PHYSICAL REVIEW B VOLUME 56, NUMBER 1 1 JULY 1997-1

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 exchanbig f&ld the coercivityH . The
values ofHg andH are due to unidirectional and uniaxial components of the magnetic anisotropy energy, in
which the odd and the even terms leadHp andH ¢, respectively. The proposed free energy accounts for the
experimental result§S0163-18207)04226-4

A ferromagnetioFM) material generally displays a sym- models and experimental analyses that at the FM/AF inter-
metric hysteresis loop centered at zero magnetic field ( face the first atomic layer of the AF is ferromagnetically
=0) as demanded by time-reversal symmétAs first dis-  alignedparallel to the FM layer, and the subsequent atomic
covered by Meiklejohn and Bean, the hysteresis loops ofayers of the AF are ferromagnetically ordered with alternat-
slightly oxidized Co particles are distinctively displaceding spin directions:'?=*4 However, the validity of this
from H=023 They showed that this unique behavior is simple model has been questioned. Among other difficulties,
caused by an exchange coupling between the surface antifdhe expected exchange field for such a spin structure is about
romagnetic(AF) Co oxides and the FM Co cofé. This  two orders of magnitude larger than the experimentally ob-
exchange coupling can be better revealed in a much morgerved values. Recently, using micromagnetics calculations,
controlled manner in FM/AF bilayerge.g., NiFe/FeMn, Koon shows that the interfacial AF layer has a compensated
NiFe/NiO).*~" When an FM/AF bilayer is cooled in a mag- AF structure with spin directions nearerpendicularto the
netic field from temperatures above the éNeéemperature anisotropy axis? reminiscent of the spin-flop transition in a
Ty of the AF toT<T,, an exchange coupling is locked in. uniaxial AF!® The small net magnetization of the canted
The hysteresis loop is now shifted frofh=0 by an amount sublattice magnetizations would alleviate the discrepancy in
termed the exchange fieldg, which can be as much as 1 the values of the exchange field. Such a spin structure has
kOe® The shifted hysteresis loop is also accompanied by also been suggested by some recent experimental stddies.
substantial coercivityH, which is much larger than the In addition to the unsettled spin structure, many other as-
intrinsic value of the FM layet-1° The AF layer plays the pects, including the relevant Hamiltonian for the exchange
essential role of providing the exchange coupling, which discoupling, the angular dependencetdf, and the large en-
appears alT=T,, and the FM layer facilitates the observa- hancement ofH., have not been addressed. Theoretical
tion of the resultant exchange coupling through the shiftednodels for exchange coupling thus far have attempted to
hysteresis loop. account only forHg and ignoringH completely*?~14

The phenomenon of exchange coupling at the FM/AF in-  Since the exchange coupling at the FM/AF interface de-
terface is very rich indeed. For a given FM/AF system, notpends on the various directions of the constituent magnetic
only the values ofi¢ andH depend on temperature in their layers, revealing the angular dependence of the exchange
distinctive ways, they also depend on the thicknessgand  coupling is of crucial importance in unraveling the nature of
tae Of the FM and the AF layerd:2° For exampleHg has  the exchange coupling. In this work, we have measured the
been found to be proportional totd{;, a signature consis- angular dependence dfie and Hc of exchange-coupled
tent with the notion that the exchange coupling is probablyFM/AF bilayers. We show that the exchange figlig is
an interfacial effecf. The robust exchange coupling has beenunidirectional whereas the coercivity is uniaxial, and
exploited for manipulating the spin structures in FM/AF more importantly, bottHg andH¢ are integral parts of the
multilayers!® Technologically, the FM/AF exchange cou- exchange coupling, in which thedd and eventerms of the
pling is also of prime importance; it is at the heart of thetotal anisotropy energy lead tég andH ¢ ,respectively. The
spin-valve magnetoresistance devitks. commonly held belief of a simple cosine term for the ex-

Yet, despite extensive investigations and technologicathange coupling has been demonstrated to be inadequate.
importance, the nature of the exchange coupling in FM/ARPWe also propose a model-independent free energy, which
bilayers remains poorly understood. Meiklejohn and Bearaccounts for the experimental results.
have originally suggested ad hocanisotropy energy term For this study, permalloyNiFe=Nig,Feg) with a small
of Kgcosp, which would account for the shifted hysteresis intrinsic Hc was chosen as the FM layer and CoO with a
loops, whereKg=Hg/Mg and ¢ is the angle between the Ty=292 K was used as the AF layer. In bulk CoO, as has
direction of the FM magnetizatioM and the exchange been shown by neutron diffraction, the moments align ferro-
anisotropy axis. However, to date, the actual spin arrange-magnetically in each(111) plane and alternate along the
ment among the magnetic constituefdections of the FM  [111] direction!®*® A bilayer film consisting of 300 A of
magnetization and the sublattice magnetizations of thg¢ AFNiFe on 100 A of CoO have been grown on a 300-A buffer
remains unknown. It has been assumed in most theoretickdyer of Cu on Si100) by magnetron sputtering. The Cu
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FIG. 1. Structure of an exchange-couplgd.1) NiFe(300 A)/ é ’ §°
CoQ(100 A) bilayer. The anisotropy axis denotes the direction of
the field cool and that of the dc magnetic field during deposition. By &
physically rotating the sample about an axis perpendicular to the 1 1 '
film plane, the magnetic fieldH) is in the film plane and at an f=n/2 6=3m2
angle 6 with respect to the anisotropy axis. The magnetizatin .
of the ferromagnet is at an angtewith the magnetic field, and at § 0 go
an angleg=a+ 6 with the anisotropy axis. J
buffer layer provides a clean starting surface and promotes 1 1 :
growth of oriented111] CoO in the bilayer. For comparison, 6=3m/4 B=7rs4
a single-layer film of 300 A of NiFe was also deposited onto . . /
300 A Cu on Si100). In both cases, the NiFe layer was §o go

deposited in a dc field of approximately 200 Oe, applied in

the plane of the film, to induce a uniaxial anisotropy.
The bilayer sample was first field cooled from 320 to 80 -llT)a—.--’*‘ﬁ . X 1 ; .
K in a 10-kOe field, applied in the same direction as that of T M o™ 005 il o

the deposition field, in order to induce the exchange cou-

pling. This unique direction(field cooled and deposition FIG. 2. Hysteresis loops of an exchange-couplédll)

field) is the anisotropy axis, denoted #s=0. Hysteresis NiFe(300 A)/CoO(100 A) bilayer at various anglé (referred to

loops were measured at 80 K in a vibrating sample magneFig. 1).

tometer by physically rotating the sample about an axis per-

pendicular to the sample plane so that the applied fidldi¢  =H (6)=Hc(—6). Thus, the most general form for either

in the sample plane and at various anglewith respect to  H. or Hc is Sb,comé, wheren is a positive integer, and

the anisotropy axis, as shown in Fig. 1. It may be noted thap, is a constant. HoweveHg andH. separately possesses

most previous measurements of the exchange coupling iadditional symmetry of Hg(7+ 6)=—Hg(6) and He(m

FM/AF bilayers have utilized only the measuring geometry+ g)=H(6). In the case oHg, the symmetry ofHg(7

of either =0 or f=7.*"1° +60)=—Hg(6) dictates that the most general form of
Representative hysteresis loops of NiFe/CoO bilayer withq_( 9) contains only the odd terms,

different angleé (indicated in the upper left-hand corner in

each caseare shown in Fig. 2. To quantify the exchange

coupling in each case, the exchange field and the coer- He(6)= 2 b,coqé, 1)

civity Hc are defined in terms of the two field valublg n=odd

and Hjgp at whichM=0: Hg= —(H gt Hier)/2 and H¢

=(Highi—Hie)/2. In this convention, the hysteresis loop which conclusively demonstrates that the exchange field

shifted to negativeH values has a positivelg value. As  H; is unidirectional The results in Fig. @ can be ad-

shown in Fig. 2, large exchange coupling occurs a0  equately described byig(6)=206 Oe [cosh—0.21 cosP

and 7, whereas the smallesHg=0) occurs atd=m/2and  +0.01 cos®+---] shown by the solid curve. It has been

3m/2. In Fig. 2, the results for varioug values are arranged widely believed that the largest valuestdf are expected at

to illustrate the underlying symmetry. The two columns ex-¢=0 and s, which would be the case iflz should have a

hibit complementary hysteresis curves that diffemiby . simple co® dependence. Instead, as shown in Fi@),3the

It is clear that under the operation of M——M and |argest values oHg are located neafi~ =+ /4 and 7= /4,

+H— —H, the results in one column yield the results in thedue to the fact thaitlg is described by Eq1) and not just a

other column. One further notes that the results with on&imple cosine term.

value of @ is the same as that with 0, or 20— 6, as shown in Turning now tOHc, the additional Symmetry |$—|C(7T
Fig. 2 (e.g.,7/4 and 7/4, 3ml4, and r/4). +6)=Hc(6), which by the same token leads to the most

The angular dependence ldg andHc as a function ot general form foH of having only the evem terms
are shown in Fig. @& and 3b), which contain the most

essential features of the exchange coupling. It is evident that
the basic symmetry properties, shared by hdthandHc, He(6) = E b.co1 6 @)
are Hg(2m+60)=Hg(0)=Hg(—60) and Hc(27+6) ¢ nZeven '
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FIG. 3. Angular dependence ¢ exchange fieldHg and (b)
coercivity H of an exchange-couplgd11) NiFe(300 A)/CoO(100
A) bilayer. Shown in(c) is the angular dependence Hf. for a
single layer NiFe film.

which shows thaH . is uniaxial. The solid curve in Fig. &)
is He(8) =57 Oe[1+0.98 cos?+0.54 cos4+0.23 cos®
+--+]. These analyses clearly show that to account for th
exchange coupling, anisotropy terms beyondécogist be
included.

Before further discussion, it is useful to compare the r
sults of the exchange-coupled NiFe/CoO bilayer with thos

of single NiFe layer also measured at 80 K. The hysteresi
loops of a single NiFe layer are of course completely sym
metrical (i.e., Hz=0). The angular dependence of its coer-

civity is shown in Fig. 8c). First of all, the value oH for
the exchange-coupled NiFd-ig. 3(b)] is not those of a
single uncoupled NiFe laydiFig. 3(c)]; the former is as
much as 30 times larger. Second, while the results shown
Fig. 3(c) contain the same general symmetrytb§(6) de-
scribed by Eq(2), the actual angular dependencettf( 6)
=3.7 Oe (1+0.35c0s?2—-0.11 cos4+0.05 cos@®+---],
shown as the solid curve in Fig(@, is very much different
from that shown in Fig. @). This comparison underscores
the fact that in exchange-coupled FM/AF bilayers, bHth
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pling that accounts for all the experimental results. Regard-
less of the actual spin structure of the FM and the AF in the
exchange coupling, which remains unknown at present, the
anisotropy axigthe field-cooled direction for the AF and the
uniaxial anisotropy axis of the FMs 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 net
magnetizatiomMM along the anisotropy axis, irrespective of
the actual spin structure. For example, in the simple two-
sublattice caseAM =M+ M, is along the anisotropy axis,
and |AM|<|M4|,|M,|, regardless of whethev; and M,

are parallel or nearly perpendicular to the anisotropy axis.
Once the FM/AF bilayer has been field-cooled acréggo

low temperatures, the relatively small external fieladannot
alter the AF ordering. Thus, the relevant free energy with
H in the layer plane is

F=—U(¢)—Mg-H=—U($)—MgH cosr, (3

where the angles have been defined in Fig. 1, in whidhk

the angle between the magnetizatidn of the FM and the
external fieldH, @ is the angle betweeH and the anisotropy
axis, and¢=a+ 0 is the angle betweel  and the anisot-
ropy axis. In Eq.(3), the first termU(¢) is the all important
magnetic anisotropy energy for exchange coupling, and the
second term is the Zeeman term.

The detailed form olU(¢) would depend on the actual
spin structure of the constituent layers and their interactions.
However, from symmetry considerations, the anisotropy en-
ergy U(¢) must satisfy the general symmetry of(27
+¢)=U(¢) andU(¢)=U(—¢). Thus, the most general
form is U(¢)=Z=a,comne¢, wheren is a positive integer.
Without loss of generality, the anisotropy eneldy¢) can
be partitioned into oddrterms and the even-terms, which
are, respectively, the unidirectional energWD(¢)
=a,Cosp+azcos3p+--- and the uniaxial energyA(«)
=a,C0s2p+a,cos4p+---, with the inherent symmetry of
UD(m+ ¢)=—UD(¢) andUA(7+ ¢)=UA(¢). Itis use-
é‘ul to examine first the simplest case Bt —a;cos(+ 6)
—MgH cosy including only then=1 term ofU(¢). In this
case, there is no coercivity nor the complexity associated
with irreversibility. Minimizing F readily leads to the solu-

e(0)=(1Mg)a,cod. It is straightforward to show that if
only the oddn terms ofU(¢) are included, i.e., the unidi-

rectional UD(¢) =a,cosp+azcos3dp+---, there is still no
coercivity and the exchange field is

1
~He(0)= M—[alcosﬂ— 3a3c0s30+ 5ascosb59— 7a;cos76
in F

+oe]. @

One recognizes that this is precisely the experimentally ob-
served angular dependence of EL.

Hysteresis loops with coercivity are realized when even-
n terms ofU(¢) are included. The simplest of the even-

and Hc are the consequences of the exchange coupling. Anterms is the n=2 term, with which we haveF=
theoretical model of exchange coupling must address not a,cos2@+6)—M¢gH cosx. This expression of free energy

only Hg but H¢ as well.

In the following, using symmetry considerations, we pro-

is the same as that in the Stoner-Wohlfarth model for single-
domain particles with uniaxial anisotropy leading to hyster-

vide a model-independent description of the exchange cowesis loops with coercivity® It is well known that the uniaxial
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anisotropy, described by the evanterms, introduces irre- (M;-Mg)3+(M,-M)® leads to the cosB and the cog
versibility and hysteresis loops with coercivity. As such, noterms, etc. The original model of Meiklejohn and B&an

closed form solutions are generally available, and one resortsmounts to including only theM, + M) - M term, which is
to the Preisach method and other methods to obtain the hygyadequate for the observed angular dependence.

teresis loops numericalft. However, the angular depen-
dence ofH. of FM/AF exchange coupling must involve the
evenn terms as described in E€R). As made clear in these
analyses, bottlg andHc are both consequences of the an-
isotropy energyJ(¢) for the exchange coupling.

The above analyses using the free energy of(Bgand a

In summary, we have determined the angular dependence
of the exchange coupling in FM/AF bilayer films. Both the
exchange fieldHg and the coercivityHs, with unidirec-
tional and uniaxial characteristics, respectively, are integral
parts of the exchange coupling. The proposed free energy,
which is independent of the detailed spin structures and mi-

model-independent  anisotropy energy  ofU(4) roscopic interactions, accounts for all the experimental re-
=Xa,cosng¢ accounts for the observed angular dependencg X ' pert .
Sults. The values dfl andH¢, expressed by a cosine series

of the exchange field and the coercivity. The coefficients ith odd and el d idi
a,, depend on the actual spin structure of the magnetic con//t 0d¢ and even terms, respectively, are due to unidirec-
stituent layers and the various cgsterms are related to the tional and uniaxial parts of the anisotropy energy. The ex-

microscopic interactions among the moments. For examp@erlmental results cannot be reproduced by a simple cosine

assuming a simple AF with two sublattice magnetizationd®'m as originally suggested.

M, andM,, with AM =M+ M along the anisotropy axis, This work was supported by ONR Grant No. NO0014-91-

the interaction of the formNl; + M) - Mg leads to the cas ) R,
term, (M 1-M2)2+ (M- M)? leads to the cos® term, and J-1633 and NSF MRSEC Program No. DMR-96-32526.
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