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In antiferromagnetically coupled superlattices grown (601) 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 phenomenologi¢alicromagnetit 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 systdm®) the phase diagrams in depen-
dence on components of the applied field in the plane include “swallow-tail-type” regiorimefastable
multistate coexistence and a number of continuous and discontinuous reorientation transitions induced by
radial and transversal components of the applied field. In multilayés4) 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 (imetastable states and give rise to specific transitional
domain structures.
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[. INTRODUCTION properties are mostly determined by the interlayer exchange
interactions which may include an importahiquadratic
Multilayers built from ferromagnetic layers with various contribution®'*5-17 Evidence of strong biquadratic ex-
spacer layers include a wide variety of magnetic film systemghange interaction has been given in a number of experimen-
that have been intensively studied during past years. Due t@l papers for Fe/Cr two-layers and multilayétst’ for Fe/
remarkable phenomena as giant magnetoresistanc8j(001) multilayers?1 Strong effective fourfold anisotropies
exchange-spring behavior and/or exchange bias, and surfabave been found in systems such as C@®QGI) or
enhanced magnetic anisotropy, such nanostructures have &e/C(001).>**%1*The competition between magnetic an-
ready found a number of applications and are considered asotropy, applied fields, and exchange energies may cause
promising candidates for nonvolatile magnetic recordingcomplicated magnetic effects and processes. In fact, a great
media® On the other hand, nanoscale superlattices and simihumber of novel magnetic configurations and remarkable re-
lar structures provide convenient model systems to study diferientational effects in external fields have been found in
ferent aspects of surface magnetism and magnetic ordering #uch superlattice$'¢8In particular, recent experimental
confining geometry. results using modern depth-resolving techniques reveal spa-
In particular, much attention has been given to multilayerdially inhomogeneous magnetic structures, e.g., in Fe/
composed of antiferromagnetically coupled ferromagneticCr(001) superlattices® and specific reorientation effects im-
nanolayer$=*® Such layered synthetic antiferromagnets canposed by four-fold planartetragonal anisotropy:® The
be separated into two classes according to the symmetriemderstanding and interpretation of the complex magnetiza-
ruling their magnetic properties. Superlattices with relativelytion processes found in such systéfné requires a theoret-
strong uniaxial anisotropies include low-symmetry multilay- ical underpinning.
ers with effective uniaxial magnetic anisotropy in the layer Theoretical activity in this field is largely based on ana-
planes, e.g., epitaxial systems deposited D) and(211)  lytical and numerical calculations mostly within phenomeno-
faces of cubic substraté4Also multilayer systems with per- logical approache$®4?2-2* These studies have demon-
pendicular anisotropy belong to this cl&séMagnetization strated the general validity of the phenomenological models
processes in these nanostructures are strongly influenced by describe the magnetization processes in antiferromagnetic
the uniaxial anisotropy which is responsible for specific phe-nanostructure$®!8€ For the system under discussion the
nomena such as “surface spin-flofor field-induced meta- phenomenological theory has been developed to describe ef-
magnetic jumps.On the other hand, the uniaxial anisotropy fects of biquadratic couplingdand a concomitant complex
may be absent in layered systems with higher symmetryevolution of domain structures in Fe/Cr/Fe lay&t&ourfold
These represent another large and intensively investigatezhisotropy effects have been theoretically investigated in
class of synthetic antiferromagnetic nanostructures. SuperlaRef. 23 for sandwich structures with=2 ferromagnetic
tices with planar magnetization grown ¢001) faces of cu- layers coupled through a spacer. Multilayer systems provide
bic substrates, e.g., multilayers from materials combinationglso experimental models to study effects of the confining
as Co/CU, Fe/St> Co/Cri?**or Fe/Ct®~'8pelong to this  surfaces on antiferromagnetic structuté$in this context,
class. In the case of weak fourfold anisotropy, their magnetispecific inhomogeneous magnetic states described for theo-
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retical models in Ref. 24 have recently been observed iriold orientation of the magnetizations in each layer. For the
Fe/Cr superlattice® The existing theoretical results, how- antiferromagnetic two-layer systembl€2), i.e., the sand-
ever, are restricted to special cases and are not sufficient fevich structures(experimentally realized as ferromagnetic/
an exhaustive description of the magnetic states and fieldspacer/ferromagnetic trilaygrave provide a detailed inves-
induced reorientional effects observed in recenttigation of the magnetic phase diagram for arbitrary
experimenf-1416-18 orientation of fields in the layer planes. Based on this, we can
In this paper we provide a theoretical analysis of magneticinderstand thbasicmagnetic configurations in the multilay-
states and magnetization processes in planar antiferromagrs, and we can give a map of thepologically different
netic superlattices with and without fourfold anisotropy in typesof magnetic phase diagrams.
magnetic fields applied within the multilayer plane. In such  We use standard methods to analyze magnetic phases and
magnetic superlattices the exchange interlayer coupling is afansitions within the phenomenological approach and the
oscillatory function of the spacer thickness?® Depending  theory of phase transitiori. The one-dimensional chain
on the spacer thickness an alternating sequence of ferromaghodels are considered as composite order parameters with
netic and ar_ltife_rromagnetic interlayer couplings is reglizedmany componentsN components in a multilayer stack com-
and, by adjusting the spacer thicknesses, very differenoseq ofN ferromagnetic/spacer bilaygrand a characteris-

strengths of antiferromagnetic coupling can be realized. ORy¢ strycture of couplings between the components defined by
the other hand, the fourfold anisotropy includes interface-

. - R interlayer exchange and the surfaces. From this point of
induced contributions, which implies a strong dependency o{i1 y d P

the effective average anisotropy of each ferromagnetic Iayeéiew’ the very rich phase diagrams and correspondingly
on the layer thicknes®. Thus, the effective magnetic inter- omplex sequences of magnetic configurations can be under-

actions can vary in extremely broad ranges for such muIti-StOOd' For the general cases of the model, the equations for

layers in dependence on the chosen material combinationesqu'_IIbrIum and pha_se stability can be solved only by nu-
and thicknesses, see e.g. Ref. 9, where for a QO merical methods. With the methods and results expounded

two-layer system with a wedged spacer layer the ratio bepelow, one can extend the analysis to specific experimental

tween fourfold anisotropy energy and the exchange coupling@ses in all detail. _ _ . _
is changed by orders of magnitude. In contrast to bulk planar 1he solutions for the one-dimensional chain models in-
antiferromagnets, where an essentially fixed hierarchy for th&lude various field-induced canted and inhomogeneous states
strengths of the magnetic interactions holdis) these artifi- ~ With @ net magnetization. Based on the phase diagrams of
cial antiferromagnetic systems the ratios between differenthese models, the evolution of laterally inhomogene(@ias
magnetic energies, respectively, the phenomenological panain) states and magnetization processes can be
rameters in the magnetic free-energy, may assume practicaltyiscussed™* In this connection, the coexistence regions of
arbitrary values. Moreover, as the interlayer exchange iglifferent phases in the vicinity of discontinuo(fgst-orde)
weak compared to direct exchange interactions, the fields tmagnetic phase transitions are important. In external fields,
induce spin-reorientation phenomena are similarly weak anthermodynamically stable domain configuration from these
experimentally accessible. competing phases can be established in extended multilayers.
The rich phase diagrams for these systems preclude arhis is crucial for an understanding of the hysteretic magne-
anaIySiS in all details. The phase space in terms of the th[Zat|0n processes under Coercivity mechanisms.
nomenological parameters includes a large variety of differ- The paper is organized as follows. After introducing the
ent magnetic states with a corresponding multitude of sponmodel and mathematical toolSec. 1) we consider the ef-
taneous and field-induced phase-transformations. In a firgects of the bilinear and biquadratic exchange interactions in
step to such an analysis, all laterally homogeneous states {Re following sectionSec. Il). In Sec. IV we investigate in
such multilayers must be found. They are the building blocksjetail fourfold anisotropy effects in antiferromagnetically
for a domain theory”* For the case of laterally homoge- coupled two-layers and then discuss the generalization of
neous states of each ferromagnetic sublayer one has a systghese finding to the case of multilayers. In Sec. IV we discuss
that behaves like an antiferromagnetically coupled chain ofjomain states and magnetization processes by using qualita-
Stoner-Wohlfarth particles. This simplified one-dimensionaltjye arguments. In the concluding part we discuss possible
model for the behavior across the multilayer stack also yieldéxtensions of the theory, and we suggest some useful experi_
the ||m|t|ng case for the magnetization processes with ma.XimentS to enhance our understanding of magnetization pro-

mum hyStereses. Again, a.. direC.t anaIySiS of a” magn.eti%esses in antiferromagnetic Supeﬂat‘tices_
states even for these one-dimensional models yields an intri-

cate succession of phase diagrams and magnetization

c_ur.vesz.3 In this paper, we avoid the cumbersome task of L. THE MICROMAGNETIC ENERGY

listing and classifyingall solutions and transitions. Instead,

we provide a broad physically intuitive picture of the effects Let us consider a stack ®f ferromagnetic plates infinite
due to the different exchange or anisotropic forces, and those x andy directions and with finite thickness alorzgaxis.
imposed by the confining geometry of the system. To thisThe magnetization of the layersli4;, and there are indirect
end, we study limiting cases of the model. This includes thanterlayer-exchange couplings through spacers between
case of strictly zero anisotropy with and without biquadraticthem. The phenomenological energy of the system can be
exchange, and the case of infinite anisotropy with fixed fourwritten in the following form:
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N-1 5 can be treated as analogs to bulk collinear antiferromagnets.
(ONES 2 [Jim;-mi o+ Ji(mi-my,1)?] Superlattices with odd numbers of layers or with unequal
= thicknesses of layers own a noncompensated magnetization
N 1 N which strongly determines their global magnetic properties.
—H- 21 Lm— 5 izl K;(m2+ mé)' (1)  Intheir response to an applied field, these structures are simi-

lar to bulk ferrimagnets. They could be studied by similar
. . methods as used below, but have to be considered as separate

where m;=M;/M§> (M{’=|M;|) are unity vectors along class of systems. Concentrating on the properties of systems
the ith layer magnetizationg“i:MS)/Mo designate devia- with fully compensated total magnetization, we consider
tions of the magnetization in tHeh layer from the averaged only superlattices with eveN and equal magnetization in all
valueM,. We assume thah;,,=0, i.e., the layer magnetiza- layers ;=1). In this contribution dedicated to general
tions are restricted to the layer plarde.andJ; are constants Properties of these antiferromagnetic superlattices, we avoid
of bilinear and biquadratic exchange interactions, respeciécondary effects which are related to their microstructure
tively; K; are constants of the in-plane fourfold anisotropy. and interface properties, such as strains, chemical intermix-

The functional 1) generalizes similar models considered ear-"g; €tc. With that in view we will study the modeL)
lier in a number of studies on exchadgd&?*3 and mainly for the case oidentical ferromagnetic layers assum-

anisotropy®'722%effects in planar antiferromagnetic sys- N9 that the exchange and anisotropy constants are equal for
tems. Within this approach the ferromagnetic layers are cordll the layersJ;=J, J;=J, andK;=K. Some of the analyti-
sidered as homogeneously magnetized blocks with constagal results can be generalized to the isotraie., with K;
values of the magnetic interactions. This assumption de=0) system with mirror symmetry about the center of the
serves some comment. It is well established that in magnetigyer stack, i.e.J;=Jy_; andJ;=Jy_;.

nanostructures surface/interface exchange and relativistic in- |n our problem the magnetization of th#h layer is con-
teractions strongly modify electronic and magnetic properfined in planar orientations and can be described by the angle
ties within all volume of the magnetic constitueftsThis 6, between the vectan; andx axis. Thus, calculations of the
means that the values of the exchange or anisotropy pararmagnetic states for the modél) can be reduced to the op-
eters, and the magnetizations include large interface/surfacgmization of the function®(6;,6,, ... ,0y). Following
induced components which may strongly vary across thenhe theory of bulk antiferromagnetism it is convenient to
thickness of the individual layef§:** However, the hypoth- introduce here the vectors of thetal magnetizatiorm and

esis of magnetic homogeneity in the ferromagnetic nanolaythe staggeredor antiferromagnetismvector|
ers in the models of typ€l) has a solid physical basis and is

justified by successful applications of these models to de- N N

scribe magnetization processes in layered ferromagnetic and m= E m;, I= E (—1)(+Ym, . (2
antiferromagnetic nanostructuré&®16:18:34.35361hjg relies =1 =1

on the fact that in ferromagnetic nanolayers the intritdie  The energy(1) is invariant under transformatida- —1, and,
recy exchange coupling are usually very strong and overtherefore, all magnetic states in this model are degenerate
come surface-interface-induced interactions. Thus, they playjith respect to the sign of the staggered vectors. In the fol-
the dominating role to determine the magnetic oréhin  1oying only solutions with a definite sign of the staggered
the layers, which reacts also very stiffly on all external andyector will be discussed. However, one should keep in mind
induced magnetic forces. Furthermore, in these planar Sy$nat the full set of solutions includes also those with opposite
tems tr_le stray field forces confine _the magnetization of th%ign ofl. The magnetic states with opposite sign tehave
layers into their plane. As a result, in most of these SYStemﬁjentically in an applied magnetic field. Thus, for the mag-

the ferromagnetic layers preserve essentially homogeneoystization processes there is no need to distinguish these so-
in-plane magnetized states even under the influence qfjiions.

strongly inhomogeneous induced interactiéh® In this For the particular case of a two-layeX €2) the energy

connection it is important to stress here that the material§1) can be transformed to the following form

parameters in the phenomenological mod®Bl should be

treated as averages over a multilaperiod They comprise _ ~ _ _

(in integral form all intrinsic and in%iced energy contribu- ®7=1,005 2p+J,c082¢ — 2Hcospeog - )

tions of the magnetic states in the ferromagnetic layers. In

particular, for the systems under consideration they may also T 4C08 4pcos 46— 7 ©)

include a contribution from magnetism of the spacer layers.

Thus, in contrast to their bulk counterparts which are considwheref=(6,+ 6,)/2, ¢=(60,— 6,)/2 andy is the angle be-

ered as constants of the magnetic materials, in nanoscateeen theH and thex axis.

multilayer systems the phenomenological parameters This case of a two-layer is of special interest. The energy

strongly depend on many physical and geometrical factor§3) functionally coincides with that of a bulk two-sublattice

and may considerably vary from sample to sample. antiferromagnet. This offers the opportunity for useful physi-
Parity of N also plays an important role. The modé) cal relations and analogies with bulk antiferromagnetism. On

with evennumber of ferromagnetic layers represents systemthe other hand, the two-layers represent the simplest model

with fully compensated magnetization. Such superlattice®f antiferromagnetically coupled layered nanostructures.
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FIG. 1. Basic spin configurations in isotropic antiferromagneti-
cally coupled two-layersN=2). At zero field(a) the magnetiza-
tion vectorsm; are antiparallel in adjacent layers but the structure
has no fixed orientation in the plarimfinite degeneragy An in-
plane magnetic field lifts the degeneracy and stabilizes stated with
perpendicular to the field and witm along the field—this is a
spin-flop (SP phase(b). In a sufficiently strong magnetic field the
SF phases transform into the saturatig) phase(c).

The equations minimizing the function
dn(61,0,, ...,0y) have strongly nonlinear character and

no analytical solution are available generally. The body of
our results have been obtained by numerical methods. Wk

solve the coupled equations for
=0}-1 by an efficient conjugate

equilibri&dW/ 9 6;

_____ gradient
figurations with the magnetizations oriented in the fourfold
easy-axis directions are close to mostly metastable minim
of the energy. These configurations have been systematical
searched for global absolute stability and checked for stabi
ity. Numerically, this is feasible foN not too large with

present day computers. Stability limits and phase transition
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FIG. 2. Evolution of spin states in multilayers with a figtl
applied in the plane of the layers and for zero anisotriggy0 and
Eiquadratic exchangd=0, henceH.=4J. Main figure: rotation
zyngles of the layers in the plargg (i=1, ... N) for superlattice

I\7vith N=12. At point labeled R” the sense of rotation changes for

the magnetization directiog; (here,i=2); at point “L " the mag-
Retization of this layer is perpendicular to the applied field again.

are determined from the evolution of the smallest eigenvalu@oint “*” is the “knot point” [Eq. (5)]. Inset:N=64 only 6; for

eo(H,K) of the stability matrix ¢*W/36,36;),i,]
=1,... N under changing parameters in Ed)), i.e., ratios
J13, K13, or the applied magnetic field.

IIl. MAGNETIC STRUCTURES IN ISOTROPIC
MULTILAYERS: SPATIALLY INHOMOGENEOUS
SPIN-FLOP STATES

A. Exchange interactions in layered antiferromagnets

eveni=2 andi=4,8,12 ... ,64shown.

the exchange fielH®=2(J+2J) [Fig. 1(c)], which is
lower than the corresponding spin-flip fiekl,=4(J+2J)
for a bulk system.

In superlattices witiN=4 the magnetic field applied in
the plane also lifts the degeneracy and stabilizes the SF
phase(the state withl L H andm ||H) (Figs. 2—4. How-
ever, the magnetic configurations in these SF states and their
evolution in the applied field are markedly different from

We start the investigations of the static configurationsthose in bulk antiferromagnets or in the two-layer systems. It

minimizing energy(1) from the isotropic casé.e., with K;

turns out that magnetic structures of the multilayers wWith

=0). Depending on relations between bilinear and biquadivisible by four N=4I called hereeven-evendiffer from

dratic constants different collinear and noncollinear configu€ven-oddsystems withN=41+2 (I=1,2,...).

rations are stabl##?® The equations);>0, J3,>0, J;—2J,
>0 determine the region in the parameter space where
collinear antiferromagnetic (AF) phase is the zero-field
ground state consisting of blocks of adjacent layers with an
tiparallel orientation of the magnetizatidRig. 1(a)]. We re-

strict our analysis to this practically important case. The AF
phase is infinitely degenerate with respect to orientations q;vherel _

the staggered vectdrin planar directions.

The magnetic states for the isotropic two-layBir<2) in
the applied field can be obtained by minimization of the
energy (3) with K=0. The solutions[ 6=, H=2(J
—2J)cosp+8Icos’#] describe the states with the staggered
vector perpendicular to the applied fidlsb calledspin-flop
(SP phasé. In an increasing magnetic field the magnetiza-
tion vectors rotate into the field directidirig. 1(b)], and

In low
fields (J;—2J;>H) the solutions for the SF phase are given

ky a set of linear equations,
(Jgj-1—235)_ 1) (7= 01+ 02)) =H,

02j_02]+l:0' j:1121--']! (4)

N/4 for even-even antl=(N+2)/4 even-odd sys-
tems. It is clear that for the isotropic model the direction of
the magnetic field in the film plane plays no role. Following
the definition of the angleg; we assume here that the mag-
netic field is applied along the axis. The solutiong4) de-
scribe small deviations of the magnetization vectors, from
the directions perpendicular to the easy dsise the magne-
tization profiles in Figs. 2 and 4 and the configuration in Fig.
3(b)]. In all internal layers i(=2,... N—1) neighboring

f|na”y reaches a continuous transition into the ferromagneti(bairs retain antipara”e' Orientation@_g_' (mz,ms) and

(flip) phase withd=0. This (spin-flip transition occurs at

(m4,ms) in Fig. 3(b)]. For even-even systems the magneti-
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N in the stack, these deviations increase. Due to antiparallel
orientation the pairs have zero net magnetization. The total
magnetization arises only due to the top and bottom layers
i=1 andN. Note that in these configurations a number of
layers rotates against the applied fi¢ild Figs. 2—4 the lay-
ers withi=2, 4 and their symmetric counterparts with
=11, 9. This occurs because, in weak fields, the exchange
interactions favoring antiparallel magnetizations in adjacent
layers play the dominant role. An increasing magnetic field
counteracts and slows down this reverse rotation, when the
nonlinear evolution for the magnetization structure is
reached, and finally the sense of rotation is changed at char-
acteristic fieldsH!" wheredd;/dH=0. With increasingN
the number of layers increases which display this reverse
rotation, the deviations from orientations perpendicular to
the applied low field become larger near the surface layers,
and the fieldsH{" are reached at lower fieldsee inset in
Fig. 2 for N=64). A further set of characteristic fields{"
defines the points where the projection rof on the field
directions changes the sigthe fieldH!? andH® are indi-

FIG. 3. Spin states in multilayers with=12 for zero anisot- cated in Fig. 2 In increasing field these characteristic fields
ropy K=0 and fieldH applied in the planefa) H=0, (b) H initially are reached for the central layers and at higher fields
<H@<H,, (c) H=H®, (d) H=H®, (9 H=H*, and(f) H*  for those closer to the boundaries. For fielts>H{?

(e)

@

(©

(b)

<H<H{", i.e., below the transition to the flip phage. Fig. 2.  =H(N"1) the magnetization directions of all layers have
All states have mirror symmetry about the center of the multilayeryositive projections onto the field direction. In the model
stack(marked by the dashed line with equal exchange constant there is another special field

H* (independent oN), where all inner layers have the same
zation vectors of the central layersi(,, My211) Preserve  projection onto the field directior] 6,=(—1)*1 o5, i
perpendicular orientation even in finileut weakl fields (see =2,3,...N—1]. The parameters of this “knot” point are
layers 6 and 7 in Fig.)3 For even-odd systems the magne- yatermined from a set of equations,
tization vectors of all layers have finite deviations from per-

pendicular orientation. Towards top and bottom layed or _ 2 K
H*=4(J+2J)| 1— ——sirf6* |cos#*, sing* =2sin6*,
1+«
T T
c 0.
< go 05 +306* o7 — 6* e
g, co§ —5— +kCO 5 cog 07 +36%)=0,
w2 =0 )28~ 5
02 04 0.6 08 1 k=2J/1. (5)

HiH,

The functionsH* (x), 67 (), and 6* («) are plotted in Fig.

5. In particular, for superlattices with zero biquadratic ex-
changeJ=0 one hasH* = /6 H./4 and 6* =arccos(/3/8).

Near saturation, the SF phase has only positive projections of
— the magnetization on the direction of the magnetic field
M2 R e which decreases towards the center similar to spin configu-
rations obtained numerically in Ref. 24.

4 The spatial inhomogeneity of the SF phases in the multi-
0 001 002 0.03 0.04 005 layers and their remarkable evolution in the applied field are
™ 0'5 1 due to the particulafinite-sizeeffects in this type of mag-
Magnetic Field H H, netic nanostructures. In such layered nanostructures all inter-

nal layers interact with two adjacent layers but the top and
FIG. 4. Evolution of magnetic states in antiferromagnetic bottom layers have only one neighboring layer. Thus, their
multilayer N=12 with zero anisotrop)K=0 and biquadratic ex- exchange coupling is weakened compared to internal layers
changex=23/3>0, i.e., with enhanceti =4 (J+2J) (compare ~ Within the multilayer stack. This strong disbalance of the
with Fig. 2 for k=0). H is applied in the layer planéa) Magne-  €xchange forces at the boundaries affects the magnetic order-
tization curves in the range of values efwith antiferromagnetic ~ ing within the entire multilayer and causes the reorientational
ground state in zero fieldb) Evolution of stategonly shown for ~ processes in the SF phases. This mechanism is also respon-
layers with even numbersn small fields forx=0.98. sible for the occurrence of inhomogeneous states in other
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. —— 1.00 F°
081 0 =(-1)'6,(H),
. T wh i=2,8, .., N-1
0.60 2
5> L
i o - 0.95
L 059 o =
~ <C Zo
T 058 -
0.90 |
0.57
056 - 085 1 1 L 1 1 L L
\ \ , \ 4 8 12 16 20 24 28 32
0 0.2 0.4 0.6 0.8 1 N

K

. FIG. 6. Spin-flip fields for antiferromagnetic multilayetzero
FIG. 5. Dependence of knot poift* [Eqg. (5)] on strength of anisotropyK =0) in dependence on number of laydts
biquadratic exchange. Inset shows the two angle®, 67 which

characterize this special configuration independeniion of the rotation of the magnetizations of individual layers

noncollinear structures in the multilaygsee Secs. IV C and takes place at very low fieldsee inse(b) in Fig. 4.

V A). Note that this important role of the cut exchange cou-

plings is specific to antiferromagnetic confined systems with C. Spin-flip transition

noncompensated moments at surfaces. In contrast, the cut- Negr the spin-flip transition from the SF phase to the fer-
ting of exchange couplings does not afféaromagnetically omagnetic states, the deviationsrof from the field direc-
coupled_ nanostructures where rr—;latlve orientation of theiyns are small ¢,<1), and the energy of the syst&t can
magnetization in the I_ayer_s essentially depend onl_y ON MaGse oynressed by the quadratic fordv==N_ A, 6,6, ,
netic anisotropy, applied fields, and the demagnetizing Stra%here the matrixA;; has a tridiagonal bandlyjs_trucliu;e]with

fields. —
nonzero elements only in the main diagoAgl=H —J; and

with the side diagonal eIementAi,i_lei_lyini+23i

=J;. The spin-flip fieldH{"Y is determined as the largest

Evolution of spin-flop profiles for the multilayer with fi- : o .
nite biquadratic exchange is plotted in Fig. 4. For the sys—rOOt of the equation dek(;) =0. In particular, for the model

tems with collinear ground states the biquadratic exchangW'th eqqal parameters these sgluﬂons are plott(ezz?_m Fig. 6.
does not induce reorientional transitions but it has rathe?h(?~ spin-flip field gradually increases frorl; _2~(‘]
strong influence on the distribution of the magnetization in+2J) for the two-layer to the “bulk” valueH,=4(J+2J)

the multilayers(see insets in Fig. )4and the value of the in the limit of infinite N (Fig. 6). This dependence reflects the
characteristic field$Fig. 5). The effects of a biquadratic ex- increase of the average number of exchange bonds from the
changel >0, if present in multilayers with collinear antifer- value 1 for the two-layer and approaching 2hgends to

romagnetic ground state, can be easily understood. For maaq_ﬁmty.

netic configurations close to the antiparallel orientation of

neighboring layers, it softens the linear exchange forces; for IV. EFFECTS OF TETRAGONAL ANISOTROPY

nearly parallel orientation the system becomes stiffer instead. IN TWO-LAYER SYSTEMS

The evolution of the magnetic states in the external field is . )

distorted accordingly by the presence of the biquadratic ex- Effects of the fourfold magnetic anisotropy on the states

changdi>0 (Fig. 4. In low fields close to the antiferromag- in the antiferromagnetic superlattices are revealed in detalil

neticg round s?allte. the system reacts more strong| or? th%y applying fields in arbitrary directions. We approach the
grot ' Y () ongly general case by a detailed investigation on the case of the

external field. Thus, the fieldd;” , where the rotation of the two-layer. To set the stage, we discuss the highly symmetric

i akd(D i L e LT .

ith layer reverses, and the field}”, where perpendicular 5 aqe diagrams with fields in direction of easy and hard axes

orientation with respect to field is regained, respectively, arg,, the plane. This completes earlier work by Diestyal 23 on

reached at relatively lower field8abels “R™ and “L"in  he N=2 systems. Then, we present phase diagrams for ar-

Fig. 4). Conversely, the ferromagnetic state is reached onlyiyary field directions in the layer plane. As we have seen in

close to the enhanced exchange figls reflecting the stift-  tne preceding section, the primary effect of biquadratic ex-

ening of the effective exchange couplings in nearly ferro-change is a distortion of phase diagrams in various regions.

magnetic configurations. Thus, the magnetization curves A% us. here we consider only models witk: 0 to avoid such

quire a nonlinear character with increasihg 0 [inset(a) i qyantitative effects which will not affect the general topo-

special fieldH* (Fig. 5 could be used to determine the Optimization of the functiond,(6,) [Eq. (3)] yields

relative strength of>0. For large values of the reversal solutions for the magnetic states and their stability limits. In

B. Effects of the biquadratic exchange
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f (a) @@ (b) @@

FIG. 7. Magnetic configurations in planar antiferromagnetically
coupled two-layers with fourfold anisotropy. Easy directions are
indicated by thin continuous lines, and hard directions by dashed
lines. In zero field two antiferromagnetic configuratidihs(a) and
(I (b) with the staggered vectors along the easy directions corre-
spond to the ground state. A magnetic field along the hard directions
distorts them into the canted phages and (d) which transform
into the spin-flop statde). Corresponding configurations of net
magnetization and staggered vectors are shown for the two canted
phasedc’y (d"), and for the spin-flop phase’).

zero field the tetragonal anisotropy lifts the rotational degen-
eracy of the AF phase and stabilizes two different states with

. . . . FIG. 8. Magnetic phase diagram of the two-layer system in
perpendicular orientations offFig. 7(a)]. g P g yer sy

magnetic fields alondhard directions. The tricritical point K,

=0.081406], H,;=0.425780QJ) separates the continuo(dotted

A. Magnetic field along hard directions line) and discontinuousthick line) transitions between the canted

Fand SF phases. A further dotted line gives the critical field of the
second-order transition between the SF and flip ph&bgs(6).
Thin lines give the lower stability limiHg¢; of the SF phases and

. - : the upper limitH, of the canted phases. The gray area is the region
phases—Figs. (€) and 7d)]. Both these magnetic configu- of the phase equilibrium between the two canted phgses Figs.

rations preserve mirror symmetry with respect to the fiel (c) and 7c’) and 7d) and 7d’)]. Magnetization curves for low

direction and have the same energy. The tOtfil magnet!zat'o%d high anisotropy, as indicated in the main panel, are plotted in
m of these canted states deviate from the field directions t02) and (b).
different sides at equal anglékigs. 4c’) and 7d’)]. An
oblique magnetic field deviating from the hard direction to o . o . .
one or the other side violates the phase balance betwedh2gnetizationsn; into the dlr.e.CtIOI’l.Of the field. This process
these two canted states. It favors the canted phase with tie terminated at another critical field; =2J(1+k) (Fig.
larger projection ofm onto the field direction. This is the . )
typical situation of a first-ordefor discontinuoustransition. ~_ 1he transition between the canted and SF phases is con-
In an increasing field the vectors in both canted phases tinuous only below a certain anisotropy strengd#| <Ky,
rotate into the field direction and reach it at a certain critica/@nd becomes discontinuous at higher anisotropy. The param-
field Hgg,. At this point both phases transform into the com-€ters  of the  corresponding  tricritical  pointKy,
mon configuration corresponding to the SF phidgg. 7(d)], ~ =0.081406), H;=0.42578Q have been calculated nu-
i.e., a second-ordefor continuous phase transition from Mmerically from the equatiof;,=(1+ »)/(6»*~2v—4) to-
low-symmetry canted phases into the high-symmetry Sggether with Eq.(6). Numerically calculated transition fields
phase occurs in this field. Standard analysis yields the foltir1 @nd the upper stability fields of the canted phades

lowing expression for the parameters of the critical point are plotted in Fig. 8. In this picture the gray area describes
the region of the first-order transition, respectively, the re-

In a field applied along one of the hard axes, the A
configurations of the ground stafEigs. 7a) and 7b)] are
distorted into low-symmetry configuratiofiso-calledcanted

Hep=(J+Kp)V2(1+v), gion of phase coexistence between the canted phases.
v=(1+k— 1+ 14k+25k*)/(6k), k=|K[/J, (6) B. Magnetic field along easy directions
where v=cos¢g; determines the equilibrium SF configura- A magnetic field applied in one of the easy directions
tion at the critical field. violates the energy balance between the two AF states. The

The two canted phases are competing phases related bystate ARIl) with staggered vector parallel to the field does not
first-order transition. At the fieldHg; the discontinuity be- change its configuration and exists as a metastable collinear
tween these phases disappears, i.e., this dsitcal point  state up to the critical fieltH ;. The phase A#l) with the
terminating the first-order transition. After the transition into staggered vector perpendicular to the magnetic field trans-
the SF phase, the system further evolves by rotation of théorms into a SF phase which corresponds to the global en-
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ergy minimum of the system. In an increasing magnetic field
this phase evolves similar to the SF phase along the hard
directions, and continuously transforms into the flip states at
the critical fieldsH¢, for low anisotropy.

The transition between the SF and flip phases changes the
order in another tricritical pointK;,,H;,). At a critical field
Hsso (7) the SF phase becomes unstable with respect to flip-
ping distortions, i.e., modes that redirect the magnetization
vectors into the field direction but preserve the symmetry of
the SF phase. The parameters of the tricritical pjK, 0
=(1/5)J,H;,=(8/5)J] and the stability limits

2J [2(1+ k)
Haf=2\]\/k(1+k), Hsf2=? T,

Hiy=2J(1—K) @

H/J

04 05 06 07

o Y02 04 o086 o8t 1
(@ K[ /J (b)

have been calculated in Ref. 23. After some algebra the first-

FIG. 9. Magnetic phase diagram of the two-layer system in
magnetic fields alongeasy directions. The tricritical poin{ K,

order transition fieldH,,, also can be derived in analytical
(8) =(1/5)J, H,=(8/5)J] separates the continuolt$;, (7) (dashed
' line) and discontinuousl;, (8) (thick line) transitions between SF

form,
\/1+ 3 1
k
and flip phases. The tricritical poinK¢,=0.2], H,,=1.6J) sepa-

At the transitional field we have c@s=(y1+3/k—1)/3. rates the continuousl;, (7) (dashed ling and discontinuous;,
The (K,H) phase diagram for this cases is plotted in Fig. 9.(8)(thick line) transitions between SF and flip phases. Thin lines
With increasing strength of the anisotropy, the “land- indicate the lability lines of the individual phas€®. The gray area
scape” described by the energy functidn,(6,¢) acquires designates the stability regio_n of the cante_d_ pha_ses. For the anisot-

additional folds. In particular, metastable canted phases arig@PY |K|/9=k*=0.47596(point L), the critical field of the SF
in a certain region of the magnetic fields along the easy diPhase switches from an instability against symmetric *flipping” at
rections. (This region is indicated by gray color in Fig).9 (he lineHsy, to (?g)mstabuny against canting &t given by the
For |[K|/J=k>k* with k* =0.28+ 0.08\/6= 0.475 96 the SF two bran_chesl—lsf:2 from Eq. (9). [Inset in tht_a main figure shows
phase undergoes an instability with respect to a transitiort1he deta!ls of this process; see text following Eq.) fo.r further
into the canted phases. This instability occurs at Iabilityexplanatlonl S_mall panels(e_n) and (.b) _show magnetization curves
. . X . Zfor low and high anisotropies as indicated in the main figure. Full
fields Wh'_Ch are Q'Ve” by the two branches of the fOIIOWIngthick lines are for the evolution of the equilibrium ground states, in
parametric equation: (a) from SF phase to a continuous spin-flip transition into satura-
tion. Dotted lines are the evolution starting from the metastable AF
Hglf'ZZ): (J— | K| V1,2) ,/2(1+ V1,2), phase. Inb) the evolution of the saturated state in decreasing fields
is given by a thin line. The inner small hysteresis loop shows the
transitions from and into the metastable canted phase.

BJ{l (3+k)

Hia=g 12

’ C. Evolution of (H, ,H,) phase diagrams

wherev, , is given by the the configuration in the SF state, Now we consider the magnetic states in applied fields
V1 ,= COS 2bsp. Both branches of the lability fiel(D) start at ~ deviating from the symmetric directions and construct
the point H{(k*)=1.3895 (point O in Fig. 9; HZ)  (H,,H,) phase diagrams for different values of the param-
meets the lability lineHs, of Eq. (7) at the “beak” (k  eterk=|K|/J. For the Hy,H,) diagrams in Figs. 10 to 14 it
=1/2H=1/2J) (point A in Fig. 9. The transition between is assumed that the easy directions coincide withxthady

the metastable SF phase and the metastable canted phasgss. This correspond$é>0 in the energy Eq3). Diagrams
alongH{}:?) is continuous between the poimtsand a further ~ for K<0 can be obtained by rotation of those f§r>0
tricritical point O. For stronger anisotropy the transition be- through an angler/4. In the limit of weak anisotropyK|
tween these metastable phases is discontinuous at a firs€J, independent minimization with respect to the angle
order transition fieldH,,5. This transition line along with the yields 2Jcos¢=Hcos@— ) and the energy3) is simplified
stability limits of the canted phases have been numericallyo the following form:

determined as given in Fig. 9. Note that such processes be- 2 K oH2

tween metastable phases may be realized only in system _ o 0 _

with high coercivity where the transition into the thermody- I§(0) 2‘JCO§(Q9 ¥) cos 44 1 J? cos(6-y) .
namically stable flip phase is suppressed at the fikld (8). (10
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FIG. 10. (@ Schematic K, ,H,) phase diagram of the two-layer ) ) )
for 0<K<K,. The astroid(continuous ling gives the stability FIG. 11. First quadrant of theH,,H,) phase diagram for anti-
limit of the canted metastable phases. Thick lines in diagonal direcierromagnetic two-layers witka) K=0.3J and (b) K=0.8). Easy
tions (hard axig are first-order transitions between canted phases®X€S 0of magnetic anisotropy are along the axes of the diagrams.

The line for the(continuous transition into the saturated spin-flip 'NS€t in(@ magnifies the region of the swallow tail for the discon-

state is given by the dotted line. Note that the real size of the astroiinuoUs transitions in magnetic fields oriented close to the hard
in the (H, ,H,) diagram is much smaller than shown heft®. Evo- axes. Thick lines are lines of first-order transitions. The dotted lines

lution of spin-flip field, respectively, lower stability limits of the ¢—¢" are continuous spin flips from spin-flop phase to the saturated
saturatedferromagnetic phase(FM). Phase FM is stable outside (spln_-fllp) state. Thlnner lines are the Ilmlts of stability, defining the
the closed curves for the various values of anisotropyK0< 1. For ~ CO€xistence regions for the corresponding phases.

K/J>1.0 the FM phases afenetastable even in reverse fields and

the existence regions overlap for states saturated in different easy . . o .
directions. Hst, [EQ. (6)]. Thick black lines within the astroid and

along the hard directions indicate the first-order transitions

between the canted phases from Fig. 7. This topology of the
The set of equations for the stability limits of solutions, (Hx.Hy) phase diagraniFig. 10@)] is preserved up to the
dF(6)/d0=0 andd?F(6)/d¢?=0, yield two closed lines of first tricritical pointKy;. For |K|=K, a first-order transition
critical fields in the H,,H,) phase diagraniFig. 10. One  between SF phase and two canted phases arises along the
of themH = 2(J— Kcos 44) describes the second-order tran- hard directiongpoint « in Fig. 11(a)]. For stronger anisotro-
sition into the flip phase witkh=0. The other closed curve Pies,|K|[>Ky, discontinuous phase transitions exist also for

can be written in a parametric form: finite deviations of the field direction from the hard axes. The
corresponding line of these first-order transitions have criti-
H2cog 26— 2)=4KJcos 40— K?Q,(6), cal end points, where the difference between the competing

phases disappeatanalogous to the end point of a coexist-
H2sin(26— 24) = 2K Jsin 40— K2Q,( 0), (1)  ence line in gas-liquid phase diagramsor|K| =K, and for

fields along the easy directions, the spin flip into the satu-
where Q,(6) =4[ 7cog46—2—2sgnK)cosH\/3cog46+1],  rated (induced ferromagnetic state occurs discontinuously.
0,(6)=2[5sin 40—2sgn(K)sind6\/3co$46+1]. It de- Thus, another line of first-order transitions develops|for
scribes an astroid with eight cusps that confines the region of K, also in oblique fields. Correspondingly, the transition
the canted metastable stafé#y. 10@)]. The cusps along the lines for spin flips in H,,H,) phase diagrams consist of
easy directions coincide with the stability field of the AF continuous and discontinuous sections joined by the tricriti-
phaseH,¢ Eq. (7), and those along the hard directions with cal pointsé, 6’. The calculatedHi, ,H,) phase diagrams for
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K=0.3J in Fig. 11(a) and forKk =0.8J in Fig. 11(b) represent

the main topological features of these phase diagrams. Point
« indicates the field of phase equilibrium between the SF
phase and two canted phases and corresponds to the critical
field H,, from Fig. 8; pointsg and B’ are the end points of
the first-order transitions between one of the canted phases
and the SF phase. Poingsy’ correspond to the transition
field Hy,, from Fig. 9; pointsé and &' are the tricritical
points, where the discontinuous transition between the flip
phase and the distorted SF phase ends. The lability lines in
the vicinity of the transition fieldH,,; have the shape of a
“swallow tail.” Similar phase diagrams arise in uniaxial fer-
romagnets with strong fourth-order anisotrdpy® As the
anisotropy constant increases in the rediéf> K, the lines

of the first-order transitions extend, and near the special giG. 12. (H.H,) phase diagram of thil=2 layer system in
value|K|/J=k* =0.476 the pointg, B’ reach the easy di- the limit of an infinite positive fourfold anisotropy.

rections. For largetK| canted phases exist as metastable

state also for fields in easy directioftdmpare Fig. 8 How-

ever, for increasing fields close to this direction, the disconsitions lines shown in Fig. 12. In the first quadrant the tran-
tinuous transition from the spin-flop state into the spin-flipsition between the AF states and the canted phase )
state occurs before the transition into such a canted phase cgbcurs at the lind4,+ Hy=J; the transitions lines from the
take place, i.e., the two first-order lines-8 and 6—y cross  canted phasel(—) into the flip states{ 1) and (— —) are
eaph other close to the easy-axis directions in Figh)ll Hy—Hy=J andH,—H,=—J, correspondinglyFig. 12. In
Brohl et al® reported evidence of an intermediate cantedihe points(1,0) and (0,1) four phases coexist. Thus, under
state in a CO/CU/CO/QQO].) system with field in an easy increasing Strength of the anisotroijéO) the (Hvay)

direction, following the theoretical prediction of such statesphase diagram evolves from that plotted in Fig(aldor K
by Dieny et al?* However, the state was found at lower < to that in Fig. 12 for infinitely large values d.

fields than expected. This may be due to a misorientation of

the external field and/or a mosaic of the epitaxial layer sys-

tem because then the canted state becomes stable already at V. MAGNETIZATION CONFIGURATIONS AND
lower fields, as can be seen from line-8 in phase diagram PROCESSES IN MULTILAYERS

Fig. 11(b). Generally, it is not sufficient to investigate only  The equilibrium magnetic configurations in two-layer sys-
magnetization behavior in hard- and easy-axis directions fofems arise as a results of the competition between the inter-
a thorough understanding of the magnetization phases iyer exchange coupling and tetragonal anisotropy. For mul-
these multilayer systems. tilayers the disbalance of the exchange forces at the
To understand the transformation dfi,H,) diagrams poundaries(Sec. I) additionally influences the magnetic

with increasing tetragonal anisotropy, the limiting case isstates. We first describe the structure of the one-dimensional
useful wherem; are strictly oriented along the easy axes. Insolutions for laterally homogeneous states in finite antiferro-
this case withinfinite anisotropy, i.e.]JK| =2, our model can  magnetic superlattices. These magnetic states are determined
be considered as a chain of an antiferromagnetic four-statgy the interplay between cut exchange at the surfaces and the
clock model or planar Potts mod®in a transverse external fourfold anisotropy. Then we discuss some consequences for
field. Recently, such four-state clock models were employeghultidomain states and magnetization processes, and we dis-
to analyze the spin configurations of bulk tetragonal metacuss the physical nature of other effects which may play a

magnets with large fourfold anisotropies, such as rare-eartfple for the magnetic behavior of real experimental systems.
nickel borocarbidé€*! or rare-earth silver antimonidés.

Rich experimental ki, ,H,) phase diagrams have been ob-
tained and analyzed in terms of four-state clock models, e.g.,
for HoNi,B,C* or DyAgSh,.*® The values of the angles; First, we investigate theH,,H,) diagrams of magnetic
=0, m/2, m, or 37/2 in these fourfold states fdf =« are  states of multilayers wittN=4 in the limit of infinite four-
symbolically given byf, «—, |, and—; e.g., the AF and SF fold anisotropy. The zero-field ground states are the AF
phases aref(|) and (— <) for N=2. In addition to the phases{|...7]) and (- «---— «). We may restrict
collinear AF and flip states there are phases with perpendicuhe field to be oriented in directiong in the interval

lar orientation of the magnetization, or “90° folded” phases[0,7/4]. The configurations for other values @f follow
(Fig. 12. The states created by all combinations of these foufrom symmetry. Then, we may distinguish the four ground-
anglesd; for the magnetization in the multilayer stack exist state (zero-field domains (AF1YV=(1 )™, (AF2)"

as metastable states in arbitrary magnetic fields because the(| 1)™, (SF1fV=(— )™, and (SF2y)=(—
energy wells corresponding to these solutions are separated) (™, wheren signifies the number of repetitions of the pair
by infinitely high potential barriers. The regions of the abso-in a domain. In external fields >0 configurations with net
lute stability of these phases are separated by first-order tramagnetization will be stabilized. These configurations must

A. Exchange cut versus tetragonal anisotropy
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have pairs of adjacent moments flipped by @02 (1 —) or
X=(+ 1), and by 180°F=(7 7). The 90° folded configu-
ration X is less favorable thah for field orientations in the
chosen range, except for fields in easy-axis directlen0.
Thus, the magnetized configurations with lowest magnetiza- 2¢
tion and smallest expense of exchange energy are those with

only one pair of typeL. In a short-hand, we write (1) for

these configurations of type (AFTYL/(SF2fN2-n-1) b
(with n=0,1, . ..).Next, we may form configurations with
higher magnetization and smallest expense of exchange en-
ergy using one L and one X pair: LMOX®
=(AF1)M/L/(SF2)N2Z=n=m=2);x/(AF1)™ (n,m
=0,1, ...).These configurations have the same energy and,
therefore, are degenerate with configurations containing only
one F pair: F=(AF1)M/F/(AF2)N2711) Note that
these states are highly degenerate becausk, theor F pair 0
may be placed at arbitrary positions in the stacidayers.

In higher fields configurations with various combinations of
L, X, and F pairs may be stabilized by an external field. of infinite positive fourfold anisotropy. The phase region of the

However, the structures with lowest energy, i.e., the absop uyya) phases coincides with that of the collinear ferrimagnetic
lutely stable states, are rather simple because of the follow=) o+ shown here(For details see tet

ing considerations. If, in external fields, more than arair
can be formed starting from tHe') structure, the formation
of the maximum number df pairs gives the most favorable eral features for the examph=8. The numerically calcu-
configuration. In particular, the structutdV?=(1 —)N2  |ated magnetization curves corresponding to the lowest en-
is the lowest energy structure for fields pointing in hard-axisergy states for sufficiently high anisotropies show the
directions¢= m/4 in the limit of infinite H. The state with sequence of phases present in the infinite-anisotropy phase
higher magnetization than("'? for fields pointing closer to diagram(Fig. 13. However, the degeneracy of these phases
the easy axis direction, 9¢<m/4, and with the smallest is lifted because the distortions possible at finite anisotropy
expense of exchange energy is in our notatidh’?>~VF.  yield different gains of energy for the different configura-
The saturated state F¥F(N2) js the most favorable state tions of the phasek™®, F®), andL(WX™). Generally, de-
which is reached whenever energy can be gained in externgending on field orientation, large domains with nearly spin-
fields by flipping more moments into positidnin the states flop-like configurationsl LH are favored because these
LV2=DE " F@) or LX), Thus, for generaN we have  configurations can be more easily distorted by the fields
only the following phases for infinite positive fourfold an- yielding a corresponding gain of energy. In particular, phases
isotropy: AF or SF as zero-field ground states; for fields withderived from the ferrimagnetic colline&™) phase are dis-
orientation close to the hard directiofr=(7/4), L) and favored compared to the®X-type phases. The nearly
LN otherwise, in intermediate fields two degeneratecollinear ferrimagnetic configurations seem to exist only as
phasesF(® and LMWX®): at high fields an asymmetric metastable states. For fields closer to the hard-axis direction
L(N2-1F phase and the fully saturated ferromagnetic phas¢he phases with either orepair orN/2 L pairs occur. Under
FM. We did numerical checks to ascertain that no furtherthe influence of an applied field further discontinuous transi-
energetically stable phases do exist in external fields of arbitions occur at intermediate anisotropies, as seen, e.g., in Fig.
trary strength and direction, indeed. Thus, we searched fat4(a) for K/J=0.375. These transitions are jumps from one
the states of lowest energy by sampling all possible configuenergy basin to another, which are formed by distorting de-
rations for models witiN=4, ... 12corroborating our ar- generate configurations mainly of the typ&’ andL(MX®).
guments. Based on this set of magnetic configurations the At low anisotropies the phase diagram attains the behav-
resulting Hy,H,) phase diagram for generdl>4 can be ior discussed for zero anisotropies in Sec. lIl. Here the mag-
calculated analyticallyFig. 13. As in the simpler case of netic states are only influenced by the cuts of exchange
Fig. 12 for the two-layer system all these states are separatdnds at the surfaces and spatially inhomogeneous spin-flop
by infinitely high potential barriers and remain metastablestates slightly distorted by fourfold anisotropy are realized
for arbitrary fields. The first-order transitions between differ-(see Figs. 2 to # (H,,H,) diagrams for this isotropic case
ent phases occur along straight lines as shown in Fig. 13. consist of the region of the inhomogeneous SF pliagss. 2

For finite strength of the fourfold anisotropy and underand 3 separated from the saturated flip state by the critical
the influence of the exchange interactions, the basic strudine HgN) (Fig. 6). These global features of the phase dia-
tures are derived from the phases in Fig. 13. Under the ingrams are similar to the case of antiferromagnetic multilayers
fluence of the field, they are elastically distorted into spawith uniaxial anisotropy.
tially inhomogeneousonfigurations. We have numerically ~ Up to now we have discussed the effects of the competi-
investigated models for such cases witl+=4, ...,20 and tion between the bilinear exchange and fourfold anisotropy.
various values of anisotropi. Figure 14 displays the gen- It is clear that finitebiquadratic couplingmay substantially

-t
FM

Hy/J

=ttt
L(N22)(1)

+(1/2, 3/2)

1=H

L(N/2-2) F(‘I )

FIG. 13. Hy,H,) phase diagram of the multilayer in the limit
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FIG. 14. Examples of magnetization in an antiferromagnetic multilayer With8. Curves corresponding to the evolution of lowest
energy states and for various values of anisotropy are shown with field oriented in directions of an eéay iaxa oblique fieldb), and
in hard-axis directiorfc). s is angle between magnetic field and easy-axis direction. In each case, various magnetic configurations are shown
for the discontinuous evolution of the magnetization curves with highest anisotropy.

change the critical fields and stability regions of the varioussome degeneracies that are present in superlatticedn
phases as it affects the elastic stiffness of the system. Weatermediate anisotropy range many elastically distorted
note further that the simple structure of the phase diagrarphases appear, which are derived from stable and metastable
ruled by the phases present in the infinite-anisotropy limit ofhigh-anisotropy phasegiii) For vanishing anisotropy the
Fig. 13 is valid only for the case of equal exchange constantghase diagrams become simple again as only inhomogeneous
Ji=J in the multilayer stack. For arbitrary sets of values for SPin-flop-like phases and the saturated ferromagnetic phase
J; in energy(1) the phase diagrams may become considerf€main in external fields.

ably more complex and may contain further phases with dif-
ferent combinations of flipped 90° and 180° spin pairs. Even
in such cases, the outline of the magnetic phase diagrams, So far, we have analyzed single-domain magnetic con-
described here for finite equal-constant superlattices, shouliigurations. Magnetization processes in real systems, how-
generally hold.(i) The high-anisotropy limit is comparably ever, are usually accompanied by complex reconstruction of
simple with few phases determined by the competing lowestthe multidomain patterns as those recently observed in Fe/Cr
energy basins of the anisotropy. Nonequal constants may lifnultilayers?%:2

B. Magnetization processes in real systems
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There are two main physical mechanisms for multidomainare in essential accordance with existing experimental obser-
states in the systems under discussion. Fourfold degeneraggtions on inhomogeneous distribution in the spin-flop phase
of the ground state leads to creation aiftiferromagnetic near the saturation fief,and some effects of fourfold an-
multidomain structuresvith 90° domain walls. Unlike the isotropy in Co/C¢001) wedged two-layers and Fe/Cr
case of magnetic materials with nonzero total magnetizatiorsuperlattice$® Our approach and results enablqualitative
where multidomain states are caused by demagnetization ednalysis of the magnetization processes in the multilayered
fects, in antiferromagnets such domains aretastableand  systems(Sec. V). In spite of the rather complex phase dia-
arise during the formation of the ordering state, i.e., theygrams of these systems, the analysis can be extended towards
have a kinetic origif* Hence, multidomain patterns ob- a quantitative description of real systems belonging to the
served in antiferromagnetic coupled two-layers and multilay-class of artificial layered antiferromagnets described by Eg.
ers have irregular morphologies and depend on thermal and).
magnetic-field historie® So far most experimental work is carried out only for

However, another type of multidomain structures arises irspecial conditions, often data are collected only with fields
the vicinity of field-induced discontinuous transitioisSuch  along easy axes. These results only cover small regions of
thermodynamically stablgansitional domain structureare  the (H,,H,) phase diagramg-igs. 10—13 and do not cap-
formed by domains from states corresponding to the coexisture the rich varieties of magnetization processes in such
ing phases at first-order transitions. These domains are analsystems. It is remarkable that many interesting effects, such
gous to the domains of a demagnetized ferromagnet. In prires 90° folded phases, transitions into asymmetric canted
ciple, the equilibrium parameters of such multidomainphases, etc., are present already in antiferromagnetically
structures and their boundaries can be calculated by standacdupled two-layerS.As we have seen, phase diagrams for
methods™™?° In Ref. 30 such calculations have been carriedmultilayer systems wittN>2 become very complex. Hence,
out for bulk easy-plane tetragonal antiferromagnbtagne-  systems with few layers are probably a better starting point
toelastic interactiongead to modification of the inhomoge- for detailed investigations on magnetization processes. Such
neous states and decrease the regions of the multidomaé@xperiments could be used to assess magnetic parameters and
states up to their complete suppressioit“°This and other  quality of such systems. Generally, magnetization processes
coercivity mechanism partly block the development of theand checks for their dependence on magnetic and thermal
equilibrium states. As a result, in real systems the evolutiomprehistory should be made by applying fields in oblique di-
of multidomain stateéd'?! is accompanied by rather strong rections and/or under rotating fields. Only then, the behavior
hysteresed.For experiments, there are two important conse-of the (Hy,H,) phase diagrams can be usefully compared
quences related to the starting states and history dependengéh detailed theoretical investigations.
of magnetization processes. The “texture” of a real antifer-  Further theoretical work may address models with non-
romagnetic state in zero field depends on the detaileéqual constants. Also effectively ferrimagnetic systems with
kinetics imposed by, e.g., cooling rates or deposition condiedd numberd of layers and with different layer thicknesses
tions. On the other hand, field cycling by inner loops formay be interesting. Some experimental data for magnetiza-
an antiferromagnetic multilayer may yield various meta-tion processes in such systems exist, e.g., for Co/Cr two-
stable configurations and multidomain structures owing tdayers with different ferromagnetic layers thicknes¥eand
the very wide coexistence region of the domains whenevefor odd-numbered multilayersinteresting reorientational ef-
sizable magnetic anisotropies are present in the multilayefiects should arise also in magnetic fields, which are applied
stack. perpendicular or under arbitrary angle to the layer plane.

Antiferromagnetically coupled superlattices may also un-

VI. CONCLUSIONS dergo transitions into perpendicularly magnetized states for

o ) certain thicknesses of the individual ferromagnetic layers, as
Within a phenomenological approach we develop theypserved for Co/@p01).22 In such cases the stray field must

theory of reorientation transitions in antiferromagnetically ye taken into account already for laterally homogeneous
coupled superlattices with in-plane magnetization. Detailedates.

investigations of the surface effects in the isotropic multilay- Concluding, we state that the magnetic effects and phe-
ers (Sec. ) and four-fold anisotropy effects in two-layer nomena discussed in this paper can be used for detailed in-
systems(Sec. 1V) reveal the most important features of \estigations on such aspects of nanomagnetism as interlayer-

the system:(i) Complex evolution of the inhomogeneous eychange interactions, reorientational, and multidomain
states(Figs. 2—4 is imposed by the strong disbalance of processes.

the exchange coupling, i.e., by thaut of the exchange
bonds (ii) Remarkable field-induced reorientational pro-
cesses occur due to enhanced four-fold anisotrdfigs.
8-14.
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