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In-plane magnetic reorientation in coupled ferro- and antiferromagnetic thin films
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By studying coupled ferrofFM) and antiferromagnetic thin-film systems, we obtain an in-plane magnetic
reorientation as a function of temperature and FM film thickness. The interlayer exchange coupling causes a
uniaxial anisotropy, which may compete with the intrinsic anisotropy of the FM film. Depending on the latter
the total in-plane anisotropy of the FM film is either enhanced or reduced. Eventually a change of sign occurs,
resulting in an in-plane magnetic reorientation between a collinear and an orthogonal magnetic arrangement of
the two subsystems. A canted magnetic arrangement may occur, mediating between these two extremes. By
measuring the anisotropy below and above thelNemperature the interlayer exchange coupling can be
determined. The calculations have been performed with a Heisenberg-like Hamiltonian by application of a
two-spin mean-field theory.
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The interface between coupled feri®&M) and antiferro-  of K (T) and K;(T) is the different ordering temperature
magnetic(AFM) films or particles has been attracted muchof the two subsystems. If the Curie temperatiige of the
interest recently, in particular due to the renewed interest ifFM film is larger than the Nel temperaturdy of the AFM
exchange biased systems for application in magnetoresistivg/;stem, then foiTf > Ty the magnetic direction of the FM
sensors:? Of particular interest is the case of a “compen- film is exclusively determined byCqy(T), whereas below
sated” AFM interface with an equal number of positive and T, it depends on the relative strength d@f-y(T) and
negative exchange interactions across the interface. By cons, (T). Hence, the total anisotropy of the FM film
sidering only exchange couplings, it has been shown bthot,FM(T):ICFM(T)+’CinI(T) possibly exhibits a change of
Koon that the most stable magnetic arrangement for such aglgn as a function of temperature, and an in-plane magnetic
interface is an orthogonal magnetic orientation of the FMreorientation occurs.
and AFM subsystem$A nonvanishing magnetic binding en-  To our knowledge, such a magnetic reorientation in
ergy is obtained if the magnetic moments of the AFM arecoupled FM-AFM thin-film systems has not been reported
allowed to deviate from their equilibrium AFM arrangement, yet. In the present study we will investigate this phenomenon
exhibiting thus a noncollinear AFM magnetization with a by determining the magnetic arrangement and the
small component parallel or antiparallel to the FM, thetemperature-dependent anisotropiés,(T) and Ki(T). A
“spin-flop-phase.” From the viewpoint of the FM film, the Heisenberg-like Hamilton operator is applied with localized
net magnetic binding energy introduces an in-plane uniaxiajuantum spinsS and spin quantum numbe8=1 on a
magnetic anisotropyK;y.> A simple estimat® yields the simple cubic(001) lattice:
strength of this interface anisotropy to be of the orHgy
% = (Jin)?/|Iaeml, with Jn the interlayer exchange coupling 1
between neighboring FM and AFM spins across the inter- H=—= 2 Jijssj—Z Ki(SH)2. (1)
face, andJ,gy the exchange coupling in the AFM system. 287 [

Experimentally, collinear as well as orthogonal magnetic ar-
rangements of coupled FM-AFM systems have beerThe FM and AFM films are assumed to consistnef, and
observed:’ Naem atomic layers, spanned by the plane. A compensated

Evidently, the magnetic direction of the FM film depends AFM interface is considered, which is accounted for by us-
also on its intrinsic anisotropl{gy. If Ky, andKgy favors  ing two sublattices per layét. The exchange interactiod);
the same in-plane easy axis, the total anisotropy igouples nearest-neighbor spins on lattice sitasdj. Caused
enhanced.If the two anisotropic contributions favors differ- by the shape anisotropy resulting from the dipole interaction,
ent magnetic directions, an in-plane magnetic reorientatiothe magnetizationM;=(S) are confined to the film plane.
may occur as a function of the FM film thickness, siiGg ~ Furthermore, we assume a layer-dependent second-order in-
is proportional to the interface area, wheré&as, is porpor-  plane uniaxial anisotrop¥;, favoring for K;>0 an easy
tional to the volume of the FM film. axis along thez direction and forK;<<0 along thex

Quite interestingly, also a different temperature behaviodirection? The FM and AFM subsystems are characterized
of these two competing anisotropies may result in an inby the exchange couplingk,, andJagy, and by the intrin-
plane magnetic reorientation. At finite temperatufieshe  sic anisotropieK gy andK gy . For these quantities typical
magnetic direction is determined by effective, temperaturevalues are taken into account. An anisotropy for the AFM is
dependent anisotropies(T), which depend onl mainly  required, since otherwise it will start to rotate in accordance
through the relative magnetizatidm(T) as can be shown by with the FM film. We do not distinguish here between sur-
a perturbative treatmefit? In the present case of a coupled face or interface anisotropies different from those of the film
FM-AFM system the main reason for the different behaviorinterior layers, although they might differ considerably.
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The FM and AFM films are coupled across the interface by
the interlayer exchange couplirdg,.

The site-dependent in-plane magnetizatidhg T) and
free energie§;(T) are calculated within a mean-field theory.
To take into account at least partly the strong correlations in
the AFM, we apply here a two-spin-clustgOguchij
method!* with both spins located in the same layer. Within
this method the interactions in the cluster are treated exactly,
whereas the remaining system is considered by a molecular
field. The free energies and expectation values are deter-
mined by diagonalizing the corresponding two-spin matrices.
We emphasize that the effective anisotropies are neither ap-
proximated by the low-temperature estinfateC(T)
~M'U+(T), | the order of the anisotropy, nor by a thermo-
dynamic perturbation theofy.This allows for an appropriate
treatment of the anisotropies also near and above ordering F|G. 1. Total effective anisotropi,; ru(T) per spin of the FM
temperatures. film as a function of temperaturé. The Ky em(T)>0 prefers a

Caused byJj,; the spins of the AFM layers especially collinear, andiCy,u(T)<0 an orthogonal FM film magnetization
close to the interface may deviate from their undisturbedwith respect to the AFM magnetic direction. The exchange cou-
equilibrium directions. For simplicity, due to the strong FM plings, intrinsic anisotropies, and temperatures are given in units of
exchange interaction a collinear magnetization of the whol&gy, and K em(T) in units of Kgy=Kegn(T=0). We assume
FM film is assumed, which will be rotated by the in-plane Jagm/Jem=—0.5 andKeym /Jpy=0.01, in additionngy=5 and
angleggy . The magnetizationwi’FMl(T) of the FM layers, Narn=10 for the thicknesses of the FM a_nd AFM films. For these
and the two magnetization Componer‘M;i)fA,:M(T) and va}lues the Curie temperatule. of'the FM film is greater than the
MZaem(T) of the AFM layers are determined by minimizing Neel temperaturdly of the AFM film. The full line (a) shows the
the total free energf (T, dey) == F (T, dry) With the help intrinsic _anlsotropy for a d(_acoupled FM fllmJigtzc_)) for
of a conjugated gradient method. The minimum c)fKF_M/JF,\,,—O.Ol. The dashed_ linéb) refers to the bare interface

. L ' . anisotropy Kgy=0), assumingJ,/Jsu=0.4. The presence of
F(T’¢FM) y_|elds the eqU|I|br|_um anglé py of the FM fllm both anisotropic contributions results in a redudgg \(T), dot-
magnetization. The total anisotropem(T) Per FM spin jashed ling(c). For Key/Jey= —0.01 an enhanced absolute value
is calculated from the free energy difference between they . (T)| is obtained, dotted linéd).
orthogonal ry=m/2) and the collinear ¢ry=0) mag-
netic arrangement:

KionemlT) / Key(0)

temperature T/ J_,,

anisotropy/Ci«(T) for a vanishing intrinsic FM anisotropy,
assumingJi,./Jgm=0.4. Evidently,K;«(T) assumes a finite

Kiotem(T) = ——[F(T, ppm=7/2) =F(T, $en=0)]. value for an ordered AFM phase, and disappears above the

FM 2) Neel temperatureT . If both anisotropic contributions are
present, the resulting total effective anisotrofy gu(T) is

The following results are calculated assuming representapproximately given by the sum &f;,(T) and/Cen(T), see
tive values for the exchange and anisotropy parameters ithe dot-dashed lingc). Finally, by assumingKey/Jgy=
units of Jgy. If not stated otherwise, we uskgy /Jem= —0.01 the dotted linéd) refers to the case of an intrinsic FM
—0.5 and |Key/Jeml =Kagm/Jem=0.01. For the thick- anisotropy favoring the same easy axis tiqp. Therefore,
nesses of the FM and AFM films we assumg,=5 and the absolute valupCi, ru(T)| may be either reduce@t) or
nasv=10. From these values the critical temperaturesenhancedd) by the interlayer exchange coupling. We em-
Tc/JIem=3.68 andTy/Jpy=1.92 are obtained fad;,=0. phasize that for the former case the two anisotroftigg(T)

In Fig. 1 we show the total effective anisotropy per FM and Ki,(T) compete, resulting possibly in a change of sign
spin as a function of temperatufe where we depict differ- of Ky gv(T), and thus in an in-plane magnetic reorientation
ent scenarios. A positive value &, w(T) favors a mag- of the FM film with varying temperature.
netic direction of the FM film along the-axis collinear to Such a magnetic reorientation can be observed in Fig. 2,
the AFM magnetizatioricollinear arrangemehtand a nega- Where we preseniC,, gy(T) for different values of the inter-
tive value a direction along the axis (orthogonal arrange- layer exchange coupling;,, and for the FM film thickness
mend. The solid line(a) refers to the intrinsic anisotropy nNgy=5. Furthermore, Fig. 3 shows,, gy(T) for different
Kem(T) of the FM film for the uncoupled casg;{;=0). The  nNgy, assumingi,/Jgv=0.4. The chosen parameters yield
Kem(T) decreases with increasing temperature and vanishel.> Ty . As mentionedKgy favors an easy axis collinear to
for T>T, as has been calculated and measured for manthe AFM magnetizationC; py(T) changes sign at the reori-
different FM thin-film systems® This does not imply that entation temperatur&g for a strongJ;, or for a smallngy .
the underlying spin-orbit coupling varies with temperature.For T>Tg a collinear, and folf <Tg preferably an orthogo-
Rather due to the increasing thermal agitation the ability ofhal magnetic arrangement results. This can be seen from the
the anisotropy to maintain a particular direction of the mag-continuously varying equilibrium FM anglegg gy, which
netization decreases. The dashed lineshows the interface are also depicted in Figs. 2 and 3. We emphasize that the
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FIG. 2. Total effective anisotropi, pm(T) per FM film spin as
a function of temperature for different interlayer exchange cou-
plings J;,;, assumingngy,=5. The reorientation temperatute is
defined by the change of sign &, rm(T). In addition the equi-
librium angles ¢ py(T) of the FM film magnetization for
Jint/ IJem= 0.5 andJ;,/Ig=0.6 are displayed, indicating a continu-
ous magnetic reorientation nedg.

FIG. 4. Total effective anisotropi,; em(T) per FM film spin as
a function of temperature for different interlayer exchange cou-
plings Jint, assumingngy,=1 and Jagym /Jem= —0.75. For these
values one obtaing-<Ty. The equilibrium anglep, gy(T) of the
FM film magnetization is shown fak;,;/Jg=0.2. For this value a
reentrant magnetic behavior is obtained, indicated by changes of
sign of Ky em(T) near the reorientation temperaturég, and a
hysteresis close tdc .

orthogonal arrangemenipg py= 7/2) is not always realized.
Rather, dependent on the interaction parameters, a canted
magnetic arrangement between the FM and the AFM sub-
systems may occur, characterized by an equilibrium angle
0<d¢orm<m/2. In this case the free ener@y(T,¢pry) as a
function of ¢y, exhibits four minima rather than two as for
a simple uniaxial anisotropy. A twofold symmetry is still
present. For very strond),,; also hysteresis effects may occur
by varying ¢gy, accompanied by sudden jumps of the AFM
spin anglesg; (spin-flop-transition®>%The AFM film ex-
hibits a noncollinear, spin-flop-like magnetic arrangement for
¢orv>0. Furthermore, an in-plane magnetic reorientation
with an increasing FM film thickneseg,, for a constant
temperature can be observed in Fig. 3. A small value for
| Kot em(T)| may occur, corresponding to a very soft ferro-
magnet. We note that, ry(T) does not depend on the sign
of Jie, consistent with the estima&té > — (Jin) >/ | I arml-
The disturbance of the AFM spins in the spin-flop-phase de-
creases rapidly with increasing distance from the interface.
In addition, we present results for the case for which the
Curie temperaturd ¢ is smaller than the N temperature

FIG. 3. Total effective anisotropi, em(T) per FM film spin as T_N' The _CorreSponden'CtOtFM(T) IS _Shown in Fig. 4 _for
a function of temperature for different FM film thicknesses,, ~ difierent interlayer exchange couplingl,. By assuming
assumingdi,/Jpy=0.4. The equilibrium angleghy py(T) of the  Nem=1 and Japm/Jem=—0.75, we obtainTc/Jgy=2.47
FM film magnetization are shown fargy=2 andngy=3. The and Ty/Jsy=2.90. An in-plane magnetic reorientation of
reorientation temperature is denotedBy. Whereas fongy=2 a  the FM film close toT ¢ is obtained, ifJ;, is not too strong.
reorientation between the collinear and orthogonal magnetic atlowever, the order of the respective magnetic arrangements
rangements is obtained, fog,=3 a canted arrangement is present is reversed with respect to the casg>Ty. In the range
at low temperatures. Tc<T<Ty a small magnetic order and a small interface

0

temperature T/J,
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anisotropyK;(T) is induced in the FM film, resulting in an Pphase in the AFM subsystethin the actual study this phe-
orthogonal magnetic arrangement. FOx T¢ the intrinsic  Nomenon has not been adressed. .

FM anisotropyKey(T) becomes increasingly important and 10 conclude, we point out the possibility of an in-plane
may cause a magnetic reorientation into the collinear armagnetic reorientation in coupled FM-AFM thin films. By
rangement with a decreasing temperature. Furthermore, gpplication of a mean-field theory we have calculated the
intermediate value of,, can result in a reentrant magnetic €€Ctivé magnetic anisotropy, the magnetic arrangement,
behavior, i.e., at lower temperatures a second reorientatio%nd the eq_umbnum direction of the '.:M film for suc_h Sys-
into a canted magnetic arrangement takes place. This beha =MS. The interlayer excha_mge coupliag causes an |n'ter—
ior can be observed from the equilibrium anglggy, which ace anisotropyin(T), W_h'Ch adds tq the intrinsic anisot-

is also shown in Fig. 4 fad;,;/Jgm=0.2. A continuous varia- ropy Key(T) of the FM film, and vanishes gbove . eNI'e
tion of ¢ ry is obtained for low temperatures, and a discon_temperatureTN of the AFM system. Depending on th‘? sign
tinuous one close td, accompanied by a hysteretic behav- of Kew(T), the total anisotropyCierw(T) of the FM film

ior. Note that the results are obtained under the assumptio'??ay be. enhanceq as w_eII as be reduced,_see Fig. 1. I_:or
that the magnetization of the FM film stays always parallel.competmg intrinsic and interlayer anisotropies a magnetic

This assumption is questionable for temperatufes<T reorientation of the FM film magnetization may occur With
<Ty. increasing temperatur@ or a varying FM film thickness

Neyv, @s shown in Figs. 2—4. The main reason for the tem-
Gt?erature induced in-plane reorientation is the different order-
temperature of the two subsystems, causing a different

The strength ofl;,; is not well known. It depends on the
material combination, the morphology, and the presence l%g
impurities near the interface. It has been proposed to measu

: L . : . “temperature dependenc T) and K;(T). The mag-
Jint DY appl_ylng an external magnetic field, inducing a SIOIn_netigations of thF:a FM an)é %:T\/(I fi)lms car;ntt()e)either coIIi%ear
flop transition in the AFM subsystefi.However, to create
such a spin-flop transition the magnetic field must pOSSiblgrrangement may occur. Hence, the assumption that the mag-
be very strong. We propose thaf,; can be determined by ' X

. : ' netic structures in coupled FM-AFM systems are either
measuring the total anisotroplieev(T) of the FM film . oo a8 o orthogond® is not always true. The noncol-
above and belowry, requiringTy<T¢.

In coupled FM-AFM systems also the exchange bias Orllnear, spin-flop-like arrangement of the AFM spisfor

the unidirectional anisotropy is observkiwhich is charac- ¢o,rw>0 vanishes rapidly with increasing distance from the

terized by an asymmetric hysteresis loop. Whereas the origiﬁM'AF'\/I interface.
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