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Interface coupling in a ferromagnetantiferromagnet bilayer
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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.
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l. INTRODUCTION the magnetic moments in the FM partf@in addition, the
amount of defects accumulated at the interface and, conse-
A considerable effort has been dedicated to the investigaguently, the density of uncompensated interface moments
tion, with both theoretical and experimental methods, of themight also be heavily influenced by the roughness of the
magnetic structure at the interface between a ferromagnetgubstrate and by the growth sequence and conditions.
(FM) and an antiferromagneti@FM) material. The interest Recently, Tsai and co-workers have used Monte Carlo
of this topic is also motivated by the fact that the exchangeimulations to show that in the case of rough interfaces that
bias effect, consisting in the breaking of time-reversal sym-are compensated on average there is a transition from collin-
metry obtained upon field cooling in a FM thin layer depos-ear to perpendicular alignment of the FM and AFM spins as
ited over an AFM material,depends strongly on the spin the temperature is decreasédimilarly, Monte Carlo simu-
structure at the AFM-FM interface:? lations have also been applied by Noweikal. to describe
Micromagnetic calculations show that the ground-statehe AFM-FM interface exchange interaction and give a pos-
configuration of an ideal magnetically compensatedsible explanation to exchange bids.
AFM-FM interface corresponds to a perpendicular orienta- In the following, a micromagnetic model based on the
tion of the bulk FM moments relative to the AFM magnetic Heisenberg Hamiltonian is applied to an AFM-FM interface.
easy axis direction.This configuration is stable since the In particular, we have chosen the parameters of the model in
magnetic moments both in the FM and in the AFM layerorder to describe the case of antiferromagnetic NiO. The goal
exhibit a small canting that vanishes away from theis to supply a simple model for a quantitative description of
interface> These predictions have been experimentally conthe AFM-FM interface exchange coupling in order to pro-
firmed for several AFM-FM systems showing perpendicularvide guidelines to make general predictions regarding prac-
alignment between the AFM and FM easy a%e$Although  tical experimental cases. This paper presents such an esti-
the free energy of an ideal AFM-FM interface is expected tomate for the crossover from compensated to noncompensated
be minimized when the local moments across the interfacEM-AFM interfaces. For this purpose a simple phenomeno-
align perpendicularly, there is also clear experimental evilogical model at zero temperature is applied which, by de-
dence that the coupling between a FM metal overlayer andcribing the amount of uncompensated moments by a mean-
the AFM oxide can be collinedr2 NiO-FM interfaces rep- field approximation, allows to interpolate between these two
resent a particularly controversial case. While Matsuyamaxtremes. In this respect, the results reported in this paper
and co-workers claim that the magnetization of thin Fe filmscan be viewed as complementary to the work by &sail®
deposited on Ni@O01) is in plane and perpendicular to the where the two limit cases of perfectly compensated or un-
easy axis of the NiO domairs, Zhu et al’® and Ohldag compensated AFM-FM interfaces are treated.
et al™'2 observe a collinear coupling in, respectively, thin  The interplay between interface exchange coupling, inter-
Co-Fe alloy films and Co or Fe layers over a N0OD sur-  face uncompensated spins, and long-range magnetic dipole
face. On the other hand, thin NiO epitaxial layers on adetermines the direction of the AFM layer magnetic anisot-
Fe(001) magnetic substrate show an in-plane uniaxial anisotropy with respect to the FM magnetization. Both types of
ropy perpendicular to the Fe magnetizatiéhe origin of  coupling that are experimentally observed in NiO-FM inter-
these discrepancies might reside in the fact that one or twtaces are reproduced. The AFM-FM interface proves very
atomic layers on either side of the AFM-FM interface aresensitive to the presence of uncompensated moments, with a
partially oxidized or reduced, leading to a certain amount ofrapid transition from perpendicular to collinear coupling as
uncompensated moments that force a parallel coupling witltheir density is increased. This rotation of the easy magneti-
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zation axis strongly depends on the magnitude of the interposed to limit the range of accessible stationary states to
face exchange coupling. A lower interface exchange fieldhose that have the same periodicity in the plane of the film
requires a lower density of uncompensated moments to stas the unperturbed bulk AFM lattice. Convergence on a mul-

bilize a collinear AFM-FM coupling.

Il. MODEL

tiple magnetic domain structure with walls crossing the in-
terface is thus avoided.

In bulk NiO, H®*is given by superexchange acting be-
tween second-nearest-neighboring Ni atoms through Ni-

Neglecting the orbital moment contribution to the total o-Nj bonds at 180°. In the simulations this is represented by

magnetic moment of each atdfhthe Hamiltonian, in re-

duced units, is

H:Hex+Hmc+Hrand+Hdip (1)
with

HEXZ_E Jijmimj, (23)

1<j
HM=> HI(m), (2b)

i

Hrand: _ 2 Hirandmi ’ (ZC)

i

i m;m;—3(m;n;;)(m;n;;)
Hdlp: (Zd)
i2<i IRi—R;|®
H* represents the Heisenberg Hamiltonian, with being
the exchange coupling between the momenisand m; at

the atomic sitesR; and R;, respectively.H{"(m;) in Eq.

a finite-thickness fcc array of atoms characterized by a
second-nearest-neighbor AFM exchange coupling constant
Jaem - In the bulk, the Ni moments are ferromagnetically
aligned in{11% planes(FM planes, while adjacent FM
planes are ordered antiferromagnetically. The Ni moments
are parallel to the FM planes. F¢t11) FM planes the Ni
moments can point in any of the three directions equivalent

to[211]. Considering time-reversal symmetry, this results in
24 degenerate AFM domain orientations. This particular type
of collinear order is a consequence of the magnetic dipole-
dipole interactions, which are responsible for forcing the Ni
moments parallel to the FM planes, and of a 1Gimes
smaller magnetocrystalline sixfold anisotropy acting in the
FM planes’* For AFM domains with(111) FM planes, the
latter is calculated assumirilg "(m;) =K arySiné(36), with

0 being the angle between tfi2g11] direction and the pro-
jection ofm; on the(111) plane. The magnetocrystalline an-
isotropy is small compared to the magnetic interaction, but it
removes the degeneracy between AFM domain orientations
parallel to FM planes.

As far as one is interested only in the magnetic structure
in the AFM layer, the problem of finding the magnetic con-

(2b) is the magnetocrystalline anisotropy Hamiltonian of thefigurations that maké{ stationary can be greatly simplified
ith atom. "9 accounts for the interaction with random by a mean-field approach to the description of the AFM-FM
fieldsH!@", which describe the effect of magnetically active interface.

impurities and defects, such as interface roughness, uncom- The influence of the interface on the AFM magnetic struc-
pensated moments, domain walls, atomic substitutions, anigire can be determined once the interface contribution to the
vacancies? In our simulationsH!®"is assumed to act only local magnetic effective fielth; acting on each AFM atom is
on atoms close to the interface. Finally® is the contribu- known. At first, let us focus on the short-range exchange
tion to the total Hamiltonian due to the magnetic dipole-interactions of the AFM magnetic moments with interface
magnetic impurities and atoms in the FM subst(#te long-
range dipolar interactions between AFM and FM atoms at
opposite sides of the interface will be treated further below in
this section. Since the exchange interaction is significant
tgnly for near-neighboring atoms, the contributiaify; to the
exchange Hamiltonian of atoms at opposite sides of the in-
éerface is

dipole interactions, Withﬁij being the unit vector that points
in the direction that connects the atoms at the positiens
andR;.

Each local magnetic moment; in the magnetic primitive
cell is treated as a classical vector and is allowed to have i
own direction but fixed magnitude, in a similar way as in
Ref. 5. The orientation of the atomic moments across th
AFM-FM interface is calculated using the usual approach of
micromagnetics, where each moment experiences a local ef-
fective magnetic fieldH; given by the gradient of the Hamil- = — > Jiump ' me™, ©)
tonian, Hj=—V, H. The zero-temperature ground state is kk!
obtained applying an iteration method. At each iteration, the _ . " AEM
effective field at each atom is calculated and the atomic maglint i the interface exchange coupling amg}" and mj
netic moment is rotated towards the direction of the ff@ld. are the magnetic moments of FM or AFM atoms, respec-
The process is repeated until a self-consistent stationary statiwely. The indicesk and k' indicate pairs of neighboring
is reached, with all the atomic moments pointing parallel toatoms at opposite sides of the interface. The interaction of
the local field. Since different initial configurations may lead thekth AFM interface atom with its FM neighboftdicated
to different self-consistent final states, one must compare thky the indexk’) and with interface magnetic defects is de-
energy of the different stable final states in order to find thescribed by an interface exchange fiélf having the follow-
ground state. Periodic boundary conditions have been iming expression,
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ox EM | irand If the FM substrate could be approximated by a continu-
HP= 2 Jimy, +HE2™, (4)  ous distribution of magnetic moments giving a uniform mag-
k' netization, the dipolar interaction between FM and AFM at-

e js completely defined once its spatial Fourier transformo. > would vanish since, in this case, there would be no
k pietely P magnetic field outside the FM layer. In the discrete case,

is knqwn. Qur mean-field approa(;h consists i.n ente[(ing irhowever, this field is not zero and the AFM-FM dipolar in-
the simulations only a _few spaual_ frequenqes felf”, teraction should be included in the evaluation?ef For a
namely the ones that satisfy our choice of periodic boundargem; jnfinite periodic distribution of FM moments, such as
conditions. In particular, we would like to discuss here they o e imposed by our choice of boundary conditions, the

crossover from compensated to noncompensated FM-AFN 4 qecays exponentially as a function of the distance from
interfaces. The idedD01) surface of a fcc AFM such as NiO &

) X e FM surface, and becomes negligible at a few FM lattice
is perfectly compensated since the surface atoms are equall-ameters away from 3 Such dipolar field can therefore

divided into two populations, one having moments pointingpe \jiewed as an interface contribution and can be accounted
in the opposite direction with respect to the other. The INt€r3,- in the definition ofH®

e ex HN
; X . o 15t and H37 4 even though it is gen-

f"’.‘ce interaction betwgen this ideal AFM surface and an Inf"erally much smaller than the interface exchange field. The
nitely magr_1et|cally_st|ff FM substra_te with no_defects can bedirections of the magnetic moments in the AFM film are thus
then described byjustaconst_ant _mterface field equél%o given by the solutions of the Hamiltonian in E€L) re-
and parallel to the FM magnetlzatmm.. On the o_ther hgnd, stricted to the atoms belonging to just the AFM film, pro-
the perfectly noncompensated (001) interface is obtained b\yided that the ternH® given in Eq.(5) is substituted ta42"
removing all the AFM interface atoms whose moments pointIn the expression okv-l rand appear'ing in Eq(20). This Iap-

in the same direction. This situation can be simulated by roach has the advantage to stronalv reduce the number of
assuming an interface field that vanishes for one populatioR 9 gy

of AFM atoms and remains equal t°* for the other. To parameters necessary to model the intgrface. Let us remem-
. . ber that the orientation of the FM atomic moments near the
interpolate between these two extremes, and to describe trﬁM_AFM interface depends in a verv comolicated wayv on
behavior of the AFM magnetic structure for intermediate P y P Y
concentrations of uncompensated moments, we can Consid%?rameters such as the FM orAFM thickness, exchan_ge cou-
! . . . . , de, and anisotrdp¥he mean-field
an effective interface field having the following expression, ping mome.nt magnitu L X
model described above will instead give results that can be
easily generalized to a large variety of cases, providing a
Hex = {1 — E[l— cogK-Ry) ]| HE (5) guideline to make general predictions regarding the magnetic
2 ' anisotropy in practical experimental cases. Moreover, we
would like to underline that in the model presented above the
whereR is the position of thekth interface AFM atom and  AFM anisotropy is treated from first principles. In many
K is a vector parallel tdV chosen so thattl}* satisfies the Monte Carlo simulations, the AFM anisotropy is usually in-
boundary conditions. The parametecan thus be viewed as troducedad hoc by assuming that the AFM layer has a
a measure of the density of uncompensated momert€  uniaxial in-plane anisotropy axi§:'’ However, the correct
corresponds to an ideal compensated c@mro random description of the AFM anisotropy is crucial if the model is
fields and constant interface exchange couplinghile u intended to give a reliable picture of the AFM magnetic
=1 is representative of the totally uncompensated interfacestructure to be compared to real cases.
In the latter case the interface field vanishes for half the
population of interface AFM moments, while for the other 1. RESULTS AND DISCUSSION
half the experienced field is just®™

In principle, other terms could be added to the expression The free parameters in the model are expressed using re-
of Hf* to describe, for instance, the presence of interfacéluced units. Magnetic moments will be measured in terms of
uncompensated moments noncollineaH® or the canting the magnitudem of the magnetic moment on each AFM
of the moments in the FM substratélowever, the results of atom, lengths in terms o, the lattice constant of the AFM
the model are not qualitatively affected by adding these extréattice. All magnetic fields will be expressed in unitsrofa®
terms, whose influence will be briefly addressed in Sec. Ill.and energies in terms ofi*/a°.

Actually, the AFM atoms that can interact with the FM  The FM magnetizatioM is taken parallel to the plane of
layer via exchange coupling are not just the ones confined ifhe interface, to account for shape anisotropy. Qualitatively
the first layer. While the AFM atoms in the first layer are similar results are obtainedM points along either thg100]
coupled by direct exchange with the atoms in the FM layeror the [110] direction. Hereafter, the casé parallel to
the AFM atoms in the second layer can interact with the FM 110] is discussed, since this is the situation expected for
substrate via indirect exchange through the oxygen ligand$\iO thin films on F€001). The easy magnetization axes of
Moreover, real interfaces are not sharp, since there might bigon belongs in fact to th¢100) family, and, in epitaxial thin
some interdiffusion and partial reduction/oxidatiort® In  NiO/Fe(001) films, the fcc NiO lattice is rotated by 45°
the simulations, these phenomena are, to some extent, takeround the surface normal with respect to the Fe bcc lattice.
into account by introducing two distinct effective exchangeln our mean-field approach, the directionMfconditions the
fields acting on the first and on the second AFM layer, withchoice of the vectoK appearing in Eq(5), which assumes
magnitude equal 61, andHEY,, respectively. the valueK=(=/2)(1+]), 1 and j being the unit vectors
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pointing in the[ 100] and[010] directions, respectively.

In the present paper, an AFM film composed of ten atomic
layers is considereds 9P is approximated by evaluating the
sum in Eq.(2d) across the entire thickness of the AFM layer,
but truncating it in the(100 and (010) directions perpen-
dicular to the film normal to just include the magnetic mo-
ments contained in a large cluster surrounding the atom lo-
cated afR; . We adopt a 18 10X 10 cubic cluster containing
500 cations. The validity of such approach is discussed in
Refs. 23 and 24. Note that, although in three dimensions the
summation of 1/® terms such as those in E@d) generally
diverges logarithmically, for a film of finite thickness the
summation converges.Therefore, the truncated summation
method certainly provides a good approximation of dipolar
energies in thin films.

The AFM dipolar anisotropy per atom is equal tt,2
=28.92n%a 3,%! s0 Kqy is taken equal to 0.08%a 2 to
respect the correct order of magnitude expected for the NiO
magnetocrystalline anisotropy. The superexchange coupling
Jaem between second-nearest-neighboring AFM atoms is as-
sumed equal tdry=2800a"3. This value is smaller than
the one expected for NiO, where the superexchange has beenFIG. 1. (&) Ground-state AFM magnetic moments in the first
evaluated about 19 mea\(?,which, in reduced units, corre- three interface atomic layers obtained for a perfectly compensated

sponds to an energy of about 540%a® (assumingm  Interface (=0) with HIs= Hane=MJary=800ma ®. The shad-
~2ug and a~4 A). A smaller value forJey has been owed region represents the FM substrate. The direction of the FM
intentionally chosen to enhance the effects of the Iong—rang%""g’neuzat'.O'r'vI IS 'nd'ca.tEd by the broad arroub) Top view of

. . . . . the magnetic moments in the AFM layer at contact with the FM
dipole-dipole interaction and to reduce the number of itera- A

. . . substrate. The broad arrow represents the FM magnetizistion
tions necessary for the systems to relax in a stationary state.
With the choice of parameters given above, the dipolar and

magnetocrystalline interactions just represent a small pertufha:t':gtig;t}[gﬁ mﬁ?:xéhﬂwfzﬁhtﬁg{e; oiglgln dfe%riassrgguwri]tit
bation of the Hamiltonian in Eq1), which is dominated by 9 pidly

superexchange. The relevant parameters for the AFM laydf'e distance from the interface. This magnetization varies
then reduce just toi, H&X/mJ andHS /mJ qlnearly with the magnitude of the mean interface exchange
. ' CAst VAPM O Tand T VARM - field. Since a positive value dfyg has been considered, the
Spin arrangements corresponding to any of the 24 bu"fnoments in the first layer cant away frawh, as evident in
NiO domains are used as initial states at the beginning of thﬁ;]e lower panel of Fig. 1. The moments ter;d to slowly rotate

|t?r§|t|on tsctanes.TﬁII Iggd lto dQ|ﬁ(|are_r1tt self—tgons!s:e(rgete)— thtowards the direction expected for bulk AFM domains as the
stable states. The dipole-dipole interaction Introduces istance from the interface is increased. In the calculations,

AFM equivalent of shape anisotropy in ferromagnets, favor- o .
. : ) ) A no exchan ias is present and the time-reversal symmetr
ing the spin configurations where the moments in thin AFM 0 exchange bias is present and the time-reversal symmetry

films align close to the in-plane directi®?’ For the per- still holds, thus reversing the sign Oy leads to the same

) ! self-consistent configuration provided thdt is reversed as
fectly compensated interface € 0), the ground state is de- I 'guration provi IS Tev

) ! . ) well.
rived from the configuration witt§111) FM planes and mo- Even and odd layers behave almost independently, as one

ments aligned along thi211] direction or from any of the can see from Fig. 2. This depends on the fact that these
equivalent configurations that can be obtained from the Iattq@lyers only interact via the weak magnetic dipole-dipole
by applying the transformations belonging to the interfaceqamiltonian, since the exchange interaction in the AFM has
symmetry group. There are eight equivalent configurationsheen assumed to couple only second-nearest neighbors. It
Figure 1 shows the orientation of the AFM magnetic mo-myst be reminded that the ground state of the dipolar Hamil-
ments in the[211]-derived ground state withH$i=HSx,  tonian 9P for an AFM system is highly degenerate and the
=mJaem » While Fig. 2 shows the layer average magnetiza-orientations of the simple-cubic AFM sublattices can easily
tion and orientation as a function of the distance from therearrange without loss of dipolar eneryFor these reasons,
interface for various combinations of the parameters. Thén the following we can assumel$;,=0 without loss of
angles between the AFM moments akt or between the generality.
film normal are both much larger than 45°. If all the eight  Figure 3 shows the dependence on the number of uncom-
domains equivalent to the one derived from fBd1] orien- ~ pensated interface moments of the energy and direction of
tation are equally populated, this leads to the formation of ahe [211]- and [211]-derived configurations forH$Y,
uniaxial in-plane anisotropy axis perpendicular to the sub=mJ,g, and HSX=0. The energies of these configurations
strate magnetizatioM. decrease withu and cross ati=0.12. At this value, a reori-
The[211]-derived configuration is stabilized by a small entation of the in-plane AFM anisotropy axis from perpen-
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=
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= .
Z 75| FIG. 3. Energy per atonftop panel and average angle with
. ) . . . respect to the film normakentral panelin the[211]-derived and
0 2 4 6 8 10 in the [211]-derived self-consistent stationary states as a function

Atomic layer of the density of uncompensated mome(sise text Bottom panel:
average angle between the FM magnetizabmand the AFM mo-

FIG. 2. Layer dependence of the magnetization and of the diments in the ground state. The vertical dotted line indicates the
rection of the magnetic moments in the AFM layer for a magneti-value of the parameteu for which the [211]-derived and the
cally compensated AFM-FM interface € 0). Same symbols in the [211]-derived configurations are degenerate. The horizontal dashed
four panels correspond to curves obtained for same paits{8f  lines represent the angles with respect to the indicated directions.
andHS$y, values. The figure refers to thelTs=mJIaey, Horg=0 case.

dicular to collinear tavl occurs. It is interesting to note that cgnti.ng, which can be. described _by adding nohco_lling_ar 0s-
(c‘l_llatmg terms to the right-hand side of E). It is signifi-

the two configurations became degenerate when the intera ant to evaluate the first-order correction introduced by these
tion with the substrate causes the canting of the moments {© y

vanish. This is understandable, since the canting stabilize®{ra terms to the energy of t@11]- and [211]-derived
one configuration with respect to the other. In theSPin configurations when they would be, without FM cant-
[211]-derived ground state the average angle of the moment39: degenerate. The calculation is straightforward since in
with respect taVl is smaller than in the corresponding bulk this case both th¢211]- and[211]-derived configurations

domain, while in thd 211]-derived ground state the angle is would display a vinlshmg canting of the AFM moments.
larger, as already observed in Fig. 2. The two configuration§ne finds that th¢211]-derived spin arrangement is stabi-
reported in Fig. 3 derive from bulk orientations that have thelized with respect to thg211]-derived configuration with an
same projection perpendicular to the film plane, so the vanenergy gain equal to 2.7&1%a”° per atom, withr
ishing of the canting at the transition implies that the average=H canind H7st: Heanting0€INg the component of the interface
normal component of the moments does not show a largeffective exchange field perpendicular k. Thus, for the
discontinuity when the anisotropy axis rotates. same values oH{y, H5ry, and mdagy, the value of the

Figure 3 illustrates the case of an AFM film on an infi- parameteiu necessary to induce the transition from perpen-
nitely stiff FM substrate, where canting of the FM momentsdicular to collinear AFM-FM coupling should be slightly
is not allowed. In fact, the expression of the interface effec-higher than the one indicated in Fig. 3. AssumingO0.1,
tive exchange field given in Eq5) does not include any from Fig. 3 it can be reasonably deduced that the transition
term perpendicular tM. Let us now study the effects of FM would occur wheru~0.14.
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0.14 r T T T r T T T On the other hand, however, one can see from Fig. 4 that
i the rotation of the AFM anisotropy axis might also be in-
012 _ duced by a reduction ofi® even if the density of defects
[211]-derived remains constant. In a FM/AFM interface the FM layer is
0101 (collinear coupling) typically very thin and the interface exchange coupling with
0.08 _ | the AF substrate might be reduced with respect to the case of
S | a AFM film on a thick FM material. First, the Curie tempera-
006L i ture of a thin FM film rapidly decreases with the film thick-
5 _ . ness. Second, the disorder of the interface FM moments also
004 [211}-derived / depends on the FM anisotropy, which is smaller in thin
L (orthogonal coupling) films.29 Interface disorder can indeed have the same effects
0.02 - as a reduction of the interface couplitigln both cases the
FM magnetization and thus the interface exchange field are
U reduced with respect to the values that might be expected for
01 02 03 04 05 06 07 08 09 10  the pylk. Lucheet al. have observed a rapid reduction of the
H ol mJagm Fe magnetization in iron deposited as a thin film on three

atomic layers of NiO when the Fe thickness is decreased
FIG. 4. Diagram describing the regions in the parameter spackelow ten atomic layer® The conclusion is that, as far as
for which the ground state is derived from eith@d 1] (resulting in  the coupling with an AFM counterpart is concerned, FM thin
collinear AFM-FM coupling or [211] configurations(correspond-  films are much more sensitive to interface defects.
ing to orthogonal coupling The diagram refers to thel5i,=0

case. IV. SUMMARY AND CONCLUSIONS

The regions in the parameter space for which the ground = A micromagnetic model accounting for exchange, dipolar,
state is derived from eithef211] (resulting in collinear and magnetocrystalline interactions has been applied to
AFM-FM coupling) or [211] domains(corresponding to or- simulate the magnetic structure of antiferromagnetic films on
thogonal couplingare shown in Fig. 4 for an infinitely stiff a ferromagnetic substrate. Although in this paper the model
FM substrate. Allowing for FM canting would result in push- has been applied to NiO, the results of the calculations can
ing the line dividing the two regions towards slightly higher be equally well extended to other low anisotropy antiferro-
u values. This effect would be partly counterbalanced by thenagnets, such as MnO and MnFAs a consequence of the
fact that the canting reduces the component of the FM mosmall single-ion magnetocrystalline anisotropy, the long-
ments parallel t and, consequently, the {3, value. Note, range magnetic dipole-dipole interaction forces the AFM
in fact, how the number of uncompensated moments necegioments to preferentially align away from the film normal.
sary to produce a rotation of the anisotropy axis drasticallynterface exchange interaction with the FM film then induce
decreases as the interface exchange field is reduced. Both tAduniaxial in-plane anisotropy in the AFM layer. The model
experimentally observed types of coupling, orthogonal oreproduces both types of coupling, either orthogonal or col-
collinear, can be reproduced by the model for many combilinear, experimentally observed in FM-NiO interfaces be-
nations of the interface exchange field and uncompensatdween the FM magnetization and the AFM anisotropy axis.
moments’ density. The opposite behavior observed in Fe/Nid'he coupling depends strongly on the interface exchange
bilayers! and in the specular case of NiO/Fe interfdéesn  field and on the amount of uncompensated moments at the
thus be interpreted, on one hand, as a consequence of a difterface. It is perpendicular for the fully compensated case,
ferent number of defects induced by different surface roughbut rapidly becomes collinear as the density of uncompen-
ness, sequence of deposition, and growth conditions. Theated moments at the interface is increased. A smaller num-
importance of roughness and uncompensated moments her of defects is required as the interface exchange field is
indeed been pointed out by previous theoretftHl and  reduced.
experimentdf?® works. Moreover, in FM/AFM interfaces
the FM overlayer breaks upina r.nul'tldo'mam magnetic struc- ACKNOWLEDGMENTS
ture reflecting the underlying distribution of AF domains,
while a thin AFM layer can be grown on top of a FM sub-  F. Ciccacci, L. Dugand G. Ghiringhelli are warmly ac-
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