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Magnetic states and reorientation transitions in antiferromagnetic superlattices
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Equilibrium spin configurations and their stability limits have been calculated for models of magnetic
superlattices with a finite number of thin ferromagnetic layers coupled antiferromagnetically through spacers.
Depending on values of applied magnetic field and uniaxial anisotropy, the system assumes collinear~antifer-
romagnetic, ferromagnetic, various ‘‘ferrimagnetic’’! phases, or spatially inhomogeneous~symmetric spin-flop
phase and asymmetric,cantedand twisted, phases! via series of field induced continuous and discontinuous
transitions. Contrary to semi-infinite systems a surface phase transition, so-called ‘‘surface spin flop,’’ does not
occur in the models with a finite number of layers. It is shown that ‘‘discrete jumps’’ observed in some Fe/Cr
superlattices and interpreted as ‘‘surface spin flop’’ transition are first-order ‘‘volume’’ transitions between
different canted phases. Depending on the system these collinear and canted phases can co-exist as metastable
states in broad ranges of the magnetic fields, which may cause severe hysteresis. The results explain magne-
tization processes in recent experiments on antiferromagnetic Fe/Cr and Co/Ru superlattices.

DOI: 10.1103/PhysRevB.69.094405 PACS number~s!: 75.70.2i, 75.10.2b, 75.30.Kz, 75.50.Ee
e-
t

li
, o
r

e

n-
th
in

an
e
no

ta

s
ob
be

in

ti
f t
s

r e
th
s

s
b-
i

th

r
e

if-

nd 7
op
ons
ansi-
In

dis-
pin-

-
on

iod,

m-

the
era-
red

our
tic/

,

Antiferromagnetic coupling in magnetic multilayers m
diated by spacer layers and giant magnetoresistance are
related phenomena that have created the basis for app
tions of antiferromagnetic superlattices as Fe/Cr, Co/Cu
Co/Ru.1 Multilayer stacks with antiferromagnetic interlaye
couplings are widely used in spin valves assynthetic antifer-
romagnets, in various other spinelectronics devices, and th
are considered as promising recording media.2 High quality
multilayer stacks, such as Co/Ru,3 Fe/Cr~211!,4 or
Fe/Cr~001!,5 can be considered as ‘‘artificial’’ nanoscale a
tiferromagnets. They provide experimental models for
magnetic properties of confined antiferromagnets under
fluence of surface effects. Hence, both for applications
from a fundamental point of view, such systems are of gr
importance and attract much interest in modern na
magnetism.5–10

In the last years, efforts based on experimen
investigations,4–9 and theoretical studies4,10 to understand
ground states and the transitions under magnetic field
such multilayers resulted in a controversy around the pr
lem of the so-called ‘‘surface spin flop.’’ This problem can
traced back to Mills’ theory11 which predicted that in
uniaxial antiferromagnets spins near the surfaces rotate
the flopped state at a field reduced by a factor ofA2 com-
pared to the bulk spin-flop field. In an increasing magne
field such localized surface states spread into the depth o
sample.11 In Ref. 4, the authors claimed to observe the
surface states in Fe/Cr superlattices and supported thei
perimental results by numerical calculations. Subsequent
oretical studies~mostly based on numerical simulation
within simplified discretized models11! led to conflicting con-
clusions on the evolution of magnetic states in the
systems.10 Finally, recent experimental investigations o
tained different scenarios for reorientational transitions
Fe/Cr7–9 and Co/Ru6 multilayer systems.

This study provides a comprehensive analysis within
standard theory of phase transitions to determine all~one-
dimensional! spin configurations and their stability limits fo
models of antiferromagnetic superlattices. Our results
0163-1829/2004/69~9!/094405~5!/$22.50 69 0944
wo
ca-
r

y

e
-
d

at
-

l

in
-

to

c
he
e
x-
e-

e

n

e

x-

plain the diversity of experimentally observed effects in d
ferent antiferromagnetic multilayer systems.4–9 It is shown
that the magnetization processes observed in Refs. 4 a
and interpreted as a manifestation of the ‘‘surface spin-fl
transitions,’’ are a succession of first-order phase transiti
between asymmetric inhomogeneous phases. Such tr
tions occur only in a certain range of uniaxial anisotropy.
the major parts of themagnetic fieldvs uniaxial anisotropy
phase diagram the antiferromagnetic phase undergoes
continuous transitions either into an inhomogeneous s
flop phase~low anisotropy! or into ferrimagnetic collinear
phases~high anisotropy!.

The energy of a superlattice withN coupled ferromagnetic
layers can be modeled by
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where the first two sums describe bilinear (Ji) and biqua-
dratic (J̃i) exchange interactions;Ki andKi8 are constants of
uniaxial anisotropy, andH is an applied magnetic field. Mod
els of type~1! are commonly used to analyze magnetizati
processes in nanoscale magnetic multilayers systems4,5,7,8,12

and other superlattices.12 The material constants in Eq.~1!
are averaged effective parameters for one multilayer per
which may be internally inhomogeneous.13–15 Thermal fluc-
tuations would become important only near to the Curie te
perature, where the modulus of the magnetizationsmi should
be included as internal variables of the system. Thus,
model describes reorientational processes for fixed temp
tures in the whole range of the ferromagnetically orde
state.

The antiferromagnetic superlattices considered in
analysis are composed of few tens of identical magne
spacer bilayers with fully compensated magnetization3–9
©2004 The American Physical Society05-1
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FIG. 1. ~a! States in antiferromagnetic superlattices~exampleN56) with increasing field: F ferromagnetic; FM1/2 ferrimagne
collinear—such phases may be energetically degenerate, but they own different~meta!-stability limits; SF spin-flop states; C asymmetr
canted; AF antiferromagnetic!. Example of evolution of state with fieldH for Mills model in low anisotropy case:~b! rotation anglesu i ( i
odd! against easy axisn uu field H ~for i evenu i52uN2 i 11). Phases of type C and FM1/2 may occur only at intermediate and hi
anisotropy.~c! corresponding resonance spectrum.
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i.e., systems withevennumber of ferromagnetic layers. T
simplify the discussion, we assume that induced interacti
in such systems maintain mirror symmetry about the ce
of the layer stack, i.e.,Ji5JN2 i , Ki5KN112 i , etc. in the
energy~1!. Usually demagnetization fields confine the ma
netization vectorsmi to the layer plane, and their orientatio
within this plane can be described by their anglesu i with the
‘‘easy axis’’ n. Thus the problem of the magnetic states
the model ~1! is reduced to optimization of the functio
W(u1 ,u2 , . . . ,uN). We assume that values of the magne
parameters are such that the energy~1! yields a collinear
antiferromagnetic~AF! phase as ground state in zero fie
i.e., mi are directed along the easy axisn and antiparallel in
adjacent layers. Next, we consider the evolution of sta
with a magnetic field along the easy axisn.

In the case of weak anisotropy (J̄i[Ji22J̃i@Ki ,Ki8) the
applied field stabilizes aspin-flop~SF! phase with symmetric
(u i52uN2 i 11) deviations ofmi from the easy axis@Fig.
1~a!#. Contrary to spin-flop phases in bulk antiferroma
nets, this SF phase is spatially inhomogeneous. At low fie
the solutions for the SF phase are given by a set of
ear equationsJ̄2 j 21(p2u2 j 211u2 j )5H, u2 j2u2 j 1150 ~j
51,2, . . . ,l, l 5N/4 for systems withN54 n or l 5(N
12)/4 for N54 n12, n50,1, . . . ). These solutions de
scribe small deviations of the magnetization vectors,uu i
2p/2u!1, from the directions perpendicular to the ea
axis @Fig. 1~a!#. Towards top and bottom layeri 51 or N
in the stack, the deviations increase. For example, foN

510 the solutions readu55p/22H/(2J̄5), u45u52p, u3

5u52H/ J̄3 , u25u32p, u15u32H/ J̄1. The properties of
these solutions and other particular magnetic configurat
of the model~1! arise essentially due tocut exchange bond
at the boundary layers. This is different from surface-
induced changes for magnetic states of other nanoscale
tems. In ferromagnetic nanostructures, as in nanosized la
09440
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of antiferromagnetic materials, noncollinear and/or twist
configurations are caused by particular surface-related
isotropy and exchange contributions due to modified~relativ-
istic! spin-orbit effects near surfaces~as discussed, e.g., i
Refs. 15,16!. The simplified variant of the energy~1! with

Ji5J, Ki5K, J̃i5Ki850 embodies this cutting of bonds a
the only surface effect and allows to investigate this eff
separately from other surface-induced forces. This mo
introduced by Mills as a semi-infinite model,11 was later in-
vestigated in different cases also for finite systems.4,10 How-
ever, in spite of rather sophisticated methods used in th
previous studies, the magnetic properties described by
model ~called hereMills model! have remained elusive
Transitions and stability lines for the collinear phases can
calculated analytically, but the main body of our results ha
been obtained by numerical methods. We could investigat
detail systems up toN520 ~and some aspects of larger sy
tems! using a combination of following methods.~i! Search
for energy minima using of the order 1000 random start
states for a dense mesh of points in the phase diagram,~ii ! an
efficient conjugate gradient minimization17 to solve the
coupled equations for equilibria$]W/]u i50% i 51 . . .N , ~iii !
calculation of stability limits from the evolution of the smal
est eigenvalue e0(H,K) of the stability matrix
(]2W/]u i]u j ),i , j 51 . . .N under changing anisotropy con
stantK and the applied magnetic field. The eigenvalue sp
trum $ei% @see example in Fig. 1~c!# is related to magnetic
resonances with moments precessing in the layer plane
k50 spin waves. Instabilities are signaled by softening
these modes. The basic magnetic configurations are
pounded below.

~i! Evolution of theinhomogeneousSF phases is given in
Fig. 1. At low fields, due to the dominating role of the e
change interactions favoring antiparallel ordering of t
magnetizations in adjacent layers, some of the ‘‘sublattic
5-2
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FIG. 2. ~Color! Phase-diagram for Mills model withN54: ~a! overview ~b! details at low anisotropy~in this region critical lines have
been shifted for clarity!. Full black lines are first order transitions between equilibrium states; continuous transitions are dashed and
Equilibrium states: antiferromagnetic belowa2b2e2 i line ~AF!; ~red! areao2d2e2 i collinear ‘‘ferrimagnetic’’ ~FM!; areaa2b2d
2 f 2g symmetric spin-flop phase~SF!; ~blue! areab2e2d2c noncollinear asymmetric~C!; above lineg2 f 2o ferromagnetic phase~F!.
Greek letters: critical points at boundaries of metastable states. Metastable states corresponding to FM exist in the region~magenta! right of
line h2b2d2e2g and for C in the two regionsa2b2e2g2a andc2b2d2c ~light blue!, respectively. Further stability limits: for SF
a2a2b2c andc2d ~white! d2 f 2g; for AF a2l ~violet!; for F g2 f 2d2z.
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have to rotate against the applied field. At sufficiently stro
fields the sense of rotation for these sublattices is reve
@Fig. 1~b!#. Near saturation, the SF phase has only posi
projections of the magnetization on the direction of the m
netic field which decreases towards the center similar to s
configurations described in Ref. 18. There is a special fi
~independent ofN) where all inner sublattices have the sam
projection on the field direction @u i5(21)i 11 u0 ,i
09440
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52,3 . . .N21# @Fig. 1~b!#. The parameters of this ‘‘knot’’
point are determined from the equationsH0 /J5(4
2k)cosu0, cos(2u0)5k2121/42A1/161k22, u113 u0
5p, k5K/J.

~ii ! In the case of strong anisotropy, only collinear~Ising!
states minimize the system energy. For Mills model, ind
pendently onN, there are two discontinuous~‘‘metamag-
netic’’! transitions: atH15J to theferrimagneticphase with
ious
rom
FIG. 3. ~Color! Example of evolution of magnetization~continuous lines and left scales! and lowest eigenvalue of stability matricese0

~dotted, right scales! for Mills model (N516 andK50.5). Black curves: magnetization of equilibrium states, color curves for var
‘‘canted’’ phases C1 . . . C4 and the~reentrant! spin-flop state. Arrows mark phase transitions. Inset gives full range of field H f
antiferromagnetic~AF! to ferromagnetic~F! state@half-logarithmic plot fore0(H)]—details are magnified in main figure.
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U. K. RÖSSLER AND A. N. BOGDANOV PHYSICAL REVIEW B69, 094405 ~2004!
flipped moment at both surfaces~FM! @Fig. 1~a!#, and be-
tween FM and ferromagnetic~F! phase atH252J ~Fig. 2!.

~iii ! A specific inhomogeneous asymmetriccanted ~C!
phase@Fig. 1~a!# arises as a transitional low symmetry stru
ture between higher symmetry SF and FM phases. The t
sition FM → C is marked by the onset of noncollinearit
i.e., a deviation ofmi from the easy axis, and the transitio
SF → C breaks the mirror symmetry.

The calculated phase diagram withN54 in Fig. 2 in-
cludes all these phases and elucidates the correspon
magnetization processes for this Mills model. The critic
pointsb andf at Kb.0.30 andK f5A2 for N54 separate the
phase diagram~Fig. 2! into three distinct regions. In thelow-
anisotropyregion (K,Kb) the first-order transition from AF
to the inhomogeneous SF phase occurs at the critical lina
2b, and a further second-order transition from SF into
phase takes place at the higher fieldH f5(21A2)J2K
~dashed lineg2 f in Fig. 2!. In the high-anisotropyregion
(K.K f) the above mentioned sequence of discontinu
transitions AF→ FM → F occurs. In this region, differen
phases can exist as metastable states in extremely b
ranges of magnetic fields leading to severe hysteresis eff
Finally, in the intermediate regionKb,K,K f the magneti-
zation processes have a complex character including con
ous and discontinuous transitions into the C phase. FoN
.4 the region of the C phase is subdivided into sma
areas corresponding to canted asymmetric phases sepa
by first-order critical lines and an area of the reentrant
phase~Fig. 3!. The number of these areas increases w
increasingN. Here, the evolution of magnetic states occu
as a cascade of discontinuous transitions between differe
phases.

Generally, the function~1! can be considered as the e
ergy of a ‘‘multisublattice’’ antiferromagnet withN sublat-
tices each represented by individual ferromagnetic lay
The phase diagram of such an antiferromagnet in the sp
of the magnetic parameters in the model~1! may include a
number of new homogeneous and inhomogeneous ph
and additional phase transitions. In particular, for noneq
exchange constants there is a cascade of discontinuous
sitions between different ferrimagnetic phases, and excha
anisotropyKi8 may stabilize atwisted phase.16 Moreover,
magnetic first-order transitions are accompanied by an
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volved reconstruction of multidomain structures a
hysteresis12 which will crucially determine the magneti
properties of experimental multilayer systems. However,
basic features of the model~1! are imposed by cut exchang
bonds and are revealed from Mills model. The phase diag
in Fig. 2 provides the backbone for the phase diagrams of
whole class of such nanostructures and is representative
their magnetic states.

Our results show that Mills model with finiteN owns only
well-defined ‘‘volume’’ phases and transitions between the
i.e., phases and transitions affecting the whole layer sta
The model does not include solutions for surface-confin
states which were assumed to occur at a ‘‘surface spin-
field’’ HAF5A2JK1K2 and to spread into the depth of th
sample as the applied field increases up to the ‘‘bulk sp
flop field’’ HB5A4JK1K2.7,11 The critical fieldHAF deter-
mines the stability limit of the ‘‘volume’’ AF phase~violet
line a2l in Fig. 2!, while the field HB has no physical
significance for the finite system. Noncollinear inhomog
neous structures similar to those discussed here as SF p
have been observed in low-anisotropic Fe/Cr superlattic8

The evolution of multidomain structures accompanying sp
flop transitions was investigated in.9 Inhomogeneous asym
metric magnetic configurations found in Fe/Cr~211! superlat-
tices with rather large uniaxial anisotropy4,7 are similar to C
phases discussed in our paper. The magnetization curve
3 for Mills model with N516 andK/J50.5 amends similar
calculations@cf. Fig. 1~a! in Ref. 4#. In addition to the tran-
sition from AF into the C phase, the above described casc
of first-order transitions between different C phases occur
peculiarity ofm(H) interpreted as the bulk spin-flop field~in
Ref. 4 atH51.49 kG5̂H/J51.49) does not correspond to
phase transition.

In conclusion, cut exchange bonds at the boundaries
antiferromagnetic superlattices cause inhomogeneous,
collinear, or canted magnetic configurations unknown
other types of magnetic nanostructures. Experimental inv
tigations~in particular on superlattices with small number
layers,N54 and 6! should provide an interesting playgroun
to observe the rich variety of orientational effects predic
in this paper~Fig. 2!.
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18F. C. Nörtemann, R. L. Stamps, A. S. Carric¸o, and R. E. Camley,
Phys. Rev. B46, 10 847~1992!; A. L. Dantas and A. S. Carric¸o,
ibid. 59, 1223~1999!.
5-5


