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Angular dependence of exchange coupling in ferromagnet/antiferromagnet bilayers
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Angular dependence of the exchange coupling in a NiFe/CoO bilayer film has been measured. Different
angular dependence and symmetry have been observed for the exchange fieldHE and the coercivityHC . The
values ofHE andHC are due to unidirectional and uniaxial components of the magnetic anisotropy energy, in
which the odd and the even terms lead toHE andHC , respectively. The proposed free energy accounts for the
experimental results.@S0163-1829~97!04226-4#
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A ferromagnetic~FM! material generally displays a sym
metric hysteresis loop centered at zero magnetic fieldH
50! as demanded by time-reversal symmetry.1 As first dis-
covered by Meiklejohn and Bean, the hysteresis loops
slightly oxidized Co particles are distinctively displace
from H50.2,3 They showed that this unique behavior
caused by an exchange coupling between the surface an
romagnetic~AF! Co oxides and the FM Co core.2,3 This
exchange coupling can be better revealed in a much m
controlled manner in FM/AF bilayers~e.g., NiFe/FeMn,
NiFe/NiO!.4–7 When an FM/AF bilayer is cooled in a mag
netic field from temperatures above the Ne´el temperature
TN of the AF toT,TN , an exchange coupling is locked in
The hysteresis loop is now shifted fromH50 by an amount
termed the exchange fieldHE , which can be as much as
kOe.8 The shifted hysteresis loop is also accompanied b
substantial coercivityHC , which is much larger than the
intrinsic value of the FM layer.4–10 The AF layer plays the
essential role of providing the exchange coupling, which d
appears atT>TN , and the FM layer facilitates the observ
tion of the resultant exchange coupling through the shif
hysteresis loop.

The phenomenon of exchange coupling at the FM/AF
terface is very rich indeed. For a given FM/AF system, n
only the values ofHE andHC depend on temperature in the
distinctive ways, they also depend on the thicknessestFM and
tAF of the FM and the AF layers.4–10 For example,HE has
been found to be proportional to 1/tFM , a signature consis
tent with the notion that the exchange coupling is proba
an interfacial effect.4 The robust exchange coupling has be
exploited for manipulating the spin structures in FM/A
multilayers.10 Technologically, the FM/AF exchange cou
pling is also of prime importance; it is at the heart of t
spin-valve magnetoresistance devices.11

Yet, despite extensive investigations and technolog
importance, the nature of the exchange coupling in FM/
bilayers remains poorly understood. Meiklejohn and Be
have originally suggested anad hocanisotropy energy term
of KEcosf, which would account for the shifted hysteres
loops, whereKE5HE /MF andf is the angle between th
direction of the FM magnetizationMF and the exchange
anisotropy axis.3 However, to date, the actual spin arrang
ment among the magnetic constituents~directions of the FM
magnetization and the sublattice magnetizations of the!
remains unknown. It has been assumed in most theore
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models and experimental analyses that at the FM/AF in
face the first atomic layer of the AF is ferromagnetica
alignedparallel to the FM layer, and the subsequent atom
layers of the AF are ferromagnetically ordered with altern
ing spin directions.3,12–14 However, the validity of this
simple model has been questioned. Among other difficult
the expected exchange field for such a spin structure is a
two orders of magnitude larger than the experimentally
served values. Recently, using micromagnetics calculatio
Koon shows that the interfacial AF layer has a compensa
AF structure with spin directions nearlyperpendicularto the
anisotropy axis,15 reminiscent of the spin-flop transition in
uniaxial AF.16 The small net magnetization of the cante
sublattice magnetizations would alleviate the discrepanc
the values of the exchange field. Such a spin structure
also been suggested by some recent experimental stud17

In addition to the unsettled spin structure, many other
pects, including the relevant Hamiltonian for the exchan
coupling, the angular dependence ofHE , and the large en-
hancement ofHC , have not been addressed. Theoreti
models for exchange coupling thus far have attempted
account only forHE and ignoringHC completely.12–14

Since the exchange coupling at the FM/AF interface
pends on the various directions of the constituent magn
layers, revealing the angular dependence of the excha
coupling is of crucial importance in unraveling the nature
the exchange coupling. In this work, we have measured
angular dependence ofHE and HC of exchange-coupled
FM/AF bilayers. We show that the exchange fieldHE is
unidirectional, whereas the coercivityHC is uniaxial, and
more importantly, bothHE andHC are integral parts of the
exchange coupling, in which theodd andeventerms of the
total anisotropy energy lead toHE andHC ,respectively. The
commonly held belief of a simple cosine term for the e
change coupling has been demonstrated to be inadeq
We also propose a model-independent free energy, wh
accounts for the experimental results.

For this study, permalloy~NiFe5Ni81Fe19) with a small
intrinsic HC was chosen as the FM layer and CoO with
TN5292 K was used as the AF layer. In bulk CoO, as h
been shown by neutron diffraction, the moments align fer
magnetically in each~111! plane and alternate along th
@111# direction.18,19 A bilayer film consisting of 300 Å of
NiFe on 100 Å of CoO have been grown on a 300-Å buf
layer of Cu on Si~100! by magnetron sputtering. The C
83 © 1997 The American Physical Society
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84 56BRIEF REPORTS
buffer layer provides a clean starting surface and promo
growth of oriented@111# CoO in the bilayer. For comparison
a single-layer film of 300 Å of NiFe was also deposited on
300 Å Cu on Si~100!. In both cases, the NiFe layer wa
deposited in a dc field of approximately 200 Oe, applied
the plane of the film, to induce a uniaxial anisotropy.

The bilayer sample was first field cooled from 320 to
K in a 10-kOe field, applied in the same direction as that
the deposition field, in order to induce the exchange c
pling. This unique direction~field cooled and deposition
field! is the anisotropy axis, denoted asu50. Hysteresis
loops were measured at 80 K in a vibrating sample mag
tometer by physically rotating the sample about an axis p
pendicular to the sample plane so that the applied field (H) is
in the sample plane and at various anglesu with respect to
the anisotropy axis, as shown in Fig. 1. It may be noted t
most previous measurements of the exchange couplin
FM/AF bilayers have utilized only the measuring geome
of eitheru50 or u5p.4–10

Representative hysteresis loops of NiFe/CoO bilayer w
different angleu ~indicated in the upper left-hand corner
each case! are shown in Fig. 2. To quantify the exchan
coupling in each case, the exchange fieldHE and the coer-
civity HC are defined in terms of the two field valuesH left
andH right at whichM50: HE52(H right1H left)/2 andHC
5(H right2H left)/2. In this convention, the hysteresis loo
shifted to negativeH values has a positiveHE value. As
shown in Fig. 2, large exchange coupling occurs nearu50
andp, whereas the smallest (HE50) occurs atu5p/2and
3p/2. In Fig. 2, the results for variousu values are arrange
to illustrate the underlying symmetry. The two columns e
hibit complementary hysteresis curves that differ inu by p.
It is clear that under the operation of1M→2M and
1H→2H, the results in one column yield the results in t
other column. One further notes that the results with o
value ofu is the same as that with2u, or 2p2u, as shown in
Fig. 2 ~e.g.,p/4 and 7p/4, 3p/4, and 5p/4!.

The angular dependence ofHE andHC as a function ofu
are shown in Fig. 3~a! and 3~b!, which contain the mos
essential features of the exchange coupling. It is evident
the basic symmetry properties, shared by bothHE andHC ,
are HE(2p1u)5HE(u)5HE(2u) and HC(2p1u)

FIG. 1. Structure of an exchange-coupled~111! NiFe~300 Å!/
CoO~100 Å! bilayer. The anisotropy axis denotes the direction
the field cool and that of the dc magnetic field during deposition.
physically rotating the sample about an axis perpendicular to
film plane, the magnetic field (H) is in the film plane and at an
angleu with respect to the anisotropy axis. The magnetizationMF

of the ferromagnet is at an anglea with the magnetic field, and a
an anglef5a1u with the anisotropy axis.
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5HC(u)5HC(2u). Thus, the most general form for eithe
HE or HC is (bncosnu, wheren is a positive integer, and
bn is a constant. However,HE andHC separately possesse
additional symmetry of HE(p1u)52HE(u) and HC(p
1u)5HC(u). In the case ofHE , the symmetry ofHE(p
1u)52HE(u) dictates that the most general form
HE(u) contains only the oddn terms,

HE~u!5 (
n5odd

bncosnu, ~1!

which conclusively demonstrates that the exchange fi
HE is unidirectional. The results in Fig. 3~a! can be ad-
equately described byHE(u)5206 Oe @cosu20.21 cos3u
10.01 cos5u1•••# shown by the solid curve. It has bee
widely believed that the largest values ofHE are expected a
u50 andp, which would be the case ifHE should have a
simple cosu dependence. Instead, as shown in Fig. 3~a!, the
largest values ofHE are located nearu'6p/4 andp6p/4,
due to the fact thatHE is described by Eq.~1! and not just a
simple cosine term.

Turning now toHC , the additional symmetry isHC(p
1u)5HC(u), which by the same token leads to the mo
general form forHC of having only the evenn terms

HC~u!5 (
n5even

bncosnu, ~2!

f
y
e

FIG. 2. Hysteresis loops of an exchange-coupled~111!
NiFe~300 Å!/CoO~100 Å! bilayer at various angleu ~referred to
Fig. 1!.
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which shows thatHC is uniaxial. The solid curve in Fig. 3~b!
is HC(u)557 Oe @110.98 cos2u10.54 cos4u10.23 cos6u
1•••]. These analyses clearly show that to account for
exchange coupling, anisotropy terms beyond cosu must be
included.

Before further discussion, it is useful to compare the
sults of the exchange-coupled NiFe/CoO bilayer with tho
of single NiFe layer also measured at 80 K. The hystere
loops of a single NiFe layer are of course completely sy
metrical ~i.e., HE50). The angular dependence of its coe
civity is shown in Fig. 3~c!. First of all, the value ofHC for
the exchange-coupled NiFe@Fig. 3~b!# is not those of a
single uncoupled NiFe layer@Fig. 3~c!#; the former is as
much as 30 times larger. Second, while the results show
Fig. 3~c! contain the same general symmetry ofHC(u) de-
scribed by Eq.~2!, the actual angular dependence ofHC(u)
53.7 Oe ~110.35 cos2u20.11 cos4u10.05 cos6u1•••#,
shown as the solid curve in Fig. 3~c!, is very much different
from that shown in Fig. 3~b!. This comparison underscore
the fact that in exchange-coupled FM/AF bilayers, bothHE
and HC are the consequences of the exchange coupling.
theoretical model of exchange coupling must address
only HE but HC as well.

In the following, using symmetry considerations, we pr
vide a model-independent description of the exchange c

FIG. 3. Angular dependence of~a! exchange fieldHE and ~b!
coercivityHC of an exchange-coupled~111! NiFe~300 Å!/CoO~100
Å! bilayer. Shown in~c! is the angular dependence ofHC for a
single layer NiFe film.
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pling that accounts for all the experimental results. Rega
less of the actual spin structure of the FM and the AF in
exchange coupling, which remains unknown at present,
anisotropy axis~the field-cooled direction for the AF and th
uniaxial anisotropy axis of the FM! is uniquely defined in the
exchange coupling in an FM/AF bilayer. At the FM/AF in
terface, the sublattice magnetizations of the AF has a
magnetizationDM along the anisotropy axis, irrespective
the actual spin structure. For example, in the simple tw
sublattice case,DM5M11M2 is along the anisotropy axis
and uDM u!uM1u,uM2u, regardless of whetherM1 andM2
are parallel or nearly perpendicular to the anisotropy a
Once the FM/AF bilayer has been field-cooled acrossTN to
low temperatures, the relatively small external fieldH cannot
alter the AF ordering. Thus, the relevant free energy w
H in the layer plane is

F52U~f!2MF•H52U~f!2MFH cosa, ~3!

where the angles have been defined in Fig. 1, in whicha is
the angle between the magnetizationMF of the FM and the
external fieldH,u is the angle betweenH and the anisotropy
axis, andf5a1u is the angle betweenMF and the anisot-
ropy axis. In Eq.~3!, the first termU(f) is the all important
magnetic anisotropy energy for exchange coupling, and
second term is the Zeeman term.

The detailed form ofU(f) would depend on the actua
spin structure of the constituent layers and their interactio
However, from symmetry considerations, the anisotropy
ergy U(f) must satisfy the general symmetry ofU(2p
1f)5U(f) andU(f)5U(2f). Thus, the most genera
form is U(f)5(ancosnf, where n is a positive integer.
Without loss of generality, the anisotropy energyU(f) can
be partitioned into odd-n terms and the even-n terms, which
are, respectively, the unidirectional energyUD(f)
5a1cosf1a3cos3f1••• and the uniaxial energyUA(a)
5a2cos2f1a4cos4f1•••, with the inherent symmetry o
UD(p1f)52UD(f) andUA(p1f)5UA(f). It is use-
ful to examine first the simplest case ofF52a1cos(a1u)
2MFH cosa including only then51 term ofU(f). In this
case, there is no coercivity nor the complexity associa
with irreversibility. Minimizing F readily leads to the solu
tion of a reversible hysteresis loop with zeroHC and
HE(u)5(1/MF)a1cosu. It is straightforward to show that if
only the odd-n terms ofU(f) are included, i.e., the unidi
rectional UD(f)5a1cosf1a3cos3f1•••, there is still no
coercivity and the exchange field is

HE~u!5
1

MF
@a1cosu23a3cos3u15a5cos5u27a7cos7u

1•••#. ~4!

One recognizes that this is precisely the experimentally
served angular dependence of Eq.~1!.

Hysteresis loops with coercivity are realized when eve
n terms ofU(f) are included. The simplest of the evenn
terms is the n52 term, with which we haveF5
2a2cos2(a1u)2MFH cosa. This expression of free energ
is the same as that in the Stoner-Wohlfarth model for sing
domain particles with uniaxial anisotropy leading to hyst
esis loops with coercivity.20 It is well known that the uniaxial
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anisotropy, described by the even-n terms, introduces irre-
versibility and hysteresis loops with coercivity. As such,
closed form solutions are generally available, and one res
to the Preisach method and other methods to obtain the
teresis loops numerically.21 However, the angular depen
dence ofHC of FM/AF exchange coupling must involve th
even-n terms as described in Eq.~2!. As made clear in these
analyses, bothHE andHC are both consequences of the a
isotropy energyU(f) for the exchange coupling.

The above analyses using the free energy of Eq.~3! and a
model-independent anisotropy energy ofU(f)
5(ancosnf accounts for the observed angular depende
of the exchange field and the coercivity. The coefficie
an depend on the actual spin structure of the magnetic c
stituent layers and the various cosnf terms are related to th
microscopic interactions among the moments. For exam
assuming a simple AF with two sublattice magnetizatio
M1 andM2 , with DM5M11M2 along the anisotropy axis
the interaction of the form (M11M2)•MF leads to the cosf
term, (M1•MF)

21(M2•MF)
2 leads to the cos2f term, and
a

R

rts
s-

-

e
s
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e,
s

(M1•MF)
31(M2•MF)

3 leads to the cos3f and the cosf
terms, etc. The original model of Meiklejohn and Bea3

amounts to including only the (M11M2)•MF term, which is
inadequate for the observed angular dependence.

In summary, we have determined the angular depende
of the exchange coupling in FM/AF bilayer films. Both th
exchange fieldHE and the coercivityHC , with unidirec-
tional and uniaxial characteristics, respectively, are integ
parts of the exchange coupling. The proposed free ene
which is independent of the detailed spin structures and
croscopic interactions, accounts for all the experimental
sults. The values ofHE andHC , expressed by a cosine serie
with odd and even terms, respectively, are due to unidir
tional and uniaxial parts of the anisotropy energy. The
perimental results cannot be reproduced by a simple co
term as originally suggested.

This work was supported by ONR Grant No. N00014-9
J-1633 and NSF MRSEC Program No. DMR-96-32526.
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