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Irreversible and reversible measurements of exchange anisotropy
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Recently, several different experimental techniques have been used to measure the unidirectional exchange
coupling, or exchange anisotropy, in ferromagnetic/antiferromagnetic bilayers. In particular, it has been found
that reversible ac susceptibility measurements show significantly larger exchange anisotropy than the conven-
tional irreversible hysteresis loop measurements. We have theoretically investigated the irreversible and re-
versible measurements of exchange anisotropy and our analysis shows that when the magnetic degrees of
freedom of the antiferromagnet are taken into account, different measurement techniques may indeed give
different results for the exchange couplif§0163-182009)02545-X]

The exchange-bias effect, which arises from the interfaAMR measurements, the exchange anisotrépys obtained
cial exchange coupling between a ferromagifdfl) and an  indirectly by fitting the angular-dependent resistivity curve
antiferromagnetAF), was discovered more than 40 yearsfor the exchange fielt.. In the ac susceptibility measure-
ago! It is so named because the phenomena manifests itsgiient, Jg is obtained directly in a similar way as the suscep-
in a shifted hysteresis loop for the bilayer film. Recently,tibility of an antiferromagnet. These two measurements
considerable interest in the FM/AF exchange coupling hafound an exchange anisotropy energy several times larger
been revived because of its application to giant magnetordhan that obtained from hysteresis loop measurenfents.
sistive spin-valve heads for high-density recording systems.Two other reversible measurement techniques, ferromagnetic
However, a satisfactory understanding of this phenomengesonancéFMR) and Brillouin light scatteringBLS), have
has not yet been developed. Initially, the exchange-bias eflso been used to determine the exchange anisotropy of the
fect was assumédo arise from the exchange coupling at an NigsFexo/NiO and Fe/FeFbilayers, respectivel§® The uni-
uncompensated interface between the FM and AF layerglirectional exchange anisotropy values measured by in-plane
This argument leads to an exchange field two orders of mag=MR were about 20% less than the loop shift measured via
nitude too large. Two alternative models, a random-fieldnagnetoresistance. The difference was explained by the hys-
model by Malozemoff and a planar-domain-wall model by teresis loop asymmetry and a “rotatable anisotropy” related
Mauri and co-worker& were proposed to explain this differ- to a domain configuration in the AF lay&iThe values ob-
ence. This discrepancy between the theoretical predictiorigined from BLS for Fe/Fefbilayers were 25% larger than
and experimental observations and even among the differetfiose obtained from SQUID magnetometry and the differ-
models stimulated attempts to study this effect with measureence here was explained by higher-order terms in the unidi-
ment techniques other than the hysteresis loop measuremefgctional anisotropy.Among these reversible measurements,

For hysteresis loop measurements, such as B-H loopdhe ac susceptibility measurement distinguishes itself by its
measurements, vibrating sample measurements, and supétge difference from the hysteresis loop result. Thus, an
conducting quantum interference devi@QUID) measure- analysis of the ac susceptibility measurement and a compari-
ments, the unidirectional exchange anisotrdpyis given by ~ son between the ac susceptibility measurement, hysteresis
HeMtr, where the exchange field, is the displacement of Iopp measurement, and FMR measurement are the focus of
the hysteresis loop, and andtg are the saturation magne- this paper.
tization and thickness of the FM film, respectively. Hyster- The magnetization of an exchange-biased FM layer in an
esis loop measurements involve the irreversible switching ofiC susceptometer with a small ac field applied at an afgle
the magnetization of the FM film that could introduce com-With respect to the unidirectional axis induced by the ex-
plications of the magnetic structure of the FM films on thechange coupling is shown in Fig. 1. For a given value of the
exchange-bias energy measurement. Other techniques @¢ field hy. the magnetic energy per unit area of an
which the magnetization is only perturbed by a small amoungxchange-coupled FM can be written as follows:
have recently been employed. The first reversible measure-
ment of the exchange anisotropy was based on the aniso-  E=Ktg sifa—Jg cosa—h,Mrcog0—a). (1)
tropic magnetoresistand®dMR) of Co/CoO bilayers as a
function of the angle between an in-plane applied magnetidhe first term is the uniaxial anisotropy of the ferromagnet.
field and the exchange-bias directidiihe second reversible The easy axis of the exchange-biased FM layer is assumed to
technique was the ac susceptibility measurement, in whiclie along the exchange coupling direction in our discussion.
only small rotations of the magnetization are involved in theSuch auniaxial anisotropywas not taken into account in the
presence of a small in-plane applied fiélth the case of analysis of Strm, Jmsson, and DahlbergThe second term
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EA FIG. 2. Schematic representation of a ferromagnetic/
) =-A antiferromagnetic bilayer for the planar domain wall model. The

moments of only one sublattice of the antiferromagnetic layer are
FIG. 1. Schematic representation of an exchange biased ferrghown.

magnetic layer in a presence of a small ac field.

{

rection in a thin ferromagnetic layer, e.g., ghie,y with

is the exchange anisotropy whose value is the subject qf . :
. . . thickness up to 500 A, exchange coupled with a ferromag-
these experimental measurements. The small applied ac field, : . . O
nétic, ferrimagnetic, or antiferromagnetic film at the

given in the third term, causes the magnetization to deviate

interface'? Furthermore, Parkin and co-workessal1® have
towardsé by a small angler. The value ofe can be found as . A S
L . : L observed a uniform magnetization distribution throughout
the equilibrium point at which the derivative of the enekgy

with respect tox is equal to zero. The result is the thickness of a 400 A .M:ezo layer CO“F"?‘O' with a
FeoMns, layer. The possibility of planar domains has also

M hadr Sin @ been ruled out in the NiFe,, layer in the presence of a

a= Js# (2)  sufficiently large applied field. However, there might exist a

et 2K te complicated magnetic moment arrangement inside the AF

The ac susceptibility is defined in terms of the oscillating!yer due to the exchange coupling with the FM layer. Re-
component of the magnetization along the applied fieldcently, we found in NisFe;o/Crys M5 % bilayers that the

Hence,x = d(M¢cos@—))/dh,., which gives shifted hysteresis loops of the {\fFe o had the shapes con-
sistent with the existence of a planar domain WalThis
(Mgsin6)2tg suggests that we should incorporate the possibility of an AF
RN T (3)  domain in the analysis of these measurement techniques for

Je . Figure 2 illustrates the existence ofadegree domain
Comparing this result to that of Stmg Jmsson, and wall in one of the sublattices of the AF layer. In the follow-
Dahlberg’ we see that there is still a sine-square dependenciag discussion, we assume that the AF thickness is infinite
on the exchange-biasing directiof) but the denominator and that the transition is reversibféThe total magnetic en-
now shows a combination of the interfacial exchange couergy per unit area 7s-°
pling Jg and the uniaxial anisotropyl,te instead of just

Je. This difference cannot be ignored for Co/CoO bilayers, E=Ktf sir® «— Jg cog a— B)
since for bulk Co, the uniaxial anisotroffyat low tempera-
ture is about X 10° ergs/cmi. The uniaxial anisotropy for +ow(1—cosp) —h,Mtr cog 60— a), (4)

thin-film Co might be a little smaller, but exchange-biased

FM films always show an enhanced uniaxial anisotropy asWherea is the angle of the FM magnetization with respect to

sociated with the AF film. Using Eq3) with the measured the easy axis of the FM layeg the angle of the AF moment

value of y gives a value forJg, which is lower than the at the interface with respect to the easy axisf the AF

value of 2.06 ergs/chinferred by Ref. 7 by an amount de- layer, andé the direction of the ac applied field. Here we

pending upon the uniaxial anisotropy. again assume that the FM and AF layers have the same easy
Although the incorporation of the ferromagnetic anisot-axis. For a given value of the small ac fidig., the equilib-

ropy may resolve the difference betwednobtained from a  fium points ofa and 8 can be from

loop measurement and the ac susceptibility measurement,

this value is still much smaller than what would be predicted ¢E ) ) )

from the Meiklejohn-Bean modélThere are two concemns 5, = Kulr Sin2a+Je sin(a— B) —haMte sin(6—a) =0,

about using a hysteresis loop measurement to determine the

exchange anisotropy. One has to do with knowing the mag- IE

netic structures of the FM and AF layers and the other has to o= P T

do with the dynamics of the irreversible switching of the two B Jesin(a=p)+owsinf=0. ®

layers'! The magnetization of a thin-soft ferromagnetic layer

in a presence of an external field is generally a single doBecause the angles and 8 are very small, sie~q, and a

main. This may not be the case for exchange bias at thdirect relationship between and hy. can be obtained by

interface. However, a theoretical study has shown that thereliminating 8 from Eq. (5). Then following the same proce-

is no helical structure, for example, along the thickness didure in deriving Eq(3), the ac susceptibility is given as
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Notice that the exchange anisotrogy is “renormal- s 0.750
ized” by the domain-wall energyr,,. Now the exchange S
anisotropyJ, obtained from ac susceptibility measurements § 0.500 |-
is Jeow/(Je+ o). Mauri and co-workershave previously %)
pointed out that the formation of a planar domain wall in the W g255 h
AF layer also limits the exchange field, obtained from a
hysteresis loop measurement, no matter how large the inter- 0.00 ‘ L , :
facial exchange coupling. Therefore, the measured exchange 0.0 1.0 2.0 3.0 4.0 5.0 6.0
anisotropy values from either irreversible or reversible mea- Je /Oy
surements are combinations of the FM/AF interfacial ex-
change coupling and the AF domain-wall energy. FIG. 3. Exchange anisotropl. obtained from ac susceptibility

For the hysteresis loop measurements, the exchange fiefdeasurement,,; from hysteresis loop measurement, addr
H, can be determined from the numerical calculations basetfom ferromagnetic resonance measurement. The results are for in-
on Eq.(4) by a Stoner-Wohlfarth approach described in thefinite AF thickness.
paper of Mauriet al® In the simple case that the uniaxial
anisotropy of the FM layer is zero, the FM magnetization
rotates with no hysteresis in the presence of an applied field

® 2
(;) =(Ha+H +47M+Hg)
along the FM easy axis. In this case we can obtain an ana-

lytic expression ford,, the effective exchange anisotropy I Ho4H + HeHw —0
governing the shift of the hysteresis loop. The result is a U He+Hy (en=0),
) 2
‘]EO-W <_) :(Ha+Hu+47TMS_HE)
= (7) Y
! \/.]Ez-l-a'wz HoH
EMw _
X|H;+H + m) (ou=m). (8)

Our analysis of the exchange anisotropy is based on the
assumption that the magnetization rotation in the presence of |n the above equations, the angdg shows the direction
an external field, whether irreversible or reversible, is a quapf the applied field referred to the exchange coupling direc-
siequilibrium process in which the magnetization follows thetion. The effective field parameters represent the anisotropy
applied field. _ energy terms, i.eH,=2K,/Mg, He=Jg/Mdtr, andHy
Theoretical calculations for the FMR frequency may also— /M. The exchange fieldHqyg is obtained from the
be developed based on the planar-domain-wall model. ThepR measurement as half of the difference in the resonance
total energy for the exchange-coupled FM layer is written infie|g817 with the applied field of magnitude opposite to the
a three-dimensional form with the magnetostatic shape arsxchange anisotropy direction. The shape anisotropy
isotropy energy 2MZte included. The exchange coupling 2wM?2t; is orders larger tha tr, Jg, anday, . Assuming
and the planar-domain-wall motion are restricted to the film47.r,\/|S is much larger than the resonance field, the exchange

plane in our calculations. The resonance frequencies in thgnisotropydeyr obtained by FMR a#l pygM e is
presence of the domain wall afa) for Jg> oy

J2
owir——r (Je>ow)
2 Je—o
w E- Ow
—| =(Ha+Hy+47Ms+Hg) Jevr= 2 9
Y Tw
N (Je<ow).
H H HEHW —O O-W_‘JE
X a+ LI+ HE+HW ((PH_ )1

The resultingd,, Jp, andJgyg are shown in Fig. 3 with
the interfacial exchange couplinlg normalized tooy,. We
w2 see that if a domain wall forms in the AF layer, the values
(—) =(HatH +47Mg+Hg) from the three kinds of measurements will be different. Both
Y J.candJ,, are smaller than the interface exchange coupling
Je and domain-wall energy, , While Jpyg is larger thanlg
) (oy=m), or oy . The formation of the AF planar domain wall “loos-
ens” the pinning of the FM magnetization along the
exchange-bias direction and makes its rotation easier in a
and (b) for Jg<ow small applied field. This makes,. smaller thanJ,,. When

HeHw

x R
HE_HW

HatHy—
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Je=oy, the domain wall is no longer stable and results ingranular nature of the filmS. In particular, if Jg is larger

the divergence odgyr. In this case, the assumption of re- than oy, the uncompensated moments of the AF will be

versible behavior of the AF cannot be applied. In the extremgyulled along with the FM magnetization. If the resulting

cases, i.eJg<oy andJg> oy, the measured exchange an- twist in the AF structure becomes too large, the AF irrevers-

isotropy Jac, Jni, and Jgyr approachdg and oy, respec- iply jumps to a new anglé® The experimental results there-

tively, and the difference between them goes to zero. fore represent an averaging over grains with different values
Experimental data for NiFeo/NiO (Ref. 8 and  of 3. andey,. For comparison with the results of this paper,

NigiFe o/PtigMngo (Ref. 18 show thatJeyr<Jn, whereas measurements should be carried out on a single crystal bi-
our result shows thalgyg should always be greater thay; .

ayer

One reason for this difference may be due to the fact that the Y

model presented in this paper does not allow for irreversible This work was supported by the National Science Foun-
motion of the AF. Nor does it explicitly take into account the dation under Grant No. ECD-8907068.
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