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Magnetic-field-induced reorientation in thin antiferromagnetic films:
Spin-flop transition and surface-induced twist effects

A. N. Bogdanov* and U. K. Rößler†
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Phenomenological equations for antiferromagnetic structures in a thin antiferromagnetic layer are derived
and investigated in a broad range of magnetic fields and layer thicknesses. Corresponding phase diagrams
magnetic field vs layer thickness are presented. Depending on thickness and values of the intrinsic and
surface-induced interactions, the spin-flop transition occurs either as first-order transition~similar as in bulk
materials! or continuously via twisted structures that are inhomogeneous across the layer thickness. The
antiferromagnetic twisted phases have the same physical nature and display similar properties as spatially
modulated phases observed in confined liquid crystals~Freedericksz effect! or in thin ferromagnetic films and
multilayers.
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Magnetic nanostructures with antiferromagnetic inter
tions constitute a vast class of systems that currently
intensely investigated.1,2 They include various
ferromagnetic/antiferromagnetic bilayers,2,3syntheticantifer-
romagnets for spin valves and other applications,4 and ferro-
magnetic multilayers with antiferromagnetic coupling v
spacer layers.5,6 In these composite structures the surfac
and interfaces substantially modify electronic and magn
properties of the magnetic constituents compared to t
bulk ‘‘states.’’ This causes a number of remarkable pheno
ena and effects as exchange bias, strongly enhanced un
anisotropy and magnetoresistance, magnetic modulati
and others.2 In particular, modern scanning and dept
resolving techniques2,7 reveal a strong modification of ant
ferromagnetic structures in ferro/antiferromagnetic bilaye8

On the other hand, reorientation effects in the antiferrom
netic subsystems influence values of bias fields and indu
anisotropy.9 These findings show that detailed investigatio
of magnetic states in the antiferromagnetic constituents
these nanosystems are crucial for an understanding of
properties. From theoretical side, only few results have b
obtained for selected models, mostly by numerical mea
see, e.g. Ref. 10. Contrary to the case of ferromagnetic n
structures, there has been no consistent theoretical appr
to the magnetic states in confined antiferromagnetic syste
In this Brief Report, we develop a phenomenological the
to provide an exhaustive description of magnetic states
of the main features of magnetization processes in antife
magnetic nanolayers. We demonstrate important connect
with bulk antiferromagnetism and with properties of oth
ordered media in confining geometries.

For definiteness, let us consider a thin antiferromagn
layer of thicknessD with uniaxial anisotropy sandwiche
between nonmagnetic spacers. The layer is assumed t
infinite in x andy directions and bounded be parallel surfac
at z56D/2. Employing a general phenomenological a
proach for the magnetism in nanostructures,11 we start from
the energy of a bulk and then adapt it for antiferromagne
nanostructures by introducing extra energy-terms to desc
modifications due to the surfaces. Within a continuum
proach the magnetic energy density for a bulk, tw
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sublattice, uniaxial antiferromagnet can be written in the f
lowing form:12

w5a@~]m1!21~]m2!2#1a8~]m1]m2!1e~m1 ,m2!,
~1!

wheremi are unity vectors along the sublattice magnetiz
tion ~we neglect here paraprocesses which are important
the ordering temperature only!, (a,a8) are constants of in-
homogeneous exchange interactions, and]mi
[(k(]mi /]xk). The homogeneous part of the energy de
sity e5@lm1•m22H•(m11m2)1ea# includes homoge-
neous exchange coupling (l), the interaction energy with the
magnetic fieldH and the anisotropyea . In most known bulk
antiferromagnetic crystals in attainable magnetic fieldsl
@ea , uHu, and the leading anisotropy is a uniaxial term wi
respect to an axisa. In terms ofstaggeredmagnetizationl
5(m12m2)/2 and total magnetizationm5(m11m2)/2, it
can be written asea52B1( l•a)22B2( l•a)42(2b2B1)(m
•a)2 (B1 ,b@B2).12 For B1.0 the direction of the easy
magnetizations~easy axis! coincides with thea axis, and the
energy functionalw ~1! can be reduced to the following form
~for details, see Ref. 12!: w5A(]u)21B1F(u) with A5a
1a8 and

2F~u!52K cos22u1a cos 2u1b sin 2u,

K5~B2 /B11b/l!/2, a5huu
22h'

2 21,

b52huuh' , h5H/HSF, HSF52lB1 . ~2!

The variableu is the angle betweena axis andl, andHSF is
a spin-flop field. For equilibrium statesmi is in the plane
spanned by easy axisa and external fieldh. The component
of the field in direction ofa is denoted byhuu , the transverse
component ish' . For K.0 at a field huu51, h'50 (a
50,b50) the spin-flop transition takes place, i.e., a pha
transition between antiferromagnetic~AF! phase withu50
and spin-flop~SF! phase withu5p/2. Note that in the vi-
cinity of the spin-flop transition, wherea andb are anoma-
lously small, the term proportional toK in Eq. ~2! plays the
dominant role in the energy balance.
©2003 The American Physical Society07-1
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In confined systems, their surfaces/interfaces induce a
tional magnetic interactions. They can be described by a
tional energy contributions in the formes(r )5h(r )J(mi)
where J(mi) are invariants describing exchange, anis
tropic, or other interactions,h(r ) are spatially inhomoge
neous coefficients that should be treated as internal varia
similar to the magnetization fieldsmi(r ).11 The equilibrium
distributions ofmi(r ) and such induced ‘‘fields’’h(r ) are
derived by minimization of the energy functional~1! and
interaction functionals forh(r ) with appropriate boundary
conditions~for examples, see Ref. 11!. For an antiferromag-
netic layer the fieldsh(r ) may include surface-related coun
terparts of bulk exchange and anisotropy consta
ls(z),B1s(z),B2s(z),bs(z) which, in homogeneous layers
vary only along the normal to the layer. Here, we simpl
this general framework. The induced fieldsh(z) have
strongly pronounced surface character and decay expo
tially fast into the depth of the layer.11 Thus, integration
transforms energy contributionses(z) into a sum of surface
energies with constant coefficients *2D/2

D/2 es(z)dz

5( i 51
2 h̃ ( i )J(mi)uz56D/2 .

Hence, the surface induced exchange and anisotropy
ergy contributions are reduced to surface terms with cons
coefficientsl̃ ( i ), B̃1

( i ), B̃2
( i ), andb̃ ( i ) ( i 51,2). By introduc-

ing a new lengthz5L0j, d5D/L0 (L05AA/B1 is exchange
length12! and by scaling energy asW̃5W/AAB1, the energy
of the antiferromagnetic layer can be written as

W̃5E
2d/2

d/2

@~du/dj!21F~u!#dj1V (1,2)uj56d/2 , ~3!

where the surface energiesV ( i )(u) are

2V ( i )~u!52K̃ i cos22u1ãi cos 2u1b̃i sin 2u,

ãi52k ( i )~hi
22h'

2 !2n ( i ), b̃i522k ( i )hih' ,

2K̃ i5~B̃2
( i )/B11b̃ ( i )/l!/L0 . ~4!

Here, the ratios of surface energies to bulk energiesk ( i )

5l̃ ( i )/(lL0) and n ( i )5B̃1
( i )/(B1L0) and the parametersK̃ i

depend on the properties of individual surfaces. They are
~phenomenological! parameters of the theory, together wi
‘‘bulk’’ phenomenological constantsA, K, andHSF. Energy
~3! is valid for arbitrary orientation of the easy axisa within
the layer.

Twisted phases. For the surface energiesV ( i )(u) ~4! the
conditions of the spin-flop transition (K̃ i.0, ãi50, b̃i50)
do not coincide with those for the bulk spin flop~1!. Thus, in
a certain range of fields the volume and surface interact
favor different magnetic configurations. This competiti
may distort the homogeneous, collinear ordering and can
bilize inhomogeneous phases with continuous rotation of
vector l across the film thickness. The occurrence of su
twistedstates under pinning~or anchoring! influence of the
surfaces is a rather general effect and has been observe
number of condensed matter systems. Initially, these surf
induced distortions have been identified in nematics~Freed-
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ericksz transition13!. Later different twisting effects have
been observed and thoroughly investigated in many cla
of liquid crystals and form the physical basis for all liquid
crystal display technologies.14 In ferromagnetic structures
twisted phases are caused by the competition between
face exchange or anisotropy energies and volume aniso
pies or the interaction with applied magnetic field.15 Spiral-
ing in exchange spring magnets and exchange bias sys
also belongs to this class of phenomena.2 The energy func-
tional ~3! has a similar mathematical structure as those
confined liquid crystals14 @for h'50 it even coincides# and
ferromagnetic thin layers.15 Hence, we have reduced th
problem of the inhomogeneous states in confined antife
magnets to the mathematically equivalent and well-stud
problem of twisted states in liquid crystals and ferromagne
nanostructures. In our work, this is the central point wh
provides a general solution for the magnetic behavior,
cluding noncollinear magnetic states, of antiferromagne
layers. However, compared to these known twist effec
those in confined antiferromagnets should display a la
variability and a strong dependency on the applied field a
the materials parameters of the system. This is due to p
liarities of the antiferromagnetic ground states near the s
flop transition12 and the particular, field-dependent form
the ‘‘anchoring’’ energy~4!.

We discuss some general features of these twisted ph
in an antiferromagnetic layer with identical surfaces given
K̃ i5K̃, k ( i )5k, n ( i )5n, for i 51,2 in a field directed along
the easy axish[huu , h'[0. The AF ~SF! phase, respec
tively, is stable for negative~positive! values of

ã052uku@sgn~k!h21sgn~n!h0
2#, h05Aun/ku. ~5!

The critical fields for the transitions between twisted pha
and the homogeneous states can be calculated by expa
of the functional~3! for u!1 ~AF phase! and (p/22u)!1
~SF phase! and can be reduced to the following expressio

d1,25P6~h!arcth@L6~h!#, d3,45P6~h!arctg@L6~h!#
~6!

with P6(h)52/Au12h26Ku and L65uã0

7K̃u/A12h26K where the upper~lower! signs are for the
AF ~SF! phases, respectively. The pinning effects of the s
face interactions Eq.~6! lead to inhomogeneous distributio
of the magnetization in the spin-flop phase. Such states
known from investigations on discretized models.16 Depend-
ing on the sign of the parametersk, n, and values ofK and
K̃ a number of different scenarios can be realized. We ill
trate this by selected thickness vs field phase diagrams
reflect the evolution of twisted states~Figs. 1, 2!. For nega-
tive values ofk andn the surface energy favors SF phase
arbitrary values of the applied field. Then, the twisted ph
exists in the interval@d1(h),d4(h)# below the bulk spin-flop
field ~Fig. 1!. The valuesd1(0), d4(0) ~6! determine the
thickness interval where the twisted phase exists at zero fi
For L2(0).1 the AF phase is always unstable and t
twisted phase corresponds to the ground states for all th
nessesd.d4(0). For k,0, n.0 and h0.1 the twisted
7-2



en

-
ra
s

b
im

a

n

ld
ed
ypes

ses

ined
he
s

ag-
d

also
in
i-
etic
ces-

ntify

e

uced

flop
ne-

etic
a-
ical
rios

lay-

-
etic
een
and
ns
ced
ion

is-
etic

ag-

to
sti-

d

a

a-
-

c

BRIEF REPORTS PHYSICAL REVIEW B68, 012407 ~2003!
phase is realized in the range@d3(h),d4(h)# above the bulk
spin-flop field~Fig. 2!. The equilibrium structuresu(z) in the
twisted phase can be calculated by minimizing the layer
ergy ~3! with the boundary conditions 8Al(du/dz)
56(]V (1,2)/]u) for j56d/2. They describe the continu
ous evolution of the twisted states from AF to SF configu
tion ~see analysis of similar solutions for liquid crystals sy
tems in Ref. 14!. Sufficiently large values ofK and K̃ may
suppress the twisted phase. In this case, the transition
tween the homogeneous states is determined by the min
of energyW̃5F(u)d1V (1)(u)1V (2)(u) which is derived
by integration in Eq.~3!. Because energyW̃ functionally
coincides with that of the bulk antiferromagnetF(u) ~2! the
surface/interface effects in this case can be taken into

FIG. 1. Example of phase diagram for magnetic states in
antiferromagnetic layer with fieldh in direction of easy axisa vs
thicknessd for k,0, n,0. @d in units of exchange lengthL0, and
h0 is the spin-flop field defined in Eq.~5!#. Inset: magnetic structure
@staggered vectorl(j)] in the layers for the four degenerate realiz
tions of the twisted phase~arbitrarily aij). Open arrows are aver
age staggered vectors^ l&5*2d/2

d/2 l(j)dj.

FIG. 2. Phase diagram as Fig. 1, but fork,0, n.0. For d
below thetricritical point d, the transition from antiferromagneti
to spin-flop phase is first-order@dashed linehs(d), Eq. ~7!#. A con-
tinuous evolution via the twisted phase occurs for largerd. Inset:
magnetic structures@staggered vectorl(j)] with increasing fieldh
corresponding to the points~1! – ~6!.
01240
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count by the following redefinition of the coefficients i
F(u) ~2! a→as5hi

22h'
2 2hs

2(d), bs5b, K→Ks , where

Ks5
K1~K̃11K̃2!/d

12~k (1)2k (2)!/d
, hs5A11~n (1)1n (2)!/d

12~k (1)1k (2)!/d
.

~7!

This result is an analogue to Ne´el’s formula for effective
anisotropy of a magnetic layer with surface anisotropy.1 The
transition between AF and SF occurs at the critical fie
hs(d) ~7! as a first-order process without intervening twist
phase. In thickness vs field phase diagrams, these two t
of SF transitions are separated by a tricritical point~Fig. 2!.

The degeneracy of states in the magnetic twisted pha
~inset Fig. 1! leads to specific multidomain structures.11 The
magnetization processes in the twisted phases are determ
~i! by the continuous evolution of spin configurations in t
twisted phases and~ii ! by expansion of certain domain type
at the expense of others, similarly to domains in ferrom
netic twisted phases.11 In the case of suppressed twiste
phases, the first-order transition from the AF to SF phase
occurs via thermodynamically stable multidoma
structures.12 Both types of transitions have qualitatively sim
lar magnetization curves or generally macroscopic magn
properties. Thus, special experimental approaches are ne
sary to detect differences between such states and to ide
them.

The first-order transition exists in close vicinity of th
spin-flop field@huu5hs(d),h'50#. Forhuu5hs(d) the differ-
ence between the competing homogeneous phases is red
from Du5p/2 for h'50 to zero ath'5Ks(d)!1. Corre-
spondingly, all magnetization processes near the spin-
transition strongly depend on the orientation and homoge
ity of the applied magnetic field.

In magnetic nanostructures, the surface-related magn
interactions strongly differ from bulk values and can be m
nipulated in a broad range by various physical and chem
factors.1 Thus, one may expect that the theoretical scena
of the different phase diagrams~Figs. 1, 2! can be realized in
experimental antiferromagnetic nanosystems. Nanosized
ers of antiferromagnets such as MnF2, FeF2 and bilayers
such as Fe/MnF2 , Fe/FeF2 ~Refs. 8,9! should be good can
didates to investigate evolution of these antiferromagn
states. In particular, the here established relations betw
parameters of the magnetic surface-energy contributions
equilibrium antiferromagnetic configurations provide mea
to determine values of bias fields and other surface indu
interactions from experimental observations of reorientat
effects in an antiferromagnetic layer or sublayer.

In Ref. 17, it was shown that the continuum and d
cretized models quantitatively agree even for few magn
layers for functionals of type~3!. In this connection, mag-
netic superlattices consisting of a finite number of ferrom
netic nanolayers with antiferromagnetic couplings~e.g.,
Fe/Cr superlattices5,6! deserve special consideration. Up
now, such layered systems have been theoretically inve
gated by a simple one-dimensional discretized model.18 In
continuum limit this model is equivalent to functional~3!

with K5K̃ i50 andh051/A2. Due to specially chosen an

n
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BRIEF REPORTS PHYSICAL REVIEW B68, 012407 ~2003!
fixed parameters, the results of Ref. 18 do not comprise m
of the physical states and phase diagrams revealed by
theory. However, a theoretical analysis of this model sho
that the interplay of an intermediate uniaxial anisotropy a
cut exchange bonds at the boundaries of such stacked
tems stabilizes a number of different spatially inhomog
neous states unknown in other types of magne
nanostructures.19 Recent experiments confirm the compl
character of magnetic states in these systems.5,6 Spatially in-
homogeneous structures have been observed in Ref. 5, w
other authors find a direct transition between AF and
phase similar to that in bulk materials.6 The development of
the continuum theory together with further investigations
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19U.K. Rößler and A.N. Bogdanov~unpublished!.
20A. Hubert and R. Scha¨fer, Magnetic Domains~Springer-Verlag,

Berlin, 1998!.
7-4


