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Analytical solutions for exchange bias and coercivity in ferromagnetitantiferromagnetic bilayers
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Analytical expressions have been derived for the exchange bias field, coercivity, and effective anisotropy
field in ferromagnetic/antiferromagnetic bilayers 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. It is shown that there are five different sets of analytical expressions for the hysteresis loop
displacement and coercivity, which depend on the interfacial exchange coupling strength and ferromagnetic
anisotropy, and only one expression for the effective anisotropy field. These expressions are compared with the
previously reported theoretical results, and the validity of the latter is discussed. It is shown that in the
framework of the present model, the hysteresis loop, ac susceptibility, and ferromagnetic resonance measure-
ments of exchange anisotropy should give the same values for the exchange bias field. The difference between
the exchange bias field values, estimated experimentally by ac susceptibility and through hysteresis loop
measurements for Co/CoO bilayers, is explained as well.

I. INTRODUCTION interfacial spin-flopped state similar to Koon’s. However, al-
lowing the spins to have out-of-plane components, they had

The exchanged anisotropygne of the manifestations of contrary conclusions with respect to exchange biasing: their
which is a shift in the magnetization curve away from thecalculations indicated enhanced uniaxial anisotropy or en-
zero-field axis, refers to the exchange interactions at the inhanced coercivity, but not a shifted loop.
terface between ferromagnetiEM) and antiferromagnetic The above-cited models, as well as others proposed in the
(AF) materials. Exchange bias in thin films has found impor-literature, have attained different degrees of agreement with
tant technological application in such devices as magnetoreexisting experimental results. Models which, like the one of
sistive sensoré® Even though this phenomenon was discov-Mauri et al, include the existence of AF domain wall in
ered four and a half decades ago and despite extensiwxchange coupled systems, account quantitatively for the
investigations and technological importance, its microscopid 0~ 2 reduction of the exchange field from the ideal interface
origin has not yet been understood. model casé>®%as well as for accumulative memory ef-

The simplest theory,assuming that the exchange biasfects of the thermal and field history of real FM/AF
effect arises from the exchange coupling at an uncomperbilayers'* Up to now, however, there exists no basic, gener-
sated FM/AF interface, leads to an exchange field which isilly applicable, predictive theory or mod€l!® the reason
typically two orders of magnitude larger than the experimen-being the strong dependence of the exchange bias on the
tally observed ones. To explain this discrepancy, two alterparticular chemical and spin structure at the FM/AF interface
native models which do not require an uncompensatedor each real system.

FM/AF interface, a random-field model by Malozemb#nd Anisotropic magnetoresistarfceand ac susceptibility

a planar domain-wall model by Mauri and co-workelsave ~ measurements found an exchange anisotropy energy sev-
been proposed. The latter model suggests the formation of eral times larger than that obtained from hysteresis loop mea-
domain wall at the interface with the reversal of the FMsurements. Two other reversible measurement techniques,
orientation, which would effectively lower the interfacial en- ferromagnetic resonand&MR) and Brillouin light scatter-
ergy cost of reversing the FM layer without removing theing, gave values about 20% less and 25% larger than those
condition of strong interfacial FM/AF coupling. Unlike the measured via superconducting quantum interference device
model of Mauriet al,, the AF domain walls in the Maloz- (SQUID) magnetometry and magnetoresistance,
emoff's model are normal to the interface, and the exchangeespectively*>!® This fact has led some authors to classify
bias is interpreted in terms of random exchange fields due tthe measuring techniques in two categories, reversible and
interface roughness. However, this model has intrinsic feairreversible, interpreted with different modél&? Very re-
tures which depend on details of microstructure. cently, Xiet al,'” based on the model of Mauet al.,, inves-

The spin-flop model proposed recently by K8aosug- tigated theoretically the irreversible and reversible measure-
gested the existence of unidirectional anisotropy in thin filmsnents of exchange anisotropy and derived expressions
with a fully compensated AF interface. The micromagneticrelating the exchange field measured by various techniques
numerical calculations indicate the stability of the interfacialwith the interface coupling field and the effective domain-
exchange coupling with a perpendicular orientation betweemvall field.

FM and AF axes directions. One limitation of Koon’s model  In Mauri et al’s work® magnetization curves have been

is that he restricted the motion of the spins during field re<calculated numerically on the basis of the coherent rotation
versal to the plane parallel to the interface. Schulthess anchodel for various interfacial exchange coupling constants
Butler,” based on a microscopic Heisenberg model, yieldegnd fixed FM anisotropy, and the main characteristics
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of easy axigcoercivity and loop displacemerand hard axis
(effective anisotropy field curves have been plotted as a
function of the interface exchange parameteiWe tried to
reproduce the above dependencies using numerical calcula-
tions, and found some quantitative discrepancies between
our results and those of Mauet al> We also succeeded to
derive analytical expressions for the normalized coercivity
h., the loop shifth,y,, and the effective anisotropy field, .
Excellent agreement between our analytical and numerical
data has been found.

The purpose of the present work was to find analytical
expressions foh., he,, andh, as functions ofi. The par-
ticular case of the value of FM anisotropy const&qiy,
considered in the original work of Mauet al. has been
treated as well. The validity of the analytical expressions
previously derived is also discussed.

—
(=

Normalized Exchange Field, - 7,,,

Il. MODEL

The model proposed by Maugt al® assumes that the AF
layer with uniaxial anisotropy is infinitely thick and the do-
main wall can form at the AF side of the interface. At a
certain distance from the interface, a FM film with thickness
t much smaller than the thickness of the domain wall fol-
lows. The spins of the ferromagnet rotate coherently, all in-
cluding the same anglg with the FM easy magnetization
axis, which is chosen to coincide with the AF one. Bednd Normalized Interface Exchange A
K be the exchange stiffness and crystalline anisotropy con- . ) .
stants in the antiferromagnet, respectively, anithe angle of FIG. 1. The normalized loop shift hey, (8) and coerciviyh, (b)
the AF moment at the interface with respect to the easy axi{fs a function of the exchange parametefor several normalized
When the magnetic fieltH is applied along the easy direc- erromagnetic anisotropy constaatvalues.
tion, the total magnetic energy in units of,(=2\AK,
which is the energy per unit surface of a 90° domain wall inanglese and 8 was 10 ® rad, and the angles corresponding

Normalized Coercivity

the AP, can be written as to the energy minimum were determined to an accuracy of
1016 rad.
5= —cosa—\ coga—B)+ucogB—hcosB, (1) Representativéi (\) andhe,(N\) dependencies, obtained

from the numerically calculated easy axis magnetization
where the constant terms are neglected. The first term correurves, are plotted in Fig. 1 for several values. All h,
sponds to the domain-wall energy, the second term is thgersus\ curves show minima, which become relatively
exchange energy with =Jg /0, the normalized exchange, deeper and sharper with the increase of the uniaxial FM an-
where Jg is the effective interfacial coupling energy. The isotropy. It can be seen that fqr values smaller than a
third term is the anisotropy energy on the ferromagnet withcertain critical valuew,;, there are no\ regions with zero
u=—Kgyt/o, the normalized anisotropy constant with coercivity. The exchange bias field curves present maxima
positiveKgy , and the last term is the magnetostatic energywhich, like the minima in thén.(\) dependencies, become
with h=HMt/o, the normalized magnetic field, wheMs  more pronounced for higher FM anisotropy and shift to the

is the FM saturation magnetization. _ range of lowen values. Note that for weak and strong in-
For the limiting cases\<1 andA>1, one can readily ierfacial coupling, all thér.,(\) curves coincide.
obtair? the exchange bias field s In Fig. 2, the symbols denote the normalized fielgs
hep, and h, versus\ for the case ofu=—0.25, obtained
|~ Je/Mgt for A<1 from the numerically calculated magnetization curvesis
Hep= —oy/Mg  for A>1. the effective anisotropy field€Mg/x), wherey is the ini-

tial susceptibility, obtained from the hard axis magnetization
More details for the applicability of this approach can becurves. A comparison between these curves and the ones
obtained analytically, or by numerically calculating magne-given by Mauriet al (Fig. 3 in their papershows that there
tization curves of the ferromagnetic film from E@l) by  are significant quantitative differences between these two
finding the anglesyy and B, for which 6 is at minimum. For  sets of curves. The solid lines in Fig. 2 are the corresponding
the numerical calculations, we used two-variable energynalytical solutions. There is an excellent agreement between
minimization procedure similar to the one used in our previ-our analytical results and the numerically obtained data.
ous works®? In the hysteresis loop calculations, the step  In what follows, it is demonstrated how these analytical
for the normalized field was 10, the initial step for the solutions have been derived. The analytical results are com-
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J ] I1l. ANALYTICAL RESULTS
W There are two possible situations for a magnetization
a curve to intercept the abscisga: 8= /2 for a certain field
< valueh, ., during a continuous magnetization rotation, and
= e i (i) the magnetization vector jumps from a state wjth
i3 < /2 to a state with3> /2 when the stability of the equi-
'§ librium at the former state is lost. Following the procedure
= described in the previous section, the fiélgd ./, is easy to
g be obtained. I\ is in the range determined by the condition
Z W B,=1 [obtained with the aid of Eq$5)—(7)], where
Bi=NH(1+\?) ¥ (—2p) 7, ®)
0 3 10 then
Nommalized Interface Exchange A h _ A (9)
a, w27 \/mz
FIG. 2. The normalized coercivity, , the loop shift—h,,, and

the effective anisotropy fieldh,=M,/x versus the exchange pa- The conditionB,=1 gives thex range for fixedu for which
rameter A for a fixed ferromagnetic anisotropy constapt ~ CO0SS=0. There is a limitingu value for this to happen,
=-0.25. The symbols represent the data calculated numericalljvhich can be determined by isolatipgfrom the expression
The solid lines are the corresponding analytical solutions. The dotB;=1 and calculating its first and second derivatives.fo
ted vertical lines separate the regions, for which different analyticaFrom the conditionsdu/d\?=0 and #°u/d(\%)?<0, one
expressions have been used. obtains that cog can be zero ifu e (—37%20).

For u<—3"%2 the point of intersection of the magneti-
pared with the numerical and theoretical ones previously rezation curve with the abscissa is determined as follows. At
ported, and the validity of the latter has been discussed. 9ivenh the equilibrium loses its stability at certain values of

The total normalized magnetic energy is given by . 8 depending ot [the expression in Ed5) shifts from posi-
Only positive A and negativew (uniaxial FM anisotropy ~ {ive t0 negative, whereas the other expression used, (Bgs.
have been considered. The equilibrium state is determined B} (7) remains positivg Substituting this critical value pair

- : A i fhandg in Eq. (3) then gives a relation betweean u«, and
t th tial t t : i . e .
equating the partial derivatives te and 3 to zero the critical value oh,, 4 at which the equilibrium is lost. The
critical fields thus obtained are

s .
£=Slna+)\SIn(a—B)=0 ) N A s 10
007 TN M (10
and
A
96 . . . hO,ﬂ': - m - ZM, (11)
%:—)\S|n(a—,8)—,usm2,8+hsm,8:O. ©)
A
For fixed u, this gives a relation betweem, 8 andh by hm,=1_)\ ~ 2 12

eliminating of\
g and, for all other cases

sina=u sin28—hsing. (4) “

hys=————5
The stability of this equilibrium is then examined with the ~ ** 16N (N2—c?)
aid of the conditions

[120\8+1)+72c(\*+1)

+ (68— 3/u?)\*+ 11202(\2+ 1) + (240c+ 68)\ 2],

3?8 8 | 3°5 \? 5 (13
a2 g2\ adp ®  where
1
and 025[7\4/3(_2M)—2/3_)\2_1]. (14)
9?6 The conditions determining which of the expressigas-
E>o (6) (13) for the critical fields must be used, are examined with
the aid of Eqs(5)—(7) for each particular case.
or Let h; and h, be the normalized fields for which the
descending and ascending parts of a hysteresis loop intercept
25 the abscissa, respectively. Using these notations, the normal-
ZZ>o. (7)  ized coercivity and exchange bias field are
982
he=— T2 15
In these conditionsg is eliminated by using Eq4). ¢ 2 (15



5630 J. GESHEV PRB 62

Uy ' 1
[} v m [} v (a)
02 P o oo 10 J \Y
o) % 0 L ‘
o T 20 Z
; E=‘°-1 g 1= _ - . ()
S 5 N S ——
g 01ry 05 5 )
| 3 o m
g kS| ke
8 T g0
=z % h, @ E 4 | j
0.0 D—D—D—D—D—D/D/D/D’[ 2 é -1 (f)
. J0.0 = . : x
B3 B E (c)
1 (b E n
=y E o
E 4 I
¥ B [ 1]
Q B4 1 " (g)
& o @
UL NN N T v
0
n i
\ It . . , | (h)
. P 10 05 00 10 05 00
0 5 10

Normalized Field A
Normmalized Interface Exchange 2

FIG. 4. Easy axis hysteresis loops fpr=—0.1 andA=0.15
FIG. 3. (a) The normalized coercivith, and the loop shift (b), 0.40(c), 0.75(d), 2.0 (e), 4.0 (f), 7.0 (g), and 9.0(h), which
—hep as a function of the exchange parametefor ferromagnetic  correspond to regions -1V, IlI, I, and V in Fig. 3, respectively.
anisotropy constant=—0.1. The symbols denote the numerical The loop forA=0 is given in(a) as well. The solid lines represent
calculation data, and the solid curves correspond to the analyticahe normalized tdVl; magnetization of the ferromagnetic layer; the
solutions. (b) Dependencies of the expressios, B,, Bz, and  dashed lines represent the normalized magnetization of the interface
B, on\, which determine the boundaries of the five regiong&in  antiferromagnetic plane, when different from the ferromagnetic
one.
h,;+h,
Nep=—"7—" (16 with B>m/2 to be reached, and the curve crosses the ab-
scissa by continuous rotationtath,, ,». The left and right
The dependenciel (\) and h.,(\) for the representative boundaries foi for this region can be determined by equat-
case ofu=—0.1 are shown in Fig.(®). The symbols are the ing the differencen,, .,—hgo to zero, which gives a condi-
results obtained from the numerical calculations, and thdion B,=1, where
solid curves are the corresponding analytical solutions. Be- _ _ _
low, the expressions foh, and h,, for both cases,u B2=A(2p) H[(1+N) 1= (1487712, (17)
<-37% andue(-37%2%0), are given. If \ fulfills the conditionB,>1, thenh,, ,,,<hg o, the fields
h; andh, are both equal th, ., [Eq. (9)], thus
Expressions forh(X) and hgy(N) for pe(—37%2,0)

h.=0, (18
The h¢(\) andh.,(\) dependencies shown in Fig(a}
are foru=—0.1 which is larger thar- 3732, so they can be N
used as a demonstration for the present case ATiange is heb=hy mp=— —. (19
divided into five regions, from | to V, for which different ' VI+\?

expressions foh; andhey, have been derived. Some repre- i then clear that the limiting FM anisotropy value for zero

sentative hysteresis loops are plotted in Fig. 4 for eight difqercivity in theh,(\) curves is the above obtained limiting

ferent A values, corresponding to the regions indicated i : _ ; 232
Fig. 3. It is most convepnient t% begin theg description fromnvaIue for which cog=0, Qe pugu=-3"

; (~—0.192 45). Note that in this regioh}, does not depend
region IV, wheren:=0. explicitly on  and, subsequently, all the,,(\) curves with
we (—37%20) will coincide. This can be seen in Fig(al:
the curve foru= —0.1 coincides with the one fqr=0.0 for

The coercivity is zero because in this regidn, ,» A e(0.97,2.95).
<hgo. In the descending part of the loop, the magnetization An example for a magnetization curve for this region is
starts to deviate from saturation fag,. The corresponding shown in Fig. 4e) for A=2.0. The curve does not show
magnetization drop, however, is not big enough for a statdysteresis, it is only shifted from the origin thy, ...

Region IV
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Region Il Region V

This is the\ range for which the hysteresis loop inter-  This is the last region N higher than a certain valiie
cepts the zero magnetization axis by an irreversible jump inhere the conditions obtained with the aid of E¢S. and
the descending part and by continuous rotation in the ascendé) are B,<1 and A>1. The critical fields areh;

ing one. The condition for this i8;>1, excluding the re- =hg,, h,=h, ., and
gion for whichB,=1 (i.e., region ). Hereh;=hgq, h;
= ha,ﬂ'/Z’ and )\
hc=l_)\2—2,u, (24)
Ry 1 -
heb_l_)\z' (25
N1 1
hep=— AT (117D t (22) Using Eq.(25), one derives the result of Maugt al. for this

limiting case ofA>1:h,,=—1. The hysteresis loop shown
in Fig. 4(h) for A=9.0, is an example for this higk values

The hysteresis loops fax=0.75 and 4.0, plotted in Figs. .
region.

4(d) and (f), correspond to the left and right parts of this
region, respectively.
Expressions forh (X)) and hgy(\) for us=—3-%2

Region Il In Fig. 2, where the coercivity, exchange bias field, and

Here, the left boundary fox values, obtained using Egs. the effective anisotropy field versus dependencies fop

(5) — (7), is determined by the conditioB;>1 (and conse- = —0.25 are shown, thk range is divided into three regions
quentlyx<1), where only. Due to the sufficiently smalk value in this case, there
is no N\ for which the magnetization curve intercepts the
Bs=A2(2u) {(A—1)"3, abscissa by continuous rotation and therefore there are no

regions corresponding to regions Ill and IV in FigaB The
analytical expressions fdr,(\) andhgy(\) for the rest three

and the right one fron8,>1 (and as a resulk >1), where . >
regions are the same as those derived above for the case of

__n—3/2
B,=—Bs, pe(—37740).
excluding the regions Il and IV. In this case,=hg g [EQ. Effective anisotropy field h,
(10)], ho=h, 5 [Eq. (13)], and he(\) and hep(N) are ob- The effective anisotropy field is obtained numerically

tained using Eqg15) and(16). The hysteresis loops for this from the hard axis magnetization cunféise last term in Eq.
region shown in Figs. @) and(g), are forh=0.4 and 7.0, (1) should be replaced Hycos@/2— 8)] ash,=Mg/x. The
respectively. The loops intercept the abscissa by irreversiblgnalytical expression fdr, is easily derived following, e.g.,
jumps in both parts, but there is still reversible rotation for athe procedure used by Xt al:*" in the smallh range, the
certainh range for the ascending part of the loops. anglesa and 8 are very small, sifg~ 3, and direct relation-
The dependencies @;, B,, Bz, andB, on X, which  ship betweerg andh is obtained by eliminating: from Eq.
determine the boundaries of the five regions, are shown i) The result is8= —h sin(@/2)/[[\/(1L+\) —2u]. The ini-
Fig. 3(b). tial susceptibility is theny=d[ Mscos@/2— B)]/dh for h
=0, which gives

Region |
This is the small\ range:\ varies between 0 and & - A _ A
value determined by the conditions< 1 [which comes from X~ Ms 1+N 2u| and hy=Ms/x= 1N 2p.

Eqg. (6)] andB;=1, i.e., the left boundary of region Ill. In (26)
this regionh;=hgo, hy=hg,, and

In terms ofJg, o, andKgy , the above expression fir,
gives the normalized to,, denominator in the expression for

2
he=— A —2u, (220  x in the work of Xiet al,’” as expected. It can be seen that
1-\2 ha=—hg for all u.
N IV. DISCUSSION
Nep=— 5" (23 ) . .
1-x Equationg23) and(25) show that the exchange bias field

does not depend explicitly on the uniaxial anisotropyXan
The limiting case ofA<1 impliesh.,=—\, the result ob- the regions | and V. This explains the coincidence of all
tained by Mauriet al. A loop corresponding to this region, hg,(\) curves in these regions. With the decrease of the FM
with A=0.15, is given in Fig. &). anisotropy, thex values for whichh,, start to depend o,
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increase for weak interfacial coupling and decrease for
strong coupling. It is interesting to note that

1 N T T

hard-axis
magnetization
hep N\ —2u in region |

¢ | hep/A—2p in region V.

(@)
-1 - . 4

As it was mentioned above, there are some quantitative
discrepancies between the results for —0.25 shown in
Fig. 2, and those of Maurét al> plotted in Fig. 3 in their
work for the same FM anisotropy value. Probably, the rather
large initial step of 3° forew and B8 in the energy minimiza-
tion used there is responsible for the deviations of their
curves from the analytically obtained ones. Some of the con-
clusions drawn in their paper should be corrected in the light
of the analytical solutions derived here.

The steady-state situatigloop shifted from the origin by , .
~1) is virtually reached foi close to 10 and not to 4. The ' '
coercivity and the effective anisotropy field, however, are far
from saturation even for rather highvalues. The analytical
expression foh (\) for this case is given by Eq24) and
even for A\=40 the coercivityh.(40)=0.95 h,(«). The
conditionB,=<1 determines that the hysteresis loops for
= —0.25 become square far higher than 4.365 and not for
A>1. The same remark is valid for a valuedoibove which
the reversal of the FM magnetization is accompanied by a
total reversal of the interface AF magnetization. Another Normalized Field

point to be corrected is the one stating thatfor —0.25 the FIG. 5. (a) Hard axis magnetization curvéh) the corresponding

most important result of the easy axis calculation is that thgsceptibility, andc) the easy axis hysteresis loop for the case of
exchange field can only becom? smaller than 1 wReis  eqyced anisotropy constapt=—0.1 and exchange parameter
smaller than 1: the actual value is1.8. =0.05.

Very recently, Xietall’ on the basis of the model of
Mauri et al. derived analytical expressions for the exchangePermalloy bilayer. They found this shift to be equal to the
bias field considering three different irreversible and reversalgebraic sum of the uniaxial anisotropy and the exchange
ible measurement techniques. For the case of easy axis hyisias fields, obtained with SQUID magnetometry. The rela-
teresis loop measurements, they investigated the simple cagigely small difference £20%) between the exchange bias
of zero FM anisotropy, and the analytical expression obfield value determined by FMR and that obtained through
tained for the absolute value of the normalizedotp ex-  hysteresis measurements by McMichaat al’® for

hard-axis
susceptibility

(b)

Susceptibility, x Normalized magnetization

easy-axis
ho,o =025 magnetization

e
By = 0.05
(©)

-1 . . 4
-1.0 -0.5 0.0 0.5 1.0

Normalized magnetization
=)

change bias field)y, (i.e., Jh|/aw=|h2L|), is NiggFe,o/NiO (attributed by the authors to asymmetric mag-
netization reversal mechanismslso supports our conclu-
N Je sion.
T m' (27) The analytical expression fghif =J.{(\)/ o, has been

obtained by Xiet al. assuming thatby analogy with another

It is easy to demonstrate that in terms)ofthis expression case of an exchange-biased system simpler than the one con-
equals \/\1+\2. The same expression for the absolutesidered herethe loop shift is the first term of the denomina-
value of the loop displacement for region IV comes from Eq.tor of the y expressionEq. (26)]. The denominator, how-
(19). It can be applied for region IV only, i.e., fox for  ever, represents the effective anisotropy field, and not the
which B,=1; however, when.=0, it is valid for all\. The  algebraic sum of the exchange bias field and the uniaxial
corresponding to this case(\) curve is also shown in Fig. anisotropy field(coercivity). One can see that in regions I,
1. IV, and V, the h,, does not depend op explicitly, but

Expressions for ac susceptibility measuremerdfg(\) which of theh,, expressions should be used is determined
for all A, and for FMR measurement¥;yr(N) for weak and by the inequalities involvind3,, B,, Bj, andBy,, and all
strong interfacial coupling, have also been obtained by Xithese expressions depend gn Actually, none of the five
et all’ Their Jpyr(\) expressions coincide with the ones expressions foh,, has form identical with the first term of
derived here for regions | and V, respectively. This meanghe denominator of Eq26), even for the case i =0. Thus
that hysteresis loop and FMR measurements of exchangbe expression given by >t al. does not represent the ex-
anisotropy for magnetic systems whose behavior can be dehange bias field for systems described by the Mauri’'s model
scribed in the framework of the Mauet al's model, should and, consequentlycannotbe compared with the ones ob-
not give different values for the exchange coupling for thesetained for other measurement techniques. The quantities
two limiting regions. This conclusion is in excellent agree-which can be compared from easy axis hysteresis loop mea-
ment with the results of Rubinsteiet al,?® which investi-  surements and hard axis ac susceptibility measurements, are
gated the ferromagnetic resonance field shift in a CoOthe field for which the descending part of a normalized hys-
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teresis loop starts to decrease from(ik., hyo), and the V. SUMMARY
effective anisotropy field obtained from a hard axis ac sus-

S . In the present work, analytical expressions were derived
ceptibility curve, respectively.

Althouah th ) I 4 h i | for th(_e ex_change bia_s field,_coercivity and effective anisot-
though the experimentally measure yﬂeress_ OOp?opy field in FM/AF bilayers in the framework of the model

have not been shown in the paper of &iret al,™ the dif- ¢ Mauri et al. It was demonstrated that, depending on the
ference between the exchange bias field values estimated Ryterfacial exchange coupling strength and the FM anisot-
ac susceptibility and through hysteresis loop measuremenigpy there are five different sets of analytical expressions for
for their Co/CoO bilayers can be explained in light of the the hysteresis loop displacement and coercivity, and only one
discussions above. In the energy expression of the vergxpression for the effective anisotropy field. These expres-
simple phenomenological model used in the work of ®tro sjons were compared with the previously reported theoretical
et al, only the terms corresponding to the exchange anisotresults, and their validity was discussed.
ropy and the magnetostatic energy have been considered, andlt was shown that, contrary to the Xi al. conclusions,

2t was found to be the denominator of tyeexpression. the hysteresis loop, ac susceptibility, and FMR measure-
The uniaxial anisotropy, however, cannot be ignored for Coments of exchange anisotropy for magnetic systems whose
CoO bilayers: for thin Co films it might be a little smaller behavior can be described in the framework of the Mauri
than for bulk Co (5< 10f erg/cn?), but exchange biased FM €t alls mc.)del,. shouldnot_glve different values for the ex- .
films always show an enhanced coercivity associated withange bias field. The difference between the exchange bias
the AF layer'?2 Hence more complex model should be usedfield values, estlmatgd experimentally by ac susceptlbllllty
to describe the behavior of Co/CoO bilayers. As discusse@nd through hysteresis loop measurements for Co/CoO bilay-
above, in the framework of the model of Maetial, M /y  ©rs. was explained as well.
represents the effective anisotropy field and hgj (for x
obtained from hard axis measuremerasd consequently,
the measuredVs/x values could be much higher than the  The author thanks Dr. S. M. Rezende for motivating his
hep Obtained from easy axis hysteresis loop data. This isnitial interest in exchange anisotropy and for critical reading
demonstrated in Fig. 5, where the hard axis magnetizationf the manuscript, and to Dr. L. G. Pereira for the helpful
and susceptibility curves, as well as the easy axis hysteresgfiscussions. This work has been supported by Conselho Na-
loop for the case ofs=—0.1 and\ =0.05 are plotted. The cional de Desenvolvimento Ciefito e Tecnolgico (CNPq,
corresponding values fofmax, Ms/Xmax» Noo, @andhe, are  Brazil), Funda@o de Amparo aPesquisa do Estado do Rio
given as well. TheM/xmax is five times higher thaihg, in Grande do Sul(FAPERGS, Brazj, and Financiadora de
this particular case, and is equaltigy, as expected. Estudos e Projeto§-INEP, Brazi).
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