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Interface coupling in a ferromagnetÕantiferromagnet bilayer

Marco Finazzi*
INFM and Dipartimento di Fisica del Politecnico di Milano, Piazza Leonardo da Vinci 32, 20133 Milano, Italy

~Received 3 June 2003; revised manuscript received 6 October 2003; published 12 February 2004!

A micromagnetic model accounting for exchange, dipolar interactions, and magnetocrystalline anisotropy
has been applied to simulate the magnetic structure of a low anisotropy antiferromagnetic thin film on a
ferromagnetic substrate. In particular, the influence that interface uncompensated moments have on the type of
magnetic coupling between the antiferromagnetic and ferromagnetic layers has been evaluated. The long-range
magnetic dipole-dipole interactions force the antiferromagnetic film to have in-plane anisotropy. For the fully
magnetically compensated interface, the model gives an antiferromagnetic uniaxial anisotropy perpendicular to
the magnetization of the ferromagnetic film. There is a rapid transition from perpendicular to parallel aniso-
tropy as the amount of uncompensated moments is increased. The density of uncompensated moments neces-
sary to induce such transition decreases as the interface exchange coupling is reduced. These predictions are
compared to the experimentally observed behavior of NiO in various types of interfaces with ferromagnetic
materials.

DOI: 10.1103/PhysRevB.69.064405 PACS number~s!: 75.25.1z, 75.70.Cn
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I. INTRODUCTION

A considerable effort has been dedicated to the invest
tion, with both theoretical and experimental methods, of
magnetic structure at the interface between a ferromagn
~FM! and an antiferromagnetic~AFM! material. The interes
of this topic is also motivated by the fact that the exchan
bias effect, consisting in the breaking of time-reversal sy
metry obtained upon field cooling in a FM thin layer depo
ited over an AFM material,1 depends strongly on the spi
structure at the AFM-FM interface.2–4

Micromagnetic calculations show that the ground-st
configuration of an ideal magnetically compensa
AFM-FM interface corresponds to a perpendicular orien
tion of the bulk FM moments relative to the AFM magne
easy axis direction.5 This configuration is stable since th
magnetic moments both in the FM and in the AFM lay
exhibit a small canting that vanishes away from t
interface.5 These predictions have been experimentally c
firmed for several AFM-FM systems showing perpendicu
alignment between the AFM and FM easy axes.6–8Although
the free energy of an ideal AFM-FM interface is expected
be minimized when the local moments across the interf
align perpendicularly, there is also clear experimental e
dence that the coupling between a FM metal overlayer
the AFM oxide can be collinear.9–12 NiO-FM interfaces rep-
resent a particularly controversial case. While Matsuya
and co-workers claim that the magnetization of thin Fe fil
deposited on NiO~001! is in plane and perpendicular to th
easy axis of the NiO domains,13 Zhu et al.10 and Ohldag
et al.11,12 observe a collinear coupling in, respectively, th
Co-Fe alloy films and Co or Fe layers over a NiO~001! sur-
face. On the other hand, thin NiO epitaxial layers on
Fe~001! magnetic substrate show an in-plane uniaxial anis
ropy perpendicular to the Fe magnetization.14 The origin of
these discrepancies might reside in the fact that one or
atomic layers on either side of the AFM-FM interface a
partially oxidized or reduced, leading to a certain amoun
uncompensated moments that force a parallel coupling w
0163-1829/2004/69~6!/064405~7!/$22.50 69 0644
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the magnetic moments in the FM partner.15 In addition, the
amount of defects accumulated at the interface and, co
quently, the density of uncompensated interface mome
might also be heavily influenced by the roughness of
substrate and by the growth sequence and conditions.

Recently, Tsai and co-workers have used Monte Ca
simulations to show that in the case of rough interfaces
are compensated on average there is a transition from co
ear to perpendicular alignment of the FM and AFM spins
the temperature is decreased.16 Similarly, Monte Carlo simu-
lations have also been applied by Nowaket al. to describe
the AFM-FM interface exchange interaction and give a p
sible explanation to exchange bias.17

In the following, a micromagnetic model based on t
Heisenberg Hamiltonian is applied to an AFM-FM interfac
In particular, we have chosen the parameters of the mode
order to describe the case of antiferromagnetic NiO. The g
is to supply a simple model for a quantitative description
the AFM-FM interface exchange coupling in order to pr
vide guidelines to make general predictions regarding pr
tical experimental cases. This paper presents such an
mate for the crossover from compensated to noncompens
FM-AFM interfaces. For this purpose a simple phenome
logical model at zero temperature is applied which, by d
scribing the amount of uncompensated moments by a m
field approximation, allows to interpolate between these t
extremes. In this respect, the results reported in this pa
can be viewed as complementary to the work by Tsaiet al.16

where the two limit cases of perfectly compensated or
compensated AFM-FM interfaces are treated.

The interplay between interface exchange coupling, in
face uncompensated spins, and long-range magnetic di
determines the direction of the AFM layer magnetic anis
ropy with respect to the FM magnetization. Both types
coupling that are experimentally observed in NiO-FM inte
faces are reproduced. The AFM-FM interface proves v
sensitive to the presence of uncompensated moments, w
rapid transition from perpendicular to collinear coupling
their density is increased. This rotation of the easy magn
©2004 The American Physical Society05-1
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zation axis strongly depends on the magnitude of the in
face exchange coupling. A lower interface exchange fi
requires a lower density of uncompensated moments to
bilize a collinear AFM-FM coupling.

II. MODEL

Neglecting the orbital moment contribution to the to
magnetic moment of each atom,18 the Hamiltonian, in re-
duced units, is

H5H ex1H mc1H rand1H dip ~1!

with

H ex52(
i , j

Ji j mimj , ~2a!

H mc5(
i

H i
mc~mi !, ~2b!

H rand52(
i

H i
randmi , ~2c!

H dip5(
i , j

mimj23~mi n̂i j !~mj n̂i j !

uRi2Rj u3
. ~2d!

H ex represents the Heisenberg Hamiltonian, withJi j being
the exchange coupling between the momentsmi and mj at
the atomic sitesRi and Rj , respectively.H i

mc(mi) in Eq.
~2b! is the magnetocrystalline anisotropy Hamiltonian of t
i th atom. H rand accounts for the interaction with rando
fieldsH i

rand, which describe the effect of magnetically activ
impurities and defects, such as interface roughness, unc
pensated moments, domain walls, atomic substitutions,
vacancies.19 In our simulationsH i

rand is assumed to act only
on atoms close to the interface. Finally,H dip is the contribu-
tion to the total Hamiltonian due to the magnetic dipo
dipole interactions, withn̂i j being the unit vector that point
in the direction that connects the atoms at the positionsRi
andRj .

Each local magnetic momentmi in the magnetic primitive
cell is treated as a classical vector and is allowed to have
own direction but fixed magnitude, in a similar way as
Ref. 5. The orientation of the atomic moments across
AFM-FM interface is calculated using the usual approach
micromagnetics, where each moment experiences a loca
fective magnetic fieldH i given by the gradient of the Hamil
tonian, H i52“mi

H. The zero-temperature ground state
obtained applying an iteration method. At each iteration,
effective field at each atom is calculated and the atomic m
netic moment is rotated towards the direction of the field20

The process is repeated until a self-consistent stationary
is reached, with all the atomic moments pointing parallel
the local field. Since different initial configurations may le
to different self-consistent final states, one must compare
energy of the different stable final states in order to find
ground state. Periodic boundary conditions have been
06440
r-
d
ta-

l

m-
nd

-

its

e
f

ef-

e
g-

ate
o

he
e
-

posed to limit the range of accessible stationary states
those that have the same periodicity in the plane of the fi
as the unperturbed bulk AFM lattice. Convergence on a m
tiple magnetic domain structure with walls crossing the
terface is thus avoided.

In bulk NiO, H ex is given by superexchange acting b
tween second-nearest-neighboring Ni atoms through
O-Ni bonds at 180°. In the simulations this is represented
a finite-thickness fcc array of atoms characterized by
second-nearest-neighbor AFM exchange coupling cons
JAFM . In the bulk, the Ni moments are ferromagnetica
aligned in $111% planes ~FM planes!, while adjacent FM
planes are ordered antiferromagnetically. The Ni mome
are parallel to the FM planes. For~111! FM planes the Ni
moments can point in any of the three directions equival
to @ 2̄11#. Considering time-reversal symmetry, this results
24 degenerate AFM domain orientations. This particular ty
of collinear order is a consequence of the magnetic dipo
dipole interactions, which are responsible for forcing the
moments parallel to the FM planes, and of a 1023 times
smaller magnetocrystalline sixfold anisotropy acting in t
FM planes.21 For AFM domains with~111! FM planes, the
latter is calculated assumingH i

mc(mi)5KAFMsin2(3u), with

u being the angle between the@ 2̄11# direction and the pro-
jection of mi on the~111! plane. The magnetocrystalline an
isotropy is small compared to the magnetic interaction, bu
removes the degeneracy between AFM domain orientat
parallel to FM planes.

As far as one is interested only in the magnetic struct
in the AFM layer, the problem of finding the magnetic co
figurations that makeH stationary can be greatly simplifie
by a mean-field approach to the description of the AFM-F
interface.

The influence of the interface on the AFM magnetic stru
ture can be determined once the interface contribution to
local magnetic effective fieldH i acting on each AFM atom is
known. At first, let us focus on the short-range exchan
interactions of the AFM magnetic moments with interfa
magnetic impurities and atoms in the FM substrate~the long-
range dipolar interactions between AFM and FM atoms
opposite sides of the interface will be treated further below
this section!. Since the exchange interaction is significa
only for near-neighboring atoms, the contributionH int

ex to the
exchange Hamiltonian of atoms at opposite sides of the
terface is

H int
ex52(

k,k8
Jintmk8

FMmk
AFM . ~3!

Jint is the interface exchange coupling andmk8
FM and mk

AFM

are the magnetic moments of FM or AFM atoms, resp
tively. The indicesk and k8 indicate pairs of neighboring
atoms at opposite sides of the interface. The interaction
thekth AFM interface atom with its FM neighbors~indicated
by the indexk8) and with interface magnetic defects is d
scribed by an interface exchange fieldHk

ex having the follow-
ing expression,
5-2
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INTERFACE COUPLING IN A . . . PHYSICAL REVIEW B69, 064405 ~2004!
Hk
ex5(

k8
Jintmk8

FM
1Hk

rand. ~4!

Hk
ex is completely defined once its spatial Fourier transfo

is known. Our mean-field approach consists in entering
the simulations only a few spatial frequencies forHk

ex,
namely the ones that satisfy our choice of periodic bound
conditions. In particular, we would like to discuss here t
crossover from compensated to noncompensated FM-A
interfaces. The ideal~001! surface of a fcc AFM such as NiO
is perfectly compensated since the surface atoms are eq
divided into two populations, one having moments pointi
in the opposite direction with respect to the other. The in
face interaction between this ideal AFM surface and an i
nitely magnetically stiff FM substrate with no defects can
then described by just a constant interface field equal toHex

and parallel to the FM magnetizationM . On the other hand
the perfectly noncompensated (001) interface is obtained
removing all the AFM interface atoms whose moments po
in the same direction. This situation can be simulated
assuming an interface field that vanishes for one popula
of AFM atoms and remains equal toHex for the other. To
interpolate between these two extremes, and to describe
behavior of the AFM magnetic structure for intermedia
concentrations of uncompensated moments, we can con
an effective interface field having the following expressio

Hk
ex5H 12

u

2
@12cos~K•Rk!#J Hex, ~5!

whereRk is the position of thekth interface AFM atom and
K is a vector parallel toM chosen so thatHk

ex satisfies the
boundary conditions. The parameteru can thus be viewed a
a measure of the density of uncompensated moments:u50
corresponds to an ideal compensated case~zero random
fields and constant interface exchange coupling!, while u
51 is representative of the totally uncompensated interfa
In the latter case the interface field vanishes for half
population of interface AFM moments, while for the oth
half the experienced field is justHex.

In principle, other terms could be added to the express
of Hk

ex to describe, for instance, the presence of interf
uncompensated moments noncollinear toHex or the canting
of the moments in the FM substrate.5 However, the results o
the model are not qualitatively affected by adding these e
terms, whose influence will be briefly addressed in Sec.

Actually, the AFM atoms that can interact with the F
layer via exchange coupling are not just the ones confine
the first layer. While the AFM atoms in the first layer a
coupled by direct exchange with the atoms in the FM lay
the AFM atoms in the second layer can interact with the F
substrate via indirect exchange through the oxygen ligan
Moreover, real interfaces are not sharp, since there migh
some interdiffusion and partial reduction/oxidation.12,15 In
the simulations, these phenomena are, to some extent, t
into account by introducing two distinct effective exchan
fields acting on the first and on the second AFM layer, w
magnitude equal toH1st

ex andH2nd
ex , respectively.
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If the FM substrate could be approximated by a contin
ous distribution of magnetic moments giving a uniform ma
netization, the dipolar interaction between FM and AFM
oms would vanish since, in this case, there would be
magnetic field outside the FM layer. In the discrete ca
however, this field is not zero and the AFM-FM dipolar in
teraction should be included in the evaluation ofH. For a
semi-infinite periodic distribution of FM moments, such
the one imposed by our choice of boundary conditions,
field decays exponentially as a function of the distance fr
the FM surface, and becomes negligible at a few FM latt
parameters away from it.22 Such dipolar field can therefor
be viewed as an interface contribution and can be accou
for in the definition ofH1st

ex andH2nd
ex even though it is gen-

erally much smaller than the interface exchange field. T
directions of the magnetic moments in the AFM film are th
given by the solutions of the Hamiltonian in Eq.~1! re-
stricted to the atoms belonging to just the AFM film, pr
vided that the termHk

ex given in Eq.~5! is substituted toH i
rand

in the expression ofH rand appearing in Eq.~2c!. This ap-
proach has the advantage to strongly reduce the numbe
parameters necessary to model the interface. Let us rem
ber that the orientation of the FM atomic moments near
FM-AFM interface depends in a very complicated way
parameters such as the FM or AFM thickness, exchange
pling, moment magnitude, and anisotropy.2 The mean-field
model described above will instead give results that can
easily generalized to a large variety of cases, providin
guideline to make general predictions regarding the magn
anisotropy in practical experimental cases. Moreover,
would like to underline that in the model presented above
AFM anisotropy is treated from first principles. In man
Monte Carlo simulations, the AFM anisotropy is usually i
troducedad hoc by assuming that the AFM layer has
uniaxial in-plane anisotropy axis.16,17 However, the correct
description of the AFM anisotropy is crucial if the model
intended to give a reliable picture of the AFM magne
structure to be compared to real cases.

III. RESULTS AND DISCUSSION

The free parameters in the model are expressed using
duced units. Magnetic moments will be measured in terms
the magnitudem of the magnetic moment on each AFM
atom, lengths in terms ofa, the lattice constant of the AFM
lattice. All magnetic fields will be expressed in units ofm/a3

and energies in terms ofm2/a3.
The FM magnetizationM is taken parallel to the plane o

the interface, to account for shape anisotropy. Qualitativ
similar results are obtained ifM points along either the@100#
or the @110# direction. Hereafter, the caseM parallel to
@110# is discussed, since this is the situation expected
NiO thin films on Fe~001!. The easy magnetization axes
iron belongs in fact to thê100& family, and, in epitaxial thin
NiO/Fe~001! films, the fcc NiO lattice is rotated by 45
around the surface normal with respect to the Fe bcc latt
In our mean-field approach, the direction ofM conditions the
choice of the vectorK appearing in Eq.~5!, which assumes
the valueK5(p/2)( ı̂1 ¤̂), ı̂ and ¤̂ being the unit vectors
5-3
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MARCO FINAZZI PHYSICAL REVIEW B 69, 064405 ~2004!
pointing in the@100# and @010# directions, respectively.
In the present paper, an AFM film composed of ten atom

layers is considered.H dip is approximated by evaluating th
sum in Eq.~2d! across the entire thickness of the AFM laye
but truncating it in the~100! and ~010! directions perpen-
dicular to the film normal to just include the magnetic m
ments contained in a large cluster surrounding the atom
cated atRi . We adopt a 10310310 cubic cluster containing
500 cations. The validity of such approach is discussed
Refs. 23 and 24. Note that, although in three dimensions
summation of 1/r 3 terms such as those in Eq.~2d! generally
diverges logarithmically, for a film of finite thickness th
summation converges.25 Therefore, the truncated summatio
method certainly provides a good approximation of dipo
energies in thin films.

The AFM dipolar anisotropy per atom is equal to 2h4
528.92m2a23,21 so KAFM is taken equal to 0.08m2a23 to
respect the correct order of magnitude expected for the
magnetocrystalline anisotropy. The superexchange coup
JAFM between second-nearest-neighboring AFM atoms is
sumed equal toJAFM5800a23. This value is smaller than
the one expected for NiO, where the superexchange has
evaluated about 19 meV,26 which, in reduced units, corre
sponds to an energy of about 5400m2/a3 ~assumingm
;2mB and a;4 Å). A smaller value forJAFM has been
intentionally chosen to enhance the effects of the long-ra
dipole-dipole interaction and to reduce the number of ite
tions necessary for the systems to relax in a stationary s
With the choice of parameters given above, the dipolar
magnetocrystalline interactions just represent a small pe
bation of the Hamiltonian in Eq.~1!, which is dominated by
superexchange. The relevant parameters for the AFM la
then reduce just tou, H1st

ex /mJAFM andH2nd
ex /mJAFM .

Spin arrangements corresponding to any of the 24 b
NiO domains are used as initial states at the beginning of
iteration series. All lead to different self-consistent~meta!-
stable states. The dipole-dipole interaction introduces
AFM equivalent of shape anisotropy in ferromagnets, fav
ing the spin configurations where the moments in thin AF
films align close to the in-plane direction.25,27 For the per-
fectly compensated interface (u50), the ground state is de
rived from the configuration with~111! FM planes and mo-
ments aligned along the@ 2̄11# direction or from any of the
equivalent configurations that can be obtained from the la
by applying the transformations belonging to the interfa
symmetry group. There are eight equivalent configuratio
Figure 1 shows the orientation of the AFM magnetic m
ments in the@ 2̄11#-derived ground state withH1st

ex 5H2nd
ex

5mJAFM , while Fig. 2 shows the layer average magneti
tion and orientation as a function of the distance from
interface for various combinations of the parameters. T
angles between the AFM moments andM or between the
film normal are both much larger than 45°. If all the eig
domains equivalent to the one derived from the@ 2̄11# orien-
tation are equally populated, this leads to the formation o
uniaxial in-plane anisotropy axis perpendicular to the s
strate magnetizationM .

The @ 2̄11#-derived configuration is stabilized by a sma
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canting of the moments, which gives origin to a small n
magnetization in the AFM film that rapidly decreases w
the distance from the interface. This magnetization var
linearly with the magnitude of the mean interface exchan
field. Since a positive value ofJAFM has been considered, th
moments in the first layer cant away fromM , as evident in
the lower panel of Fig. 1. The moments tend to slowly rot
towards the direction expected for bulk AFM domains as
distance from the interface is increased. In the calculatio
no exchange bias is present and the time-reversal symm
still holds, thus reversing the sign ofJAFM leads to the same
self-consistent configuration provided thatM is reversed as
well.

Even and odd layers behave almost independently, as
can see from Fig. 2. This depends on the fact that th
layers only interact via the weak magnetic dipole-dipo
Hamiltonian, since the exchange interaction in the AFM h
been assumed to couple only second-nearest neighbo
must be reminded that the ground state of the dipolar Ham
tonianH dip for an AFM system is highly degenerate and t
orientations of the simple-cubic AFM sublattices can eas
rearrange without loss of dipolar energy.21 For these reasons
in the following we can assumeH2nd

ex 50 without loss of
generality.

Figure 3 shows the dependence on the number of unc
pensated interface moments of the energy and direction
the @ 2̄11#- and @211#-derived configurations forH1st

ex

5mJAFM andH2nd
ex 50. The energies of these configuratio

decrease withu and cross atu50.12. At this value, a reori-
entation of the in-plane AFM anisotropy axis from perpe

FIG. 1. ~a! Ground-state AFM magnetic moments in the fir
three interface atomic layers obtained for a perfectly compens
interface (u50) with H1st

ex 5H2nd
ex 5mJAFM5800ma23. The shad-

owed region represents the FM substrate. The direction of the
magnetizationM is indicated by the broad arrow.~b! Top view of
the magnetic moments in the AFM layer at contact with the F
substrate. The broad arrow represents the FM magnetizationM .
5-4
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dicular to collinear toM occurs. It is interesting to note tha
the two configurations became degenerate when the inte
tion with the substrate causes the canting of the momen
vanish. This is understandable, since the canting stabil
one configuration with respect to the other. In t
@211#-derived ground state the average angle of the mom
with respect toM is smaller than in the corresponding bu
domain, while in the@ 2̄11#-derived ground state the angle
larger, as already observed in Fig. 2. The two configurati
reported in Fig. 3 derive from bulk orientations that have
same projection perpendicular to the film plane, so the v
ishing of the canting at the transition implies that the aver
normal component of the moments does not show a la
discontinuity when the anisotropy axis rotates.

Figure 3 illustrates the case of an AFM film on an in
nitely stiff FM substrate, where canting of the FM momen
is not allowed. In fact, the expression of the interface eff
tive exchange field given in Eq.~5! does not include any
term perpendicular toM . Let us now study the effects of FM

FIG. 2. Layer dependence of the magnetization and of the
rection of the magnetic moments in the AFM layer for a magn
cally compensated AFM-FM interface (u50). Same symbols in the
four panels correspond to curves obtained for same pairs ofH1st

ex

andH2nd
ex values.
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canting, which can be described by adding noncollinear
cillating terms to the right-hand side of Eq.~5!. It is signifi-
cant to evaluate the first-order correction introduced by th
extra terms to the energy of the@ 2̄11#- and @211#-derived
spin configurations when they would be, without FM can
ing, degenerate. The calculation is straightforward since
this case both the@ 2̄11#- and @211#-derived configurations
would display a vanishing canting of the AFM momen
One finds that the@ 2̄11#-derived spin arrangement is stab
lized with respect to the@211#-derived configuration with an
energy gain equal to 2.76rm2a23 per atom, with r
5Hcanting

ex /H1st
ex , Hcanting

ex being the component of the interfac
effective exchange field perpendicular toM . Thus, for the
same values ofH1st

ex , H2nd
ex , and mJAFM , the value of the

parameteru necessary to induce the transition from perpe
dicular to collinear AFM-FM coupling should be slightl
higher than the one indicated in Fig. 3. Assumingr;0.1,
from Fig. 3 it can be reasonably deduced that the transi
would occur whenu;0.14.

i-
-

FIG. 3. Energy per atom~top panel! and average angle with
respect to the film normal~central panel! in the @211#-derived and

in the @ 2̄11#-derived self-consistent stationary states as a func
of the density of uncompensated moments~see text!. Bottom panel:
average angle between the FM magnetizationM and the AFM mo-
ments in the ground state. The vertical dotted line indicates
value of the parameteru for which the @211#-derived and the

@ 2̄11#-derived configurations are degenerate. The horizontal das
lines represent the angles with respect to the indicated directi
The figure refers to theH1st

ex 5mJAFM , H2nd
ex 50 case.
5-5
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MARCO FINAZZI PHYSICAL REVIEW B 69, 064405 ~2004!
The regions in the parameter space for which the gro
state is derived from either@211# ~resulting in collinear
AFM-FM coupling! or @ 2̄11# domains~corresponding to or-
thogonal coupling! are shown in Fig. 4 for an infinitely stiff
FM substrate. Allowing for FM canting would result in pus
ing the line dividing the two regions towards slightly high
u values. This effect would be partly counterbalanced by
fact that the canting reduces the component of the FM m
ments parallel toM and, consequently, theH1st

ex value. Note,
in fact, how the number of uncompensated moments ne
sary to produce a rotation of the anisotropy axis drastic
decreases as the interface exchange field is reduced. Bot
experimentally observed types of coupling, orthogonal
collinear, can be reproduced by the model for many com
nations of the interface exchange field and uncompens
moments’ density. The opposite behavior observed in Fe/N
bilayers11 and in the specular case of NiO/Fe interfaces14 can
thus be interpreted, on one hand, as a consequence of a
ferent number of defects induced by different surface rou
ness, sequence of deposition, and growth conditions.
importance of roughness and uncompensated moments
indeed been pointed out by previous theoretical16,17 and
experimental12,28 works. Moreover, in FM/AFM interfaces
the FM overlayer breaks up in a multidomain magnetic str
ture reflecting the underlying distribution of AF domain
while a thin AFM layer can be grown on top of a FM su
strate that can be magnetized at remanence and made a
magnetic domain. Frustration at the domain walls and m
netic defect density both in the AFM and in the FM mater
can thus be quite different in the two cases.

*Electronic address: marco.finazzi@fisi.polimi.it
1W.H. Meiklejohn and C.P. Bean, Phys. Rev.102, 1413 ~1956!;

105, 904 ~1957!.

FIG. 4. Diagram describing the regions in the parameter sp
for which the ground state is derived from either@211# ~resulting in

collinear AFM-FM coupling! or @ 2̄11# configurations~correspond-
ing to orthogonal coupling!. The diagram refers to theH2nd

ex 50
case.
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On the other hand, however, one can see from Fig. 4
the rotation of the AFM anisotropy axis might also be i
duced by a reduction ofHex even if the density of defects
remains constant. In a FM/AFM interface the FM layer
typically very thin and the interface exchange coupling w
the AF substrate might be reduced with respect to the cas
a AFM film on a thick FM material. First, the Curie temper
ture of a thin FM film rapidly decreases with the film thick
ness. Second, the disorder of the interface FM moments
depends on the FM anisotropy, which is smaller in th
films.29 Interface disorder can indeed have the same effe
as a reduction of the interface coupling.17 In both cases the
FM magnetization and thus the interface exchange field
reduced with respect to the values that might be expected
the bulk. Lucheset al.have observed a rapid reduction of th
Fe magnetization in iron deposited as a thin film on th
atomic layers of NiO when the Fe thickness is decrea
below ten atomic layers.30 The conclusion is that, as far a
the coupling with an AFM counterpart is concerned, FM th
films are much more sensitive to interface defects.

IV. SUMMARY AND CONCLUSIONS

A micromagnetic model accounting for exchange, dipo
and magnetocrystalline interactions has been applied
simulate the magnetic structure of antiferromagnetic films
a ferromagnetic substrate. Although in this paper the mo
has been applied to NiO, the results of the calculations
be equally well extended to other low anisotropy antifer
magnets, such as MnO and MnF2. As a consequence of th
small single-ion magnetocrystalline anisotropy, the lon
range magnetic dipole-dipole interaction forces the AF
moments to preferentially align away from the film norma
Interface exchange interaction with the FM film then indu
a uniaxial in-plane anisotropy in the AFM layer. The mod
reproduces both types of coupling, either orthogonal or c
linear, experimentally observed in FM-NiO interfaces b
tween the FM magnetization and the AFM anisotropy ax
The coupling depends strongly on the interface excha
field and on the amount of uncompensated moments at
interface. It is perpendicular for the fully compensated ca
but rapidly becomes collinear as the density of uncomp
sated moments at the interface is increased. A smaller n
ber of defects is required as the interface exchange fiel
reduced.
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