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A theoretical study of the angular dependence of exchange bias in coupled ferromagnetic/antiferromagnetic
bilayers is presented. The variation of the bias field with applied field angle is shown to be strongly affected by
the canting of the interfacial spins, particularly with the presence of defects. Discontinuities in the angular
dependence of the bias field are found to depend on the sense of rotation of the ferromagnetic layer upon
reversal.

[. INTRODUCTION for the bias field. Their models also predict a minimum an-
tiferromagnetic layer thickness for exchange bias, governed
Exchange bias has been a subject of intense interest bby the spatial dimensions required to support such a domain
cause of its applications in field-sensor devit&xchange wall—features verified experimentafly:!* Koon also dem-
bias’ results from exchange coupling between ferromagnetionstrated that compensated interfaces, where the net antifer-
and antiferromagnetic layers, and is characterized by a digomagnetic moment is zero, can also support exchange bias
placement of the hysteresis loop along the field axis. Thisnd results in a perpendicular coupling of the ferromagnetic
effect is established in an experimental system when the irmoment to the anisotropy axis, reminiscent of the spin-flop
terfacial ferromagnetic and antiferromagnetic spins are preftransition in antiferromagnetic materials with uniaxial anisot-
erentially ordered, either by field cooling the sample throughropy.
the Neel temperature Ty) of the antiferromagnet or by an- Most theoretical studies have been devoted to explaining
tiferromagnetic deposition on a cold ferromagnet substratehe origin and magnitude of the bias fiellz: . However,
In either case, the ferromagnetic layer is prepared to be ather features characteristic of exchange bias systems have
single domain state. In general, the Curie temperature of thenly been studied in the experimental domain. An important
ferromagnetic layerTc) is larger thanTy, although recent aspect is the directional properties of exchange bias. The
experimental studies have investigated the uncommon situangular dependence &fz and the coercivityHc was first
tion whereT-<Ty .2 Both the bias field and the coercivity explored experimentally in NiFe/CoO bilayeérsThe system
decrease as temperature increases, disappearing above wes field cooled along a chosen axis and hysteresis loop
blocking temperature Tg) of the antiferromagnet, where measurements were then taken along different angles relative
Tg=<Ty in general. This confirms that the antiferromagneticto the initial direction. The variations obtainedht andHc
order plays a crucial role in this mechanism. The center ofs a function of the field angley were not simple sinusoidal
the hysteresis loops are usually displaced in the negativiinctions as initially expectetl’ The experimental results
field direction, although experiments have also shown the&an be better described with cosine series expansions, with
possibility for positive biaé:® odd and even terms fddg and H, respectively, due the
The original model proposed by Meiklejohn and B®an unidirectional and uniaxial nature of the corresponding ener-
is based on a perfect uncompensated interface between tg&s. The complicated angular behavior results in larger con-
ferromagnetic and antiferromagnetic layers, where the intertributions from higher-ordea,, cosnéy terms relative to the
facial antiferromagnetic spins possess a net magnetic mdsasea; coséy term. Similar results have been obtained in
ment and ferromagnetic alignment across the interface is astudies on monocrystalline and polycrystalline structd?és,
sumed. Bias field estimates from this model require a largavhere the presence of a fourfold anisotropy has been shown
uniaxial anisotropy in the antiferromagnetic layer and areto affectHg(6,) significantly. However, experiments with
proportional to the coupling strength across the interfaceamorphou¥ and permallo}’ ferromagnetic layers display a
The uniaxial anisotropy in the antiferromagnetic layer intro-simpler angular dependence.
duces a unidirectional anisotropy in the ferromagnetic layer The paper is organized as follows. In Sec. Il, we outline
through exchange coupling. However, this model predictsan analytical model based on a perfect uncompensated inter-
values of the bias fielthg that are two orders of magnitude face to study the angular dependencéHgf. In Sec. IIl, we
too large®® Mauri et al’® and Koort? have shown that the present a numerical model to examine the effects of nonuni-
formation of an antiferromagnetic domain wall perpendicularformities in the spin system, particularly the role of interfa-
to the interface during magnetization reversal can lead teial defects. We also investigate the importance of the prepa-
exchange bias, giving correct order of magnitude estimatesation of the initial state. Finally, a discussion and
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AF ing spins in the antiferromagnet, withdenoting the strength

//// ! of the exchange stiffness. The second term in the integrand
T / twist

describes the local anisotropy energy of a spin at poskion
of strengthK,. This domain wall energy is minimized by
solving the Euler-Lagrange equation for Eq. 2. The solution
Dy(2) is

, ©)

dy(z2)=2 arcta{re KZtar( ;

where ¢ is the angle of the interfacial spin relative to the
anisotropy axis. The twist energy is obtained upon substitu-
tion of Eq. (3) into Eq. (2),

o=2JAK, [1— cog¢)]. (4)

With this expression, we minimize the total enerdy with
respect tod and ¢ to give the following conditions:

J, sin( ) + M gHtg sin( 6,

B 3 cogd) MeHtrcos o)’
FIG. 1. Simple model of a perfect uncompensated interface used
to estimate the magnitude of the bias field. A twist in the antiferro- tan ) J, sin(6) ®
magnetic layer is formed upon the reversal of the ferromagnetic a = .
Iaygr. y P 9 2JAK,+J, cod 0)
i i For a reversible magnetizatioM(vs H) curve, the bias field
concluding remarks are presented in Sec. IV. is defined as the zero of that curfiee., M(Hg)=0], and is
obtained by imposing the requirement ttéat 6,,=90°. The
Il ANALYTICAL RESULTS following expression results:
An analytic estimate of the bias field can be derived as
follows. Consider a perfect uncompensated interface be- Ho— Ji cosoy )
tween the ferromagnet/antiferromagnet bilay@étig. 1), B Mete Y2+ ylsinOy| + 1’
where both layers are assumed to be single domain. The free )
energy of the system is where the quantity
e=o0y—J,c0g 60— ¢)+MgHt: cog 6+ 6y), (1) J ®
. . . . Y=
wherea, is the energy of the antiferromagnetic twist formed, 2AK,

the second term is the exchange-coupling energy between ) ) .

the ferromagnetic and antiferromagnetic layers, and the thirEPeSents a ratio between the interlayer coupling energy and
term represents the Zeeman energy of the ferromagnetfi€ antiferromagnetic domain wall energy.

layer in an applied field. J, is the exchange coupling en-  In the rigid coupling limit of largey (i.e., J;>2JAKy),

ergy across the interface between the ferromagnetic and a_H]e formation of a domain wall in the antiferromagnetic Iaygr
tiferromagnetic layersM andtg are the magnetization per 1S prc_aferred upon the reversal of the ferromagnet. The bias
unit surface area and thickness of the ferromagnetic layefield is then independent df ,

respectively. The antiferromagnetic twist is initiated by the

reversal of the ferromagnetic layer, and arises from the com- 22\/AKu coso 9)
petition between the following energiegt) The exchange E™ Mete H

coupling energy between the interfacial ferromagnetic and o . .
antiferromagnetic sping2) The exchange energy in the an- In the other limity—0, where the interlayer coupling energy
tiferromagnet;(3) The uniaxial anisotropy energy in the an- IS much less than that of the antiferromagnetic domain wall,
tiferromagnet. To derive the energy of the twist, we firstthe angular dependence is simply proportionalto

consider the total energy of a domain wall. This energy is

given by He=

= [ [0D(2)\? .

Ut:f A( - | TKu sifd(z)|dz, (2)  For thed,=0° case these limiting forms give Mauri’s ex-

o pression(9), and Meiklejohn and Bean’s expressi@i0). In
where we have assumed a continuum chain of spins alonigoth of these limits, the angular dependence of the bias field
thez axis}®! The angle of these spins relative to the anisot-is a simple sinusoidal function. A more complicated angular
ropy axis perpendicular to theaxis is denoted byb(z). The  dependence only arises whenis of order unity, i.e., when
first term describes the exchange energy between neighbahe domain wall energy and the interlayer exchange energy

cosél, . (10
F
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[010]
oo h=H+ 2 J|JS]+2KOSiyy+2KuSiZZ>.
[001] (12
A local energy minimum is attained whe® is aligned in
F parallel with h;. The Landau-Lifshitz equation is used to
describe the time-dependent spin relaxation into the local
field direction
AF ds

E:_?’gSiXhﬁ'aSiXSXhi- (13)
The first term represents the precessional motion of the mag-
FIG. 2. Geometry of the numerical model for a system with anetization, which moves in a direction perpendicular to both
compensated interface. Sandh. The second term represents motion perpendicular to
both S and SX h that acts to damp the precessional motion.

are comparable. In this regime, the interfacial spins experiti€r€: 7q iS the gyromagnetic constant and the coefficient
ence greater canting, similar to that found in the bulk antiS related to the relaxation frequency which is a measure of

ferromagnetic spin-flop state. the degree_ of dampi_n_g._ . . .
To obtain the equilibrium configuration for the spin array,

the system of equationd3) is solved by numerical integra-
tion using a second-order Runge-Kutta method. Unless oth-
erwise specified, the following ratios are used:/K,
A. Model =100, Jaor/K,=-10, J,/K,=—30, and Ky=K,. No
We employ a numerical method to determine the micro-Uniaxial anisotropies are prese_nt_in the ferromagnetic layer,
scopic spin configuration that should appear in a realisti®Ut @n €asy plane anisotropy is included in both ferromag-
structure. The ferromagnet/antiferromagnet bilayer is modP€tic and antiferromagnetic layers. The thicknesses of the
eled as a simple cubic structure, with nearest-neighbor ex€rromagnetic and antiferromagnetic layers are 10 and 15
change interactions along the cube ed@és. 2). A Heisen- monolayers, respectively. All field values are quoted in units

berg Hamiltonian is used, Zf/ Ku/(gpome), with H=H'guops/K,, with H' given in
m.

To calculate the magnetization curve, we employ the fol-

lowing procedure(1) The direction of the spins are random-

H=—guousX H-S—2 3;S-S+Ko> (Sy)? ized. (2) The equilibrium configuration of the system is de-
! tl ! termined in the presence otb= 40 field, applied at an angle

IIl. NUMERICAL RESULTS

f00) Telative to the antiferromagnet anisotropy ax®.H is

+ KUZ (S,)?, 11 decreased to zero over several increments, with the equilib-
: rium configuration calculated at each incremé#dj. A mag-
netization curve is then calculated for a field appliedat

where the spin operators are treated as vector quantities. Tiglative to the antiferromagnet axis.
summation over the indexrepresents a sum over all spins in
the system, whil¢ denotes a sum over the nearest neighbors.
The first term is the Zeeman term, whegeis the Lande The angular dependence Bifz is first examined for an
factor, uq is the permeability of free space, apg; is the  uncompensated system with,,=0°. This cooling direc-
Bohr magneton. The second term is the exchange term. THe&n is chosen to coincide with the antiferromagnet anisot-
third term describes a planar anisotropy that favors spin roropy axis. The external field angl, is varied between 0°
tation in the(010) plane. The final term represents a uniaxialand 360° in increments of 10°. For each field increment, we
crystalline anisotropy in the antiferromagnet alongztaxis,  obtained a reversible magnetization curve with zero coerciv-
whereS;, denotes the component of théth spin. The semi- ity. Hence, the value of the bias fieldg for each case is
classical limit is considered wher® is a vector that can determined by simply calculating the zeroMf{H). Follow-
rotate freely into any direction. It is assumed tlgtis con-  ing Ambroseet al,’® the functionHg(6,) we obtained is
stant across the interface and within the ferromagnetic andxpanded in a casfy series, whera is odd to reflect the
antiferromagnetic bulk. The interlayer exchange coupling isunidirectional nature of exchange bias. The best fit to our
denoted byd, , the ferromagnetic exchange energyJayand  numerical results is given by
the antiferromagnetic exchange energy by:. Periodic
boundary condit?ons are appligd in t[llé%){)] é{rF\d [001] di- He=0.45qcosfy+0.019cos Jy+- - -) (14)
rections, so we only have to consider the motion of a singlesshowing that contributions from higher order terms only
(100 plane of spins. All applied fields are constrained to lieamount to~2%. For the compensated system, the ferromag-
in the (010 plane. netic spins were observed to couple preferentially in a per-
The equilibrium configuration is found as follows. pendicular direction to the antiferromagnet anisotropy axis,
The local fieldh; at sitei is calculated first according to as described by Koolf. In this case, the cooling field was
h=-VH, applied at 90°, corresponding to the maximunHap that is

B. Perfect interfaces
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0, (deg) cross-sectional diagram of Fig. 4. A single site defect in Figs.
H 4(a) and 4b) is referred to as a line defect since the periodic
FIG. 3. He(6y) with J,/K,=—30 (—), —40 (---), and —50 boundgry conditiorjs in théOQl] dir_ection ensure that the

(——), for (a) compensated anth) uncompensated interfaces. The defect is repeated in each unit cell in {f@01] direction. We
bias fieldHg is in units of K, /(guoms)- also examine results for a step defect where two or more
] ) ) . defects are introduced as shown in Fig&)4nd 4d). For
expected to occur at this angle. A sine series expansion i§mpjicity only defects of one atomic height are considered.
thgrefore more appropriate, with a fit to the numerical resultgte that the spin configurations depicted in Fig. 4 are sche-
being matic, and do not represent calculated orientations.
He=0.364sin 6,,— 0.058 sin ¥, +0.017 sin B+ - - -). Introducing a line defect in a compens‘?tetil surfage cre%tes
(15) an asymmetry between the number of “up” and “down
o ) . spins at the interface. We can study the impact of this asym-
Here, the contribution from higher order terms is rough'lymetry by plotting the “natural” angle of the ferromagn@t,
three times larger at=6%. The angular dependence is neasured relative to the antiferromagnet anisotropy axis, for
clearly aff_ected by the interfacial spin orlenta_tlons; the spin-yifferent sizes of the unit cell in theo01] direction (Fig. 5).
flop state mduced by the perpendmglar coupling between thenis size is denoted by.. The angled,  is determined by
ferromagnetic and antiferromagnetic layers leads to a larggy|cylating the equilibrium orientation of the ferromagnet
degree of nonuniform canting experienced by the interfacialing from an initial randomized state, in the absence of an
ar)tlferromagnetw spins. This in turn results in a more COMypplied field?? A large exchange energy in the ferromagnetic
plicated form forHe(6y), as predicted by our analytical |ayer is present so that all ferromagnet spins are aligned par-
work described earlier. allel. The largest asymmetry occurs far=2 where only

To further examine the effects of interfacial spin canting, one antiferromagnet sublattice spin is present at the interface.
He(0y) is studied as the strength &fis varied. The cooling  Thjs js uncompensated like in behavior and results in

angles are the same as those used above. Canting of tl@ﬁat=0°- In the limit of a perfect interfaca — =, the ratio

interfacial spins is sensitive ), and is most pronounced at o the antiferromagnet sublattice interfacial spins become
the compensated interface where the spins of one sublathq?eany equal and results in the tendenéy,—90°. For

cant differently to the spins of the other. The calculated anthe yncompensated case, an opposite trend is observed with a
gular curves forHg are presented in Fig. 3. The following compensated like interface ah=2 (6,,=90°) and
cases are considered for both interfack$K ,= —30,— 40, Oar—0° asA— .

and —50. For the compensated interface, there is a slight "The patural angle defines an axis along which a magneti-

decrease in the maximum bfg asJ, is increased. The spin- zation curve measurement attains the largest valuil of
flop configuration of the antiferromagnet results in a net ans;jnce this is the equilibrium orientation of the ferromagnetic

tiferromagnetic moment antiparallel to the ferromagnet|ayer_ The natural angles for the perfect compensated and
spins. The magnitude of the net AF moment increasey as

is increased. Upon the reversal of the ferromagnetic layer for
increasingJ,, it is observed that the extent of the AF twist
formed decreases, which results in a smaller bias field.

For the uncompensated interfddég. 3(b)], variations in
the magnitude of the bias field maxima and the curvature of
He(60y) are less significant. For this interface, increases in
the interlayer coupling result in less canting, as all interfacial
spins are preferentially aligned in antiparallel. Note that this
behavior is not represented by a biquadratic term assumed
recently in some treatment$?*

C. Rough interfaces
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FIG. 6. Hg(6y) for a compensated-M—) and an uncompen- . _Uoﬁgo oy
sated (- O —) system with line defectsA=4). The bias fieldHg
is in units ofK/ . 0.0 ' : :
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uncompensated interfaces are 90° and 0°, respectively. Note GH (deg)

that this is only true at 0 K; we show elsewh@rthat 6, is

strongly dependent on temperature. The presence of asym- FIG- 8- He(6y) with multiple field cooling for(a) compensated
metry in the antiferromagnet sublattice spins at the interfac&1d (b) uncompensated interfaces. Interfacial line defects are
leads to a bifurcation in the natural angle at 0°, in this cas§resent withA =4 (-O-), 8 (—M—), and 12 (- X —). The bias
the axes foH g nax are defined by 6,y. This splitting in el He is in units ofK, /(grous).

the equilibrium orientation results from the &rterm in the  pling between the interfacial ferromagnetic and antiferro-
uniaxial anisotropy, which gives the possibility for two magnetic spins is rigid, and we consider the magnetization
unique solutions. In the case of tile=4 line defect at the processes at an uncompensated interface for simplicity. For
uncompensated interfacé,,~60°, so the equilibrium ori- the case where G26,< 6, the ferromagnet rotates to-
entation of the ferromagnetic spins can assume either of thgards theé,,, axis upon reversalFig. 7(a)]. This process
energetically equivalent states60° or ~—60°. In Fig. 6,  pecomes more favorable as the ferromagnetic spins rotate
we plot the variation oHg with 6, for a line defect with  towards an equilibrium orientation corresponding to an en-
A =4 for both interfaces. It is immediately apparent that theergy minimum. The resulting reversal process is executed in
minima and maxima oHg(6y) have been shifted along the a clockwise direction, causing the interfacial antiferromag-
fy axis. The maximum value foHg occurs at the natural netic spins to twist by an anglé, from the anisotropy axis
angle calculated in Fig. 5. [Fig. 7(b)].

The presence of a line defect introduces a discontinuity in - For the other case wheré,>6,., the ferromagnetic
the angular curves. The functidfe(6y) appears to be com- spins again rotate towards tite,, axis for the same reason
prised of two separate branches: a “descending” branch fo[Fig. 7(c)]. However, the reversal takes place in a counter-
Onar< 04 <bnart 180° and an “ascending” branch fof,o:  clockwise direction and the interfacial antiferromagnetic
—180°< 0 <6y, With the discontinuity taking place at spins are rotated through an angle ¢f [Fig. 7(d)]. It is
hat- This is a result of the sense of rotation of the ferromag-evident that the equality; = ¢, will not hold in general for
netic spins, as illustrated in Fig. 7. We suppose that the colequal |6, — 6,,,{. Thus, the magnitude ofig will not be
equal in magnitude for the two cases as it is dependent on the
twist angle¢ in the antiferromagnet.

D. Multiple field cooling

In this section, we study the effects on exchange bias of
field cooling along different direction8,,,. We introduce
the constrainty= .., SO that the field cooling and mag-
netization curve measurement procedures are essentially one
process. By this we mean that the magnetization curve cal-
culations do not begin from the zero-field state; the curve is
calculated asH is reduced from saturation and reversed
along 6.4, SO that the system is essentially field cooled at
each field angle.

In Fig. 8, Hg(6y) is plotted for a line defect withh =4,
8, and 12 for both compensated and uncompensated inter-
faces. The striking feature of the angular curves is the ap-

FIG. 7. The clockwise rotatiofa) of the reversal of the ferro- Pe€arance of four maxima over the same rangé,ptonsid-
magnetic layer creates an antiferromagnetic twist with an interfacia€red previously. The angles at which these maxima occur are
angle of ¢, (b). For the counterclockwise rotatidn), an antiferro- 6= * 0, and 63 =180°* 8,,,;, corresponding to the equi-
magnetic twist with an interfacial angle af, is created(d). In librium orientation of the ferromagnetic spins as discussed
general,g, # ¢, resulting in the discontinuity dflg seen in Fig. 6. earlier. In additionHg=0 over the entire range df, .

(@
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FIG. 9. Heg(6y) with multiple field cooling for uncompensated
interfaces. Interfacial step defects are present with2 (—O—),
4 (—M-), 8(—X-), 16 (—A—-), and 32 -O-). The bias
field Hg is in units of K, /(guoug)-

These features are due to the multiple field-cooling pro

cedure. By starting the system in a saturated configuratio

and measuring the magnetization curve such tlfat
= 0cooi; ONly points within the range 0626,<90° are

unique and the period of the curves is 180°. This is due t(?_

uniaxial anisotropy in the antiferromagnetic layer which is
symmetric aboup,;=0° between-90° and 90°, and it fol-
lows thatH=0 always. TheA =4 curves in Fig. 8 may be
obtained from those in Fig. 6, by considerifix(6y) over
the range 0% 6,<90° and performing the operation
He(B)=Hg(—B), where B=6,+90°, to determine the
function over the full period.

In Fig. 9, we present the results from applying the mul-
tiple field-cooling procedure to a stepped uncompensated i
terface with varying unit cell sizé. In each case, the step
transition is chosen to take place in the center of the unit ¢
(Fig. 4). The angular curves are similar to those obtained i

Fig. 8 and may be analyzed in an identical manner. It is
evident that the introduction of defects can greatly affect tht?h
angular dependence. The simple cosine form is suppress%gﬁife

and higher order terms appear.

IV. DISCUSSION AND CONCLUSION

In the numerical model presented, we have assumed arl

in-plane anisotropy term in the Hamiltoni&bl) that prefers

an in-plane rotation of the spins. This term was included t
stabilize the formation of the antiferromagnetic domain wall
as the ferromagnetic layer is reversed. Previous theoretic
studie4® have shown that the occurrence of exchange bi
can be quite sensitive to this parameter, particularly due t

n

9
a(giirection of that axis. Phase shifts in the sinusoidal func-

the effects of thermal fluctuations. For large easy-plane fluct

tuations in certain cases, the creation of an antiferromagnetﬁ

AND INTERFACIA. . .. 8893

ergy Jag, although an exact estimate has yet to be deter-
mined experimentally. In our calculations, we have chosen a
ratio of J,/J,z=3 for computational ease. More precisely,
the width of a domain wall is roughlyry/|Jag|/K,, so the
chosen parameter ratio df/K= —10 allows for an anti-
ferromagnetic domain wall to be supported withijgg=15

ML. For the compensated geometry, the formation of the
antiferromagnetic wall during the reversal of the ferromagnet
requires a larger value o . A larger domain wall may be
facilitated by a thicker antiferromagnetic layer, and exchange
bias may be achieved with more realistic interlayer coupling
strengths.

In Sec. lll, we discussed the effects of interfacial rough-
ness in the form of periodic line and step defects. The values
of A chosen are small but on the order of a domain wall
width. The ferromagnetic wall width is very large in these

alculations so the different AF domains are coupled to the
erromagnet in the same direction everywhere. The results
here show how the bias behaves as the scale of the roughness
pproaches the natural length scale of the antiferromagnet.
or the system considered here, the domain wall width in the
antiferromagnet is=10 ML, and beyond this length the de-
fects are isolated. If the ferromagnet wall width was on the
order of the roughness spacing, ferromagnetic domains could
form and these results would not apply. In practice, the field-
cooling direction defines the unidirectional axis of exchange
bias, and hysteresis loops are measured at different angles
relative to this axis. In most cases, the antiferromagnetic lay-
ers are multigrained structures that do not have well aligned

axes. The multiple field-cooling results presented here can be

olycrystalline grain samples by averaging over a distribu-
ion of Hg values.

erl\{gsed to construct estimates for what might be expected from

In summary, we have studied the angular dependence of
bias field in an exchange-coupled ferromagnet/
rromagnet bilayer. We have shown that the spin struc-
ture at the interface plays a major role in determining the
complexity of the bias field as a function of the applied field
angle Hg(6y). Canting of the interfacial antiferromagnet
ins, similar to the behavior found in an antiferromagnetic

spin-flop configuration, results in a more complicated angu-

cJar dependence for the bias field. In particular, the presence

of interfacial line and step defects bifurcates the unidirec-

<Ij\ilonal axis of exchange-bias, with the equilibrium orientation

r “natural angle” of the ferromagnetic spins governing the

ional form ofHg(6y) were found to be related to the natural
ngle. The sense of rotation of the ferromagnetic layer dur-

twist is not favored energetically as the ferromagnetic layefN9 reversal was found to cause a discontinuitHig( 6.
is reversed. Instead, the path of rotation adopted by the fer-
romagnetic spins is out of plane, resulting in an irreversible
process and thus a symmetric hysteresis loop adet®. In
the model discussed here, it was assumed that the spins re- The authors would like to thank L. Wee for stimulating
mained in-plane due to a large out-of-plane anisotropy in thend fruitful discussions. R.L.S. was supported by an ARC
antiferromagnet. Grant. The work of R.E.C. and B.V.M. was supported by
It is often supposed that the strength of the interlayer couARO Grant Nos. DAAG55-98-0294 and DAAH04-94-G-
pling J, is equal to the bulk antiferromagnet exchange en-0253.
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