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Coupling between two ferromagnetic layers separated by an antiferromagnetic layer
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We have investigated the interlayer exchange coupling between two ferroma@iélitayers mediated by
an antiferromagneti¢AF) layer. We have extended Slonczewski's “proximity magnetism” idea in the trilay-
ers by including an AF magnetocrystalline anisotropy and considering interfacial exchange coupling that is
influenced by the interface roughness. Using a continuum model we obtain the rotation behavior of the AF
moments during FM magnetization reversal. The results are discussed within the context of the “proximity
magnetism” model. The FM magnetization behavior and the interlayer coupling are strongly dependent on the
interfacial exchange coupling and the AF thickness, compared with the AF domain wall engragd the
wall length 6y, respectively. A study of the exchange anisotropy in FM/AF bilayers is also presented.

[. INTRODUCTION experience an oscillatory exchange coupling and occasion-
ally a biquadratic(nonlineaj exchange coupling as weéfl.

A considerable amount of research on magnetic thin filmsSince the interfaces of the layers in a multilayer structure are
has been stimulated since the original discovery of the gianot smooth, SlonczewsKifirst proposed a mechanism for
magnetoresistivéGMR) effect in magnetic multilayersThe ~ biquadratic coupling which results from the frustration of the
GMR effect is currently being used by the data and informaJilinear coupling associated with the surface roughness.
tion storage industry in recording heads and for magnetié-ater, Slonczewski suggested another coupling mechanism
random access memonéMRAM) as part of a Spin valve for mult”ayers with Cr or Mn ?.S the Intel‘layer b.a.sled on their
structuré? A typical spin valve consists of two ferromagnetic antiferromagnet natur.In this so-called “proximity mag-
(FM) layers separated by a nonmagnetiéM) layer® One netism model,” the short-range exchange coupling in the
FM layer is expected to rotate freely. The other is pinned byPulk of AF interlayer and the exchange coupling across the
an antiferromagneti¢AF) layer utilizing the exchange bias interfaces are taken into account. A perpendicular coupling
effect, which was discovered more than 40 years ‘ago. ~ between adjacent FM layers is obtained by introducing an
optimize the spin valve design, one must consider the interinterlayer thickness fluctuation. Recently, Slonczewski's
layer exchange coupling between the two FM layers as welProximity magnetism model has been used to explain the 90°
as the FM/AF exchange couplin@xchange biasof the interlayer exchange coupling found in several FM/AF/FM
pinned layer. multilayers!®-2!In his paper, Slonczewski simply assumed a

Both aspects of such a trilayer have been the subjects @trong FM/AF interfacial coupling and an AF without intrin-
extensive investigations and are still under study. The exSiC anisotropy.” As pointed out by van der Heijdeet al,*®
change bias effect is so named because the phenomena mahe AF magnetocrystalline anisotropy should be taken into
fests itself in a shifted hysteresis loop for a FM in contactaccount, especially for NiO in oxide-based ;6g/
with an AF as a result of interfacial exchange coupftig. NiO/F&0O, trilayers. In this article, we will extend the prox-
Recently, we have investigated the behavior of a FM/AFMity magnetism model by including a uniaxial anisotropy of
bilayer by extending the work of N# and Mauriet al” to  the AF and modifying the interface exchange coupling. With
take into account the twisting of the AF moments as the FMittle change, this model can also be applied to FM/AF ex-
magnetization is rotatetiBased on this model, we were able change biased bilayers. Therefore, results to complementing
to describe the reversible and irreversible behavior of the AFQUI previous studon the exchange bias are presented in
clarify the origin of the exchange bias, the enhanced coercivthis paper as well.
ity, and the hysteresis energy losand concluded that the
exchange anisotropy can not exceed the domain wall energy
of the AF® Furthermore, a plausible explanation of was
given of the recent observation that the value of exchange In order to clearly illustrate the role of interlayer coupling
anisotropy deduced from hysteresis measurements diffeis a FM/AF/FM trilayer within the proximity magnetism
from that deduced, for example, from ac susceptibility meaimodel, we shall exclude the magnetostatic interlayer cou-
surements and ferromagnetic resonance measurefentspling and the Ruderman-Kittel-Kasuya-Yosi(RKKY-) like
More recently, we have also applied a similar appréaeh  coupling. Furthermore, we shall assume that the FM mo-
investigate FM/AF bilayers with a “spin flop” configura- ments rotate uniformly in the presence of an applied field.
tion, which has been observed in some FM/AF syst&ms, This can be achieved experimentally by choosing a FM
and has been theoretically discussed first by Kdand later  layer, which is much thinner than its magnetic coherent
by Schulthess and Butléf. length but thick enough so that it does not break into multi-

In this paper we have extended our approach to consider@mains. Figure 1 shows the magnetic moment configuration
FM/AF/FM trilayer system. In such a system the FM layersfor a FM/AF/FM trilayer film that lies in thex-y plane. The
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tion, which is uniform in the film plane but varies in the
thickness direction. The total energy of a FM/AF/FM trilayer
should include the magnetocrystalline anisotropy energies of
the FM layers. However, the general behavior we wish to
study is not significantly influenced by the anisotropy so we
shall ignore it. In addition, we shall assume that the magne-
tization Mgy qy of the pinned FM layer is always kept along
FIG. 1. Schematic representation of the helical structure of ARthe x axis, i.e.,a(;)=0° [note thaty(z=0) is not forced to
moments with both ends exchange-coupled to ferromagnets. Tbe zerd, and the otheMgy,,) is free to rotate(e ;) is de-
simplify picture, only one sublattice of the AF, with which both the noted by in the following). Thus the FM layer, FNL) is
FM layers are coupled, is shown. The angles are indicated in textegnsidered to be pinned or a magnetically hard layer having
the same easy axis as the AF while the layer(BMs mag-
arrow at each end represents the magnetizalipfy iy (i netically soft. We will demonstrate that even this simple
=1 and 2 for each FM layer, which rotates away from the model gives very interesting and complex interlayer coupling
AF easy axis, thex axis, by an angle ofy(;. The series of  and magnetization behavior that explains some experimental
arrows inside the AF represent the moments of one sublakpservations in FM/AF/FM trilayer or multiplayer films.
tice. Due to the interface exchange coupling, a twisting of - £qyation(2) cannot be solved analytically with the given
the AF moments along the thickness direction is expected 'f)oundary conditions, which determine the behavior of the
the two FM magnetizations are not parallel. Thus the eNerg% £ moments as we will show in Sec. IIl. Therefore we have

including the volume energy of the A layer and the Inter'performed numerical calculations by transforming E@.

fgmal exchange coupling energies can be written in a conénd(3) into a discrete form with step size of 185,,, where
tinuum form as

Sw= VAAe/Kag. Our results are independent of step size in

A
Lt P |
FMoj IR o

tar de\? ' this regime. In the following, we present our numerical re-

Esw= fo Aar| gz TKar Sir’ @ |dz—Jg s sults for the AF thickness normalized by the characteristic
domain wall lengthé,, and the energ¥sy and interfacial

X cog o~ a(p)|—0— Jk2) cos{(p—a(z))|z=tAF, coupling constants normalized by the domain wall energy

parametero=2\ApKar. Note that for a 180° domain
1) wall the wall energy is &, and the wall widthz 6y .

where A,r and K, are exchange coupling constant and  Since most reports of the perpendicular interlayer cou-
uniaxial anisotropy constant of the AF layer with finite thick- pling were based on hysteresis loop measurements, in which
nesstagr, respectively. The moments of the AF layer at thethe FM magnetization is reversed, we have computed the
interface are exchange coupled with the FM layers by exiotal energy of the trilayer with the FM magnetization
change coupling constants &) . Without losing general- Mgy, rotating over 180°. In the following section, we will
ity, we assume that the interface exchange couplings are fefirst present the magnetization behavior of a trilayer with
romagnetic, i.e.Jgi)>0, and that the direction and motion perfect FM/AF interfaces so that the AF moments of one
of the FM and AF moments is confined to the film plane. Thesublattice are coupled with both the FM magnetizations at
spatial variation of the moment orientation inside the AFthe interfaces. Then we will discuss the possibility of perpen-
layer is characterized by the angi¢z) with respect to th&  gjcular interlayer coupling by introducing fluctuations at the

axis. Using the variational method to minimize the total en-jierfaces and considering the granularity of the AF.
ergy, the AF moment structure is given by the differential

equation fore(z):

g2 Ill. RESULTS AND DISCUSSION

@ .
ZAAF( @) ~Karsin(2¢)=0, @ In our previous studyof FM/AF bilayers, the exchange

bias was dependent on the AF thickness and the interfacial
exchange coupling compared witk, and oy, respectively.
If the interfacial exchange coupling is large enough, e.g.,

with the boundary conditions

d J
b =t sin(@—ayq)), with a value greater than the AF domain wall eneegy, an
dz 2A LR . . ” .
z=0 AF irreversible transition of the AF moments occurs during the
rotating of the FM magnetization, resulting in an enhanced
(d_@ _ Je(2) Sin(o— ay) 3) coercivity of the FM but no exchange bias. This implies that
dzf|,_, = 2As @7 when exchange bias is experimentally observed in FM/AF

bilayers the interfacial coupling must be smaller thap.

The variational method has been used to describe the inthe interfacial coupling strength may vary with the interface
plane domain structuféand magnetization reverabf ul-  morphology. We shall assume two interfacial exchange cou-
trathin FM thin films. Two-dimensional domain patterns of plings Jg(;y and Jg(z), which may take on different values
the FM films have been obtained as solutions to the imagirelative too,, and are not necessarily equal to each other.
nary time sine-Gordon equatiéhEquation(2), while simi- ~ The numerical results will fall into two categoried) Je)
lar, describes the configuration of the AF moment orienta< oy, and(2) Jg)>ow.
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\ FIG. 3. Total energyEgy of the FM/AF/FM trilayer and the
: - anglese(;y and ¢, that the AF moments make with respect to the
M z AF easy axis at the two interfaces in the caselgfy=0.40y,

jﬂ y* * * ‘ * Y V- Jg(2=0.60yw, andt,e=1.06y. The volume energy,, of the
AF layer is also shown by a dotted line. The straight line in the

. FIC.;' 2. Schematic represe_ntatlons of the AF mo_mer_1t Comcl(‘:]urabottom figure indicates the angteof the FM for comparison.
tions in response to the rotation of the FM magnetizatibg,,) :

(a) a would-up helical structure forms while the FM magnetization
rotates away from the AF easy axidy) in the “recovering” re-

w25

AF/FM(2) interface reach or pass through the AF hard axis
; 4 e find that the helical structure becomes unstable when
gime, asM gy approaches 180°, the AF moments rotate backwarc}r/\éacheS a critical valuer; (about 140° in this cageThe

to recover their initial orientation; angt) in the “reversing” re- . .

gime, the AF moment structure springs forward and the moment%'.ellcal strupture of the AF moments S.pl’lngS .forward' Se.t_
have a 180° orientation. The curved arrows show the directions of'"9Y down in a new stable state that ,St'” Con_ta'ns some twist.
the AF moment motions. Eventually, asvl gy, has completed its rotation to the oppo-
site direction, the AF structure has also rotated by 180° as
shown in Fig. 2c). WhenMgy,) rotates from 180° back to
0°, another discontinuous jump of the AF moments occurs at

Figure 2 illustrates the orientation and motion of the AFa critical angle of 117°. In this “reversing regime,” the mo-
moments withM gy, fixed andMgy(,) rotating away from
the x axis. The angles that the AF moments at interfaces 12F
make with FM1) and FM2) are denoted by ;) and ¢(,), 10
respectively. First let us consider the case &f.,
:O.4Uw, JE(Z):O.6Uw, anthF: 105\/\/ As MFM(Z) ro-
tates away from the easy axis, the AF moment structure
twists as shown in Fig.(2). This helical structure develops
further as the AF moments at the AF/FR) interface try to
follow the rotatingM g2 . The total energgs,y of the FM/
AF/FM trilayer, the volume energk, given by the integral
in Eq. (1), and the interface angles;) and ¢, of the AF
layer are shown in Fig. 3. The AF moments at interface
always lag behind the magnetizatibhyy, ;) as it rotates with
the difference between and ¢ ) increasing with increasing
«a. When this the difference becomes 90°, further winding of
the AF generates exchange and anisotropy energies that can
not be sustained by the interfacial couplings. At this point,
the AF moments rotate back and return to their original po-
sitions while Mgy, continues to rotate to the opposite di-
rection, i.e.,o«=180°[see Fig. 2)]. We call this kind of AF 0 % 60 % 120 150 180
moment motion the “recovering regime.” Angle o (degree)

For larger values ofg(,y, the AF moment motion is dif- FIG. 4. Total energyEsy, AF volume energyE,., and the
ferent. Figure 4 shows the reSUlting numerical calculation forang|e @) during the rotation ofM M@ in the case Of‘]E(l)
the case thallg(;) andtar are the same as that of the previ- =0.40,, Jg;=0.80y, andta-=1.08y. The dotted line seg-
ous case bug;)=0.80y. When the AF moments at the ment of ¢y indicates a metastable state for the AF.
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FIG. 6. Magnetic phase diagrams for a FM/AF/FM trilayer with
tion of the AF moments is irreversible since at the transitionsmooth interfaces fofa) Jew=0.00yw, (b) Je1y=0.40y, (c)

the total energy of the trilayer is discontinuous and the pardg;,=0.80y, and(d) Jg(1)=1.00y . The solid line separates the
allel (¢=0°) and antiparallel alignmentsy& 180°) of the  “recovering” region | from the “reversing” region Il. The dotted
two ferromagnetic magnetizations are stable states with Bne separates the irreversible regio(t)ifrom the reversible region
minimized energy. I1(2). The results shown i@ Jg)=0 apply to the exchange

In exchange biased bilayers, the energy difference at thg°upled FM/AF bilayers.
transition accounts for the hysteresis energy fosshich
has been experimentally obsen/etiSoeyaet al?* have sys- regime. The reversing regime is separated into two phases
tematically investigated this effect based on the coherent ro (1) and 1(2), depending upon whether or not the AF mo-
tation model of Jacobs and Be&hThis rotational hysteresis ments show an irreversible behavior during the magnetiza-
was also found by in-plane magnetic torque measurements tion reversal.
epitaxial Co/Mn multilayers, and was attributed to the irre- Let us consider this phase diagram for exchange-coupled
versible motion of the magnetic moments in the Mn layersFM/AF bilayers in more detail. Exchange bias is obtained
with respect to the rotating Co magnetizatférin addition,  only in the recovering regime and a coercivity appears only
the authors suggested that interlayer exchange coupling bé the reversing regime due to the reversal of the AF
tween successive Co layers would not develop unless the Mmoments We can see in Fig. (@) that the critical value of
moments were antiferromagnetically ordered. the interfacial exchange couplin@g('tz()b, which separates

It is possible to have a reversible transition within thethese two regimes, is very close to but a little smaller than
reversing regime. As shown in Fig. 5 for the case of a larger for thick AF layer. This critical interfacial coupling de-
Je(2) in comparison with those in the previous cases, the AFCreases t_o zero almost Iinearly with decreasing AF thickness
momentsl represented hy(l), rotate Smooth|y with the Whent.A,: IS Sm.a.“er tham5W/2, |.¢., half the value of a 180°
magnetizationM gy ). At first the AF moments lag behind doma!n wa!l Wldth.. As the AF thickness approaches to zero,
Meu - Then the anglepy, increases rapidly whew is the critical interfacial coupling becomes
around 110°. We can see that;) crosses over the straight
line indicating the value ofr at «=124°. This means that lim 3 4
the helical structure of the AF moments gradually “swing” . 'TO E(2) — TNAFAF- (4)
forward from a position lagging behinM gy, to one in A
advance of it. No hysteresis is found in this case.

Based on these results we can construct magnetic phagée exchange coupling e of the bulk AF moments is not
diagrams in terms of the AF thicknesg and the interfacial involved in this formula. Therefore, in the thin-AF-layer re-
exchange couplindg,) for differentJg(;y shown in Fig. 6.  gion, our calculations are consistent with those of the coher-
Figure Ga) corresponds to the exchange bias in FM/AF bi-ent rotation modet?® in which a rigid rotation of the AF
layers that we have investigated based on an extended planaoments is assumed and the conditiod g K ortar IS sat-
domain wall modef Phase | represents the recoveringisfied for observing exchange anisotropy.
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FIG. 7. Magnetic phase diagram for a FM/AF/FM trilayer with

smooth interfaces wittlg ;)= 150y FIG. 8. Angle ¢(;y during the rotation ofMgy, for a FM/

AF/FM trilayer with Jg(1y=1.50 andt,e=0.56,y in the case of

_ ) o (1) Jgz=1.00y, in the “recovering” regime, (2) Jgp
In the reversing regime, another characteristic value of the-1.5¢,,, in the irreversible “reversing” regime, an¢3) e

interfacial exchange couplindg, divides the reversal be- =6.00y,, in the reversible “reversing” regime.
havior of the AF moments into two groups. Phasél)ll

iswith irreversible_transitions and the other, phas@)ll s the AF moments at the interface are forced into a “frus-
without. For FM/AF bilayers, the rotational hysteresis energy; zteq” state with respect to the FM magnetizatidisee
loss can only be obtained in phasél)lwhere the irrevers- Figs. 2b) and 20)].

ible transition is companied by an energy discontinuity. Fuji- Figure 8 shows three typical behaviors of the AF mo-
wara et al?’ found the following formula for the second

e . - ACHit(2) ments when the FM magnetizatidhg,,, rotates over 360°
critical interfacial exchange couplindez)’, and back to its initial position in the case afgq
=1.50y. In the recovering regime, the AF moments rotate
_ tar back to their initial positions whekl gy, rotates 180° to the
IS =ow tar( 5—) . (5)  opposite direction. In the reversible reversing regime, the AF
w moments are “dragged” bW gy in rotation since their
motion always lags behinél gy . In the irreversible revers-
This expression suggests that phasg)Iltannot exist in the ing regime, the transition does not occur until the magneti-
bilayer with an AF layer thicker thamry,/2. Our calcula-  zation Mgy, rotates over 180°. In this situation, if the two
tions for FM/AF/FM trilayers show that this critical thick- Fm magnetizations are oriented antiparallel, we can have
ness increases with increasing interfacial exchange couplingvo AF structures wound up in opposite direction between
Je(1), indicating an expansion of phase(2). For Jg the FM layers.
=0.2, 0.4, 0.6, and 0.8,, the critical thickness is 1.586, If the interfacial exchange couplings and the AF thickness
1.639, 1.750, and 1.99%,, respectively. For the case that are larger, the situation is more complicated. A series of AF
Jeq) is equal tooyy, phase I(1) totally disappears from the helical structures that twist over 180° or greater can be sta-
diagram with a straight line ad, separating the reversing bilized in the FM/AF/FM trilayer. Twisting means higher
regime from the recovering regime. energy. Realistically, only the least-twisted structure corre-
sponding to the ground state exists in the trilayer, in the
present of an external-field and thermal perturbation.
B.Jep)>ow
The motion of the AF moments can still be classified into
the recovering and reversing regimes for the caségpf)
> oy . Figure 7 shows a representative magnetic phase dia- The above discussion is based on the assumptions that the
gram whenJg;)=1.50. However, the AF moments dis- interfacial coupling is ferromagnetic and the FM magnetiza-
play some different behavior during the FM magnetizationtions “see” the same AF sublattice. With these assumptions
reversal from those we have discussed earlier. the FM magnetizations prefer a parallel alignment. If the
In the cases 0fg;)<oy, the configuration and motion Mgy andMey ;) “see” different sublattices, the ferromag-
of the AF moments can be completely determined within thenetic interfacial couplings result in an antiparallel alignment
rotating region of the FM magnetization from 0° to 180°. of the FM magnetizations. Slonczew¥kieasoned that inter-
Whether the AF moment motion is recoverable or reversibleface roughness would result in a thickness fluctuation of the
all the AF moments are aligned collinearly along the AFAF spacer and thereby produce a competition between thep-
easy axis wheM ) completes the 180° rotation. There is arallel and antiparallel alignments of the FM magnetizations.
no variation of the moment arrangement inside the AF layerThen the compromising solution is to create a noncollinear

C. Extended proximity magnetism
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mechanisni® We therefore assume that the trilayer with in-
terface roughness can be described by (Bgbut with ener-
gies given by Eq(1), i.e.,

WS:CJrESV\KCY)‘I‘C,ESV\KC(_’TT). (7)

Here, c, and c_ are dimensionless factors witt, +c_
=1.
In the limit of no magnetocrystalline anisotropy for the
AF, the twisting inside the AF can be described by{z)
) = ¢yt az, which is explicitly a solution of Eq(2). This
relationship can be simplified to be(z)=(z/tyr)a for
FIG. 9. Two AF moment configurations between two ferromag-Stronglimerfadal couplings as discussed in Slonczewski's
netic layers with the magnetization orientations perpendicular t?@Per,”" and then the total energy of the trilayer is quantita-

each other, in which the AF interlayer differs by a monatomic stepfively equal to the twisting energy of the AF. Expressi6h
is viable in this case.

: o . As previously explained, the interfacial exchange cou-
coupling between the magnetizations with the AF moments .~ ™. )
twisting along the thickness directigaee Fig. 9. Assuming pling is reduced by orders of magnitude due to the FM/AF

strong interfacial exchange couplings and no in-plane magl_nterface morphology. The following discussion will focus

netocrystalline anisotropy for the AF, the mean coupling enon the interesting situation in which the interfacial coupling

: : : 7 7 Jgg) is comparable to the AF domain wall energy, .*
ergy Ws can be written as the following quadratic fofrh: A thick AF interlayer allows large twisting. If the AF

thickness is larger thamr /2, the energy of the trilayer is
Ws=C.(a)*+C_(a—m)> (6)  then related to the FM magnetization rotation angley a
cosine form rather than a quadratic one. However, a 90°
The contributions of parallel and antiparallel coupling arecoupling can still be obtained in a trilayer by balancing AF
represented byC, and C_, respectively. ForC,=C_,  moment twistings, i.e¢, =c_ . However, we must consider
minimizing the mean coupling energy gives the favored conthe continuity of the coupling among the AF moments
figuration with the FM magnetizations aligned perpendicu-throughout the thickness, especially for a granular AF
larly. Because the energy is increased by the twist in thénterlayer’® Furthermore, most of the cited experimental
moment direction, it turns out that the perpendicular coutesults®*’were obtained in samples with the AF interlayer
pling strength is proportional to the inverse of the AF thickness around several nanometers. In bulk NiO, the do-
thicknesst’28 main wall width for the moments rotating out of the easy
Before discussing our extension to Slonczewski's “prox-plane was about 11 nifl.It is known that the anisotropy of
imity coupling” in FM/AF/FM trilayers by incorporating ar- @ thin film differ from and, is generally less than, that of the
bitrary interfacial coupling and anisotropy, let us considerbulk material. As a result, the domain wall width of an AF
the problem on the interfacial coupling with the AF inter- thin film should be larger. Maurt al® have estimated the
layer. For a perfectly smooth and totally uncompensated indomain wall width of FggMns, to be 54 nm, which is a
terface, the interfacial exchange coupling would be orders ofypical order of magnitude for pure metallic materials and
magnitude larger than the AF domain wall enefgp.real-  alloys. Therefore, it is more relevant to consider the case
ity, a totally uncompensated surface becomes partially comwhent,g, the effective AF thickness, is smaller thag, .
pensated due to interface roughness. By studying the ex- In the case of small AF interlayer thickness, the AF mo-
change anisotropy in iFe,o/CoO bilayers, Takanet al2®  ments rotate almost coherently with the FM magnetization,
proposed a model, in which only the interfacial uncompend.€., (2)~¢(1). So, the total energy includes only the inter-
sated AF moments contribute to the interfacial coupling, refacial coupling and the AF magnetocrystalline anisotropy.
sulting in the exchange anisotropy with a magnitude consisTo study the proximity magnetism, we first assume that
tent with the experimental observations. Similarly, even a=c_ for convenience. According to the calculations pre-
totally compensated interface because partially uncompersented in the previous section, the AF moments will display
sated with roughness. Malozemiffdeveloped a random recovering, irreversible and reversible reversing behaviors
field theory for bilayers with compensated interfaces andduring the FM magnetization reversal depending upon the
demonstrated a nonzero interfacial exchange energy, whogseterfacial couplings and the AF thickness. In the recovering
magnitude is also by orders of magnitude less than that of kegime, the FM magnetizations always prefer a perpendicular
fully uncompensated interfac8. coupling since the corresponding energy is the lowest. The
The AF layer can be polycrystalline or single-crystal de-coupling strength decreases with increadiggbut it is not a
pending upon the film growth method. For trilayers with al/ftar dependence.
polycrystalline AF layer, any AF moment twisting is con-  In the reversing regime, the 90° interlayer coupling is not
fined in each grain, and the coherent length is determined bglways energetically favored. Figure 10 shows the depen-
the grain size, assuming that there is no coupling amongence of the mean coupling energs on theM gy, angle
grains®! For single-crystal antiferromagnets, due to the in-a in several cases with the interfacial couplink(q)
terface roughness, the AF interlayer consists of a multido=0.40y,. For a trilayer with an AF thicknesste
main state as a result of Malozemoff's random field=1.06,,, we see that the perpendicular coupling and the
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FIG. 11. Difference between the mean coupling energies with
the two FM magnetizations aligned perpendicularly and collinearly.

van Heijdenet al. in Fe&;O,/NiO/Fe;0O, trilayers when the
NiO thickness was 5.4 nfi.

The decrease of the perpendicular interlayer coupling
strengthC, and C_, with increasing Mn interlayer thick-
ness up to 2.5 nm was also found in Fe/Mn/Fe trilayers.
However, the couplings in these trilayers are more compli-
cated than those in the oxide-based trilayers. The RKKY
coupling is greatly affected by the quality of the Mn inter-
layers. The epitaxial growth depends sensitively on substrate,
. el . temperature, cleanliness, and growth rat&he fact that no

0 30 60 90 120 150 180 coupling is found in a Fe/Mn/Fe trilay&rwith a Mn layer
Angle o, (degree) thicker than 2.5 nm may result from the failure to obtain a
thicker Mn layer than the 25 Mn monolayers required for a

FIG. 10. Slonczewski's mean coupling eneigk for trilayers  pure bct Mn phase, as discussed by PureeH|3®
with (a) Jg1)=0.40w andtar=0.40y,. The numbers associated  |n our previous study, the exchange anisotropy in FM/AF
with th(_a curves are values of the interfacial exchange cougling bilayers can not exceed the AF domain wall eneﬁ’@mi—
normalized byoy. (b) Jg1)=0.40w and Jgz=08ow. The  |arly in FM/AF/FM trilayers, no matter whether the inter-
numbers a_ssomated with the curves are values of the AF thlckneslxayer coupling is perpendicular or collinear, the coupling
tar normalized bydy, . strength is relatively small compared with the AF domain

wall energy. Usually the domain wall energies of AF mate-
collinear (parallel and antiparallgkcoupling are stable states rials are around 10 ergs/énSo, our calculations are quan-
as Jg(y) is relatively small[see Fig. 108)]. The mean cou- flitatively consistent with the experimental observations that
pling energy for perpendicular coupling is lower than that forfind the perpendicular interlayer coupling in the range of
collinear coupling wherg,=0.6y,, but higher than that several ergs/cfr®=°
when Jg;)=0.80y or larger. With even largedg,), €.9.,
Jeg(2)=1.40yw, the perpendicular coupling is no longer
stable. Figure 1(®) illustrates the change of the mean cou-
pling energy with the AF thickness. Thedependent mean In this work, we have studied the interlayer exchange cou-
coupling energy cannot be fit either with the formia  pling in FM/AF/FM trilayers. Starting from the differential
= —A,,cosa+2B;,cog a, for bilinear and biquadratic in- equations describing a twisting of the FM moments through-
terlayer couplings or with Slonczewski’'s E). We must  out the thickness direction and couplings with the FM mag-
consider the energy difference between the perpendicularetizations at the FM/AF interfaces, we can explain the be-
coupling and collinear coupling to see the coupling preferhaviors of the AF moments during the process of the FM
ence of the FM magnetizations. Results are shown in Fig. 1Imagnetization reversal. Standing at Slonczewski's view of
In the trilayer of a thin AF, the perpendicular interlayer is the proximity magnetism, the study of interlayer coupling of
favored and the mean coupling energy increases with inthe adjacent FM layers negotiated by the AF layer can there-
creasing AF thickness. From this figure, we see that the erfore be completed within the model by including the AF
ergy difference decreases with the AF thickness, suggestingagnetocrystalline anisotropy. Numerical calculations show
the perpendicular coupling strength also decreases. For sortigat the perpendicular interlayer coupling is obtained under
cases, represented by the solid curve in Fig. 11, at a certairertain conditions, depending upon the interfacial coupling
AF thickness the energy difference vanishes and the FM cowand the AF thickness. In all cases, the coupling strength is
pling cross over into a collinear configuration. This kind of limited by the AF domain wall energy .
transition from perpendicular interlayer coupling to collinear  Although our results give a clear illustration of a magnetic
coupling with increasing AF thickness has been found byproximity effect in FM/AF/FM trilayers, two concerns about

IV. SUMMARY
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the model are left for further study. One has to do withmeans that the FM magnetizations tend to be perpendicular
knowing the relative orientations of the FM magnetizationsto the AF moments, especially in films with compensated
with respect to the AF anisotropy direction. For single crys-interfaces. Clarifying the perpendicular interlayer coupling in
tal films, in-plane lattice matches among the layers determinghese two cases requires more detailed study.

the relationship if the magnetocrystalline anisotropy is taken
into account. For granular trilayers, the in-plane anisotropy

axis of AF grains is likely to have a distribution, leading to
an averaging. The other concern is the possibility of “spin
flop coupling,” which was experimentally observed in some
exchange-coupling FM/AF bilayers and multilayer$.This
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