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We use an atomistic Heisenberg model in conjunction with the classical Landau Lifshitz equation
for the spin motion to study coupling mechanisms between ferromagn&id) and
antiferromagnetic AFM) films. Calculations for CoO/FM illustrate that there are two coupling
mechanisms at work, the spin—flop coupling and an AFM—FM coupling through uncompensated
defects. While the latter accounts for exchange bias and related phenomena, the former gives rise to
a large coercivity and perpendicular alignment between FM spins and AFM easy axis. A
combination of the two mechanisms explains apparent discrepancies between reversible and
irreversible measurements of the AFM—FM coupling. 1®99 American Institute of Physics.
[S0021-897€99)31508-5

|. THE PROBLEM OF AFM—FM COUPLING uncompensated at the atomic scale may be compensated on
average over longer length scales when it is rough. Only

“Exchange bias,"* which refers to a shiftiley) in the  when interfacial terraces are much larger than the AFM do-
magnetization curve away from the zero field axis, is prob-main wall width, would one have the situation where the
ably the most intriguing of several phenomérabserved AFM can break up into domains which have uncompensated
when a ferromagnéfM) is in contact with an antiferromag- interfaces with the FM. Otherwise the AFM domains will
net (AFM). Consequently most theoretical work®on the  span several terraces and their interface to the FM will be
subject has been primarily concerned with the description ofompensated. Thus the case of magnetically compensated
this asymmetry in the magnetization curve. Despite four deAFM interface planes seems to be more relevant for the ex-
cades of research since its discovery, the understanding ehange bias problem.
this effect is still not established. Using localized atomic spins, Hinchey and Miflsand

The key issue in a theory of exchange bias is understandecently Koofi demonstrated that, due to frustration of inter-
ing how the coupling between the AFM and FM leads to afacial spins, the FM magnetization will align perpendicular
unidirectional anisotropy. The eXperimenta”y observed shift to the AFM easy axis when the AFM interface p|ane is com-
in the magnetization curve implies that the two configura-pensated. This establishes the coupling between the FM and
tions at the respective endpoints of the curve have differenthe AFM when the interface is compensated and is referred
energies. In the case of an AFM/FM system with largets asspin-flop coupling However, contrary to Koon's ex-
enough anisotropy in the AFM, only the spins in the FM will pectation, spin—flop coupling does not lead to the formation
invert upon reversal of the applied field. Since the two conf 3 domain wall in the AFM during FM magnetization re-
figurations are not equivalent by inversion symmetry theyyersal and therefore in itself does not lead to exchange
can have different energies, depending on the nature of thg;513

coupling between the AFM and FM spins. A different route was taken by Malozemdfiwho ex-
When the interfacial layer of the AFM is uncompensatedp|ained the coupling as due to a random field which he at-
and perfectly flat, the existence of a coupling between thgripyted to interface roughness. This theory is particularly
FM and AFM is straightforward to understahdt is clear  appeqling because it accounts for many of the observations
that in a simple model in which the interfacial AFM spins {hat are related to the loop shiftHowever, some of Maloz-
maintain (approximately their initial relative orientations, emoff's conclusions with regard to dependence of the ex-
the initial and final configurations, before and after reversa[:hange bias on the AFM layer thickn@smd the observed
of the applied field will have different energies. For this case;ncrease oH ., with decreasing interface roughness in some
Neef and later Maurkt al* have shown, that realistic values system& have led to arguments against his thetrySuhl
for He, can be obtained when a domain wall forms in theang shulle? have recently proposed yet another mechanism
AFM during the reversal of the FM magnetization. When theyhich explains the loop shift. They use a quantum mechani-
interface plane is compensated however, the nature of they description of the spins and show that the emission and
AFM—FM coupling is not obvious. o __ reabsorption of virtual spin waves leads to exchange bias.
Experiments indicate that the loop shift is of similar  cjearly there are several possible mechanisms that lead
magnllgul(ile for compensated and uncompensated intefg the result that the energies of configurations with reversed
faces.™™ Furthermore, an interface which is, in principle, g\ magnetization are different which, in turn, implies a uni-
directional shift of the magnetization curve. However, a
dElectronic mail: schulthesstc@ornl.gov theory has to explain other important effects that are known
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to be related to the AFM—FM coupling. Discussing all of
these effects would require ant entire book chapter. Thus we
restrict ourselves to the following effects which have been
observed in many different AFM—FM systent$) Exchange
bias, positive and negative, as well as related phenomena
discussed by Malozemdfaind the dependence Hi,, on the
interface roughness(2) The large coercivilf~*® that is
known to be related to the coupling because it disappears
when the AFM is disordered3) The perpendicular align-
ment between the FM magnetization and the AFM easy
axis1®1"19%(4) The observation that reversible measurements
of the coupling can yield values several times larger than
those determined from the loop shif,.2%%

While all of these effects are observed in some AFM/FM
systems, some are missing in other systems. For example, a
coercivity related to the coupling is observed when Permal-
loy (Py) is in contact with FeRh but the system shows no
exchange bia¥ The opposite is the case when FeMn or
IrMn are used as AFMs: in these systems, the coercivity i$IG. 1. Top view of CoO—FM(111) interface with compensated AFM
small but the exchange bias can be considerable. The theoterface plane. Filled and open arrows indicate, respectively, the unrelaxed

thus also has to be able to account for the possible absence"iﬂd relaxed moment directions in the AFM layer. FM moment directions are
given by triangles. The two possible spin-flop states for a given FM mag-

some of the effects. ) ) _netization direction are labeled with andB, respectivelyA,, andBy, are
In the present work, we start from a microscopic descrip-the corresponding states with reversed FM magnetization and a domain wall

tion within an extended Heisenberg model and use thé the AFM. The fa_n of‘arrows on one pf the atoms indicates sch_ematica_llly
Landau-Lifsitz equation to investigate the rather complex[9 " TeTer hectonscrange gong o e AEM o e e
magnetic configurations that can occur at AFM—FM inter-(eyersed FM magnetization are denotedAdyands’.

faces. We use CoO witkil1]) interface planes as a model
AFM-layer, since it is the system for which many experi-
ments are published and, more importantly, in which all of J . .
the above mentioned effects are observed. Our microscopic g #i= y(iOH) +o m

calculations will be limited to idealized situations in which . ] o

the AFM and FM films are single crystals and in a singleWhereHilM]=—(d/du)E[M] is the local magnetic field,
domain statdi.e., we exclude the formation of domain walls ¥ iS the gyromagnetic ratio, and is an arbitrary damping
perpendicular to the interfageBut nevertheless, we are able Parameter. The results do not depend on the actual values of
to show, that even in this simplified context most relevanth® damping constant because the EOM is only used to find
effects can be accounted for. We will discuss implications ofduilibrium solutions and to determine the stability of these
our results to situations that currently cannot be handled witfolutions. With present computational resources, the treat-

1

-> a >
mil = i

a microscopic approach. men_t of d_omain walls perpendicular to the interfac_e is r_10t
feasible with our method. We thus treat only states in which
Il. METHOD AND MODEL there is a single domain parallel to the interface in order that

In our model, a spin configuration is a set of three-the magnetic configurations are two-dimensional periodic.
dimensional vectorsV ={/;}, which are located on atomic This implies that during field reversal the magnetization ro-
sites,i where we assume the bilayer to be periodic in the twdates coherently. We start with an initial solution of the EOM
dimensions parallel to the interface. The energy of the spifor & certain applied field. Then we change the values of the

configuration consists of four terms, applied field in steps and determine the new solution of the
EOM. When the applied field is reversed and there is an

E[M]=Ez+E,+EatEp, energy barrier that prevents the FM from switching, the ini-

of which the first three are, respectively, the Zeeman energyial solution becomes metastable. By further increasing the
Ezzziﬂiﬁextr the exchange energyE;=—X;;J;55, magnitude of the field one approaches a bifurcation point

with §=4/|g|, and the anisotropy energy,E, Where the metastable solutions becomes unstable and the FM
=K sir? 6 . The magnetic momentg,; , the exchange pa- Magnetization swnche§ to 'allgn with the app!|ed flgld. The
rameters,J;; , and the anisotropy constants;, for CoO/ magnitude of the applled. flelq at the bifurcation point then
Py(111) and CoO/C6l1l) bilayers have been specified corresponds to the coercive field.

elsewheré? The mangnetostatic contribution to the energy is

Eo= ik~ (i) (M)}/IR ~ R[°, wherepy; is Ml SPINZFLOP COUPLING

the unit vector that points into the direction that connect the  we begin with a qualitative discussion of the possible

sites atR; and Iij . The magnetic moments are subject to thespin configurations in our CoO/FM system. Since we assume
Landau-Lifshitz equation of motionEOM) with the the CoO interface plane to be compensated with a fixed
Gilbert—Kelley form for the damping term, uniaxial anisotropy, we are left with two equivalent AFM
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pplied Ficld (Ocrsted) layer. A typical magnetization curve is shown in Fig. 2. The

FIG. 2. Typical set of magnetization curves for perfédtamonds and  effect of spin-flop is that it hinders the FM magnetization
rough (squares interface. This particular example is for a 200 A Py film reversal giving rise to hysteresis with large coercivity. Val-
with J._=16 meV and AFM anisotropy axis along th&17]. ues forH, are given in Table I.

IV. A MECHANISM FOR THE LOOP SHIFT

spin-configurationgdenoted byA andB in Fig. 1). If both The conclusion of the last section is made under the

thel AFMhand the FMhsplns_are .”g.'dly aligned arpohng thlem'idealized assumption that the interface is perfectly flat. Re-
Se vesi', the eneLglet Hel)étl\_/l 0) is mdgperndent 3 ,tAISI\/Te a alistically, however, the interface will be rough and contain
tive alignment between magnetization an €aSYyefects such as dislocations. A simplified way to incorporate

axis. I—_|owever, when the spins are allowed to cant in order tQue ot related to interfacial roughness such as steps, islands,
minimize th_e energy(eg._, by solving the EO) the_ FM ., or point defects into our calculations, is to replace an FM site
mome‘_‘ts align pefpend|cular t(.) the AFM easy axis WhlC}\Nith a corresponding arrangement of AFM sites on the FM
gives rise to the spln—flop coupling. In the follow!ng, we call side of the interface. The case of a point defect is illustrated
the axis parqllel to Fhe mterface. and perpend|cular to th(?n Fig. 3. The defect moment is coupled to only one of the
AFM easy axis thespin-flop coupling axis two AFM sublattices. The net interaction of the FM with the

. For each AFM sp_ln—conflguratlon there are tWo ways 10y, AFM sublattices is no longer balanced. This causes the
align the FM perpendicularly and we are left with four statesg, to cant away from the spin—flop coupling axis as indi-

(A, A", B, anQB’ n Fig. .1) that have the same energy when cated by configuratio® in Fig. 3. ConfiguratiorD is only

no external field is applleo_l. The Zeer_nan term lifts the four'one of four possible states with lowest energy, and we as-
fold dege_neracy when a f|e|_d is applied and selects the tW ume that it was selected by an external field that points into
states which have an FM spin-component parallel to the fiel he second quadrant of th plane. When the field and the
as the new energy minima. We choose the initial field _direC'FM magnetization are reversed we arrive at configuraion
tions suc_h, tha_t stated andlB have Iowgst energy. Since in Fig. 3. As a consequence of the unbalanced exchange
both _conﬂgurauons. are equwalent, we wil chod;éqr th? coupling between the FM, the defect and the AFM, the en-
remainder of the d.lscugspn. When the magnetic f|eld. 'S T€rgy of D’ will be higher and the magnetization curve that
v_ersed there are, in p.rlnglple, two p.ossm.Ie final Conf'gura'corresponds t®—D’ —D will be shifted.

tions. The first possibility is the state in which a domain wall The magnitude of the shift depends on the density of

has formed in the AFMA,y in Fig. 1). The second possibil- these uncompensated defe@irger shift for more uncom-

ity is_the spin-ﬂop state with revers_ed FM spims’ in Fig._ pensated defedts For CoO/Py, however, Takanet al?
1). Since, upon field reversal, configuratiéd is energeti- have measured the amount of uncompensated AFM magne-

callydequwarl]lent t%\A T\? rlagnﬁt'zat'gn I(;qup ;ha('; corr]re- tization along the direction of the applied field and have
sponds to the path—A —A will not be s !te - On e gawn that it correlates with the values tef,. In our cal-
other handA,y has to accommodate a domain wall and thus

) , culation, we use a A4 unit cell with one point defect per
has higher energy thah andA.. There.fore the loop oA cell and apply a field parallel to the interface plane at an
—Aw—A will show exchange bias. This is as far as we can
go with a qualitative discussion. The decision as to which of
the two paths the spin-system follows depends on the relative e ¥, , v =D
energy barriers between the states and has to be determined
numerically.

When the spin motion is restricted to the plane parallel
to the interface, as in the calculation of Kodithe pathA
— A’ is impossible since it requires the spins to come out of
plane when they rearrange. However, when the EOM iSZIG. 3. Magnetic configuration of an CoO-F\11) interface, where one
solved without any restrictiof, the energy barrier ofA FM site has been replaced by an AFM site. The nomenclature is similar to
— A’ is lower than the domain wall energy &, and the that of Fig. 1, where the open triangles in configuratidmdicate that the

system switches betweg@nandA’ when the field is cycled, "™ moments are slightly canted away from the ideal spin—flop coupling
axis. In configuratiorD’ the FM spins are simply inverted. Dashed lines

giving_ rise to a symmetric magnetization curve. This is 'Fhehighlight the next nearest neighbor interactions between the defect site and
case in both modefS Koon’s and the present CoO/FM bi- one of the two AFM sublattices.
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angle ¢, =10° from they axis. For this setup, we find that 33
the amount of uncompensated AFM magnetization projected
onto the field axis is about 1% of the moments in a CoO
monolayer. For this amount and a Py film thicknesslgf
=300 A Takanoet al. measured a loop shift of 50 Qéhis
corresponds to about 75 Oe whepy,=200A). A typical
magnetization curve is shown in Fig. 2 and the calculated
loop shifts and coercivities are given in Table I. The calcu-
lated values foH ., agree reasonably well with experiment.
We conclude this section with a remark on positive ex- 15 + i v
change bias. In configuratio®, the net uncompensated FM layer thickness (am)
AFM magnetization points away from the FM spins and thegig, 4. Effective AFM-FM coupling strength between CoO and Co vs
applied field. This is because the negative exchange couplingickness of the Co film. Experimental valu@gsossesare taken from Ref.
to the FM overwhelms the Zeeman coupling between the ne0. Theoretical values represerit & calculated fodg_g=16 meV(squares
magnetization of the defect and the applied field. In prin-2"dJr-r=12.4 meV(diamonds.
ciple, however, one could think of a different system in

which the Zeeman coupling of the defect is more import_anrthe bilayer and the Heisenberg Hamiltonian used for the cal-

for very _Iargg coolmg_ fields. I _this case the spin- culation both contain significant approximations.
configuration is preset into the state with higher energy

(which corresponds t®’) and would switch to the lower
energy state upon field reversal, resulting in a positive shif%/l' DISCUSSION
of the magnetization curve. Note that cooling in a very large  In the previous three sections we have shown that the
field is the actual requirement to observe positive exchangperpendicular coupling, the coercivity, the loop shift, and the
bias?* strong coupling seen in reversible measurements, can be un-
derstood within an atomistic Heisenberg model. The model
used in the calculations, however, is in many respects too
V. REVERSIBLE MEASUREMENTS sim_plg to accur_ate]y describe the situation in thin films. It
envisions a periodic arrangement of one type of defect and
In order to determine the spin—flop coupling strength,gives the proper loop shift, but it does not explain other
we apply a small fieldH , , parallel to the interface plane but effects related to the loop shift. In a realistic interface, the
perpendicular to the spin—flop coupling axig(=90°). We  defects will be of different types and will be randomly ar-
then solve the EOM and determine the energy differenc#anged. On average, the interactions between the AFM and
AE=E(H,)—E(0) and the anglep, between the total mag- the FM may be fully compensated when the AFM is in a
netization and the coupling axis. For small enough ffélds single domain state. However, when the system is cooled in
the results satisfy the relations the presence of coupling to an ordered FM film, the AFM
. may break up into domains with walls perpendicular to the
AE=Ke( dem)Sift* ¢=Kei(dew) 67, @ interface such that the exchange coupling due to the defects
where we have introduced effective coupling strenégtl;.  no longer cancels. This is precisely the mechanism that leads
Since the spin—flop coupling only applies to interfacial spinsto the Imry—Ma type of random fielf. Therefore, extending
and the FM spins are not rigidly coupled to each other, thehe current model of rough interfaces to realistic length
FM magnetization will twist when the fielth, is applied. scales leads directly to the Malozemoff theory of exchange
The energy of this twist is contained XE and depends on bias which accounts for many of the effects related to the
the thicknessgry, of the FM film. ThusK .4 shows a thick-  loop shift! The explanation of positive exchange bias which
ness dependence as well. Coupling the FM spins rigidly tave have given at the end of Sec. IV is still applicable within
each other would remedy this problem but would alsothe random field model. To complete the list of effects re-
change the spin—flop coupling strength, since the spinkated to the loop shift, we have to discuss the dependence of
relaxation in the FM also contributes to the effective cou-Hg, on the roughness. Experiments show that interface
pling. Our method for calculating ¢ is equivalent to the roughness can both incredser decreasé the loop shift.
experiment of Miller and Dahlberd, who have applied a Clearly, when the random field is solely due to roughness
small field perpendicular to the Co magnetization in ainduced defects, such as the point defects treated in Sec. IV,
CoO/Co bilayer and determined the anglevith the aniso- one would expect the random field and withHt,, to in-
tropic magneto-resistance technique. The theoretical and exfrease with increasing roughness. However, when the ran-
perimental coupling constants are compared in Fig. 4 wherdom field is induced by uncompensated regions that are re-
the difference in the definition of the coupling constants bedated to lattice strain(such as dislocationsone would
tween our and the experimental wétkequires the inclusion observe the opposite trend: since roughness decreases lattice
of the factor 2. The agreement between the calculated anstrains it would lower the random field amhtl.y,.
the experimental results is remarkable, particularly since we In thin films, the magnetization reversal is usually not a
have not adjusted any parameters. The quantitative agreeeherent rotation as in our calculations. Reversal is rather
ment should, however, not be overstated since the model afitiated in some region of the film and is completed through

Coupling stength (erg/cm2)

20 25
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growth of reversed domains, a process which implies thée independent of the domain wall size as long as it is small
propagation of domain walls through the film. Spin—flop enough. In this case one expekts~1/dry . (2) We assume
coupling can now lead to an increase in the coercivity in twothat the interface is of fractal nature and when the domain
different ways. First, some of the AFM domains, to which wall size,d,,, is decreased, the density of defects that can
the FM couples, are small enough that their magnetic conpin the wall increases asdy. With d,,~\dgy, we thus
figuration reverses during the inversion of the FM. This leadsexpectH .~ 1/d,3:’,3| . This last result is similar to that recently
to irreversible effects in the AFM that contribute to the co- obtained by Zhang!

ercivity. This idea was used by Liet al?® and recently by In contrast to the irreversible process of magnetization
Stiles and McMichaet® as well as by Howet al*° to explain  reversal, the reversible measurements of Miller and
irreversible effects in polycrystalline AFM/FM systems. Dahlberg® are much simpler to model. Actually, we think

In a second mechanism, spin—flop coupling acts like arthat the calculations presented in the last section fully corre-
induced uniaxial anisotropy in the FM layer which reducesspond to this measurement and thus it does not need further
the size of domain walls when the FM is coupled to the AFMexplanation. The combination of spin—flop coupling and de-
and thus increases the coercivity through pinning of theséect induced random field, however, clarifies the apparent
domain walls. In free Py the anisotropy is very smadlo(  discrepancy between reversible and irreversible measure-
=20%x 10% erg/cn?) which implies large domain walls for ment. While the former senses(iaot necessarily linearsu-
which pinning is very unlikely and consequently the materialperposition of random field and spin—flop coupling, the latter
is magnetically ideally soft. When the AFM—FM coupling is only measures the coupling due to the random field.
averaged over the entire film thickness, our results in the
previous section would yield a uniaxial anisotropy of the
order of 0.5<10° erg/cnt for a 200 A thick-film, which is
comparable to anisotropies in Fe. Spin—flop coupling, how-  Wwe can therefore conclude that two coupling mecha-
ever, is due to relaxation of spins in the interface region anghisms, spin—flop coupling and defect induced random fields,
the anisotropy it induces is therefore concentrated in thagust be present, in order to explain all four classes of phe-
region. Assuming this region to be about 10 A and a correnomena which are directly related to AFM—FM coupling.
sponding estimate for the coupling kifg~2 erg/cnf, oneis  The consequences of the possible absence of one of the
left with an average anisotropy constant of about 2mechanisms are relatively straightforward. The absence of
X 10" erg/cnt which is about three order of magnitude larger uncompensated defects and the corresponding random field
than the bulk value for Py. The domain wall size in the film would eliminate the loop shift, but if spin—flop coupling
can thus be expected to reduce fremi0® A to below 100 A were still present, one should still be able to measure strong
and pinning of domain walls in Py would then be realistic coupling in reversible experiments, observe coupling in-
when the film is coupled to an AFM such as CoO. duced coercivities, and the perpendicular coupling. On the

These two mechanisms for the coercivity have quite disother hand, if spin—flop coupling were absent while the de-
tinct consequences. In the first mechanism, the coercivityect induced random field is present, the system would show
depends on the domain structure in the AFM and thereforexchange bias but no coupling induced coercivity. In this
can be expected to depend on the magnetic history of thease, perpendicular coupling would not be observable but
sample. In the second mechanism, the coercivity only demore importantly, the results of reversible and irreversible
pends on the spin—flop coupling and the morphology of theoupling measurement should be simifar.
film. It is not affected by the AFM domain structure and thus ~ When we apply these conclusions to Py interfaced with
should be independent of the magnetic history. either NiMn, FeRh, and FeMn or IrMn, we argue that both

Since exchange bias and the coupling induced coercivitgoupling mechanisms are present in NiMn/Py whereas in
have their origin at the interface, one expects them to b&eRh/Py, the random field should be absent but spin—flop
inversely proportional to the thickness of the FM layer. Forcoupling should be considerable. Thus in both systems one
the loop shift this is well accepted. In the case of the coershould observe strong coupling in reversible measurements
civity, however, this is only a first guess which may apply and perpendicular alignment between the FM magnetization
when the coercivity is due to losses in the AFM. If it is due and the AFM easy axis. In FeMn/Py and IrMn/Py, we specu-
to the coupling induced reduction of domain walls discussedate that the random field is present but the spin—flop cou-
above, the functional dependence of domain wall size angling is much smaller since the coupling induced coercivity
defect densities at different length scales have to be consids much smaller. In fact, the discrepancy between irreversible
ered as well. The size of a domain wall depends not only orand reversible coupling measurements in IrMn/Py is found to
the anisotropy, which in the present case is restricted to thbe at least an order of magnitude smaller than in NiMriPy.
interface region and has no dependencelgp, but also on  The spin—flop coupling strength seems to be related to the
the exchange interactions. The net FM exchange energy of & M spin-structure of these alloys. NiMn and FeRh with
domain wall in the film increases linearly with the film thick- large spin—flop coupling are chemically ordered systems
ness, which implies that the domain wall size will be propor-with collinear spin structuré$®* and thus the situation is
tional to \/dry. The density of defects which pin the wall is similar to that of CoO. FeMn and IrMn, for which the current
more difficult to discuss and we will restrict ourselves to twodiscussion implies much smaller spin—flop coupling are
model situations(1) When the defect density is constant at chemically disordered and probably have noncollinear spin
all length scales below a certain threshold, the pinning willstructure®> which may cause the reduction in spin—flop cou-

VIl. CONCLUSIONS
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