or oy in the DWF model value is very
E!Qh, _then the AF mpment will be f'X?d alpng Its easy-ax[s FIG. 1. Hysteresis loops fop,=0° calculated usinda) the

irection, and we will have a model identical to that of Xi FAF model (4,=9.16 Oe,H.—19.1 Oe),(b) the DWF modelset

.. 35 . . U . A . ’
and White,” abbreviated as the FAFixed AF moment |} 45806 14, — 100 Oe,He=18.6 Oe), andc) magnetiza-
model. The corresponding abbreviation for the case Whelﬂon curves for three field directions for the set of parameters used
Kra#0 will be FAFra. In Sec. Il hysteresis loops are cOm- i, nanel(a) for the FAF model(solid curves, and for the param-
puted for several representative cases, for coherent and inhgeers ysed in pandti) for the DWF model(dots. (d) Hysteresis
mogeneous FM reversals. loops calculated via the DWF model for another set of parameters
The static equilibrium directions dflgy andM e can be  (set II: H,=8 Oe, Hy=1.2 kOe, Hg=19.2 Oe). The dashed

calculated from Eq(1) by finding the polar ¢ry @and 6xg)  curves in panel$a), (b), and(d) correspond to Gaussian AF easy-
and azimuthal ¢ry and dag) angles oM gy andM 4r inthe  axis direction distributions with maxima at the exchange-bias direc-
spherical coordinate system for whighis at minimum. The tion and a standard deviatian="5°.

projections ofMgy, and M e along the field direction will

give the magnetizations of the laydiar graing. The energy In the present study, the magnetic field is applied in the
minimization procedure used here is established in our prefiim's plane and characterized by its azimuthal angig
; 9,30 A
vious works? i.e., the angle between the positive field direction apg ;
the latter, as well age, also lies in the plane of the film.
IIl. RESULTS AND DISCUSSION In order to compare our calculations with previous experi-

In this section, calculations of complete hysteresis loopsental and model results, we initially employed the param-

the angular dependence of the hysteresis loop shift field angt€’s from the work of Xi and WhiteHy,=9.16 Oe and
the coercivity, as well as variations of the coercivity with the He=19.1 O€), used there to fit experimental data for NiFe/
exchange interaction field strength and with the temperatur&>fMnPt bilayers™ The corresponding hysteresis loop for

are presented and discussed. Perpendicular or spin-flop cof#=0°. calculated via the FAF model, is shown in Figall
The hysteresis loop given by the solid curve in paibewas

pling have not been considered, i.8,=0 for all calcula- :
tions. calculated here in the framework of the DWF modegt I
Hy=12.8 Oe,H,=100 Oe,H=18.6 Oe). It can be seen
. ) that the solid curves in panela) and(b) (which although are
A. Hysteresis loop calculations in very good agreement with the above citdgl, experimen-
Magnetization curves have been calculated for variousal data, do not fit neitheH. value nor the hysteresis loop
values of the effective fields, which are: the uniaxial FM shape, are practically identical. The dashed curves in panels
anisotropy field,H =2Kgy /Mgy, the domain wall field, (a), (b), and(d) are the corresponding hysteresis loops where
Hw=ow/(temMey), the interface coupling field,H  a normal(Gaussiah distribution of the AF easy-axis direc-
=J;/(temMem), and the rotatable anisotropy fieldl,, tions is assumed with maximum at the exchange-bias direc-
=2K,/(temMgewm) . As the number of effective fields is quite tion and standard deviatiom=5° and maximum deviation
large, it was not possible here, unfortunately, to consider albf 11°. In these calculations, 221 individual magnetization
possible combinations of these parameters. Taking this intourves(corresponding to each of the AF grain easy-axis di-
account, we used a limited number of parameter sets in theectiong were obtained for eack, by minimizing Eq.(1)
calculations, trying to cover the most feasible cases. That isyvhenH is varied. This results in rounded hysteresis loops,
we do not claim that our choices were systematic; the criteri@ach of them being a weighted average curve of the above
were, in most of the cases, the similarity of the calculated221 curves.
curves to experimentally measured ones. We believe, how- The solid curves in Fig.(t) represent the calculated mag-
ever, that the conclusions drawn in the present paper aneetization curves forp,=30°, 60° and 90° for the above

valid for the majority of the practicable parameter combina-cited set of parameters for the FAF model, which fit very
tions. well the corresponding experimental data reported in Ref. 35
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(this FAF set, however, did not fit the shape of the loop and
the Hgy, value for ¢py=0° well, as mentioned aboyeThe
dotted curves in the same figure have been obtained using
the DWF model and a parameter set which is different from
the one used to calculate the curves in pabgl(set II: H
=8 Oe, Hy=1200 Oe,Hg=19.2 Oe). Once again, the fit-
ting curves obtained using the two distinct models are prac-
tically identical. For reference purposes, in paftBlwe plot
the hysteresis loop fop=0° obtained using the parameter
set Il (solid curve; the loop calculated using the distribution
of AF easy-axis directions is plotted as well. One can ob-
serve that the loop shift is equal to that of the curves shown
in panels (@) and (b); however, the coercivity value is
smaller, and the dashed curve represents a better fit to the
experimental data of Xi and White than the one obtained via
the FAF model. This is not surprising having in mind that the
DWF model is more flexible than the FAF one; actually, as
already mentioned above, the latter is a special case of the
DWF model wheno,=2. Our numerical results, using the
DWF model and AF easy-axis direction distribution, are
similar to those of Stiles and McMichatl,who also com-
pared their model curves to the Xi and White experimental
results.

As follows from Eq.(2), for ¢;=0°, the inclusion of a
nonzero rotatable anisotropy does not change the calculatq

the exchange-bias directiof+H,,, is kept fixed while

Mpi/Mpa(H=)
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FIG. 2. Magnetization curves calculated via the DWF model for

¢=20° andHg=20 Oe, whereH,,= 10 Oe in panelga) and(d),
Hy,v=H¢g in panels(b) and(e), andH,= 1.2 kOe in panel¢c) and

. . S . . Hy+H,, is maintained equal to 5 Oe in pand®—(c), and
loops if the value of the effective uniaxial anisotropy along equal to 80 Oe in panels)—(f), where the solid, dashed and dotted

curves represent the casestf,=0, H,=H,;, andH_ =0, re-

Hia is increased. Whewp,#0°, however, the shape of the gpectively.

magnetization curves as well as thé&,, and H. values

change. Figure 2 shows representative magnetization CUVg® emphasized here that the above effect must not be con-
calculated forg,,=20° through the DWFra model for vari- founded with the positive exchange bias efféatyhose ex-

ous ratios betweehig andH,y, maintainingH +H,, con-
stant, i.e., either 5 Oe for pang®—(c) or 80 Oe for panels
(d)—(f). The curves for the cases bf,,=0, H,,=H, and
Hy=0 are demonstrated. The curves corresponding to the
FAFra model(not shown are very similar to the ones for a
high Hyy value plotted in pang(f), as expected.

When theH+H,, value is small compared thlg, the

planation is based on the existence of an AF coupling at the
FM/AF interface.

B. Angular dependences oH ¢, and H.

As seen in Fig. 1, because there are enough unknown

parameters, it is possible to fit well any particular experimen-

relative increase ofl,, leads to a more rapid magnetization tal data by using different models whéh is applied along
change in second and third quadrants, bringing along a&ertain directiofor several directions; see Fig(cl]. In or-

monotonic decrease di, for all Hyy, see Figs. @—(c).
For higherHy+H,, values, however, neithdf., nor H.
variations withH,, are simple, as can be seen in paré)s-
(f) of the same figure. In order to shed light on this question,

a series of hysteresis loops has been calculated for a number

of parameter setsHy,Hy) for He=20 Oe and¢,=20°.
The corresponding dependenciesHy, andH. on the rela-
tive H,, contribution to the FM anisotropy are plotted in Fig.
3 for two casesH,+H,;=Hg andH +H,,=4 Hg. Only
when the AF anisotropy is strondH(y= 1200 Oe) and for
small effective FM anisotropfpanel(a)] are theH, andH
variations monotonic. In all other cases, there is a maximum
[local one for panel{a)] and a minimum in each . depen-
dence. The correspondindy,, variations also show maxima
for the same relativéHd,, values whereH;'s are maxima.
Note thatH.,, can even change its sign: whety,=Hg [the
dashed curve in pandb)], H., is positive for H,,/(H

~
o

o

~—

C

=

Heb (Oe)

70

r (a) Hy+H,=Hg

(b) Hy+ H,,=4Hg

60
50
10

0
-10

Hra /(HU + Hra)

FIG. 3. Hep and H, vs H,/(Hy+H,,) for Hy=20 Oe and

¢ =20° obtained via the DWFra modéh) H+H,,=20 Oe.(b)

+H,,) <0.3 and negative in the rest of the interval. It shouldH + H, =80 Oe.
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I = aligned
L — ——- distributted
60 Heb' ]
0 [H, .
. , (¢) Hu = He/45 45 30 -15 0 15 30 45
60F . Hy=Hg/9 ]
F . on (degree)
0 90 180 270 360 FIG. 5. Influence of the AF easy-axis distribution on the angular
#u (degree) dependences dfl,, and H, for Hg=20 Oe, H\,=1.2 kOe, and

H,,=0, derived from magnetization curves calculated via the DW-
FIG. 4. Angular dependence #f,, andH, for He=20 Oe in  Fra model(a) H ;=8 Oe.(b) H, =16 Oe. The solid curves are for

panels(a) and(b), andHz=900 Oe for pane(c) obtained through the case of all AF grains having the easy axis direction of the FM
the DWFra modelH+ H,, is kept fixed at 20 Oe in pane{a) and layer, and the dashed ones are for the case of the Gaussian distri-
(c), and 10 Oe in pandb). bution of the AF easy axis directiorfdenoted by the angles;)")

with standard deviatiomr=5°, given in the inset.
der to clarify the magnetization reversal mechanism and to
provide another try-out for the validity of the theoretical zero away from the exchange-bias direction. This behavior is
model used, the latter should be tested to fit the dependencensistent with the experimental results of Dimitretal 3
of Hep andH,, on the applied field direction. One of the goals and of Ambrose, Sommer, and Chi&ht is also worth not-
of the present study was to estimate how the rotatable anisoiRg that the angular variations ¢i., and H. for H,,=0,
ropy and the AF easy-axis direction distribution affect theplotted in panela) of Fig. 4, are very similar to those ob-

above angular dependences. tained experimentally by Gemeijer, Ambrose, and ChieR,
and that the curves given in par(e) are consistent with the
1. Rotatable anisotropy effects results of Xi and White®

The effect ofH,, on theH, variation for a high effective
uniaxial anisotropy is the same as that shown in Fig).4
The relative increase of the rotatable anisotropy changes the

tive angular dependencies f., and H., extracted from shape of théd ., vs ¢y curves in a way similar to that caused

each loop, are plotted in Fig. 4, whelrg- was kept fixed in by the increase of the exchange coupling strergth.

each panel, i.e., 20 Oe for panés and(b), and 900 Oe for It must be emphasized that the value of the rotatable an-
panel (0) A’s in'i:ig > the value ofd +H’ has been kept isotropy field, obtained from magnetization curve fittings,
. . [ U ra

fixed while H,, is varied. For the range of parameters Con_couId be different from the value estimated by fitting the

sidered here, the relative increase of the rotatable anisotrop}?}g”eSpondmg FMR spectra which show isotropic resonance

621,23 ; i A ;
ks 1t s cves smaane o iong AF ot 1 S O76 Pessbie e of W doacpany >
ropy, i.e., highH,y, values compared to those Hf, andH¢ h :‘;‘1 I I )}gq y dep

[panels(a) and(b)]. The H., variation for this case become phous spin glass alloys.

very close to a pure cosfg, behavior. For strong exchange
coupling field strength, panét) in this figure, even the total
substitution ofH by H,, has practically no effect ohl.y. The effects of the distribution of the easy axes of the AF
The rotatable anisotropy does almost not affect the coercivitgrains contributing to the exchange bias, i.e., the large AF
for the parameter sets used in pan@s and (c). Keeping grains, on the angular dependencesHgf, and H, can be
Hy high and increasindd,+H,, [panel ()], one obtains estimated from Fig. 5. In this figure, representative curves
smootherH,. dependences with the relative increase of the(for the ¢y range where differences between the curves can
rotatable anisotropy. For even higheli,+H,, values(the  be noted are plotted for two casedid =Hg/2, given in
corresponding curves are not shown hetiee coercivity de- panel(a), andH,=Hg [panel(b)], for strong AF anisotropy
pendence is similar to that of pangl), but does not go to calculated via the DWF model. The solid curves show the

Varying the anglepy from 0 to 27, hysteresis loops have
been calculated through the DWFra model for eg¢hfor a
number of parameter setbl((+H,,, Hy, Hg). Representa-

2. Influence of the AF easy-axis distribution
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Hep andH, vs ¢y assuming that all AF grains have the sameVersible rotations are completed. For a further temperature
easy axis direction, the one of the FM layer. The dashedncrease, the coercivity variation follows that lafae(T).
curves represent the case when the Gaussian AF easy axis The maximum in thed(T) curves can be very well ex-
distribution used in Fig. 1 is considered, which is also showrPlained from the temperature variationdf,, introduced in
in the inset of Fig. 5. The consequences of the inclusion ofhe present phenomenological model, and taking into ac-
preferentially distributed AF anisotropy is a reduction of thecount the corresponding variations of the other effective
coercivity in the vicinity of the exchange-bias direction, re- fields. Let us consider that the FM Curie temperature is much
sulting in roundedH, curves and smoothet,, curves. This ~ greater tharTg, i.e., the FM saturation magnetization and
decrease of thed, values is more pronounced for small Uniaxial anisotropy are temperature independent in the vicin-
uniaxial anisotropy, being of the order of 35% fgf,=0 ity Of Te. If Mae(T)<(1—T/Tg)*® and assuming that the
[panel(a) in Fig. 5]. In contrast to théd, behavior, the shape coupling field varies as the AR magnetizatfoone obtains
of the Hey, is more notably changed for highety values; He(T)=Hg(0)(1—T/Tg)* . As in the SM model, we used
however, the distribution of the AF easy axes affects mordhe expressiotiy,(T) = Hy,(0)(1—T/Tg)** for the domain
visible the coercivity, as expectéd. wall energy of the stable AF system, based on the assump-
The calculated angular variation Bf,, shown in Fig. ) tion that the AF anisotropy constakiig(T)<M3e(T).
is consistent with that obtained experimentally and numeri- Only the AF grains that do switch their magnetizations for
cally by Xi and Whité® for approximately the samid,, and  rotation of Mgy contribute to the rotatable anisotropy. One
He values as the ones used here. Fhevariation calculated can express this asd(T)=H;,(0)m(T)/m(0), where
here for preferentially distributed AF anisotropy, however,H+(0) is the rotatable anisotropy at 0 K if the exchange field
fits their experimental data considerably better. is so strong that the moments of all unstable AF are already
rotated irreversibly, andn is the magnetization of the small
AF grain system scaled by its saturation value. Let us, for
simplicity, assume that these grains are single-domain with
As described in Sec. Il, only the unstable AF grains con-effective anisotropy constait,- and they switch their mag-
tribute to the rotatable anisotropy due to the exchange intemetization through coherent rotation. The valuekgf- for
action with the FM magnetization; the direction of this an-these small grains, due to thermal activation, e.g., could be
isotropy coincides with theH direction. At a fixed smaller tharK s of the larger grains. Also, as the interfacial
temperature, the stronger the exchange coupling strength ti@upling energy decreases with the increase of interface area
larger the number of small AF grains whose magnetizatiorof the grains;? the coupling constant for the small AF grains,
vectors switch to stay close to the field direction. THg  J/, could be higher than that for the larger grains. At a fixed
value is proportional to the sum of the projections of theseemperature, it is possible to calculate here this was done
magnetizations alonyi. Also, the strongeHe is the higher  numerically in the framework of the Stoner—Wohlfarth
the values of these projections are. Hence the rotatable amodel, assuming the same easy axis distribution for the
isotropy should increase with the exchange couplingsmall AF grains as the one used in Secs. Il A and 1l1 B for

strength. As mentioned above, the coercivity Forapplied  the stable grains, and energi-, which contains two
along the exchange-bias direction is directly proportional taerms,

H.a; thus H. should increase witiHg. Such a coercivity
enhancement proportional to the exchange coupling between

C. Dependence oH ,, on the coupling strength

the FM and AF layers were observed experimentally by , o M ar- Unp 2 ,Mem-Mpe
Leightonet al'” and also predicted by the SM mod8l. Bae=—Kaelael =y ) "y ©
D. Temperature dependence ofH corresponding to the uniaxial anisotropy and the exchange

It was shown above thad . is strongly dependent o g interaction energies, respectively. Hav,, is a constant
which decreases with the temperature increase. The coercivector lying along the external field direction. Thus the sec-
ity, however, usually shows a well defined maximum in theond term in this equation plays the role of the Zeeman term
vicinity of the blocking temperaturelg, i.e., the tempera- in the Stoner—Wohlfarth model. Taking into consideration
ture above which the exchange bias vanishes. Although ithatKe(T)<M3e(T) andJ;(T)=<Hg(T) [here, for simplic-
some case$g~ Ty, whereTy, is the Neel temperature of the ity, we assume thal;(T)~J.(T)], one can calculaten(T)

AF material, in other caseBg can be much lower thafy  and, consequently, thel 4(T) variation for the system of
(see Refs. 3 and 40, and references ther€inercivity peaks small interfacial AF grains.

also appear in some model works, e.g., those of Fulcomer With the help ofH,(T) thus obtained, and taking into
and Charapand Stiles and McMichaéf This phenomenon  account the variations with of the other effective fields, it is

is intuitively easy to understand by considering the temperapossible to calculate the hysteresis loops for the exchange-
ture dependence of the AF grains. Ag is approached from bias system at any temperature beldw. Also, for =0
below, their anisotropy is decreased and the reversal of thend calculating the magnetization via the DWFra model, one
FM magnetization can induce more irreversible AF reoriencan use the analytical expressions tdr derived in the
tations, thus increasing the FM coercivity. The latter reacheramework of the DWF mod® because, forH applied

a maximum at the temperature for which all possible irre-along the exchange-bias direction, the effective anisotropy

134432-6
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behavior of exchange-bias systems, i.e.,Hheenhancement

as compared to that of an uncoupled film, its variations with
the exchange interaction strength, and its temperature depen-
dence.

We model a FM film coupled to a polycrystalline AF layer
consisting of two parts, one with rotatable and another with
nonrotatable anisotropy. Small locally uncompensated inter-
facial AF grains, due to the exchange interaction with the FM
magnetization, can switch their magnetizations irreversibly,
thus producing effective rotatable anisotropy. Preferential
distribution of the AF easy axes has also been considered; in
such a case, it has been accepted that the FM film is divided

: : : : into domains, each coupled to a stable AF grain, i.e., inho-
0.7 0.8 0.9 1.0

T, mogeneous reversal of the FM_moments _ha_s bgen allowed.
The influence of the AF anisotropy distribution on the

FIG. 6. Temperature dependencehtf for ¢,=0 and for sev-  hysteresis loop shift, coercivity, and on the shape of the mag-
eral representative values b (0)/Hg(0), obtained through the netization curves has been discussed, as well as their angular
DWFra model. The other parameters used in the calculations argependences. It was obtained that the distribution of the AF
He(0)=60 Oe, Hy(0)=1.2 kOe, H(0)=20 Oe, andHy(0)  easy axes affects more visibly the coercivity, reducing its
=40 Oe. values in the vicinity of the exchange-bias direction, result-

ing in roundedH, vs ¢, curves; theH, curves become
" smoother. These effects are more pronounced for small

uniaxial anisotropy.

HW(T)Hé(T) The inclusion of the rotatable anisotropy, in general,
— > (7) changes the shape of the magnetization curves as well as the
Hw(T)+HE(T) Hop andH, values for fixedspy . When theH ;+H,, value is
The temperature dependences of the coercivity are plotted igmall compared to that oHg, the increase oH,/(Hy
Fig. 6 for five representative cases. Raf (0)/Hg(0)>1  +H.) leads to a monotonic decrease df,. For higher
(Where HGFZZKAF/MAF)! each curve shows a well ex- HU+ Hra values, however, neither théeb nor Hc variations
pressed maximum below the blocking temperature, whichvith H,, are simple.
broadens and moves towards lower temperatures upon de- If the value ofH,+H,, is kept fixed whileH,, is varied,
creasing theHﬁF(o) value, i.e., decreasinig,-(0)/M a(0) the relative H,, increase generates smoothdg, vs ¢y
or, alternatively, the size of the AF grains, if thermal activa-curves, whose behavior becomes very close to pure ¢gs 2
tion effects are taken into account. for a strong AF anisotropy. This effect is similar to that

The maximum appears id(T) because there is a maxi- caused by the increase of the exchange coupling strength.
mum in them(T) dependence. Actually, the existence of The rotatable anisotropy does almost not affect the coercivity
such a maximum im(T) is a manifestation of the so-called if the coupling is strong.

Hopkinson-type effect! which can be observed for systems  As theH,, value is proportional to the magnetization of
with uniaxial* as well as with cubic anisotrofy.Note that ~the small AF grains, it increases with the coupling strength.
in the present model the Hopkinson effect is due to coherenthus, for a field applied along the exchange-bias direction,
magnetization rotations. However, if the mechanism for theH increases wittHg as well.

magnetization changes in the small AF grains is domain wall The frequently observed broad peak in the temperature
motion, the effect is observed as well, the cause being theariation ofH, in the vicinity of the AF blocking tempera-
increase of the mobility of the domain wall with the ture has been explained from the temperature variation of
temperaturé? In both casesd(T), and as a consequence H,. The latter shows a maximum upon heating because
H.(T), show maxima provided that the exchange couplingthere is a maximum in the corresponding temperature depen-
field at the initial measuring temperature upon heating thélence of the magnetization of the small AF grains, if the
sample is not sufficient to saturatg which is the case of the coupling field is not high enough to saturate this system at
curves forH{"(0)/Hg(0)>1 plotted in Fig. 6. the initial measuring temperature.

In real samples, there is usually a spread of grain sizes,
stress, interface coupling, etc., all of them influencing on
H,«(T). Thus the shape of an experimentally obtaihkkdvs ACKNOWLEDGMENTS
T dependence may differ from these shown in Fig. 6.

HE'(0)/H5(0)=0.8

1.2

HC/HU(O)

1.0

0.8

equalsH,,+H,. For the case of weak interaction, i.e
He(T)<Hw(T), the coercivity expressionis

Ho(T)=Hy+H(T)+
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