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Induced fourfold anisotropy and bias in compensated NiF&~eMn double layers
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A vector spin model is used to show how frustrations within a multisublattice antiferromagnet such as FeMn
can lead to fourfold magnetic anisotropies acting on an exchange-coupled ferromagnetic film. Possibilities for
the existence of exchange bias are examined and shown to exist for the case of weak chemical disorder at the
interface in an otherwise perfect structure. A sensitive dependence on interlayer exchange is found for anisotro-
pies acting on the ferromagnet through the exchange coupling, and we show that a wide range of anisotropies
can appear even for a perfect crystalline structure with an ideally flat interface.
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[. INTRODUCTION formation and pinning of a partial domain wall near the
interface? the pinning of domains and domain walls in the
It is interesting to note that some of the technologicallyantiferromagnet;” and interactions between grains in thin
most important exchange bias systems are also some of tltiferromagnetic film&.In each explanation there are either
most complex and difficult to understand. Antiferromagneticrestrictions on film thickness or reliance on the existence of
metal compounds, such as FeMn, can be used to pin ferratructural or chemical disorder, which make comparison to
magnetic layers, making them attractive for application inexperiment difficult.
some devices. The unidirectional and higher-order magnetic As most models proposed so far focussed on explaining
anisotropies that appear in bilayers containing FeMn seem tthe magnitude of the bias shift, they do not account for the
vary widely between experiments, and there is no model yedrastically increased coercivity observed in exchange bias
capable of explaining the underlying microscopic mechasystems. While spin-flop coupling is not able to shift the
nisms. magnetization loop it does give rise to increased coercivity in
One particularly intriguing unanswered question is howsystems with a two-sublattice antiferromagnet by inducing a
exchange bias can occur in structures with compensated iwofold anisotropy in the ferromagnet.
terfaces. Being compensated, the ferromagnet spins in such In the present paper we demonstrate how frustrations
structures interact equally strongly with spins from all anti-within a multisublattice antiferromagnet such as FeMn can
ferromagnetic sublattices. In the simplest approximationjead to fourfold magnetic anisotropies acting on the ferro-
there is no net magnetic moment in the antiferromagnet fomagnet. As has been shown previously the interplay between
the ferromagnet to couple to, and hence no way for the andnidirectional and induced higher-order anisotropies acting
tiferromagnet to bias a magnetization loop. A closer exami-on the ferromagnet not only causes an increased coercivity
nation reveals that the antiferromagnetic order at the interbut can also account for some of the complex dependencies
face is likely to be frustrated, and a new configurationon applied field angle observed in exchange bias systetfis.
resulting in a small magnetic moment at the interface should The possibility of exchange bias for a multisublattice an-
form.! However it has been shown that this so-called “spin-tiferromagnet is examined and shown for the case of weak
flop” coupling is not of its own accord able to support ex- chemical disorder at the interface in an otherwise perfect
change bias during a magnetization loop measureftent.  structure. Most importantly, we identify a sensitive depen-
A number of considerations have been discussed that mayence for the anisotropies on interlayer exchange, and show
explain the existence of exchange bias in compensated intethat a wide range of induced anisotropies can appear even for
face structures. It is highly likely that the interfaces are nota perfect crystalline structure with an ideally flat interface.
perfectly compensated due to defects in structure and chemi- The paper is organized as follows. A vector spin model for
cal composition. These imperfections of the interface giveceMn is introduced in the following section, followed
rise to small numbers of uncompensated spins that can resudy results obtained in the limit of large interlayer exchange
in weak bias shifts. coupling. Interesting possibilities for multiple configurations
A second unanswered question is why the magnitude oénd effective anisotropies appear with small interlayer cou-
the bias shift is much smaller than the exchange field coupling, and are discussed in Sec. lll. The possibility of ex-
pling the ferromagnet and antiferromagnet. A number of posehange bias in a perfectly compensated system is discussed
sible explanations have been put forward. These include thia Sec. IV.

0163-1829/2003/688)/1844187)/$20.00 68 184418-1 ©2003 The American Physical Society



T. MEWES, B. HILLEBRANDS, AND R. L. STAMPS PHYSICAL REVIEW B58, 184418 (2003

II. VECTOR SPIN MODEL AND BULK EQUILIBRIUM ’/\‘.
SPIN STATES .‘“\ -

Magnetic order in metallic antiferromagnets such as
Fe,oMns, is very difficult to predict from first principled’ _“
One patrticularly difficult aspect of the problem is the impor-
tance of contributions that appear as magnetic anisotropie
that are ultimately determined by spin-orbit coupling effects
inside a crystalline geometry. The problem of determining
spin configurations associated with exchange bias further re * *
quires consideration of a large number of atoms in both the
ferromagnet and antiferromagnet films. These consideration:
make the problem very difficult to approach from a quantum- ﬁ.
mechanical point of view. “_

In view of these difficulties, phenomenological ap-
proaches are useful for developing insights into the problem.
In this work we represent the spin configuration using vector —
spins arranged at lattice sites that represent the atomic orde ‘7
ing of a Nig;Fe o/ Fe;pMngy two-film exchange-coupled crys-
talline structure. Equilibrium spin configurations are found
as steady-state solutions to coupled sets of classical torqu
equations for each spif located at site:

d IH IH

&S—ySXE-FaSXSXE. (2.9 L '
The first term in this equation represents free precession o
spin S in its local field calculated from an appropriate ,
Hamiltonian{. The second term is dissipative with a form \
chosen to preserve the length of the spin vector. The calcu ‘
lation is intended to find equilibria only, and so the param-
etersy and « are used only to control stability and conver-
gence so that the resulting dynamics does not represer
specific physical processes.

The Hamiltonian is chosen to be in the form of a Heisen-
berg spin array with exchange interactiodlg, a Zeeman
term for an external applied field, and fourfold anisotro-
piesk® andK(? . The exact form used is

H:E. _QMBH'S_ZE JiitsS-Sist Ki(l)($2,x5|2,y FIG. 1. Th_e K9) phase for_bull_< FgMn;, are shown in(a). An
i 5 example configuration of spins is shown () for Fe;gMns, ex-
change coupled to two layers of §ffe;g. The dark spheres indi-
+S.2,x32,z+ S|2’ZS|2’y)+Ki(2)S|2,XSiZ,yS|2,Z ) (2.2 cate Iocat_lons V\_/lthln_ l\ghF_e_Lg. Per_lodl_c bc_>undary conditions are
assumed in all directions if@), and in directions parallel to the film

. . .. planes in(b).
The exchange sum is over nearest neighbors at site}

and the constantg and ug are the Landdactor and Bohr cube diagonals as illustrated in Fig(al All calculations
magneton, respectively. Units are such that EXj2) is an  were made using periodic boundary conditions in all direc-
energy density. tions.

All calculations reported here assume fcc lattice structure The spin structure calculated using the above model for
for both ferromagnet and antiferromagnet. The anisotropy oFegMnsg is strongly affected by surfaces in a thin film ge-
the antiferromagnet is chosen to mimic th@ Phase of a ometry, due to the broken translational symmetry at the in-
fcc antiferromagnet. It is useful to note that there are thregerfaces This especially is true when the antiferromagnetic
simple stable equilibrium configurations, and it is not en-film is exchange coupled to a ferromagnet. An example is
tirely clear from experiment which is favored in shown in Fig. 1b) where two atomic layers of ferromagneti-
Fe;Mnso. 8~2L Recent calculations suggest th@ dhase to  cally coupled spins are exchange coupled to agy\Fes,
be the stable low-energy configuration of bullgféns,.?>2%  film. Antiferromagnetic anisotropies arKi(l)= —|Jagl/20
The 3Q phase is realized in the vector spin model if thegnd Ki(z):|JAF|/10 whereJ,r is the exchange coupling in
anisotropies fulfill both of the condition&M/K{¥<—1/9  the antiferromagnet. No anisotropy is assumed in the ferro-
and KY/K{® < —4/9. This phase has spins aligned alongmagnet in order to mimic properties ofgyfe;. The ratio of
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ferromagnet to antiferromagnet exchange energies is set (a)
Je/|Jag|=1.55. These values represent exchange energie 68334 | T o T T
consistent with the ratio of ordering temperatures gfiNg g
and FeggMnsg.

The calculation of a spin configuration is performed in -6.834
analogy to a field cooling procedure. The ferromagnet spin:
are aligned parallel in plane at an angtg, made with re-
spect to the (001) direction. The antiferromagnet spins ar
initially oriented randomly. The equations of motion are in-
tegrated numerically until the condition

2

r aF IS el

-6.836

1]ds
— At < 2.3
zi S| dt ‘ 29 -6.837 -

is satisfied where is taken to be of the order of 16. 0 45 90 135 180 225 270 315 360
An interesting feature of the spin configuration shown in

Fig. 1(b) is the near complete antiparallel alignment of spins (b)
directly at the interface due to the strong coupling betweer i . i
the ferromagnet and the antiferromagnet assumed in thi 1.0

case. This leads to a strong modification of the entire spit ] /
structure of the antiferromagnet to the extent that it no longe /
resembles the @ structure. The ordering at and near the 0.5
interface is sensitive to the magnitude of the interlayer ex
change couplinglg o, and a number of different configu-
rations with similar energies are possible. It will be shown
below that this has consequences on the effective anisotrt
pies acting on the ferromagnet, and also on possible mechi 0.5- )

nisms for exchange bias.
//

[1l. INDUCED ANISOTROPY AND COERCIVITY -1.0 -

The magnetic anisotropies in the antiferromagnet are -02 -0 0.0 0.1 02
communicated to the ferromagnet through the interaction & guHN IS
their common interface. Cases of strong exchange coupling
across the interface and weak exchange coupling show strik- FIG. 2. Total energy per spin is shown (g) as a function of

ingly different features because of how spins order in thderromagnet orientation. The anglg, is measured with respect to
antiferromagnet. the[100] axis. The effective anisotropy displayed by the ferromag-

net is fourfold, without a bias shift. An example magnetization loop
) ) is shown in(b) for the applied field along thigl 10] (filled symbolg
A. Strong interlayer coupling and[ 100] (solid line) directions.
The strong interlayer exchange responsible for the anti-

parallel ordering of spins near the interface in Fi¢o)Jpro- romagnet spins to relax using the field cooling procedure
vides a mechanism for anisotropies to be induced in the ferdescribed earlier. The field cooling process was repeated for
romagnet. If the orientation of the ferromagnet is changedtach orientation value at,, . The results of this procedure
through application of an external applied field, spins in thewere compared to results from an alternate method by which
antiferromagnet will be rotated through anisotropy easy andhe antiferromagnet was field cooled aloag,=0 and the
hard axes. This affects the total energy of the system, and ienergy calculated for each newy, without additional field
particular can be represented by effective fields acting on theooling. The two different calculation procedures produced
ferromagnet. The energy per spin is definedMarferromag-  identical results.
net spins andN g antiferromagnet spins in a unit cell of the It is clear from Fig. 2a) that interlayer coupling between

o, [deg]

g

two film structure as the ferromagnet and antiferromagnet results in a total energy
for the system with fourfold symmetry for the in-plane ori-
Er ar entation of the ferromagnet. The solid line in Fig. 2 is a fit
EFEAFT U TN 3D Usin
whereEg 5r is the total energy of the two-film system. The er ar=KESIP(ay — as)cOS(ay — ay), (3.2

energy densityer o for anNg=4 andN,g=12 system, as

depicted in Fig. 1, is shown in Fig(&. The energy is shown wherea, describes the orientation of the anisotropy easy and
as a function of anglex,, and is calculated by fixing the hard axes with respect to tHd00] crystallographic direc-
orientation of the ferromagnet spins and allowing the antifertion.
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Magnetization loops calculated for this settgf), K2, a)
and Jg or parameters show properties consistent with a T T T T T T
simple fourfold anisotropy of the form in E@3.2). An ex-
ample is shown in Fig. ®) for a field applied along the
[110] and[100] directions. The magnetization is given in
units of Bohr magneton and is defined agg=
—gugsiVF|S|. The easy direction is fow,= /4. There is
coercivity for the field along the easy direction as would be
expected due to the existence of stable and metastable stat <
for the ferromagnet parallel and antiparallel to the applied
field. Coercivity along the hard direction exists because of
the zero-field remanent magnetization aligned along an eas
direction.

2

e AF AFlSAFl

0 45 90 135 180 225 270 315 360
_ _ a,, [deg]
B. Moderate and weak interlayer coupling

(b)

In the case of largdr or the magnetic behavior of the ’6.168 —————————————— 1 y
ferromagnet is dominated by the intralayer and interlayer ex-
change coupling, and is well described by a simple fourfold
anisotropy. WhenJg ¢ is not large relative talag, new
possibilities for metastable ordering within the antiferromag- 6.159 4 i
net appear. Examination of results from numerical solutions~—
to Eq. (2.1 reveal multiple equilibrium configurations with
comparable but different energies. An example of this behav-
ior is shown in Fig. 3 where the total energy ar is shown
as a function of angle for an interlayer exchange coupling «
Jr A= —0.3J4F|. The parameters and geometry are other-
wise as used for the example shown in Fig. 2. These result
were generated using the field cooling procedure at eacl 6161 d— . —
angle. At each angle, 30 different random initial configura- 0 45 90 135 180 225 270 315 360
tions for the antiferromagnet spins were used, resulting in ¢ a,, [deg]
spread of energies as shown in Figa)3The range of ener-
gies at each angle represents a sampling of different possible FIG. 3. Total energy as a function of angle Withe A=
spin configurations. —0.5J,(. Other parameters and structure are the same as used for

The open symbols connected by the thick solid line inFig. 2. In (a), energies from 30 different random initial configura-
Fig. 3(a) represent the lowest energies found during the cooltions calculated at each angle are shown. The spread in energies at
ing process. In Fig. ®) the lowest energies are plotted sepa-each angle is due to the existence of several metastable spin con-
rately to more clearly show the fourfold symmetry of the figurations within the antiferromagnet. The lowest energies found
ground-state energies. Note that the enesgyr displays are identified by open symbols i) and plotted together ith).
very sharp maxima and is only approximately consistent
with the Kf{” as given in Eq(3.2. It is interesting to examine separately the ferromagnet and

The degree to which the lowest energy configurations reantiferromagnet contributions - ¢ . In particular, the fer-
sult in an anisotropy approximating that described by Eqromagnet component of the energy can have a different de-
(3.2) is strongly dependent on the strength of the interlayependence on orientation anglg, than the total system en-
couplingJg Ar. For some values afg or, even the sign of ergy. A way of thinking of this is to consider the effective
the effective anisotropy can change, representing a change field h.s; acting at a layer of spins within the structure and
the orientation of the easy and hard axes. The magnitude arglculate the associated energ\ - hq¢;. The field varies in
sign of K¢'" saturate to a fixed value falr ar larger than  magnitude and direction throughout the structure, and can
1.29J,¢|. At these large values, the antiferromagnet spins ahave a dependence oy, that also varies from layer to layer.
the interface are aligned collinear with respect to the ferroA way of characterizing this difference in a meaningful way
magnet spins, and rotate rigidly with the ferromagnet as deis to identify extrema in the energy of the ferromagnet cal-

AF

-6.160 .

F,AF/ JAF|S

scribed in the preceding section. culated as a function afy, , and compare this to the extrema
A plot of the effective anisotropy determined by fitting the determined from the total energy: ar.
ground-state energy configurations to E8.2) is shown in Results of this characterization are shown in Fig. 5 as the

Fig. 4 as a function of interlayer couplinly 5. The good-  anglesa) where minima(a and maximab) occur as func-
ness of fit is quantified by the measuRé whereR?=1 is  tions of Jp or. The anglesy,, ¢ represent orientations of
very good and denoted by lightly shaded stripes, and veryhe ferromagnet spins where the energy of the ferromagnet
bad bits are denoted by dark gray stripes. spins has minima, and the angleg, r+ ar represent orien-
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FIG. 4. Effective anisotropy describing ground-state energy con- Je /N ael
figurations as a function of interlayer couplidg o . The degree to (b ——a .
which the anisotropy is a simple fourfold type of the form given in _e_a'"“
Eq. (3.2 is indicated by grayscale shading. White means that the . e — AR
description is very good and black means that the description is 45 O@-a-a 4420 - 45
very poor. Note that the direction of the easy and hard axes car /
change depending on the magnitudelpiyr . -
30 Lo
tations of the ferromagnet spins where the energy of the en’g . e 3
tire system has minima. Likewise, the angleg.yr repre- = %
sent orientations of the ferromagnet spins where the energ' /o 3
of the ferromagnet spins has maxima, and the angles® ™ £ ] B
amaxF+AF fepresent orientations of the ferromagnet spins / { \ \
where the energy of the entire system has maxima. O
An interpretation of the minima is to assign different easy 000 oooo\o 0000 \ 00¢-0
and hard axes to the ferromagnet and system. In this view 45 40 05 00 05 10 15
the alignment of the ferromagnet to an easy axis associate Je Ml

with the system rather than the easy axis defined by the local . . .
effective field acting on the ferromagnet is a clear indication FIG. 5. Orientations for energy extrema as functiongofe .
of how order in the antiferromagnet is involved in determin-In (&), anglesamiy ¢ represent orientations of the ferromagnet spins
ing the magnetic anisotropies observable through the ferro¥here the energy of the ferromagnet spins has minima and the
magnet. As an extreme example, the lalge¢ limit shown anglesamin r+ar represent .orlentatlons of the. ferromagnet spins
in Fig. 5 has the ferromagnet “easy” axis parallel to the where the energy of the entire system has mlnlmab]nh_e angles
system hard axis. This occurs again at smaller values dfmaxF @Nd @maxe+ar are shown for the corresponding energy
maxima.

JFAF-

Coercivities calculated for magnetization loop simulations _ S T
also show curious behavior for some values of interlayelfound to contain any unidirectional contribution in any of the
coupling. Coercive fields for applied fields along {HeLO] compensated interface examples studied. This is consistent
and[100] directions are shown in Fig. 6. The most curiousW't.h previous .calculatlons demonstratlng the inability of
feature is the different coercivities produced with positiveSﬁ'n'ﬂOpb(.:OUpl;Pf% at c_ompinsatelcli mterfacesblto supportt_ex-
and negativelg or. The reason for this is that the antiferro- :‘:oragr?izotfgs Sfiglggﬁmg physically reasonable assumptions
magnetic film used for the calculation is very thin. Large Py :
values of|Jg f| fully align the spins collinear with the fer- -
romagnet and contribute to the net magnetic moment. When A. Bias with interface defect

Je,ar>0, the contribution increases the Zeeman energy of |t has been noted that small regions of uncompensated

the system in an applied field, and whénar<0, the con-  spins at the interface can be sufficient to create exchange
tribution decreases the Zeeman energy in an applied fielghyjz53.7.25.26 This possible mechanism for exchange bias is

The easy axis coercivities are therefore larger with negativeypjored for the Nj;Fe J/FesMng, model discussed here.
JE ar than with positivelg ag . The unit cell of the structure with defect is based on eight
antiferromagnet atomic layers with eight spins in each layer

IV. MECHANISMS FOR EXCHANGE BIAS exchange coupled to a ferromagnet film consisting of two
atomic layers, also with eight spins per layer. Periodic
The anisotropies induced on the ferromagnet through inboundary conditions in the planes parallel to the interface are
terlayer exchange coupling with the ferromagnet were notised. The defect is represented by replacing the exchange
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FIG. 6. Coercive fields for applied fields along th&10] and ] o ] ]
[100] directions for different interlayer coupling ar . The filled FIG. 7. Biased magnetization loop with one defect spin. The
symbols are for the applied field directed along fid0] and the ~ Parameters used are the same as those used for the unbiased loop
solid line for the applied field directed alofig00]. shown in Fig. 2b). The difference is that here the unit cell has

Ng=15, Npyg=65, and one spin “defect” located at the interface
couplings and local anisotropies of one spin on the ferromagprovid_ing a small net uncompensated antiferromagnetic moment.
net side of the interface with values appropriate to the antidr aF 15 ~0.5Jag].

ferromagnet: In this way the upit cell of the structure has 1_5ayer coupling. An important point is that the nature of the
ferromagnetlcally coup_led spins and 65 antlferroma_gnetlanisotropy is also dependent on the strength of the coupling,
cally coupled spins, with a small uncompensated region & is only strictly of a simple fourfold form in the case of
the interface. _ . strong interlayer coupling.

Results from calculations for coupling between ferromag-  \eak and moderate values of interlayer coupling lead to
net and antiferromagnet spins with: sr=—0.5Ja¢l are g additional interesting effect on the induced anisotropy.
shown in Fig. 7. A small negative bias of magnitude Rather than a single well-defined order in the antiferromag-
0.009JarSarl/(gue) appears. It is interesting to note that a net, a number of metastable configurations appear. The low-
simple estimate of the shift would be to average the uncomgst energy configurations lead to an induced anisotropy with
pensated coupling energylg s over the number of ferro-  foyrfold symmetry. The degree to which the fourfold anisot-
magnet spins, giving a bias field of 0|0ZSarl/(91s).  ropy associated with the lowest energy configurations is de-
The factor of 14 discrepancy is because the spin order in thgcribed by a simple sinusoid depends on the strength of the
antiferromagnet changes during magnetization in such a Waterlayer exchange coupling and is only approximate at best
as to reduce the magnitude of the field necessary to align thgy some values of the exchange.
ferromagnet. This is analogous to the reduction in bias field Exchange bias shifts for perfectly compensated interfaces
described by Maurietal’ for exchange bias with com- assuming the low-energy spin configuration was not found.
pletely uncompensated interfaces. Instead, an exchange bias could be created by allowing the

interface to have some small degree of uncompensation
V. SUMMARY through introduction of a defect in the interface structure.
These findings are consistent with previous work showing

A molecular-field model of magnetic order in multisublat- . X . . >
tice magnets, such as g, exchange coupled to a fer- fthat a spin-flop conﬂgyranon at a compensatgd |_nterface is
’ 50 incapable of producing a shifted magnetization loop,

romagnet has been examined. It has been shown that ord Uhereas mixed interfaces with some amount of uncompen-
ing of spins near the surfaces and interfaces of the

antiferromagnet are strongly affected by exchange couplings,’atlon present can shift the magnetization loop.

but that the intrinsic fourfold anisotropy of the antiferromag-
net is still induced into the ferromagnet. Through exchange
coupling, the ferromagnet spins experience a fourfold anisot- T.M. and R.L.S. acknowledge support by the Australian
ropy with a magnitude sensitive to the strength of the interResearch CounciDiscovery Grant and IREX
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