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Model for exchange bias in polycrystalline ferromagnet-antiferromagnet bilayers
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This paper describes a model for polycrystalline ferromagnet-antiferromagnet bilayers. Independent antifer-
romagnetic grains are coupled to a ferromagnetic film both by direct coupling to the net moments at the
interfaces of the grains and by spin-flop coupling. Rotation of the ferromagnetic magnetization applies a torque
to the antiferromagnetic spins at the interface of each grain which winds up partial domain walls in the
antiferromagnet. The model explains both the unidirectional anisotropy that gives rise to the well-known
shifted hysteresis loops, and the hysteretic effects observed in rotational torque and ferromagnetic resonance
experiments. The unidirectional anisotropy comes from grains in which the antiferromagnetic order is stable as
the magnetization is rotated. The hysteretic effects come from grains in which the antiferromagnetic order
irreversibly switches as the domain wall is wound up past a postulated critical angle. For all of the models
considered here, spin-flop coupling does not contribute to the unidirectional anisotropy.
[S0163-182699)01305-3

[. INTRODUCTION enough to saturate the ferromagnetic magnetization are likely
to be easier to model. One such experiment is high field
The exchange coupling of ferromagnetic and antiferro+otational torque;’~® in which the sample is rotated in a
magnetic films across their common interface significantlyconstant field and the torque is measured as a function of
modifies some of their properties. The most well-known ef-angle. The angular variation of the torque can be used to
fect is a shift in the hysteresis loop of the ferromagnet, determine the anisotropy of magnetic samples. In exchange-
called exchange bias. In the last ten years there has beéiased films, it is generally found that the torque does not
considerable interest in exchange-biased ferromagnetic filmategrate to zero over a full rotation, even in saturating fields.
because the shift can be useful in controlling the magnetizaFhus, irreversible work is being done when rotating the mag-
tion in devices, such as spin valZeshich sense changing netization relative to the sample. As shown in FigD}, the
magnetic fields through the giant magnetoresistance effectrotational hysteresis remains large in high fields, implying
Read heads based on this effect are starting to be used that hysteretic processes play an important role.
magnetic disk storage. Another experiment done in fields high enough to saturate
The loop shift arises when the order in the antiferromagthe magnetization is ferromagnetic resonaE®R), also
net is established in the presence of the ferromagnet. Bilustrated in Fig. 1. Since the ferromagnetic resonance con-
itself, the antiferromagnet can order in any one of its degendition depends on the curvature of the energy with respect to
erate energy minima. When it is coupled to a ferromagnetangular variations of the magnetization directfSfMR can
however, it chooses the state that minimizes the energy duslso be used to determine the anisotropy of magnetic
to coupling to the ferromagnet. Furthermore, the antiferrosamples. Typically, FMR experiments involve a constant fre-
magnet is only weakly coupled to external magnetic fieldsguency excitation and an applied field which is varied to
so it retains a “memory” of the ferromagnetic direction at achieve the resonance condition. Anisotropy terms, whether
the time when the antiferromagnetic order was set, evethey are intrinsic to the ferromagnet or due to coupling to the
when the ferromagnetic magnetization is later rotated. Thisntiferromagnet, lead to decreases in the resonance field in
coupling is often thought of as a unidirectional anisotropy orthe easy directions of the anisotropy and increases in the hard
as a fixed magnetic field acting at the interface. directions. Such variations are observed in FMR experiments
The shift in the hysteresis loop is not the only effect thaton exchange-biased films, but are found to be superimposed
is found in exchange-biased magnetic layers. Several effectsn an isotropic negative shift in the resonance fféid? If
schematically illustrated in Fig. 1, indicate that there are hysthe uniform shift in the resonance field were only negative
teretic processes occurring in these systems as the appliéar in-plane variation of the magnetization, it could be ex-
field is varied. Almost all films show an increase in the co-plained by an increased surface anisotropy. However, since
ercivity when coupled to an antiferromagnet, even when theecent measurements® show that the shift is negative for
sample is prepared in a state that does not show a bias. Adut-of-plane magnetizations as well, it must arise from hys-
ditionally, in at least some systems, different reversal mechateretic processes, as discussed in Sec. Il B.
nisms are observed for increasing and decreasing flefds.  Most models for these systems have focused on explain-
This difference means that the average of the two reversahg the size of the loop shift. The simplest model gives a
fields isnot a reliable measure of the size of the unidirec-coupling that is orders of magnitude too strong compared to
tional anisotropy. Since at least one reversal mechanism ihe loop shifts that have been measuféd.this model, the
likely to be nonuniform, physically meaningful models for unidirectional anisotropy is due to the exchange coupling
the hysteresis loop are likely to be very complicated. across an ideal interface between fixed antiferromagnetic
In contrast, experiments done in magnetic fields highspins and the interfacial ferromagnetic spins. The interface is
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Unbiased film Biased film perpendicular to the interface give rise to coupling for single-
) ®) crystal systems. In his model, these domain walls can be
thought of as effectively breaking the single crystal into a
— > > e polycrystal.
o e A Koon'® has shown that spin-flop effects in the antiferro-
magnet can lead to coupling even for ideal interfaces that are
completely compensated, i.e., those with no net moment.
Spin-flop coupling favors perpendicular alignment between
the ferromagnet magnetization and the sublattice magnetiza-
tion in the antiferromagnet.

Hysteretic effects, such as the high field rotational hyster-
Applied field Applied field esis results and the isotropic FMR field shifgnnotbe ex-
® F plained by models in which the antiferromagnetic spins are
__________________ fixed and the ferromagnetic spins are uniform across the
layer. In such models, the energy is a single-valued, continu-
ous, and differentiable function of the magnetization direc-
& = Iz , tion. In a high field rotational hysteresis experiment with

In-plane angle In-plane angle such a well-behaved energy function, the magnetization di-

rection is single valued, closely following the applied field,

FIG. 1. Experimental characteristics of exchange biasing. Panel§gnd no net work is done when the magnetization is returned

(A), (C), and(E) show typical experimental results for free ferro- 1 jis injtial direction. Thus there is no high field rotational

magnetic films. Panel¢B), (D), and (F) show how the results p, qiaregis. On the other hand’ éffeand Koort® showed that

change when the film is exchange biased by coupling to an antiferzy o hysteresis could result from irreversible motion of
romagnetic film. Compared to pan@), the magnetization in panel

(B) shows a shifted loop, increased coercivitgop width, and domain walls in the antiferromagnet, because the irreversible

possibly different reversal mechanisms for increasing and decreagTJOtlon makes the energy function discontinuous. For ferro-

ing fields. Compared to panéC), panel(D) shows that energy is magnetic resonance, the_ Well-t_)ehave_d_ coupling energy
dissipated when rotating the sample in an applied field, even af/ould necessarily have regions with positive curvati@asy
fields high enough to saturate the magnetization. Compared to pangi'€ctions and negative curvatur@ard directions The iso-

(E) the ferromagnetic resonance field in pa(fl shows an overall ~troOpIC resonance field shift would not be obse.rved' bec;ause
shift down, corresponding to an increase in the resonance frequendp€ resonance field would not only go down in directions

at fixed field, and angular variation typical of a unidirectional an-made easier by coupling, but would also go up in directions
isotropy. made harder.

In this paper, we describe a model that can explain both
assumed to be uncompensated, i.e., only one antiferromathe unidirectional anisotropy and the hysteretic effects. We
netic sublattice is present. Several effects reduce the looponsider different limiting cases of a general model in dif-
shift compared to the value predicted by this modelelRle ferent sections. In Sec. Il, we present the model for indi-
and Mauriet al1® pointed out that it can be energetically vidual antiferromagnetic grains coupled to a ferromagnetic
more favorable to form domain walls parallel to the interfacefilm. The coupling energy includes the three contributions
in the antiferromagnet than to fix the antiferromagnetic mo-discussed above, direct coupling to the net moment at the
ments and keep the exchange energy at the interface. Allowinterface of the grain, spin-flop coupling, and partial domain
ing the rotation of the magnetization to spread into the antiwalls in the antiferromagnet. In addition to these energy
ferromagnet can greatly reduce the expected loop shift.  terms, we include the possibility of instabilities in the anti-

Neel* also pointed out that for realistically rough inter- ferromagnet. In Sec. Il A, we calculate the unidirectional
faces, the presence of both antiferromagnetic sublattices anisotropy that arises from grains in which the antiferromag-
the interface, causing partial compensation of the moments\etic order is stable as the ferromagnetic magnetization is
will lead to a reduction in the coupling and hence the looprotated. Section Il B gives the high field rotational hyster-
shift. For polycrystalline antiferromagnets, the statisticalesis and the isotropic FMR field shift that arises from grains
fluctuations in the number of spins at the interface of eachn which the order is unstable. In these two sections, Il A
grain lead to such partial compensation, i.e., a net momergnd Il B, we leave out the spin-flop coupling contribution to
on each grain. Takanet al1’ have measured a net magneti- the energy. In Sec. Il C, we discuss the effect of spin-flop
zation in polycrystalline CoO/MgO multilayers, presumably coupling on the previous results. We discuss the implications
due to uncompensated spins at interfaces. They found thef this model for the coercivity in Sec. IV A, which includes
temperature dependence of the net magnetization to be tmnuniformities in the ferromagnetic magnetization in the
same as the temperature dependence of the exchange aniqaine of the interface. In Sec. IV B, we discuss the energy
ropy in a multilayer in which a similar CoO film is grown scales of domain walls in antiferromagnets. In Sec. IV C, we
next to NggFey. This similarity suggests that these uncom-discuss the reduction of the direct coupling at the interface
pensated spins at the interface are important for the exchangie to disorder at the interface. In Sec. IV D, we give a
anisotropy. simple argument for the existence of spin-flop coupling and a

For single-crystal antiferromagnets, rough interfaces leagimple estimate of its size. Finally, in Sec. IV E, we discuss
to vanishing average moments for any macroscopic interfacthe consequences of domain walls in the ferromagnet per-
area. Malozemotf showed how domain walls in the system pendicular to the interface.
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II. MODEL

In this model, the ferromagnetic layer interacts with inde-
pendent antiferromagnetic grains. We assume that the ap-
plied magnetic field is high enough that the ferromagnetic
magnetization can be assumed to be uniform. We also as-
sume that the antiferromagnetic grains are small enough that
they do not break up into domains. Each grain is in a single
antiferromagnetic state except for any partial domain walls
parallel to the interface that are created by the coupling to the
ferromagnet. There are three contributions to the energy for
each grain coupled to the ferromagnet;

_‘]net ~ ~ ‘]Sf ~ ~ 2
. ne ) + = .
N2~ 52 [Mev-m(0)] az[MFM m(0)]

o ~ -~
+5[1-m(0)- ()], ®

For N spins at the interface of the grain, the interfacial areais FIG. 2. Two configurations of an antiferromagnetic grain
Na?, wherea is a lattice constant. The important directions coupled to a ferromagnetic layer. The white spheres are the antifer-

are the ferromagnetic magnetizatidvigy,, the direction of ~romagnetic atoms on the sublattice that predominates at the inter-

the net sublattice magnetization at the interfaﬁéO) and face, the dark gray spheres are the other sublattice, and the light
the two easy directions of the uniaxial anisotropy i’n the an_gray spheres are the ferromagnetic atoms in the bottom atomic layer

. ~ " of the ferromagnetic thin film with a uniform magnetization direc-
tiferromagnet,= u. The energy scales are the average dlrec[ion, Mey. In each sphere, the arrow gives the direction of the

coupling to the net moment of the antiferromagnetic 9raiNatomic moment. In the structure to the light), the antiferromag-

Jnet t.he Splr_I-fIOp Cou.p“ng‘]Sf’ and the energy of a 180 net has ordered in the (—fj) direction far from the interface. In

domain Wa" In th? annferrgmagne_dr,. . . each, the coupling with the ferromagnetic layer has wound up a
The first term in Eq(1) is the direct coupling at the in- partial domain wall. The directions of the antiferromagnetic spins in

terface. For each grain the net coupling takes a definite valugne sublattice, and the ferromagnetic spins are given in the top
chosen from a statistical distribution with a mean that ispanels.

typically smaller than the bare coupling enerdy; by ap-
proximately 14/N. This is discussed in more detail in Sec.

IV C. The second term in Eq1) is the spin-flop coupling . . ) o '
which favors a perpendicular relative orientation between tha\te thickness is unwinding from the back surface of the film,

magnetizations of the films. The mechanism for this couplingIhe dsu(;face _o?%osne_ the fﬁrr(_)magr_}et.eﬁlmas e?te{\h§|v$_lly/
is discussed in more detail in Sec. IV D. studied partial domain walls in antiferromagnetic thin films

The third term in Eq(1) is the energy of a partial domain with in-plane easy axes. Since the back surface of the film is

wall in the antiferromagnetic grain wound through an angleunCOUpled’ the energy of the partial domain wall as a func-

. ()2 o g tion of the sublattice magnetization direction at the interface
detgrr_mned _by coe =m(0)- (.—L.J)' For an |nd.|V|dgaI is more complicated than that in E@.). Films thinner than
grain in a thick antiferromagnetic film, all of the spins in the 514 (& is the domain-wall widthonly exist in a single state
partial domain wall lie in the plane defined byu and  as the interfacial magnetization of the antiferromagnet is ro-
m(0). For agiven direction of interfacial momem(0), the  tated, while films thicker thad/4 have critical angles that
energy of the partial domain wall in the antiferromagnet detange from 90° to 180° as the thickness of the film ap-
pends on the state in which the antiferromagnet is orderegroaches infinity. In this thick film limit, the third term in
through the sign, £). Two partial domain walls are shown Eq. (1) is a good approximation to the energy untils close
in Fig. 2. to the critical angle.

For high field rotational hysteresis and the isotropic fer- Neel's results hold for ideal films with no additional
romagnetic resonance field shift to exist, some of the antifersource of coercivity. Defects in the antiferromagnet may sta-
romagnetic grains in the system must make irreversible trarbilize the antiferromagnetic order, just as they can increase
sitions. To include these transitions in the model, wethe coercivity of ferromagnetic films. Equally, defects may
postulate that some grains have a critical anglg,, such  provide nucleation sites for reversal at smaller critical angles.
that when the partial domain wall is wound up to an angleAdditional important nucleation sites for reversal may lie in
greater tham;, the antiferromagnetic order becomes un-the grain boundaries. With these unknowns, we allow a more
stable, and the system makes a transition to another statgeneral critical angle and keep the simpler form for the en-
which has reversed antiferromagnetic order far from the inergy, appropriate for an infinitely thick film, than would be
terface.(See Fig. 2 for an example of possible states beforémplied from Neel's results.
and after such a transitioriThen, as the ferromagnetic mag-  In at least some samples of fffe,o/NiO, the antiferro-
netization is rotated, the partial domain wall is wound up tomagnetic grains have a uniform distribution of crystallo-
the critical angle, and a transition occurs. graphic orientation&® While the relationship between the

One mode of instability in antiferromagnetic grains of fi-



PRB 59 MODEL FOR EXCHANGE BIAS IN POLYCRYSTALLINE . .. 3725

FIG. 3. Domain-wall anglex and energy of an antiferromag-
netic grain coupled to a ferromagnetic layer. For a grain with an
easy axis in thex direction and a ratio of coupling strength to
domain-wall energyr=1.5, the top panel shows, as a function of
the gngle,gb of thg ferromagnetic magnetization with respect to the FIG. 4. Unwinding of domain walls. Pané) shows the geom-
x axis, the domain-wall angle and the bottom panel shows the en-

ergy. In each panel, the solidashedl curve gives the result for the €ty being considered: the ferromagnetic magnetizaliy is at

. o ~ ~ . an angle¢ with respect to thex axis, and the easy axis of the
sublattice magnetization along(—u) far from the interface, see . . .
Fig. 2 antiferromagnet has a component out of the interface plane, with an

in-plane projection along the axis. Panelgb)—(e) show the plane

ropagation direction of the antiferromaanetic order and th of the antiferromagnetic spins in the partial domain-wall as the
propag 9 erromagnetic magnetization is rotated from the easy directfon,

easy axes of the antiferromagnetic magnetization can be

i d in thin-fi it del th =0, through the hard directionp= 7. Note that the angle of the
complicated in thin-film antiterromagnets, we model the Sys'partial domain walkr increases when going from the easy direction

tem as having a qnifprm_distripution of eaSY'aXis direCtionsto the hard direction and then decreases without winding up a com-
In general, the distribution will not be uniform; when an piete domain wall.

alternate distribution is measured, it can be averaged over, at

least numerically, in a straightforward manner. In addition, . . . . )

there is a distribution of direct coupling strengths. To com-Wwalls in this grain as a_fun_ctlon of the angle of rotation of the
pare with experiment, all of the results in this paper wouldf€rromagnetic magnetization. . . _

need to be averaged over this distribution. At appropriate In contrast to the behavior ofY spins, which we discuss

points, we discuss the effect of this averaging. below, Heisenberg spins are not fixed to lie in a particular
plane. In fact, the spins in the domain wall are contained in
Ill. RESULTS the plane defined bl andu, which rotates as the ferro-

magnetic magnetization is rotated, see Fig. 4. One important
consequence of this behavior is that domain walls are never
In this section and the next, we ignore the spin-flop couwound up past 180°. The domain wall is wound up to its
pling. In this case, the energy, E@), can be readily mini-  maximum when the magnetization is opposite the projection
mized with respect to the antiferromagnetic magnetizationyf the antiferromagnetic easy axis on the rotation plane.
direction at the interfacan(0). Theminimum is When the magnetization is rotated further, the plane of the

A. Unidirectional anisotropy

E®)

Na?

= (=14 2Ny () +1219),

domain wall rotates so that the domain wall unwinds rather
than winding further. This result is reflected in Eg), where

cosal™<1 if Mgy andu are not antiparallel. If a complete

domain wall were wound up, it would detach from the inter-
t0 half a d ) I Th . face and sweep through the antiferromagnetic grain, erasing
ergy 1o halt a domain-wall energy. The minimum energy e piased state. Thus, this unwinding of domain walls,

configuration hasi, Mgy, andm(0) all lying in a plane.  \yhich occurs for Heisenberg spins, is necessary to preserve
The partial domain W‘f‘” in the antiferromagnet is wound Upihe piased state on rotation of the magnetization. This un-
through an angler defined by winding of the domain wall holds as limiting behavior even
Moy (= 0)+1 when thg rotation plane _includes the_ easy axis. _
cosa*)=m(0)- (=)= FM A — G Expgnmentally, the blaseq state is prepared by allowing
\/1+2r|\7| (= 0)+r2 the antiferromagnet to order in the presence of a fixed ferro-
magnetic magnetization. In the model, we choose the anti-
For each direction of the ferromagnetic magnetization, theréerromagnetic state for each grain that gives the lower energy
are two possible states of the system, depending on the statdth the ferromagnetic magnetization in the direction in
of the antiferromagnet, as specified by the sign,)( For  which the biased state is prepared. If the grains have a uni-
one particular grain, the two configurations are illustrated inform distribution of orientations, this gives a unidirectional
Fig. 2. Figure 3 shows the energies and angles of domaianisotropy with a minimum in the bias direction.

wherer =2J,/oa?, is the ratio of the direct coupling en-
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0 r 4
FIG. 5. Unidirectional anisotropy energy for a distribution of
stable grains averaged over grain orientations, (Eg. The dotted

line is o ey=Jnef2a2.
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the result somewhat. The behavior is the same in both limits,
but the limits are approached more slowly.

B. Irreversible effects

Both rotational hysteresis and isotropic negative FMR
field shifts can be explained by irreversible transitions in
antiferromagnetic grains between two states that are degen-
erate in the absence of coupling to the ferromagnet. In the
present model, grains behave in different ways as the ferro-
magnetic magnetization is rotated in plane, depending on

Choosing the lower energy state for each grain corretheir critical angleac, their orientatioru, and their ratia,

sponds to choosing the signt{ in Eq. (2) such that
+U-My>0, whereM, is the bias direction. Making this
choice for the sign and integrating the energy over all orien
tations of U amounts to averaging over a half sphere. Th

of the interfacial coupling energy to domain-wall energy.
Grains can either maintain a particular antiferromagnetic or-
der far from the interfacéreversible behavigy or they can
switch between the two possible statbgsteretic behavior

®Reversible grains contribute to the unidirectional anisotropy

result can be expressed in terms of Legendre polynomials Qfnq hysteretic grains contribute to the rotatable anisotropy

Mew- Mo
E N n
m:Fo(r)_Fl(r)[MFM' Mo]

1 “ n “ n
+F3(r)§[5(MFM' Mo)3=3(Mey-Mg)]

+ higher odd polynomials,

(4)

whereA is the area of the sampl¢ghe sum ofNa? over all
graing. The coefficientsd=,(r) of the Legendre polynomials
have different forms for <1 andr>1, but are continuous
and twice differentiable at=1;

- — r<i,
3
Fo(r)= 1
3r
' 1 r* r<li
2|7 5 ’
Fi(r)=91 1 L 5
—|1-—=—| r>1,
2|17 52
rs 5r2
— 1 — r<i,
40 9
Fa(r)= 1 5
—l1-=—] r>1
4&2(1 9r2)

From this result, the coefficient of the unidirectional anisot-

ropy energy,— oexl\7l EM* M oIS

g
Te=5Fa(r), (6)
which is plotted in Fig. 5. For weak coupling at the interface
compared to the domain-wall energy: 1, the coefficient is
approximatelyd,.{2a°. For strong coupling at the interface,
it crosses over to approximately/4. Averaging this result

over a distribution of interface coupling energies broadens

seen in FMR and to the high field rotational hysteresis, as
explained more fully below. In grains with<<1, domain
walls are never wound past 90See Eq(3)], so these grains
do not switch fora.;>90°. For simplicity, our discussion

of instabilities focuses on the caag;;>90°. In grains with
r>1, domain walls are wound up to 180° when the plane of
rotation includes the easy axis of the antiferromagnet. As the
easy axis moves further out of the plane toward the rotation

axis (here denoted by the interface normalfor conve-
nience, the winding of the domain wall is less and less af-

fected by motion of|\7IFM. Grains with easy axes close
enough to the interface normal do not switch when the mag-

netization is rotatedn-plane (aroundz). The condition for
grains not to switch is determined by comparing the critical
angle to the maximum angle through which a domain wall is
wound on a full rotation of the ferromagnetic magnetization.
Solving this condition for the angle of the easy axis with
respect to the interface normal, given by 8in

=1-(u-2)?, in terms of the coupling ratia, and the criti-
cal angle, written in terms ofv=cosx;; (note that fora;
>90°,—1<w<0), gives

(1-w?) —wyr2+w’—1

r

sin <

Y

These grains which do not switch add a unidirectional an-
isotropy for in-plane rotation of the ferromagnetic magneti-
zation, but this anisotropy is “erasable” for some out-of-
plane rotations of the magnetization. The unidirectional
anisotropy contribution of grains which behave reversibly for
in-plane rotation of the magnetization is shown in Fi¢p)6
for several values of; .

Grains withr>1, which do not satisfy the condition Eq.
(7), switch antiferromagnetic states when the magnetization
is rotated in plandsee Fig. 7 for example Each grain that
undergoes hysteretic transitions changes energy Byon
each transition, where

AE
oNa?/2

=+[r2+3—2w?—2wrZ+w?—1]2

—[r2=1+2w?+2wyr’+w?-11*2. (8
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0 0 ' 2 FIG. 7. Energy of a hysteretic antiferromagnetic grain coupled
r to a ferromagnetic layer. For the grain described in Fig. 3, now with

FIG. 6. Hysteretic effects. For three different critical angles, 90° &N instability anglex., the top(bottom panel shows the domain-
(solid curves, 120° (dashed curvds and 150° (dotted curvek wall angle(coupling energy. The thin dottgd lines are |QacgeSS|bIe
panel(a) gives the unidirectional anisotropy due to grains that, al-parts of the curves. As the fgrromagnetlc magnetization is rotated
though unstable, are never wound up past the instability pointthrough the angles, the domain-wall angle eventually exceeds the
Panel(b) gives the rotatable anisotropy. Parte) gives the work critical angle, and the antlfe_rromagneyc grain makes a trap5|t|on to
done, due to hysteretic transitions in the antiferromagnetic grains, iff’® Other state. The transitions are given by the vertical lines, and
one a full rotation of the magnetization in the sample plane. Allthe energy difference at the critical angleAg.
results have been averaged over the orientations of the grains.

“average” easy direction always stays close to the direction
This change in energy is independent of the orientation obf ferromagnetic magnetization. If we use the critical angle
the grain, provided the domain wall is wound past its insta-«,; to determine which grains switch, but then assume that
bility point. It is irreversibly lost and dissipated somewheregrains that switch do so as soon as the energy of the other
in the system. state is lower, the rotatable anisotropy takes the simple form

In a high field rotational hysteresis measurement, the
work is the angular integral of the torque, which is in turn the E = oMo N ©)
angular derivative of the energy. Thus, the work done in a ra ra¥t M Hra
full rotation is equal to the total of the changes in the energy . -
in the irreversible transitions. Each grain that undergoes hyswhereM ,=Mgy . Note thatE, is an anisotropy that is con-
teretic transitions does a total work ofAE on each full  Stant for all magnetization directions, yet has a nonzero cur-
rotation of the magnetization, see H&) Since the Change vature for variations around any dlrectla)‘hUSIng these as-
in energy is independent of the orientation of the grain, avSumptions,or, is shown in Fig. €). Because grains either
eraging over a uniform distribution of grain orientations justcontribute to the unidirectional anisotropy or to the rotatable
gives a factor that is the fraction of grains which undergo@nisotropy, the rotatable anisotropy shown in Figh)6and
irreversible transitions when rotating the magnetization inthe contribution to the unidirectional anisotropy from hyster-
plane. etic grains shown in Fig.(@) add together to give the unidi-

Figure c) shows the average work per area per cyble rectional anisotropy for nonhysteretic grains shown in Fig. 5.
for grains with a critical anglexs;, a coupling ratior, and  If the actual reversal is used, the rotatable anisotropy is not
averaged over easy-axis orientations. In this model, domaifxactly aligned with the current direction of the magnetiza-
walls never get wound past 90°, unlesing>1, whereg is  tion and depends on the history of the magnetization. How-
the angle of the easy axis with respect to the interface norever, since the curvature 8- M,,, which is relevant to
mal. Thus, as the direct coupling becomes greater than theMR measurements, is quadratic in the angular deviation
domain-wall energyy increasing past 1, more and more groundM,,= Mgy, the deviation oM, from Mgy does not
grains undergo irreversible transitions, and the rotationainake a large contribution.
hysteresis increases. Asncreases even further, the energy  The rotatable anisotropy will make important contribu-
change in each irreversible transition, Ef), decreases as tions to other experiments which, like ferromagnetic reso-
the direction of the antiferromagnetic magnetization at thenance, are sensitive to the curvature of the free energy
interface becomes more and more locked to the ferromagaround the magnetization direction. Examples of such mea-
netic magnetization direction. surements are Brillouin light scatteridjanisotropic magne-

The grains that do switch for rotation g, in a given  toresistance measurements of small-angle perturbations,
plane contribute an effective field that tends to be alignedind ac susceptibility®
with the current magnetization direction, i.e., a rotatable an- Ferromagnetic resonance measurements of the unidirec-
isotropy. This effect can be seen in Fig. 7. As the magnetitional anisotropy and the rotatable anisotrtfdy show that
zation is rotated in plane, it is on average closer to an energin at least some samples, the rotatable anisotropy is greater
minimum than to a maximum. The easy direction of thatthan the unidirectional anisotropy. If the present model ap-
grain switches to stay close to the current direction of theplies to these samples, the results shown in Fig. 6 imply both
magnetization. With a collection of grain orientations, thethat the direct coupling is large compared to the domain-wall
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. . T the magnetizations of the two films are perpendicular to each
@ Mey — =0 (B) Mpy | ¢ =2 other, lowering the energy of the films and giving rise to the
DOOOOODD 8888@@®% spin-flop coupling!®
} oee0a : o OPROOOOD Figure 8 illustrates how both a direct coupling to the net
> g DODOODD  BDOE ®®®é8 moment of a grain and the spin-flop coupling coexist in each
) NEOOD & grain. Like the model in the previous section, the model with
80600050 9806588 - | in the fimi
SRR3R 20883333 spin-flop reduces to simple forms in the limits when the

domain-wall energy is either strong or weak compared to the
coupling at the interface. In the limit that the domain-wall
energy is strong, the energy reduces to the interfacial terms

Jnet

a2

S~
ol

Interface Energy
o
o 3=
)

E ~ ~ Jsf ~ ~L2
Na2 [MFM‘(iU)]*'?(MFM'U) : (10

FIG. 8. Antif fic Spi led to a f Cp When averaged over orientations, the direct coupling terms
- 8- Antilerromagnetc spins couplea fo a ferromagnet. an'give the exchange bias and the spin-flop coupling terms sum

els (3 and (.b) show a top view of the 'n.terfac'al SPins .for the to an orientation-independent constant because averaging
ferromagnetic magnetization in the easy direction of the direct cou- .

pling to the antiferromagné®) and perpendicular to ib). In panel (M Fw- ) (and higher even harmonicsver a half sphere
(a) the coupling between the ferromagnet and the net moment at th@iVes an orientation-independent constant. Thus, the spin-
interface of the antiferromagnet is strong and the spin-flop couplinglop coupling has no effect on the unidirectional anisotropy
vanishes. In pandb), the coupling to the net moment vanishes, butin this limit.

spin-flop coupling is substantial. Parie] shows the coupling to the However, based on the simple argument given in Sec.
net moment(thin solid line, the spin-flop couplingdashed ling IV D, we expect the opposite limit to be relevant. If the
and the total couplingthick solid line. Also shown is the coupling  spin-flop coupling is stronger than the direct coupling at the
to the net moment if the antiferromagnet were in the reversed statinterface, we expect that the coupling at the interface is so
(dotted ling. In this state, the spin-flop coupling is unchanged. Thestrong that the moments at the interface will be locked in a
angle y shows the relative angle of minimum energy between theconfiguration that minimizes the interfacial energy, forcing
ferromagnetic magnetizatiol gy and the sublattice magnetization partial domain walls to be wound up in the antiferromagnet.

of the antiferromagnet at the interfaca(0). In this limit, the magnetization of the ferromagridt,, and
the magnetization of the antiferromagnetic grain at the inter-

energy and that the critical angle is close to 90° in at least &acem(0) are required to make an angle determined by
large fraction of the grains in these samples.

In some systems, it is possible to reduce the interfacial -~ -~ 1 h<1
coupling by increasing the width of a spacer layer between Mew M) =COSX=1 1 poyg
the antiferromagnet and the ferromagffetf all critical
angles are greater than 90°, grains with weak interfacial cowwhereh=2J/J,. If the ratio of the couplings is less than
pling, r<1, do not contribute to the hysteretic processesone, the two directions are collineagr=0.

Once the interfacial coupling is weak enough, the unidirec- Locking the spin configuration at the interface requires
tional anisotropy will decrease proportionally to the averagdhat partial domain walls be wound up in the antiferromag-

coupling? In this regime, the rotatable anisotropy and then.etic grains. The r_ninimum energy wall i.s fqund wheq the
rotational hysteresis should decrease even faster than tl?érec'_uon of the an_tlferromagne_tlc magnetization at th_e Inter-
o _ ace is coplanar with the direction of the ferromagnetic mag-
uniaxial amsotropz%, roughly as-lerf(1/\/ar). o netization and the easy axis of the antiferromagnet. In this
Schlenkeret al™ have speculated that a “distribution of configuration, the energy of the partial domain wall depends
coercivities in the antiferromagnetic grains” can give revers-gn which state the antiferromagnet is ordered in and is given
ible and hysteretic behavior. Here, we show that distribution%y

of other properties can also produce these behaviors.

(11)

E®) o
_ _ ——=—(1—cosa'®)). (12)
C. Spin-flop coupling Na? 2

To investigate the effect of spin-flop coupling, we add 'tThe energy depends on the angié™) between the antifer-

to the model used in the previous section. For COmplGtehfomagnetic magnetization at the interface and the easy axis.

compensated interfaces with fixed spins, rotating the O“enUsing the angles defined above, the domain-wall angles are

tation of the ferromagnetic moment with respect to the anti-
ferromagnetic moments gives rise to no interaction between

) . . . . -)— —1r/1. N/
the films. However, if the moments in the antiferromagnetic aP=cos M[u-Mey] - x, (13
sublattices are allowed to cant with respect to each other
while the ferromagnetic magnetization is rotated, see Fig. 8, aP=m—cos U-Mgy]—x, (14)

the moments of the antiferromagnet near the interface can tilt
a little in the direction of the ferromagnetic moment whenand the energy is
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and (14) show that in the limit of strong spin-flop coupling,
where y— 7/2, the domain-wall angles satisfy(*)|<7/2,

since the range of cod[u-Mgy] is O to .

Thus, the inclusion of spin-flop coupling reduces the uni-
directional anisotropy dramatically. If we assume that the
spin-flop energyly; is one third ofJ;,, as found by Koort?
and 30 nm is a typical grain diameter, then, the number of
interface spins is roughlii= 10000, and the value df is
approximately 75. When divided by this factor, typical
domain-wall energies, see Sec. IV B become too small to

FIG. 9. Variation of coupling energy with the inclusion of spin- give the observed bias. Either the simple estimates for the
flop coupling. The coupling energy, E€L5), for a particular anti- ~ Size of the spin-flop coupling are grossly in error or there are
ferromagnetic state for a grain with its easy axis aldh@,0 is  other assumptions of the model that lead to incorrect behav-
shown for various values of the spin-flop couplihg=2Jg/J et ior.
h=1.1(solid), h=2.0 (dasheg, h=10.0(dotted. As the spin-flop One way to change the model so that it will stabilize
coupling increases, the unidirectional component decreases and td@main walls wound past 90° with spin-flop coupling is to
uniaxial component increases. The inset shows the size of the unthange the anisotropy of the antiferromagnet. If the domi-
directional anisotropy energy after averaging over grain Orientanant anisotropy is an easy_p'ane, rather than an easy_axis
tions, Eq.(16), as a function of the size of the spin-flop coupling. anisotropy, and there is a smaller easy-axis anisotropy in the
easy-plane, the system can be modeled by a collectiotivof

E® ¢ o*1. . Jh*-1 ————— spins with uniaxial anisotropy. This is the model originally
h 1_ (MFM‘ U) .

I 5t 5 Mew U= studied by Koort® In this model, the domain wall cannot
(15) unwind by changing its plane of rotation because the spins in
the domain wall are forced to lie in a particular plane. This
The first term in the square brackets contributes to the uniallows domain walls to be wound past 90° and hence to give
directional anisotropy. The last term in the square brackets inse to a unidirectional anisotropy. However, when a domain
this equation gives the effective spin-flop coupling for thiswall is wound up to 180°, it still cannot unwind, and in the
grain. Figure 9 shows energy for a typical grain in one anti-absence of any other source of coercivity in the antiferro-
ferromagnetic state as the magnetization is rotated in planepagnet, the domain wall can detach from the interface and
for several ratios of spin-flop coupling to direct coupling. For propagate through the antiferromagnet, erasing the biased
spin-flop coupling weaker than the direct couplings<l,  state.
h should be replaced by 1 in E(L5). In this limit the spin- Looking at the model withXY spins in more detail, the
flop coupling has no effect whatsoever. energy, Eq.(1) does not change, except that the antiferro-
Figure 9 shows how the energy varies as a function of thenagnetic magnetization is constrained to be perpendicular to
rotation angle of the ferromagnetic magnetization as theome directionp. The first consequence of this is that even
spin-flop coupling is increased. When the spin-flop couplingin the limit in which the interfacial coupling is strong com-
is comparable to the direct coupling=1, the energy for pared to the domain-wall energy, the interfacial coupling
this grain has a strong unidirectional component. As theannot necessarily take its minimum value because the anti-
spin-flop coupling increases, the unidirectional componenferromagnetic spins cannot rotate out of their allowed plane.
decreases and the uniaxial component increases. In the limiyith this constraint, in the limit of strong interfacial cou-
of pure spin-flop couplingh— <, there is no unidirectional pling, the domain-wall angles, Eq&l3) and(14), become
component at all.

When the energy, Ed15), is averaged over the easy-axis =) 1 U-Mey
i i i i i a'7'=c08 | —
orientations, the result in the biased state is \/ﬁ
1-(p-Mgm)
E__©° Mgy M (16) 1 1
A 4 FM O +cos ! o , (17
\/ ~ N 2
Note that the effective spin-flop parts of the interaction in 1=(p-Mew)
Eqg. (15 make no contribution to the total interaction, Eq. Ry
(16), as was the case in the limit of large domain-wall en- IS | u-Mem
. . . . o '=m7—CO0S | —V/— X — —
ergy. What remains is the same as found without spin flop /1_(@ 7o)
but has the additional factor off,/ providedh> 1. The uni- P-Men
directional anisotropy constant is shown in the inset of Fig. 1 1
9. In the limit of strong spin-flop coupling, the unidirectional +cos Y - ———|, (18
h Ja_ /a2
1-(p-Mgm)

anisotropy goes to zero like H# J,o/2J because domain
walls never get wound up past 90°. In Sec. Illl A, we dis- . )
cussed how domain walls in Heisenberg antiferromagnetehereu is the anisotropy axis perpendiculargo When the

with uniaxial anisotropy never get wound up past 180° withabsolute value of the argument of the last Coin each
direct coupling. Similarly, 90° partial domain walls can un- equation is greater than one, the argument should be replaced
wind with spin-flop coupling at the interface. Equatidd8) by one, setting the terms to zero.



3730 M. D. STILES AND R. D. McMICHAEL PRB 59

An important difference between the model with Heisen-rection so the barrier to reversal is significantly reduced. This
berg spins and this model witkY spins, is that the argument reduction in the coercivity for perpendicular field directions
of the first cost in Egs.(17),(18) has the extreme values1 has been observed experimentafly.

when Mg, is rotated through 360fin any plane. In this Even for perpendipular field direc_:tions, coupling to.the
case, rotating the ferromagnetic magnetization winds u@mtlferromagnetlc grains should still increase the coercivity,
complete domain walls, in contrast to the case of the modejue t(_) hysteretic t_)ehawor_ln the antlferromag_nenc grains. If
with Heisenberg spins, in which the partial domain wallsthe width of domain walls in the ferromagnet is much larger
unwind, as discussed in Sec. Il A. The complete domairihan the grain size, the magnetization reversal effectively
walls are not attached to the interface as the partial domaiRroceeds by local coherent rotation, from the perspective of
walls are. When the complete domain wall detaches from théhe antiferromagnetic grains. If this rotation had the same
interface and sweeps through the grain, it essentiallpense for increasing and decreasing fields, the hysteretic tran-
switches the antiferromagnetic order far from the interfaceSitions would contribute an area to the hysteresis loop equal
The partial domain wall then makes a transition frai) 10 the high field rotational hysteresis. However, it is likely
=+ to o(F)=0. After the transitions, the energy in the that the rotation will be in opposite senses for increasing and
partial domain wall can be described either as going to zerdl€creasing fields. This means that there will be parts of the
with a domain-wall energy irreversibly lost, or as continuing system that behave |rre_ver3|bly in th_e rotational hysteresis
to increase above a domain-wall energy. measurement, but not in magnetization reversal. Thus we
An alternate possibility to switching the antiferromagnetic xPect that the contribution to the area of the hysteresis loop
order is that the complete domain walls get pinned somelrom these hysteretic transitions will be somewhat smaller
where in the antiferromagnet by some additional source of@n the high field rotational hysteresis. On the other hand,
coercivity, allowing multiple domain walls to be wound up. there are likely to be some irreversible processes intrinsic to
Either of these possibilities have experimental consequencd@€ ferromagnet associated with nonuniform domain-wall
that should be observable in rotational torque experiments. fnotion in the ferromagnet. These processes will increase the
the domain walls propagate out the back of the sample, th&f€& of the hystergas loop, but will not affect the high-field
bias would be partially “erased” in experiments in which rotational hysteresis measurement. _
the (saturatell magnetization is rotated through some large ©Other models have been developed to describe ,th?l ther-
angle. Such behavior is not seen in ferromagnetic resonandB@! and temporal behavior of exchange-bias systemsl’Ne
experiment$? On the other hand, winding of multiple walls developed an analogy between the behavior of an antiferro-
should also be observable in a rotational torque experimerfp@gnet and a standard phenomenological model for a ferro-
in which the magnetization is rotated a full circle in one Magnet. From this analogy, he provides explanations for the
direction, and then rotated back in the opposite directionP&havior of exchange-bias systems when the hysteresis loop
The rotational hysteresis should be significantly less on th& cycled through several times. Fulcomer and Chidrelp-
return trip than it was on the forward trip since the antifer-veloped a model for the thermal behavior by considering a

romagnetic domain walls will contribute a restoring torque. distribution of antiferromagnetic grains with simple behav-
ior. The thermal instability of the grains gives rise to the

temperature dependence of the exchangei&s.
The model presented here differs from that given by Ful-
A. Coercivity comer and Chardp in several respects. In that model, the

Predicting the coercivity from the model described aboVeantiferromagnetic grains have a uniform orientation and a

is more complicated than predictions for experiments inunlform magnetization. They have distributions of interfacial

which the ferromagnetic magnetization is uniform. Since theCoupllng energies and barriers to reversal. In the present

coercivity of a biased film is generally quite different than mpdel, Fhe antlferrom_agnetlc grains have complet_ely random
the coercivity of a similar, but unbiased film, it is not correct orientations ar_lgl p_art|al do”?a'”s walls. We conS|d_er the ef-

to use the same model of magnetization reversal that defgcts of.lnstabmty in the grains on measurements like ferro-

scribes the unbiased film. If the reversal mechanism are diff'2gnetic resonance and (ota}tloqal torque. _However, we have
ferent for increasing and decreasing magnetic fiéldso not 'conS|dered detallled distributions of critical angles or as-

models for the coercivity would be needed. sociated energy barriers.

In one qualitative model for a hysteresis measurement, as
the field is reduced from saturation, the antiferromagnetic ) ) _ )
grains apply torques to the ferromagnetic magnetization that 1he properties of domain walls in the antiferromagnet are
vary from grain to grain in magnitude, and direction. This determined by the antiferromagnet’s exchange coefficient
variation in torques leads to ripple in the ferromagnetic magAar. and anisotropy energies,,; for uniaxial anisotropy,
netization in the plane of the interface. With the field appliedthe domain-wall energy isr=4yAseK,, and the domain-
parallel or antiparallel to the bias direction, there are torquewvall width is 6= JAe/K,. The exchange coefficient,
in both directions, so that some parts of the system willAsr, is related to the exchange constadi: by Axr
nucleate clockwise reversal while others will nucleate coun=1fJ:Sar/a, wheref is a numerical factor of order unity
terclockwise reversal. These variations lead to a barrier fothat depends on the crystal structuads a lattice constant,
reversal, and lead to irreversible work being done in the ferand S, is the length of the spin. When the thickness of the
romagnet when that barrier is overcome. However, for apantiferromagnet is small enough compared to a domain-wall
plied fields perpendicular to the bias directignut still in the  width, a partial domain wall will “see” the end of the film
interface plang all of the local torques are in the same di- and unwind itself, switching the antiferromagnetic spins far

IV. DISCUSSION

B. Antiferromagnetic domain walls
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from the interface, and removing the bias efféct. similar in magnitude to the exchange constant in the ferro-
Experiment33®3Lshow that the exchange bias does not semagnet or the antiferromagnet. Typical exchange constants
in for NiO until the thickness is about 40 nm. This thicknessare J,-~19 meV in NiO (Ref. 32 and about)g,~10-50
can be used as an estimate of the domain wall width in theseeV in fcc alloys of Ni and F& However, we note that,
thin films. since the exchange mechanism in the ferromagnet is direct
There are several experiments that have yielded valuesnd the exchange mechanism in the antiferromagnet may be
of Asr and K,, for bulk and single-crystal superexchange for example, as in NiO, the interfacial ex-
antiferromagnet®?3® In bulk NiO, the strongest anisotropy change constant may be very different from either of the
is an easy-plane anisotropy; the domain-wall properties fobulk values.
rotations of the spins out of this plane areae
~12.4 mJ/M andSxe~11 nm3 In this easy plane, there is . _ .
a weaker sixfold anisotropy; the domain-wall properties for ~The strength of the spin-flop coupling depends on the in-
~0.068 mJ/M, and Spr~2.0 um.* In bulk FeR, the IS relat_ed to the antlferro_magnenc exchadge by a S|mple
dominant anisotropy is uniaxial; the properties of the domairfiumerical factor. To estimate the strength of the spin-flop
wall areopr~6.4 mJ/nd, and S4e~1.38 nm. These values coupling co.nS|der the situation when the fgrromagnet spins
may be useful as a guide for evaluating theoretical resultg?nd the antlferromagnet|c spins are essent|_ally perpendlcular
but there is convincing evidence that the anisotropy of somé €ach other. Then, if the antiferromagnetic spins cant at a
antiferromagnetic materials is different in thin films, perhapsSmall angles6, the interfacial energy per antiferromagnetic
because of stresses in the films. In CoQ@e[001] multi-  SPin is reduced by approximately,niy 66, wheren;, is the
layers, for example, the Co spins lie along #&10] or number o_f nearest-ne_|ghbqr ferromagnetlc spins coupled to
[110] directions® while in bulk CoO, the spins have three each antiferromagnetic spin at the interface. At the same
easy axes canted 8° out of each 111 piiniso, in single- time, the antiferromagnet energy is increased by approxi-

2 .
crystal platelets of NiO, the surface can be “lightly pressed”rnately Jar(Nae/2)(200)°12, wherenye is the number of
to orient the alternating planes of spitis. nearest-neighbor spins of the opposite sublattice for an anti-

ferromagnetic spin at the interface. There are additional con-
tributions for neighbors below the interface, which can be
C. Direct interfacial coupling included by makingnag an effective number of neighbors.
Because the interfacial energy reduction is lineabéhand

At the interface between the ferromagnet and the antifer . : . : .
romagnet, there are two contributions to the coupling energyn€ antiferromagnet energy increase is quadratic, there is a

direct collinear coupling to the net moment of the antiferro-Minimum in the combined e”erg}’TJﬁtnﬁJ(“AF”AF)-
magnet and indirect spin-flop coupling. In this section andSince Niye and nae depend on the interface geometry, we
the next, we present simple estimates of the size of both. Thgharacterize the spin-flop coupling by an effective exchange
strength of the direct coupling depends on the degree dnteraction,Jg=J7/Jer. For each grain, the total spin-flop
compensation of the moments at the interface and on theoupling is given by this energy times the number of inter-
interfacial area of the independent parts of the antiferromagfacial spinsN for that grain.
net. A completely compensated interface has the same num- For typical grain sizes and for comparable values of the
ber of moments from each magnetic sublattice of the antiferinterfacial exchange constant and the antiferromagnetic ex-
romagnet, and hence no net moment. However, over finitéhange constant, this simple argument implies that the spin-
areas the compensation is not exact because the interfack@p coupling is much stronger than the direct coupling to the
are rough. In particular, the interface of each grain in a polynet moment of each grain. The average magnitude of the net
crystalline antiferromagnet will have a small net moment,direct coupling is reduced from the exchange consigpby
due to a predominance of spins from one sublattice or tha factor of YN, but the spin-flop coupling is only reduced
other at the interface. Even nominally uncompensated inteffrom J;,, by the factord;,,/Jes. There is experimental evi-
face orientations, those on which moments from one sublaence in several systefi$’ that the antiferromagnetic mo-
tice predominate for ideal interfaces, will be mostly compen-ments are perpendicular to the ferromagnetic moments.
sated due to the roughness at the interface exposing terraces
of both sublattices. Because of the roughness of the inter-
faces, we assume that each grain of an antiferromagnet has In this section, we focus on domain walls in the ferromag-
an almost compensated magnetic interface, regardless of tiet parallel to the interface. In a soft ferromagnet, the prop-
crystallographic orientation. erties of domain walls are mainly determined by the applied
If the difference in the number of spins from the two field and the exchange, when the applied field is higher than
sublattices is statistically distributed around zero, the meathe anisotropy fields of the ferromagnet. In this case, the
magnitude of the difference is proportional tiN, for a  domain-wall  energy,  §2uoHMgyAgy,  increases
grain with N spins at the interfacE. The total direct ex- and the domain-wall width, #\VAry/2uoHM gy, decreases
change coupling between the ferromagnet, assumed to Wgith the square root of the applied field, HereM gy, is the
uniform, and this grain is then equal to the exchange constamhagnetization of the ferromagnet, aAd,, is the exchange
Jint for an individual pair of spins across the interface timescoefficient. Thus, for high enough applied field, the domain-
the net number of spins. Thus the average magnitude peyall will be completely squeezed out of the ferromagnet and
spin of the direct coupling is roughly,.~Ji/VN. The into the antiferromagnet. The size of the necessary field is set
interfacial exchange constardt,, is usually assumed to be by the domain-wall energy of the antiferromagnet.

D. Spin-flop coupling

E. Ferromagnetic domain walls
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If the hysteretic processes that contribute to the isotropic TABLE I. Unidirectional anisotropy for several models. For dif-
FMR field shift and the high field rotational hysteresis occurferent limiting cases of the relative values of the domain-wall en-
in the ferromagnet, the field dependence of these effecterdy o, the direct coupling at the interfack;, and the spin-flop
should be different than if they occur only in the antiferro- coupling Jg, this table gives the bounds on the angles of partial
magnet. In the ferromagnet, the winding of domain wallsdomain wallse, and the size of the unidirectional anisotropy .
parallel to the interface could give an isotropic FMR field “No bound” implies that(multiple) domain walls can be wound up
shift and a high field rotational hysteresis if the ferromagne@st 180°, which then makes the exchange bias “erasable.
makes irreversible transitions between configurations. How-

ever, if such irreversible processes do not occur in the anti- Heisenberg spins XY spins
ferromagnet, both effects should go away in fields high Energy limits @ Tex o T
enough to push domains walls into the antiferromagnet. In

addition, when there are partial domain walls in the ferro-0>Jnet  Js=0 =0  Jyof2a° ~0 Jnef2a®
magnet, the ferromagnetic magnetization is not fully satuo>Jst  Jne=0 ~0 0 ~0 0
rated. In many exchange-biased systems, the remanent malje®>o  Js=0  <180° al4 No bound  Erasable
netization is very close to the saturation magnetizationJ)s>o  Jpe=0  <90° 0 No bound Erasable

implying that domain walls cannot occupy a large fraction of
the film thickness. In an NjFe;o/FeMn exchange-bias sys-
tem, neutron-scattering measurem&htshowed that there some grains the coupling at the interface is strong enough to
was no domain wall in the ferromagnetic \fte;g. While  wind up partial domain walls in the antiferromagnet as the
there are indications that domain walls parallel to the interferromagnetic magnetization is rotated. The state of these
face in the ferromagnet could be important in othergrains becomes unstable if the partial domain walls are
systems*#?we assume that the applied field is large enoughwound past some critical angle. When the domain walls are
to saturate the ferromagnetic magnetization. wound past this angle, the antiferromagnetic order in the
grain changes irreversibly. As the magnetization is rotated in
V. SUMMARY the plane, the energy lost in these transitions gives the hys-
The results in this paper fall into two basic categories. |nteres?s_ seen in rotational torqug experiments. In add.ition, the
Sec. I, we presented a model to explain both unidirectionafransitions in the unstable grains put the system in lower
anisotropy(Sec. IIl A) and hysteretic effectélll B) that are  €Nergy state_s; thls_means that on average the_ easy dlre_ctlon
seen experimentally in exchange-bias systems. Then in Segf these grains points toward the ferromagnetic magnetiza-
Il C, we discussed the behavior of different models for thetion This behavior can be described as a rotatable anisot-
interfacial coupling and the symmetry of the antiferromag-foPy, always favoring the present magnetization direction.
netic spins. Th_e rotatable anisotropy gives rise to an isotropic FMR field
The rotational hysteresis seen in high field rotationa/Shift _ _
torque measurements and the isotropic resonance field shift Table | summarizes the results of the models considered
seen in ferromagnetic resonance measurements both suggsthis paper. For both Heisenberg spins &t spins, if the
that there are irreversible processes occurring in at leadptal interfacial coupling is not strong enough to wind up
some multilayers that exhibit an exchange bias. Since thesgomain walls in the antiferromagnet, the direct coupling
measurements are done in magnetic fields high enough @Ves & unidirectional anisotropy and the spin-flop coupling
saturate the ferromagnetic magnetization, these irreversibfePntributes a uniaxial anisotropyrom each graiiy but no
processes must occur in the antiferromagnet. Irreversiblnidirectional anisotropy. For Heisenberg spins, if the total
processes in the antiferromagnet imply that the exchang@terfacial coupling is strong enough to wind up partial do-
bias is more complicated than simply a coupling to a fixedMain Walls, _the direct coupling gives a un|d|r_ect|0nal anisot-
antiferromagnetic state. In fact, these irreversible processé@PY Which is reduced by the spin-flop coupling because the
imply that the coupling must be strong enough in some anPartial domain walls tend to unwind when they get wound up
tiferromagnetic grains to reverse the order far from the inter£lose to 90°. In the limit that the spin-flop coupling is much
face. stronger than the direct coupling, the unidirectional compo-
The loop shift seen in hysteresis measurements as well &Nt goes to zero. FOKY spins and strong interfacial cou-
the high field rotational hysteresis and the isotropic FMRPling, direct COUP“”Q_ and spin-flop coupling t_)ehave simi-
field shift can be explained by a model in which the ferro-larly. When the coupling is strong enough to wind up partial
magnet is coupled to independent antiferromagnetic graindomain walls in the antiferromagnet, the walls do not un-
with random orientations. Here, we have assumed that th@ind, but rather complete domain walls get wound up. These
antiferromagnet consists of Heisenberg spins with uniaxiaf'® pushed away from the interface, and propagate out the
anisotropy and that the coupling at the interface is the direcP@ck surface of the antiferromagnet, effectively reversing the
coupling of the ferromagnetic magnetization to the net pre@ntiferromagnetic state.
dominance of one antiferromagnetic sublattice over the other
at the grain interface. The exchange bias comes about be-
cause the antiferromagnetic order is established in the pres-
ence of the ferromagnetic magnetization, and the strength of This work was supported in patR.D.M.) by the NIST
the bias is approximately set by the lesser of the strength ohdvanced Technology Program. The authors would like to
the average direct coupling and the domain-wall energy. thank J. A. Borchers, R. J. Celotta, A. Davies, Y. ljiri, and D.
To explain the irreversible processes, we postulate that iff. Pierce for critical readings of the manuscript.
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