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Magnetic phases and reorientation transitions in antiferromagnetically coupled multilayers

U. K. Rößler* and A. N. Bogdanov†
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~Received 26 September 2003; published 28 May 2004!

In antiferromagnetically coupled superlattices grown on~001! faces of cubic substrates, e.g., based on
material combinations as Co/Cu, Fe/Si, Co/Cr, or Fe/Cr, the magnetic states evolve under competing influence
of bilinear and biquadratic exchange interactions, surface-enhanced fourfold in-plane anisotropy, and specific
finite-size effects. Using phenomenological~micromagnetic! theory, a comprehensive survey of the magnetic
states and reorientation transitions has been carried out for multilayer systems with even number of ferromag-
netic sublayers and magnetizations in the plane. In two-layer systems (N52) the phase diagrams in depen-
dence on components of the applied field in the plane include ‘‘swallow-tail-type’’ regions of~metastable!
multistate coexistence and a number of continuous and discontinuous reorientation transitions induced by
radial and transversal components of the applied field. In multilayers (N>4) noncollinear states are spatially
inhomogeneous with magnetization varying across the multilayer stack. For weak fourfold anisotropy the
magnetic states under influence of an applied field evolve by a complex continuous reorientation into the
saturated state. At higher anisotropy they transform into various inhomogeneous and asymmetric structures.
The discontinuous transitions between the magnetic states in these two layers and multilayers are characterized
by broad ranges of multiphase coexistence of the~metastable! states and give rise to specific transitional
domain structures.

DOI: 10.1103/PhysRevB.69.184420 PACS number~s!: 75.70.2i, 75.50.Ee, 75.10.2b, 75.30.Kz
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I. INTRODUCTION

Multilayers built from ferromagnetic layers with variou
spacer layers include a wide variety of magnetic film syste
that have been intensively studied during past years. Du
remarkable phenomena as giant magnetoresista
exchange-spring behavior and/or exchange bias, and su
enhanced magnetic anisotropy, such nanostructures hav
ready found a number of applications and are considere
promising candidates for nonvolatile magnetic record
media.1 On the other hand, nanoscale superlattices and s
lar structures provide convenient model systems to study
ferent aspects of surface magnetism and magnetic orderin
confining geometry.

In particular, much attention has been given to multilay
composed of antiferromagnetically coupled ferromagne
nanolayers.2–18 Such layered synthetic antiferromagnets c
be separated into two classes according to the symme
ruling their magnetic properties. Superlattices with relativ
strong uniaxial anisotropies include low-symmetry multila
ers with effective uniaxial magnetic anisotropy in the lay
planes, e.g., epitaxial systems deposited on~110! and ~211!
faces of cubic substrates.3,4Also multilayer systems with per
pendicular anisotropy belong to this class.5–7 Magnetization
processes in these nanostructures are strongly influence
the uniaxial anisotropy which is responsible for specific p
nomena such as ‘‘surface spin-flop’’3,8 or field-induced meta-
magnetic jumps.5 On the other hand, the uniaxial anisotrop
may be absent in layered systems with higher symme
These represent another large and intensively investig
class of synthetic antiferromagnetic nanostructures. Supe
tices with planar magnetization grown on~001! faces of cu-
bic substrates, e.g., multilayers from materials combinati
as Co/Cu,9 Fe/Si10,11 Co/Cr,12–14or Fe/Cr16–18belong to this
class. In the case of weak fourfold anisotropy, their magn
0163-1829/2004/69~18!/184420~15!/$22.50 69 1844
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properties are mostly determined by the interlayer excha
interactions which may include an importantbiquadratic
contribution.10,11,15–17 Evidence of strong biquadratic ex
change interaction has been given in a number of experim
tal papers for Fe/Cr two-layers and multilayers,15–17 for Fe/
Si~001! multilayers.11 Strong effective fourfold anisotropie
have been found in systems such as Co/Cr~001! or
Fe/Cr~001!.9,13,16,14The competition between magnetic a
isotropy, applied fields, and exchange energies may ca
complicated magnetic effects and processes. In fact, a g
number of novel magnetic configurations and remarkable
orientational effects in external fields have been found
such superlattices.9,10,16,18In particular, recent experimenta
results using modern depth-resolving techniques reveal
tially inhomogeneous magnetic structures, e.g., in
Cr~001! superlattices,18 and specific reorientation effects im
posed by four-fold planar~tetragonal! anisotropy.16 The
understanding and interpretation of the complex magnet
tion processes found in such systems19–21 requires a theoret-
ical underpinning.

Theoretical activity in this field is largely based on an
lytical and numerical calculations mostly within phenomen
logical approaches.3,8,16,22–24 These studies have demon
strated the general validity of the phenomenological mod
to describe the magnetization processes in antiferromagn
nanostructures.3,9,18,8 For the system under discussion th
phenomenological theory has been developed to describ
fects of biquadratic couplings15 and a concomitant comple
evolution of domain structures in Fe/Cr/Fe layers.25 Fourfold
anisotropy effects have been theoretically investigated
Ref. 23 for sandwich structures withN52 ferromagnetic
layers coupled through a spacer. Multilayer systems prov
also experimental models to study effects of the confin
surfaces on antiferromagnetic structures.3,26 In this context,
specific inhomogeneous magnetic states described for t
©2004 The American Physical Society20-1
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retical models in Ref. 24 have recently been observed
Fe/Cr superlattices.18 The existing theoretical results, how
ever, are restricted to special cases and are not sufficien
an exhaustive description of the magnetic states and fi
induced reorientional effects observed in rece
experiment.9–14,16–18

In this paper we provide a theoretical analysis of magn
states and magnetization processes in planar antiferrom
netic superlattices with and without fourfold anisotropy
magnetic fields applied within the multilayer plane. In su
magnetic superlattices the exchange interlayer coupling i
oscillatory function of the spacer thickness.27,28 Depending
on the spacer thickness an alternating sequence of ferrom
netic and antiferromagnetic interlayer couplings is realiz
and, by adjusting the spacer thicknesses, very diffe
strengths of antiferromagnetic coupling can be realized.
the other hand, the fourfold anisotropy includes interfa
induced contributions, which implies a strong dependency
the effective average anisotropy of each ferromagnetic la
on the layer thickness.29 Thus, the effective magnetic inte
actions can vary in extremely broad ranges for such mu
layers in dependence on the chosen material combinat
and thicknesses, see e.g. Ref. 9, where for a Co/Cu~001!
two-layer system with a wedged spacer layer the ratio
tween fourfold anisotropy energy and the exchange coup
is changed by orders of magnitude. In contrast to bulk pla
antiferromagnets, where an essentially fixed hierarchy for
strengths of the magnetic interactions holds,30 in these artifi-
cial antiferromagnetic systems the ratios between differ
magnetic energies, respectively, the phenomenological
rameters in the magnetic free-energy, may assume practi
arbitrary values. Moreover, as the interlayer exchange
weak compared to direct exchange interactions, the field
induce spin-reorientation phenomena are similarly weak
experimentally accessible.

The rich phase diagrams for these systems preclude
analysis in all details. The phase space in terms of the p
nomenological parameters includes a large variety of dif
ent magnetic states with a corresponding multitude of sp
taneous and field-induced phase-transformations. In a
step to such an analysis, all laterally homogeneous state
such multilayers must be found. They are the building blo
for a domain theory.30,31 For the case of laterally homoge
neous states of each ferromagnetic sublayer one has a sy
that behaves like an antiferromagnetically coupled chain
Stoner-Wohlfarth particles. This simplified one-dimension
model for the behavior across the multilayer stack also yie
the limiting case for the magnetization processes with ma
mum hystereses. Again, a direct analysis of all magn
states even for these one-dimensional models yields an i
cate succession of phase diagrams and magnetiza
curves.23 In this paper, we avoid the cumbersome task
listing and classifyingall solutions and transitions. Instea
we provide a broad physically intuitive picture of the effec
due to the different exchange or anisotropic forces, and th
imposed by the confining geometry of the system. To t
end, we study limiting cases of the model. This includes
case of strictly zero anisotropy with and without biquadra
exchange, and the case of infinite anisotropy with fixed fo
18442
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fold orientation of the magnetizations in each layer. For
antiferromagnetic two-layer systems (N52), i.e., the sand-
wich structures~experimentally realized as ferromagneti
spacer/ferromagnetic trilayers!, we provide a detailed inves
tigation of the magnetic phase diagram for arbitra
orientation of fields in the layer planes. Based on this, we
understand thebasicmagnetic configurations in the multilay
ers, and we can give a map of thetopologically different
typesof magnetic phase diagrams.

We use standard methods to analyze magnetic phases
transitions within the phenomenological approach and
theory of phase transitions.32 The one-dimensional chain
models are considered as composite order parameters
many components (N components in a multilayer stack com
posed ofN ferromagnetic/spacer bilayers! and a characteris
tic structure of couplings between the components defined
interlayer exchange and the surfaces. From this point
view, the very rich phase diagrams and correspondin
complex sequences of magnetic configurations can be un
stood. For the general cases of the model, the equation
equilibrium and phase stability can be solved only by n
merical methods. With the methods and results expoun
below, one can extend the analysis to specific experime
cases in all detail.

The solutions for the one-dimensional chain models
clude various field-induced canted and inhomogeneous s
with a net magnetization. Based on the phase diagram
these models, the evolution of laterally inhomogeneous~do-
main! states and magnetization processes can
discussed.31,30 In this connection, the coexistence regions
different phases in the vicinity of discontinuous~first-order!
magnetic phase transitions are important. In external fie
thermodynamically stable domain configuration from the
competing phases can be established in extended multila
This is crucial for an understanding of the hysteretic mag
tization processes under coercivity mechanisms.

The paper is organized as follows. After introducing t
model and mathematical tools~Sec. II! we consider the ef-
fects of the bilinear and biquadratic exchange interaction
the following section~Sec. III!. In Sec. IV we investigate in
detail fourfold anisotropy effects in antiferromagnetica
coupled two-layers and then discuss the generalization
these finding to the case of multilayers. In Sec. IV we disc
domain states and magnetization processes by using qu
tive arguments. In the concluding part we discuss poss
extensions of the theory, and we suggest some useful ex
ments to enhance our understanding of magnetization
cesses in antiferromagnetic superlattices.

II. THE MICROMAGNETIC ENERGY

Let us consider a stack ofN ferromagnetic plates infinite
in x and y directions and with finite thickness alongz axis.
The magnetization of the layers isM i , and there are indirec
interlayer-exchange couplings through spacers betw
them. The phenomenological energy of the system can
written in the following form:
0-2
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FN5 (
i 51

N21

@Jimi•mi 111 J̃i~mi•mi 11!2#
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i 51

N

z imi2
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2 (
i 51

N

Ki~mx
41my

4!, ~1!

where mi5M i /M0
( i ) (M0

( i )5uM i u) are unity vectors along
the i th layer magnetization.z i5M0

( i )/M0 designate devia-
tions of the magnetization in thei th layer from the averaged
valueM0. We assume thatmiz50, i.e., the layer magnetiza
tions are restricted to the layer plane.Ji and J̃i are constants
of bilinear and biquadratic exchange interactions, resp
tively; Ki are constants of the in-plane fourfold anisotrop
The functional~1! generalizes similar models considered e
lier in a number of studies on exchange9,16,23,30 and
anisotropy16,17,22,25effects in planar antiferromagnetic sy
tems. Within this approach the ferromagnetic layers are c
sidered as homogeneously magnetized blocks with cons
values of the magnetic interactions. This assumption
serves some comment. It is well established that in magn
nanostructures surface/interface exchange and relativisti
teractions strongly modify electronic and magnetic prop
ties within all volume of the magnetic constituents.33 This
means that the values of the exchange or anisotropy pa
eters, and the magnetizations include large interface/surf
induced components which may strongly vary across
thickness of the individual layers.33,34 However, the hypoth-
esis of magnetic homogeneity in the ferromagnetic nano
ers in the models of type~1! has a solid physical basis and
justified by successful applications of these models to
scribe magnetization processes in layered ferromagnetic
antiferromagnetic nanostructures.3,8,9,16,18,34,35,36This relies
on the fact that in ferromagnetic nanolayers the intrinsic~di-
rect! exchange coupling are usually very strong and ov
come surface-interface-induced interactions. Thus, they
the dominating role to determine the magnetic orderwithin
the layers, which reacts also very stiffly on all external a
induced magnetic forces. Furthermore, in these planar
tems the stray field forces confine the magnetization of
layers into their plane. As a result, in most of these syste
the ferromagnetic layers preserve essentially homogen
in-plane magnetized states even under the influence
strongly inhomogeneous induced interactions.34,35 In this
connection it is important to stress here that the mater
parameters in the phenomenological model~1! should be
treated as averages over a multilayerperiod. They comprise
~in integral form! all intrinsic and induced energy contribu
tions of the magnetic states in the ferromagnetic layers
particular, for the systems under consideration they may
include a contribution from magnetism of the spacer laye
Thus, in contrast to their bulk counterparts which are cons
ered as constants of the magnetic materials, in nanos
multilayer systems the phenomenological parame
strongly depend on many physical and geometrical fac
and may considerably vary from sample to sample.

Parity of N also plays an important role. The model~1!
with evennumber of ferromagnetic layers represents syste
with fully compensated magnetization. Such superlatti
18442
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can be treated as analogs to bulk collinear antiferromagn
Superlattices with odd numbers of layers or with uneq
thicknesses of layers own a noncompensated magnetiza
which strongly determines their global magnetic properti
In their response to an applied field, these structures are s
lar to bulk ferrimagnets. They could be studied by simi
methods as used below, but have to be considered as sep
class of systems. Concentrating on the properties of syst
with fully compensated total magnetization, we consid
only superlattices with evenN and equal magnetization in a
layers (z i51). In this contribution dedicated to gener
properties of these antiferromagnetic superlattices, we av
secondary effects which are related to their microstruct
and interface properties, such as strains, chemical interm
ing, etc. With that in view we will study the model~1!
mainly for the case ofidentical ferromagnetic layers assum
ing that the exchange and anisotropy constants are equa
all the layers,Ji5J, J̃i5 J̃, andKi5K. Some of the analyti-
cal results can be generalized to the isotropic~i.e., with Ki
50) system with mirror symmetry about the center of t
layer stack, i.e.,Ji5JN2 i and J̃i5 J̃N2 i .

In our problem the magnetization of thei th layer is con-
fined in planar orientations and can be described by the a
u i between the vectormi andx axis. Thus, calculations of the
magnetic states for the model~1! can be reduced to the op
timization of the functionFN(u1 ,u2 , . . . ,uN). Following
the theory of bulk antiferromagnetism it is convenient
introduce here the vectors of thetotal magnetizationm and
the staggered~or antiferromagnetism! vector l

m5(
i 51

N

mi , l5(
i 51

N

~21!( i 11)mi . ~2!

The energy~1! is invariant under transformationl→2 l, and,
therefore, all magnetic states in this model are degene
with respect to the sign of the staggered vectors. In the
lowing only solutions with a definite sign of the stagger
vector will be discussed. However, one should keep in m
that the full set of solutions includes also those with oppos
sign of l. The magnetic states with opposite sign ofl behave
identically in an applied magnetic field. Thus, for the ma
netization processes there is no need to distinguish these
lutions.

For the particular case of a two-layer (N52) the energy
~1! can be transformed to the following form

F25J1cos 2f1 J̃1cos22f22Hcosfcos~u2c!

2
K

4
cos 4fcos 4u2

3K

4
, ~3!

whereu5(u11u2)/2, f5(u12u2)/2 andc is the angle be-
tween theH and thex axis.

This case of a two-layer is of special interest. The ene
~3! functionally coincides with that of a bulk two-sublattic
antiferromagnet. This offers the opportunity for useful phy
cal relations and analogies with bulk antiferromagnetism.
the other hand, the two-layers represent the simplest m
of antiferromagnetically coupled layered nanostructures.
0-3
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The equations minimizing the functio
FN(u1 ,u2 , . . . ,uN) have strongly nonlinear character an
no analytical solution are available generally. The body
our results have been obtained by numerical methods.
solve the coupled equations for equilibria$]W/]u i

50% i 51, . . . ,N by an efficient conjugate gradien
minimization.37 For systems with large anisotropy the co
figurations with the magnetizations oriented in the fourfo
easy-axis directions are close to mostly metastable min
of the energy. These configurations have been systemati
searched for global absolute stability and checked for sta
ity. Numerically, this is feasible forN not too large with
present day computers. Stability limits and phase transiti
are determined from the evolution of the smallest eigenva
e0(H,K) of the stability matrix (]2W/]u i]u j ),i , j
51, . . . ,N under changing parameters in Eq.~1!, i.e., ratios

J̃/J, K/J, or the applied magnetic field.

III. MAGNETIC STRUCTURES IN ISOTROPIC
MULTILAYERS: SPATIALLY INHOMOGENEOUS

SPIN-FLOP STATES

A. Exchange interactions in layered antiferromagnets

We start the investigations of the static configuratio
minimizing energy~1! from the isotropic case~i.e., with Ki
50). Depending on relations between bilinear and biq
dratic constants different collinear and noncollinear confi
rations are stable.22,25 The equationsJi.0, J̃i.0, Ji22J̃i
.0 determine the region in the parameter space whe
collinear antiferromagnetic ~AF! phase is the zero-field
ground state consisting of blocks of adjacent layers with
tiparallel orientation of the magnetization@Fig. 1~a!#. We re-
strict our analysis to this practically important case. The
phase is infinitely degenerate with respect to orientation
the staggered vectorl in planar directions.

The magnetic states for the isotropic two-layer (N52) in
the applied field can be obtained by minimization of t
energy ~3! with K50. The solutions @u5c, H52(J
22J̃)cosf18J̃cos3f] describe the states with the stagger
vector perpendicular to the applied field@so calledspin-flop
~SF! phase#. In an increasing magnetic field the magnetiz
tion vectors rotate into the field direction@Fig. 1~b!#, and
finally reaches a continuous transition into the ferromagn
~flip! phase withũ50. This ~spin-flip transition! occurs at

FIG. 1. Basic spin configurations in isotropic antiferromagne
cally coupled two-layers (N52). At zero field~a! the magnetiza-
tion vectorsmi are antiparallel in adjacent layers but the structu
has no fixed orientation in the plane~infinite degeneracy!. An in-
plane magnetic field lifts the degeneracy and stabilizes states wl
perpendicular to the field and withm along the field—this is a
spin-flop ~SF! phase~b!. In a sufficiently strong magnetic field th
SF phases transform into the saturated~flip! phase~c!.
18442
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the exchange fieldHe
(2)52(J12J̃) @Fig. 1~c!#, which is

lower than the corresponding spin-flip fieldHe54(J12J̃)
for a bulk system.

In superlattices withN>4 the magnetic field applied in
the plane also lifts the degeneracy and stabilizes the
phase~the state withl 'H and m uuH) ~Figs. 2–4!. How-
ever, the magnetic configurations in these SF states and
evolution in the applied field are markedly different fro
those in bulk antiferromagnets or in the two-layer systems
turns out that magnetic structures of the multilayers withN
divisible by four (N54l called hereeven-even! differ from
even-odd systems with N54l 12 (l 51,2, . . . ). In low
fields (Ji22J̃i@H) the solutions for the SF phase are giv
by a set of linear equations,

~J2 j 2122J̃2 j 21!~p2u2 j 211u2 j !5H,

u2 j2u2 j 1150, j 51,2, . . . ,l , ~4!

wherel 5N/4 for even-even andl 5(N12)/4 even-odd sys-
tems. It is clear that for the isotropic model the direction
the magnetic field in the film plane plays no role. Followin
the definition of the anglesu i we assume here that the ma
netic field is applied along thex axis. The solutions~4! de-
scribe small deviations of the magnetization vectors, fr
the directions perpendicular to the easy axis@see the magne
tization profiles in Figs. 2 and 4 and the configuration in F
3~b!#. In all internal layers (i 52, . . . ,N21) neighboring
pairs retain antiparallel orientations@e.g., (m2 ,m3) and
(m4 ,m5) in Fig. 3~b!#. For even-even systems the magne

-

h

FIG. 2. Evolution of spin states in multilayers with a fieldH
applied in the plane of the layers and for zero anisotropyK[0 and

biquadratic exchangeJ̃50, henceHe54 J. Main figure: rotation
angles of the layers in the planeu i ( i 51, . . . ,N) for superlattice
with N512. At point labeled ‘‘R’’ the sense of rotation changes fo
the magnetization directionu i ~here,i 52); at point ‘‘' ’’ the mag-
netization of this layer is perpendicular to the applied field aga
Point ‘‘*’’ is the ‘‘knot point’’ @Eq. ~5!#. Inset:N564 only u i for
eveni 52 andi 54,8,12, . . . ,64shown.
0-4
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zation vectors of the central layers (mN/2 , mN/211) preserve
perpendicular orientation even in finite~but weak! fields ~see
layers 6 and 7 in Fig. 3!. For even-odd systems the magn
tization vectors of all layers have finite deviations from p
pendicular orientation. Towards top and bottom layeri 51 or

FIG. 3. Spin states in multilayers withN512 for zero anisot-
ropy K[0 and field H applied in the plane:~a! H50, ~b! H
,HR

(2)!He , ~c! H5HR
(2) , ~d! H5H'

(2) , ~e! H5H* , and ~f! H*
,H,He

(N) , i.e., below the transition to the flip phase~cf. Fig. 2!.
All states have mirror symmetry about the center of the multila
stack~marked by the dashed line!.

FIG. 4. Evolution of magnetic states in antiferromagne
multilayer N512 with zero anisotropyK[0 and biquadratic ex-

changek52J̃/J.0, i.e., with enhancedHe54(J12J̃) ~compare
with Fig. 2 for k50). H is applied in the layer plane.~a! Magne-
tization curves in the range of values ofk with antiferromagnetic
ground state in zero field.~b! Evolution of states~only shown for
layers with even numbers! in small fields fork50.98.
18442
-
-

N in the stack, these deviations increase. Due to antipar
orientation the pairs have zero net magnetization. The t
magnetization arises only due to the top and bottom lay
i 51 andN. Note that in these configurations a number
layers rotates against the applied field~in Figs. 2–4 the lay-
ers with i 52, 4 and their symmetric counterparts withi
511, 9!. This occurs because, in weak fields, the excha
interactions favoring antiparallel magnetizations in adjac
layers play the dominant role. An increasing magnetic fi
counteracts and slows down this reverse rotation, when
nonlinear evolution for the magnetization structure
reached, and finally the sense of rotation is changed at c
acteristic fieldsHr

( i ) wheredu i /dH50. With increasingN
the number of layers increases which display this reve
rotation, the deviations from orientations perpendicular
the applied low field become larger near the surface lay
and the fieldsHr

( i ) are reached at lower fields~see inset in
Fig. 2 for N564). A further set of characteristic fieldsH'

( i )

defines the points where the projection ofmi on the field
directions changes the sign~the fieldHr

(2) andH'
(2) are indi-

cated in Fig. 2!. In increasing field these characteristic fiel
initially are reached for the central layers and at higher fie
for those closer to the boundaries. For fieldsH.H'

(2)

5H'
(N21) the magnetization directions of all layers ha

positive projections onto the field direction. In the mod
with equal exchange constant there is another special
H* ~independent ofN), where all inner layers have the sam
projection onto the field direction@u i5(21)i 11 u0* , i
52,3, . . . ,N21]. The parameters of this ‘‘knot’’ point are
determined from a set of equations,

H* 54~J12J̃!S 12
2 k

11k
sin2u* D cosu* , sinu* 52sinu1* ,

cosS u1* 13u*

2 D 1kcosS u1* 2u*

2 D cos~u1* 13u* !50,

k52J̃/J. ~5!

The functionsH* (k), u1* (k), andu* (k) are plotted in Fig.
5. In particular, for superlattices with zero biquadratic e
changeJ̃50 one hasH* 5A6 He/4 andu* 5arccos(A3/8).
Near saturation, the SF phase has only positive projection
the magnetization on the direction of the magnetic fie
which decreases towards the center similar to spin confi
rations obtained numerically in Ref. 24.

The spatial inhomogeneity of the SF phases in the mu
layers and their remarkable evolution in the applied field
due to the particularfinite-sizeeffects in this type of mag-
netic nanostructures. In such layered nanostructures all in
nal layers interact with two adjacent layers but the top a
bottom layers have only one neighboring layer. Thus, th
exchange coupling is weakened compared to internal la
within the multilayer stack. This strong disbalance of t
exchange forces at the boundaries affects the magnetic o
ing within the entire multilayer and causes the reorientatio
processes in the SF phases. This mechanism is also res
sible for the occurrence of inhomogeneous states in o

r
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noncollinear structures in the multilayers~see Secs. IV C and
V A !. Note that this important role of the cut exchange co
plings is specific to antiferromagnetic confined systems w
noncompensated moments at surfaces. In contrast, the
ting of exchange couplings does not affectferromagnetically
coupled nanostructures where relative orientation of
magnetization in the layers essentially depend only on m
netic anisotropy, applied fields, and the demagnetizing s
fields.

B. Effects of the biquadratic exchange

Evolution of spin-flop profiles for the multilayer with fi
nite biquadratic exchange is plotted in Fig. 4. For the s
tems with collinear ground states the biquadratic excha
does not induce reorientional transitions but it has rat
strong influence on the distribution of the magnetization
the multilayers~see insets in Fig. 4! and the value of the
characteristic fields~Fig. 5!. The effects of a biquadratic ex
changeJ̃.0, if present in multilayers with collinear antifer
romagnetic ground state, can be easily understood. For m
netic configurations close to the antiparallel orientation
neighboring layers, it softens the linear exchange forces;
nearly parallel orientation the system becomes stiffer inste
The evolution of the magnetic states in the external field
distorted accordingly by the presence of the biquadratic
changeJ̃.0 ~Fig. 4!. In low fields close to the antiferromag
netic ground state, the system reacts more strongly on
external field. Thus, the fieldsHr

( i ) , where the rotation of the
i th layer reverses, and the fieldH'

( i ) , where perpendicula
orientation with respect to field is regained, respectively,
reached at relatively lower fields~labels ‘‘R’’ and ‘‘' ’’ in
Fig. 4!. Conversely, the ferromagnetic state is reached o
close to the enhanced exchange fieldsHe , reflecting the stiff-
ening of the effective exchange couplings in nearly fer
magnetic configurations. Thus, the magnetization curves
quire a nonlinear character with increasingJ̃.0 @inset~a! in
Fig. 4#. Experimental observation of the fieldsHr

( i ) and the
special fieldH* ~Fig. 5! could be used to determine th
relative strength ofJ̃.0. For large values ofJ̃ the reversal

FIG. 5. Dependence of knot pointH* @Eq. ~5!# on strength of
biquadratic exchangek. Inset shows the two anglesu* , u1* which
characterize this special configuration independent onN.
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of the rotation of the magnetizations of individual laye
takes place at very low fields@see inset~b! in Fig. 4#.

C. Spin-flip transition

Near the spin-flip transition from the SF phase to the f
romagnetic states, the deviations ofmi from the field direc-
tions are small (u i!1), and the energy of the system~1! can
be expressed by the quadratic formW5( i , j 51

N Ai j u iu j ,
where the matrixAi j has a tridiagonal band structure wit
nonzero elements only in the main diagonalAii 5H2 J̄i and
with the side diagonal elementsAi ,i 215Ai 21,i5Ji12J̃i

[ J̄i . The spin-flip fieldHe
(N) is determined as the larges

root of the equation det(Ai j )50. In particular, for the mode
with equal parameters these solutions are plotted in Fig
The spin-flip field gradually increases fromHe

(2)52(J

12J̃) for the two-layer to the ‘‘bulk’’ valueHe54(J12J̃)
in the limit of infinite N ~Fig. 6!. This dependence reflects th
increase of the average number of exchange bonds from
value 1 for the two-layer and approaching 2 asN tends to
infinity.

IV. EFFECTS OF TETRAGONAL ANISOTROPY
IN TWO-LAYER SYSTEMS

Effects of the fourfold magnetic anisotropy on the sta
in the antiferromagnetic superlattices are revealed in de
by applying fields in arbitrary directions. We approach t
general case by a detailed investigation on the case of
two-layer. To set the stage, we discuss the highly symme
phase diagrams with fields in direction of easy and hard a
in the plane. This completes earlier work by Dienyet al.23 on
the N52 systems. Then, we present phase diagrams for
bitrary field directions in the layer plane. As we have seen
the preceding section, the primary effect of biquadratic
change is a distortion of phase diagrams in various regio
Thus, here we consider only models withJ̃50 to avoid such
quantitative effects which will not affect the general top
logical features of the phase diagrams.

Optimization of the functionF2(u,f) @Eq. ~3!# yields
solutions for the magnetic states and their stability limits.

FIG. 6. Spin-flip fields for antiferromagnetic multilayers~zero
anisotropyK[0) in dependence on number of layersN.
0-6
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zero field the tetragonal anisotropy lifts the rotational deg
eracy of the AF phase and stabilizes two different states w
perpendicular orientations ofl @Fig. 7~a!#.

A. Magnetic field along hard directions

In a field applied along one of the hard axes, the
configurations of the ground state@Figs. 7~a! and 7~b!# are
distorted into low-symmetry configurations@so-calledcanted
phases—Figs. 7~c! and 7~d!#. Both these magnetic configu
rations preserve mirror symmetry with respect to the fi
direction and have the same energy. The total magnetizat
m of these canted states deviate from the field direction
different sides at equal angles@Figs. 7~c8! and 7~d8!#. An
oblique magnetic field deviating from the hard direction
one or the other side violates the phase balance betw
these two canted states. It favors the canted phase with
larger projection ofm onto the field direction. This is the
typical situation of a first-order~or discontinuous! transition.

In an increasing field the vectorsm in both canted phase
rotate into the field direction and reach it at a certain criti
field Hs f1. At this point both phases transform into the com
mon configuration corresponding to the SF phase@Fig. 7~d!#,
i.e., a second-order~or continuous! phase transition from
low-symmetry canted phases into the high-symmetry
phase occurs in this field. Standard analysis yields the
lowing expression for the parameters of the critical point

Hs f15~J1Kn!A2~11n!,

n5~11k2A1114k125k2!/~6k!, k5uKu/J, ~6!

wheren5cosfsf determines the equilibrium SF configur
tion at the critical field.

The two canted phases are competing phases related
first-order transition. At the fieldHs f1 the discontinuity be-
tween these phases disappears, i.e., this is acritical point
terminating the first-order transition. After the transition in
the SF phase, the system further evolves by rotation of

FIG. 7. Magnetic configurations in planar antiferromagnetica
coupled two-layers with fourfold anisotropy. Easy directions a
indicated by thin continuous lines, and hard directions by das
lines. In zero field two antiferromagnetic configurations~I! ~a! and
~II ! ~b! with the staggered vectors along the easy directions co
spond to the ground state. A magnetic field along the hard direct
distorts them into the canted phases~c! and ~d! which transform
into the spin-flop state~e!. Corresponding configurations of ne
magnetization and staggered vectors are shown for the two ca
phases~c8) ~d8), and for the spin-flop phase~e8).
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magnetizationsmi into the direction of the field. This proces
is terminated at another critical fieldH f 152J(11k) ~Fig.
8!.

The transition between the canted and SF phases is
tinuous only below a certain anisotropy strength,uKu,Kt1,
and becomes discontinuous at higher anisotropy. The par
eters of the corresponding tricritical pointKt1
50.081 406J, Ht150.425 780J have been calculated nu
merically from the equationKt15(11n)/(6n222n24) to-
gether with Eq.~6!. Numerically calculated transition field
Htr1 and the upper stability fields of the canted phasesHc1
are plotted in Fig. 8. In this picture the gray area descri
the region of the first-order transition, respectively, the
gion of phase coexistence between the canted phases.

B. Magnetic field along easy directions

A magnetic field applied in one of the easy directio
violates the energy balance between the two AF states.
state AF~I! with staggered vector parallel to the field does n
change its configuration and exists as a metastable colli
state up to the critical fieldHa f . The phase AF~II ! with the
staggered vector perpendicular to the magnetic field tra
forms into a SF phase which corresponds to the global

d

e-
ns

ted

FIG. 8. Magnetic phase diagram of the two-layer system
magnetic fields alonghard directions. The tricritical point (Kt1

50.081 406J, Ht150.425 780J) separates the continuous~dotted
line! and discontinuous~thick line! transitions between the cante
and SF phases. A further dotted line gives the critical field of
second-order transition between the SF and flip phasesH f 1 ~6!.
Thin lines give the lower stability limitHs f1 of the SF phases and
the upper limitHc1 of the canted phases. The gray area is the reg
of the phase equilibrium between the two canted phases@see Figs.
7~c! and 7~c8! and 7~d! and 7~d8!#. Magnetization curves for low
and high anisotropy, as indicated in the main panel, are plotte
~a! and ~b!.
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U. K. RÖSSLER AND A. N. BOGDANOV PHYSICAL REVIEW B69, 184420 ~2004!
ergy minimum of the system. In an increasing magnetic fi
this phase evolves similar to the SF phase along the h
directions, and continuously transforms into the flip state
the critical fieldsH f 2 for low anisotropy.

The transition between the SF and flip phases change
order in another tricritical point (Kt2 ,Ht2). At a critical field
Hs f2 ~7! the SF phase becomes unstable with respect to
ping distortions, i.e., modes that redirect the magnetiza
vectors into the field direction but preserve the symmetry
the SF phase. The parameters of the tricritical point@ uKu t2
5(1/5)J,Ht25(8/5)J# and the stability limits

Ha f52JAk~11k!, Hs f25
2J

3
A2~11k!3

3k
,

H f 252J~12k! ~7!

have been calculated in Ref. 23. After some algebra the fi
order transition fieldHtr2 also can be derived in analytica
form,

Htr25
8J

9 F11
~31k!

12 SA11
3

k
21D G , ~8!

At the transitional field we have cosf5(A113/k21)/3.
The (K,H) phase diagram for this cases is plotted in Fig.

With increasing strength of the anisotropy, the ‘‘lan
scape’’ described by the energy functionF2(u,f) acquires
additional folds. In particular, metastable canted phases a
in a certain region of the magnetic fields along the easy
rections.~This region is indicated by gray color in Fig. 9!.
For uKu/J[k.k* with k* 50.2810.08A650.475 96 the SF
phase undergoes an instability with respect to a transi
into the canted phases. This instability occurs at labi
fields which are given by the two branches of the followi
parametric equation:

Hs f2
(1,2)5~J2uKun1,2!A2~11n1,2!,

n1,25~k217A1214k125k2!/~6k!, ~9!

wheren1,2 is given by the the configuration in the SF sta
n1,25cos 2fsf2. Both branches of the lability field~9! start at
the point Hs f2

(1,2)(k* )51.3895J ~point h in Fig. 9!; Hs f2
(2)

meets the lability lineHs f2 of Eq. ~7! at the ‘‘beak’’ (k
51/2,H5A2J) ~point n in Fig. 9!. The transition between
the metastable SF phase and the metastable canted p
alongHs f2

(1,2) is continuous between the pointsn and a further
tricritical point s. For stronger anisotropy the transition b
tween these metastable phases is discontinuous at a
order transition fieldHtr3. This transition line along with the
stability limits of the canted phases have been numeric
determined as given in Fig. 9. Note that such processes
tween metastable phases may be realized only in sys
with high coercivity where the transition into the thermod
namically stable flip phase is suppressed at the fieldHtr2 ~8!.
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C. Evolution of „H x ,H y… phase diagrams

Now we consider the magnetic states in applied fie
deviating from the symmetric directions and constru
(Hx ,Hy) phase diagrams for different values of the para
eterk5uKu/J. For the (Hx ,Hy) diagrams in Figs. 10 to 14 i
is assumed that the easy directions coincide with thex andy
axis. This correspondsK.0 in the energy Eq.~3!. Diagrams
for K,0 can be obtained by rotation of those forK.0
through an anglep/4. In the limit of weak anisotropy,uKu
!J, independent minimization with respect to the anglef
yields 2Jcosf5Hcos(u2c) and the energy~3! is simplified
to the following form:

F~u!52
H2

2J
cos2~u2c!2

K

4
cos 4uF12

2H2

J2 cos2~u2c!G .

~10!

FIG. 9. Magnetic phase diagram of the two-layer system
magnetic fields alongeasy directions. The tricritical point@Kt2

5(1/5)J, Ht25(8/5)J] separates the continuousH f 2 ~7! ~dashed
line! and discontinuousH f 2 ~8! ~thick line! transitions between SF
and flip phases. The tricritical point (Kt250.2J, Ht251.6J) sepa-
rates the continuousH f 2 ~7! ~dashed line! and discontinuousH f 2

~8!~thick line! transitions between SF and flip phases. Thin lin
indicate the lability lines of the individual phases~7!. The gray area
designates the stability region of the canted phases. For the an
ropy uKu/J5k* 50.475 96~point h), the critical field of the SF
phase switches from an instability against symmetric ‘‘flipping’’
the lineHs f2 to an instability against canting atHs f28 given by the
two branchesHs f2

(1,2) from Eq. ~9!. @Inset in the main figure shows
the details of this process; see text following Eq.~9! for further
explanation.# Small panels~a! and ~b! show magnetization curve
for low and high anisotropies as indicated in the main figure. F
thick lines are for the evolution of the equilibrium ground states,
~a! from SF phase to a continuous spin-flip transition into satu
tion. Dotted lines are the evolution starting from the metastable
phase. In~b! the evolution of the saturated state in decreasing fie
is given by a thin line. The inner small hysteresis loop shows
transitions from and into the metastable canted phase.
0-8
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MAGNETIC PHASES AND REORIENTATION . . . PHYSICAL REVIEW B69, 184420 ~2004!
The set of equations for the stability limits of solution
dF(u)/du50 andd2F(u)/du250, yield two closed lines of
critical fields in the (Hx ,Hy) phase diagram~Fig. 10!. One
of themH52(J2Kcos 4c) describes the second-order tra
sition into the flip phase withf50. The other closed curve
can be written in a parametric form:

H2cos~2u22c!54KJcos 4u2K2V1~u!,

H2sin~2u22c!52KJsin 4u2K2V2~u!, ~11!

where V1(u)54@7cos24u2222sgn(K)cos4uA3cos24u11#,
V2(u)52@5sin 4u22sgn(K)sin4uA3cos24u11#. It de-
scribes an astroid with eight cusps that confines the regio
the canted metastable states@Fig. 10~a!#. The cusps along the
easy directions coincide with the stability field of the A
phaseHa f Eq. ~7!, and those along the hard directions wi

FIG. 10. ~a! Schematic (Hx ,Hy) phase diagram of the two-laye
for 0,K,Kt1. The astroid~continuous line! gives the stability
limit of the canted metastable phases. Thick lines in diagonal di
tions ~hard axis! are first-order transitions between canted phas
The line for the~continuous! transition into the saturated spin-fli
state is given by the dotted line. Note that the real size of the ast
in the (Hx ,Hy) diagram is much smaller than shown here.~b! Evo-
lution of spin-flip field, respectively, lower stability limits of th
saturated~ferromagnetic! phase~FM!. Phase FM is stable outsid
the closed curves for the various values of anisotropy 0,K,1. For
K/J.1.0 the FM phases are~meta!stable even in reverse fields an
the existence regions overlap for states saturated in different
directions.
18442
of

H̃s f1, @Eq. ~6!#. Thick black lines within the astroid and
along the hard directions indicate the first-order transitio
between the canted phases from Fig. 7. This topology of
(Hx ,Hy) phase diagram@Fig. 10~a!# is preserved up to the
first tricritical pointKt1. For uKu>Kt1 a first-order transition
between SF phase and two canted phases arises alon
hard directions@point a in Fig. 11~a!#. For stronger anisotro-
pies,uKu.Kt1, discontinuous phase transitions exist also
finite deviations of the field direction from the hard axes. T
corresponding line of these first-order transitions have c
cal end points, where the difference between the compe
phases disappears~analogous to the end point of a coexis
ence line in gas-liquid phase diagrams!. For uKu>Kt2 and for
fields along the easy directions, the spin flip into the sa
rated ~induced! ferromagnetic state occurs discontinuous
Thus, another line of first-order transitions develops foruKu
.Kt2 also in oblique fields. Correspondingly, the transiti
lines for spin flips in (Hx ,Hy) phase diagrams consist o
continuous and discontinuous sections joined by the tric
cal pointsd, d8. The calculated (Hx ,Hy) phase diagrams fo

c-
s.

id

sy

FIG. 11. First quadrant of the (Hx ,Hy) phase diagram for anti-
ferromagnetic two-layers with~a! K50.3J and ~b! K50.8J. Easy
axes of magnetic anisotropy are along the axes of the diagra
Inset in~a! magnifies the region of the swallow tail for the disco
tinuous transitions in magnetic fields oriented close to the h
axes. Thick lines are lines of first-order transitions. The dotted li
d –d8 are continuous spin flips from spin-flop phase to the satura
~spin-flip! state. Thinner lines are the limits of stability, defining th
coexistence regions for the corresponding phases.
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U. K. RÖSSLER AND A. N. BOGDANOV PHYSICAL REVIEW B69, 184420 ~2004!
K50.3J in Fig. 11~a! and forK50.8J in Fig. 11~b! represent
the main topological features of these phase diagrams. P
a indicates the field of phase equilibrium between the
phase and two canted phases and corresponds to the c
field Htr1 from Fig. 8; pointsb andb8 are the end points o
the first-order transitions between one of the canted ph
and the SF phase. Pointsgg8 correspond to the transitio
field Htr2 from Fig. 9; pointsd and d8 are the tricritical
points, where the discontinuous transition between the
phase and the distorted SF phase ends. The lability line
the vicinity of the transition fieldHtr1 have the shape of a
‘‘swallow tail.’’ Similar phase diagrams arise in uniaxial fe
romagnets with strong fourth-order anisotropy.38,39 As the
anisotropy constant increases in the regionuKu.Kt2 the lines
of the first-order transitions extend, and near the spe
value uKu/J5k* 50.476 the pointsb, b8 reach the easy di
rections. For largeruKu canted phases exist as metasta
state also for fields in easy directions~compare Fig. 9!. How-
ever, for increasing fields close to this direction, the disc
tinuous transition from the spin-flop state into the spin-fl
state occurs before the transition into such a canted phase
take place, i.e., the two first-order linesa –b andd –g cross
each other close to the easy-axis directions in Fig. 11~b!.
Bröhl et al.9 reported evidence of an intermediate can
state in a Co/Cu/Co/Cu~001! system with field in an easy
direction, following the theoretical prediction of such stat
by Dieny et al.23 However, the state was found at low
fields than expected. This may be due to a misorientatio
the external field and/or a mosaic of the epitaxial layer s
tem because then the canted state becomes stable alrea
lower fields, as can be seen from linea –b in phase diagram
Fig. 11~b!. Generally, it is not sufficient to investigate on
magnetization behavior in hard- and easy-axis directions
a thorough understanding of the magnetization phase
these multilayer systems.

To understand the transformation of (Hx ,Hy) diagrams
with increasing tetragonal anisotropy, the limiting case
useful wheremi are strictly oriented along the easy axes.
this case withinfinite anisotropy, i.e.,uKu5`, our model can
be considered as a chain of an antiferromagnetic four-s
clock model or planar Potts model40 in a transverse externa
field. Recently, such four-state clock models were emplo
to analyze the spin configurations of bulk tetragonal me
magnets with large fourfold anisotropies, such as rare-e
nickel borocarbides42,41 or rare-earth silver antimonides.43

Rich experimental (Hx ,Hy) phase diagrams have been o
tained and analyzed in terms of four-state clock models, e
for HoNi2B2C42 or DyAgSb2.43 The values of the anglesu i
50, p/2, p, or 3p/2 in these fourfold states forK5` are
symbolically given by↑, ←, ↓, and→; e.g., the AF and SF
phases are (↑ ↓) and (→ ←) for N52. In addition to the
collinear AF and flip states there are phases with perpend
lar orientation of the magnetization, or ‘‘90° folded’’ phas
~Fig. 12!. The states created by all combinations of these f
anglesu i for the magnetization in the multilayer stack ex
as metastable states in arbitrary magnetic fields becaus
energy wells corresponding to these solutions are separ
by infinitely high potential barriers. The regions of the abs
lute stability of these phases are separated by first-order
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sitions lines shown in Fig. 12. In the first quadrant the tra
sition between the AF states and the canted phase (↑ →)
occurs at the lineHx1Hy5J; the transitions lines from the
canted phase (↑ →) into the flip states (↑ ↑) and (→ →) are
Hy2Hx5J andHy2Hx52J, correspondingly~Fig. 12!. In
the points~1,0! and ~0,1! four phases coexist. Thus, und
increasing strength of the anisotropy (K.0) the (Hx ,Hy)
phase diagram evolves from that plotted in Fig. 10~a! for K
!J to that in Fig. 12 for infinitely large values ofK.

V. MAGNETIZATION CONFIGURATIONS AND
PROCESSES IN MULTILAYERS

The equilibrium magnetic configurations in two-layer sy
tems arise as a results of the competition between the in
layer exchange coupling and tetragonal anisotropy. For m
tilayers the disbalance of the exchange forces at
boundaries~Sec. II! additionally influences the magneti
states. We first describe the structure of the one-dimensi
solutions for laterally homogeneous states in finite antifer
magnetic superlattices. These magnetic states are determ
by the interplay between cut exchange at the surfaces and
fourfold anisotropy. Then we discuss some consequence
multidomain states and magnetization processes, and we
cuss the physical nature of other effects which may pla
role for the magnetic behavior of real experimental syste

A. Exchange cut versus tetragonal anisotropy

First, we investigate the (Hx ,Hy) diagrams of magnetic
states of multilayers withN>4 in the limit of infinite four-
fold anisotropy. The zero-field ground states are the
phases (↑ ↓ . . . ↑ ↓) and (→ ←•••→ ←). We may restrict
the field to be oriented in directionsc in the interval
@0,p/4#. The configurations for other values ofc follow
from symmetry. Then, we may distinguish the four groun
state ~zero-field! domains (AF1)(n)5(↑ ↓)(n), (AF2)(n)

5(↓ ↑)(n), (SF1)(n)5(→ ←)(n), and (SF2)(n)5(←
→)(n), wheren signifies the number of repetitions of the pa
in a domain. In external fieldsH.0 configurations with net
magnetization will be stabilized. These configurations m

FIG. 12. (Hx ,Hy) phase diagram of theN52 layer system in
the limit of an infinite positive fourfold anisotropy.
0-10
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MAGNETIC PHASES AND REORIENTATION . . . PHYSICAL REVIEW B69, 184420 ~2004!
have pairs of adjacent moments flipped by 90°L5(↑ →) or
X5(← ↑), and by 180°F5(↑ ↑). The 90° folded configu-
ration X is less favorable thanL for field orientations in the
chosen range, except for fields in easy-axis directionc50.
Thus, the magnetized configurations with lowest magnet
tion and smallest expense of exchange energy are those
only one pair of typeL. In a short-hand, we writeL (1) for
these configurations of type (AF1)(n)/L/(SF2)(N/22n21)

~with n50,1, . . . ). Next, we may form configurations with
higher magnetization and smallest expense of exchange
ergy using one L and one X pair: L (1)X(1)

5(AF1)(n)/L/(SF2)(N/22n2m22)/X/(AF1)(m) (n,m
50,1, . . . ).These configurations have the same energy a
therefore, are degenerate with configurations containing o
one F pair: F (1)5(AF1)(n)/F/(AF2)(N/22n21). Note that
these states are highly degenerate because theL, X, or F pair
may be placed at arbitrary positions in the stack ofN layers.
In higher fields configurations with various combinations
L, X, and F pairs may be stabilized by an external fiel
However, the structures with lowest energy, i.e., the ab
lutely stable states, are rather simple because of the foll
ing considerations. If, in external fields, more than oneL pair
can be formed starting from theL (1) structure, the formation
of the maximum number ofL pairs gives the most favorabl
configuration. In particular, the structureL (N/2)5(↑ →)(N/2)

is the lowest energy structure for fields pointing in hard-a
directionsc5p/4 in the limit of infinite H. The state with
higher magnetization thanL (N/2) for fields pointing closer to
the easy axis direction, 0<c,p/4, and with the smalles
expense of exchange energy is in our notationL (N/221)F.
The saturated state FM[F (N/2) is the most favorable stat
which is reached whenever energy can be gained in exte
fields by flipping more moments into position↑ in the states
L (N/221)F, F (1), or L (1)X(1). Thus, for generalN we have
only the following phases for infinite positive fourfold an
isotropy: AF or SF as zero-field ground states; for fields w
orientation close to the hard direction,c5(p/4), L (1) and
L (N/2); otherwise, in intermediate fields two degenera
phasesF (1) and L (1)X(1); at high fields an asymmetri
L (N/221)F phase and the fully saturated ferromagnetic ph
FM. We did numerical checks to ascertain that no furth
energetically stable phases do exist in external fields of a
trary strength and direction, indeed. Thus, we searched
the states of lowest energy by sampling all possible confi
rations for models withN54, . . . ,12corroborating our ar-
guments. Based on this set of magnetic configurations
resulting (Hx ,Hy) phase diagram for generalN.4 can be
calculated analytically~Fig. 13!. As in the simpler case o
Fig. 12 for the two-layer system all these states are separ
by infinitely high potential barriers and remain metasta
for arbitrary fields. The first-order transitions between diff
ent phases occur along straight lines as shown in Fig. 1

For finite strength of the fourfold anisotropy and und
the influence of the exchange interactions, the basic st
tures are derived from the phases in Fig. 13. Under the
fluence of the field, they are elastically distorted into sp
tially inhomogeneousconfigurations. We have numericall
investigated models for such cases withN54, . . . ,20 and
various values of anisotropyK. Figure 14 displays the gen
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eral features for the exampleN58. The numerically calcu-
lated magnetization curves corresponding to the lowest
ergy states for sufficiently high anisotropies show t
sequence of phases present in the infinite-anisotropy p
diagram~Fig. 13!. However, the degeneracy of these pha
is lifted because the distortions possible at finite anisotro
yield different gains of energy for the different configur
tions of the phasesL (1), F (1), andL (1)X(1). Generally, de-
pending on field orientation, large domains with nearly sp
flop-like configurations l'H are favored because thes
configurations can be more easily distorted by the fie
yielding a corresponding gain of energy. In particular, pha
derived from the ferrimagnetic collinearF (1) phase are dis-
favored compared to theL (1)X(1)-type phases. The nearl
collinear ferrimagnetic configurations seem to exist only
metastable states. For fields closer to the hard-axis direc
the phases with either oneL pair orN/2 L pairs occur. Under
the influence of an applied field further discontinuous tran
tions occur at intermediate anisotropies, as seen, e.g., in
14~a! for K/J50.375. These transitions are jumps from o
energy basin to another, which are formed by distorting
generate configurations mainly of the typeL (1) andL (1)X(1).

At low anisotropies the phase diagram attains the beh
ior discussed for zero anisotropies in Sec. III. Here the m
netic states are only influenced by the cuts of excha
bonds at the surfaces and spatially inhomogeneous spin
states slightly distorted by fourfold anisotropy are realiz
~see Figs. 2 to 4!. (Hx ,Hy) diagrams for this isotropic cas
consist of the region of the inhomogeneous SF phase~Figs. 2
and 3! separated from the saturated flip state by the criti
line He

(N) ~Fig. 6!. These global features of the phase d
grams are similar to the case of antiferromagnetic multilay
with uniaxial anisotropy.8

Up to now we have discussed the effects of the comp
tion between the bilinear exchange and fourfold anisotro
It is clear that finitebiquadratic couplingmay substantially

FIG. 13. (Hx ,Hy) phase diagram of the multilayer in the lim
of infinite positive fourfold anisotropy. The phase region of t
L (1)X(1) phases coincides with that of the collinear ferrimagne
F (1), not shown here.~For details see text.!
0-11
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FIG. 14. Examples of magnetization in an antiferromagnetic multilayer withN58. Curves corresponding to the evolution of lowe
energy states and for various values of anisotropy are shown with field oriented in directions of an easy axis~a!, in an oblique field~b!, and
in hard-axis direction~c!. c is angle between magnetic field and easy-axis direction. In each case, various magnetic configurations a
for the discontinuous evolution of the magnetization curves with highest anisotropy.
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e/Cr
change the critical fields and stability regions of the vario
phases as it affects the elastic stiffness of the system.
note further that the simple structure of the phase diag
ruled by the phases present in the infinite-anisotropy limit
Fig. 13 is valid only for the case of equal exchange consta
Ji[J in the multilayer stack. For arbitrary sets of values f
Ji in energy~1! the phase diagrams may become consid
ably more complex and may contain further phases with
ferent combinations of flipped 90° and 180° spin pairs. Ev
in such cases, the outline of the magnetic phase diagra
described here for finite equal-constant superlattices, sh
generally hold.~i! The high-anisotropy limit is comparabl
simple with few phases determined by the competing low
energy basins of the anisotropy. Nonequal constants may
18442
s
e

m
f
ts
r
r-
f-
n
s,
ld

t-
ift

some degeneracies that are present in superlattices.~ii ! In
intermediate anisotropy range many elastically distor
phases appear, which are derived from stable and metas
high-anisotropy phases.~iii ! For vanishing anisotropy the
phase diagrams become simple again as only inhomogen
spin-flop-like phases and the saturated ferromagnetic ph
remain in external fields.

B. Magnetization processes in real systems

So far, we have analyzed single-domain magnetic c
figurations. Magnetization processes in real systems, h
ever, are usually accompanied by complex reconstruction
the multidomain patterns as those recently observed in F
multilayers.20,21
0-12
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There are two main physical mechanisms for multidom
states in the systems under discussion. Fourfold degene
of the ground state leads to creation ofantiferromagnetic
multidomain structureswith 90° domain walls. Unlike the
case of magnetic materials with nonzero total magnetizat
where multidomain states are caused by demagnetizatio
fects, in antiferromagnets such domains aremetastableand
arise during the formation of the ordering state, i.e., th
have a kinetic origin.44 Hence, multidomain patterns ob
served in antiferromagnetic coupled two-layers and multil
ers have irregular morphologies and depend on thermal
magnetic-field histories.25

However, another type of multidomain structures arises
the vicinity of field-induced discontinuous transitions.31 Such
thermodynamically stabletransitional domain structuresare
formed by domains from states corresponding to the coex
ing phases at first-order transitions. These domains are an
gous to the domains of a demagnetized ferromagnet. In p
ciple, the equilibrium parameters of such multidoma
structures and their boundaries can be calculated by stan
methods.31,25 In Ref. 30 such calculations have been carr
out for bulk easy-plane tetragonal antiferromagnets.Magne-
toelastic interactionslead to modification of the inhomoge
neous states and decrease the regions of the multido
states up to their complete suppression.25,31,45This and other
coercivity mechanism partly block the development of t
equilibrium states. As a result, in real systems the evolu
of multidomain states20,21 is accompanied by rather stron
hystereses.9 For experiments, there are two important con
quences related to the starting states and history depend
of magnetization processes. The ‘‘texture’’ of a real antif
romagnetic state in zero field depends on the deta
kinetics imposed by, e.g., cooling rates or deposition con
tions. On the other hand, field cycling by inner loops f
an antiferromagnetic multilayer may yield various me
stable configurations and multidomain structures owing
the very wide coexistence region of the domains whene
sizable magnetic anisotropies are present in the multila
stack.

VI. CONCLUSIONS

Within a phenomenological approach we develop
theory of reorientation transitions in antiferromagnetica
coupled superlattices with in-plane magnetization. Deta
investigations of the surface effects in the isotropic multila
ers ~Sec. III! and four-fold anisotropy effects in two-laye
systems~Sec. IV! reveal the most important features
the system:~i! Complex evolution of the inhomogeneou
states~Figs. 2–4! is imposed by the strong disbalance
the exchange coupling, i.e., by thecut of the exchange
bonds. ~ii ! Remarkable field-induced reorientational pr
cesses occur due to enhanced four-fold anisotropy~Figs.
8–14!.

The model used here, corresponding solutions and ph
diagrams include as special cases earlier theoretical stu
on surface24 and fourfold anisotropy23,30 effects. The results
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are in essential accordance with existing experimental ob
vations on inhomogeneous distribution in the spin-flop ph
near the saturation field,18 and some effects of fourfold an
isotropy in Co/Cu~001! wedged two-layers9 and Fe/Cr
superlattices.16 Our approach and results enable aqualitative
analysis of the magnetization processes in the multilaye
systems~Sec. V!. In spite of the rather complex phase di
grams of these systems, the analysis can be extended tow
a quantitative description of real systems belonging to
class of artificial layered antiferromagnets described by
~1!.

So far most experimental work is carried out only f
special conditions, often data are collected only with fie
along easy axes. These results only cover small region
the (Hx ,Hy) phase diagrams~Figs. 10–13! and do not cap-
ture the rich varieties of magnetization processes in s
systems. It is remarkable that many interesting effects, s
as 90° folded phases, transitions into asymmetric can
phases, etc., are present already in antiferromagnetic
coupled two-layers.9 As we have seen, phase diagrams
multilayer systems withN.2 become very complex. Hence
systems with few layers are probably a better starting po
for detailed investigations on magnetization processes. S
experiments could be used to assess magnetic parameter
quality of such systems. Generally, magnetization proces
and checks for their dependence on magnetic and the
prehistory should be made by applying fields in oblique
rections and/or under rotating fields. Only then, the behav
of the (Hx ,Hy) phase diagrams can be usefully compar
with detailed theoretical investigations.

Further theoretical work may address models with no
equal constants. Also effectively ferrimagnetic systems w
odd numbersN of layers and with different layer thicknesse
may be interesting. Some experimental data for magnet
tion processes in such systems exist, e.g., for Co/Cr t
layers with different ferromagnetic layers thicknesses,14 and
for odd-numbered multilayers.9 Interesting reorientational ef
fects should arise also in magnetic fields, which are app
perpendicular or under arbitrary angle to the layer pla
Antiferromagnetically coupled superlattices may also u
dergo transitions into perpendicularly magnetized states
certain thicknesses of the individual ferromagnetic layers
observed for Co/Cr~001!.12 In such cases the stray field mu
be taken into account already for laterally homogene
states.

Concluding, we state that the magnetic effects and p
nomena discussed in this paper can be used for detailed
vestigations on such aspects of nanomagnetism as interla
exchange interactions, reorientational, and multidom
processes.
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