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The magnetic response of a ferromagnetic cylindrical dot in contact with an antiferromagnetic substrate and
its reversal modes during the cycling of an external magnetic fieldH are investigated by means of Monte Carlo
simulations. We found that there is a nonuniform distribution of the magnetization in the ferromagnet along the
direction perpendicular to the interface. This effect gives rise to different magnetization reversals in the two
branches of the hysteresis cycle.

DOI: 10.1103/PhysRevB.71.104422 PACS numberssd: 75.10.2b, 75.30.Gw, 75.50.Tt

In recent years, a great deal of attention has been focused
on the study of regular arrays of magnetic particles litho-
graphically produced. These particles, with dimensions in the
nanometer range, have potential applications in nonvolatile
magnetic memory devices or high-resolution magnetic field
sensors.1 Arrays of discrete patterned magnetic elements,
such as magnetic pillars, pyramids, and dots, have been pro-
posed as a new generation of ultrahigh-density patterned
magnetic storage media.2 Within those elements or particles,
different magnetic arrangements may be observed, such as
leaf or flower states, in which the magnetization is quasiuni-
form and reaches high values close to saturation and flux
closed states or vortex configurations, with low values of
magnetization. In the case of cylindrically shaped particles,
and for certain dot sizes, when the magnetic field is reduced
from saturation, a vortex core nucleates at one edge of the
dot, moves across it, and annihilates on other side.3 In these
systems, when the distanceL between the particles is large
enough, i.e.,L.D, with D the diameter of the particle, the
interaction between them can be safely neglected.4,5 Then,
the magnetic structure within each cylinder is basically de-
termined by internal interactions, namely, the direct ex-
change between nearest-neighbors atoms, the classical dipo-
lar coupling, a crystalline anisotropy term, and the Zeeman
energy, if the system is under an external magnetic field.

In the case of systems consisting of a ferromagnetsFMd in
contact with an antiferromagnetsAFd a shift of the hysteresis
loop along the magnetic-field axis can occur, which is called
exchange biassEBd. Often, this shift is observed after cool-
ing the entire system in an external magnetic field below the
Néel temperatureTN of the AF.6 A remarkable EB feature is
the existence of different reversal modes of the magnetiza-
tion along the ascending and descending branches of the hys-
teresis loop. This behavior was first observed in Fe/FeF2 and
Fe/MnF2 bilayers7 by using neutron diffraction and later also
investigated in Co/CoO samples.8 For Fe/FeF2 and
Fe/MnF2 systems coherent rotation of the magnetization is
proposed as the reversal mechanism for the upper branch and
domain wall nucleation and propagation is observed for the
lower one, while the opposite occurs in Co/CoO.8

Most of the experimental and theoretical results are re-
ferred to the EB in a macroscopic sample where the magne-
tostatic interaction in the FM layer is expected to play an
insignificant role. Also most of the models assume that, be-

cause of the magnitude of the exchange inside the FM, there
are no magnetic domains perpendicular to the interface, i.e,
the magnetic ordering inside the FM does not change from
one layer to the other. However, there is experimental evi-
dence of the importance of domain breaking inside the FM
for the hysteresis loop of exchange-bias systems.9

As the lateral size of the FM is shrunk down to a few
nanometers, the magnetostatic interaction is increasingly im-
portant in determining the reversal behavior of the ferromag-
netic layer. Recently, several groups started to investigate the
influence of a lateral confinement on the EB effect,10–13con-
sidering nanometric dots on top of an AF. In these cases it is
expected that the interaction with the AF will strongly influ-
ence the reversal mechanism of the magnetization, modify-
ing nucleation and annihilation of the vortex.

In this paper we deal with the magnetic response of a FM
cylindrical dot in contact with an AF substrate and with its
reversal modes during the cycling of an external magnetic
field H. The exchange coupling between the FM dot and the
AF is modeled, assuming an effective unidirectional aniso-
tropy k which acts only on the FM interface layer.14 This
model does not consider possible domain formation at the
AF; however, we can study the effect of the unidirectional
anisotropy inside the FM.

For particles in the range of sizes currently produced, the
theoretical determination of their magnetic configurations
based on a microscopic approach and with present standard
computational facilities, is out of reach. This is because of
the large number of magnetic moments within such struc-
tures. This can be avoided by means of a scaling technique
presented recently by d’Albuquerqueet al.,15 which was ap-
plied to the calculation of the phase diagram of cylindrical
particles of heightH and diameterD. They show that such a
diagram can be obtained from the one for another equivalent
particle in which the exchange interaction has been scaled
down by a factorx,1, i.e., J8=xJ, and its diameter and
height are given byD8=Dxh andH8=Hxh, respectively, with
h<0.55. In this paper, after testing an extension of these
results, we use the same approach for the calculation of the
magnetic state of a dot. This technique allows the presence
of a nonuniform magnetization inside the FM.

The internal energyEtot of a single cylinder withN mag-
netic moments can be written as
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Etot =
1

2o
iÞ j

sEij − Jijm̂i · m̂ jd + EK + EH + EI , s1d

whereEij is the dipolar energy given by

Eij =
mW i · mW j − 3smW i · n̂ijdsmW j · n̂ijd

r ij
3 , s2d

with m̂i a unitary vector along the direction of the magnetic
momentmW i, r ij the distance betweenmW i and mW j, and n̂ij the
unit vector along the direction that connects the two mag-
netic moments.Jij is the exchange coupling, which is differ-
ent from zero only for nearest neighbors.EK is a cubic crys-
talline anisotropy term which can be written asEK
=Koifai

2bi
2+bi

2gi
2+gi

2ai
2g, with sai ,bi ,gid the direction co-

sines ofmW i referred to the cube axis;16 however, this term has

an almost negligible effect on our results.EH=−oimW i ·HW is
the Zeeman energy andEI represents the energy due to uni-
directional anisotropy introduced by the exchange coupling
of the FM dot with the AF substrate. This last contribution
can be defined byEI =Joiki cosui, whereui represents the
angle between spins and the unidirectional axis.ki, equal to
k for spins belonging to the FM interface and 0 otherwise,
should be a function of the AF constantssAF exchange cou-
pling JAF and AF anisotropy constantKAFd of the interface
exchange couplingJF/AF and of the cooling fieldHcf. In the
case of the FM domain wall model proposed for Kiwiet
al.,14,17 this parameter is given by

k =
uJF/AFu

J
F2uJF/AFu − gAFmBHcf

10uJAFu + 2 KAF
G , s3d

with J the FM exchange coupling.
Since there is a bulk of experimental results on granular

Fe systems, we have consideredumW iu=m=2.2mB, K=9.6
310−3 meV per spin, the lattice parametera0=2.8 Å sRef.
16d, andJ=42 meV, which lead us to obtain the experimen-
tal value of the Curie temperature for Fe bulk, 1043 K.

At this point it is important to recall the restrictions im-
posed upon our approach by the number of magnetic mo-
ments involved in the calculations. In fact, when one deals
with cylinders with dimensions comparable to those experi-
mentally investigated,N may be larger than 109, which
would require a computational effort way beyond present-
day standard computational facilities.15 sRecall that the com-
putation time increases withN2.d

In order to circumvent this difficulty, we scale the ex-
change interaction by a factor ofx=2.4310−3, so as to re-
duce its strength. That is to say, we replaceJ by J8
=0.1 meV in the expression for the total energy and describe
our dot by means of a smaller one, according to the scaling
technique explained above withh=0.57.15,18We have tested
our results using different values of the scaling parameterx,
and we observed that, as expected, the results are indepen-
dent of the choice of its value. The value for the scaling
parameterx was chosen according to computational facilities
available that allow us to obtain our results in a reasonable
computational time and give us enough information about
the behavior of the system.

In what follows we will show some hysteresis curves ob-
tained using the scaling technique and analyze the reversion
modes along both branches of the cycle. Using Eq.s1d for
the energy, we simulated hysteresis curves as a function ofk,
keeping all the other parameters constant. Monte Carlo simu-
lations were carried out using the Metropolis algorithm with
local dynamics and single-spin flip methods.19 The new ori-
entation of the magnetic moment was chosen arbitrarily with
a probability p=minf1,exps−DE/kBTdg, where DE is the
change in energy due to the reorientation of the spin,kB is
the Boltzmann constant, andT is the temperature. At this
point it is important to discuss the temperature used in our
simulations. Because of the size scaling we need also to scale
down the temperature. From mean-field theories we know
that the Curie temperature of a system is proportional toJ.
Then, in our calculations we usedT8=0.021 which, assum-
ing a linear scaling, represents a “real” temperatureT
=T8 /x=10 K. The magnetic loop is started atH=4 kOe with
an initial configuration in which all the magnetic moments
point along the external magnetic-field direction, parallel to
the interfacesf110g crystallographic directiond, which we call
the X axis from now on.dH=0.2 kOe was used to decrease
the external magnetic field at every calculation. We perform
typically 2.83105 Monte Carlo steps per spin for a complete
hysteresis loop and at least five different seeds for the ran-
dom number generator.

Figure 1 illustrates the hysteresis cycles for two different
values ofkJ8 of an Fe dot defined byD8=19.5 Å andH8
=6.0 Å, which represents a particle ofD=65 nm andH
=20 nm. We have to remember that the “real” value of the
coupling is given bykJ=kJ8 /x, and then illustrated results
correspond tokJ=0 and 3.33 meV. This figure shows an
expected bias of the hysteresis loop forkJÞ0, because of
the coupling of the FM dot with the AF substrate. Also from
Fig. 1 we can observe that the shifted hysteresis loop has
different widths along the cycle, being wider for bigger
M /MS. This indicates that there are different magnetization
behaviors along the two branches of the cycle. This result is
independent of the number of Monte Carlo steps, an impor-
tant point illustrated in Fig. 2, where the dependence of the
EB field on the number of Monte Carlo stepssMCSd, for
J8k=0.003 is shown. To obtain the results depicted in this

FIG. 1. sColor onlined Hysteresis loops for an interacting and a
noninteracting dot. Lines are guides to the eye.
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figure we have simulated the hysteresis cycle of our dot con-
sidering different MCS. We used MCS steps for equilibrating
the system at every field, and MCS/5 steps for averaging the
magnetization along the cycle. As occurs in every Monte
Carlo simulation, coercivity and saturation field depend on
the number of Monte Carlo steps because this number rep-
resents, on a certain scale, the time between one measure and
the next one along the hysteresis curve. However, as depicted
in Fig. 2 the exchange bias field,HEB, is independent of this
number.

In order to investigate the magnitude of the EB field as a
function of the effective unidirectional anisotropy, i.e., the
coupling between the FM dot and the AF substrate, we cal-
culate the hysteresis cycle for different values of the cou-
pling. Our results are illustrated in Fig. 3, where an increas-
ing bias field appears for stronger coupling with the AF, as
expected. In addition an almost linear behavior of the EB
field is observed forJ8k.0.005.

Now we fix kJ8=0.015 meV and we obtain hysteresis
cycles. We compute separately the contributions of every
layer of the dot, and we depict in Fig. 4 the hysteresis of the
interface and free monolayer. As we can see, both curves are
different. Decreasing the external magnetic field, the change
of the magnetization nucleates first at the free layer. How-

ever, in the other branch of the hysteresis the field nucleation
begins at the interface. This figure clearly demonstrates that
there is a nonuniform magnetization perpendicular to the in-
terface, inside the FM dot.

It is important to clarify that the hysteresis cycles shown
in Fig. 4 correspond to the average of twenty different seeds
and then our results are independent of the initial conditions
of our simulations. We can notice that atH=−1 kOe the
magnetization of the free layer makes an angle of approxi-
mately 115° with respect to the magnetization of the inter-
face layer. This rotation of the magnetization occurs slowly
along 20 nm of the dot. This is equivalent to a rotation of
1.1° from one layer to a neighboring one.

To clearly understand the reversal mechanisms of the
magnetization, we observe snapshots of the magnetization
along the hysteresis cycle in every layer of the system. In
these figures we observe that by decreasing the field from
saturation, the magnetic moments of the free layer form, at
the edge of the dot, what is called aC state. By decreasing
further the field this magnetic structure moves to the center
of the layer, giving rise to a vortexlike structure. The FM
interface layer needs lower fields to start the formation of the
C state. Instead, and due to the exchange interaction at the
interface, the reversal of the magnetization at the right
branch of the hysteresis cycle occurs through coherent rota-
tion and nucleates first at the FM interface layer. Figure 5
illustrates snapshots of the magnetization reversal of the FM
interface and free layers for two different values of the ex-
ternal field andJ8k=0.015 meV. AtH=−4.6 kOe the mag-
netization forms what is called aC configuration at the FM
interface layer, which precedes the appearance of the vortex,
and a noncentered vortex is clearly observed at the free layer.
In the other branch of the hysteresis cycle, atH=−1 kOe the
reversal occurs by a coherent rotation, which begins at the
FM interface, as occurs for the Fe/FeF2 and Fe/MnF2 sRef.
7d bilayers. These snapshots, together with results depicted in
Fig. 4, clearly demonstrate the existence of a nonuniform
magnetization of the FM along the direction perpendicular to
the interface.

It is important to clarify that the hysteresis cycles shown
in Fig. 4 correspond to the average of twenty different seeds,
and that our results are independent of the initial conditions

FIG. 2. EB field as a function of the number of Monte Carlo
steps for equilibrating a system withJ8k=0.003 meV. Error bars
are depicted with thin lines. The thick solid line is a guide to the
eyes.

FIG. 3. sColor onlined The exchange bias field as a function of
the scaled effective unidirectional anisotropy. The line is a guide to
the eye.

FIG. 4. sColor onlined Hysteresis loops for the interface and free
layer of a FM dot with scaled unidirectional anisotropy given by
kJ8=0.015 meV. Lines are guides to the eyes.
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of our simulations. We can notice that atH=−1 kOe the
magnetization of the free layer makes an angle of approxi-
mately 115° with respect to the magnetization of the inter-
face layer. This rotation of the magnetization occurs slowly
along 20 nm of the dot. This is equivalent to a rotation of
1.1° from one layer to a neighboring one.

In conclusion, by means of a scaling technique and using
the ferromagnetic domain wall model we observe the rever-
sal modes of the magnetization of a FM dot on an AF sub-
strate. The hysteresis loop exhibits an asymmetric profile be-
cause of the different mechanisms responsible for the

rotation on every branch of the cycle and the existence of a
nonuniform magnetization inside the FM dot. The unidirec-
tional anisotropy pins the FM interface layer, retarding the
appearance of a vortex in it and favoring the magnetization
reversal by means of a coherent rotation.
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FIG. 5. sColor onlined Snapshots for two dif-
ferent values ofH of the magnetization reversal
of a FM dot with scaled unidirectional anisotropy
given by kJ8=0.015meV. H=−4.6 kOe is re-
ferred to the left branch of the hysteresis loop
while H=−1.0 kOe corresponds to the right
branch. The points depict the position of the mag-
netic atoms, while the arrows illustrate the direc-
tion of the magnetic moments.
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