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Asymmetric reversal of the hysteresis loop in exchange-biased nanodots
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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 fledde 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 nun®er75.10-b, 75.30.Gw, 75.50.Tt

In recent years, a great deal of attention has been focuserhuse of the magnitude of the exchange inside the FM, there
on the study of regular arrays of magnetic particles litho-are no magnetic domains perpendicular to the interface, i.e,
graphically produced. These particles, with dimensions in theéhe magnetic ordering inside the FM does not change from
nanometer range, have potential applications in nonvolatilne |ayer to the other. However, there is experimental evi-
magnetic memory devices or high-resolution magnetic fielthence of the importance of domain breaking inside the FM
sensors. Arrays of discrete patterned magnetic elements¢y; the hysteresis loop of exchange-bias syst&ms.
such as magnetic pillars, pyramids, and dots, have been pro- aq the lateral size of the FM is shrunk down to a few

posed t?‘S f‘ new geggz.t;ﬁf‘ ?r]: ultralhlgh-dtensny p?ttlemeﬂanometers, the magnetostatic interaction is increasingly im-
magnetic storageé meaaivithin those elements or particles, -, 144+ iy determining the reversal behavior of the ferromag-

different magnetic arrangements may be observed, such . . .
leaf or flower states, in which the magnetization is quasiuni- %}L‘;fg’gg&e; ?2:2/" sg;/ﬁ;zlrg;?]?%snS{Laertggtgrﬂ'ngveﬂgsct'gr?_te the

form and reaches high values close to saturation and fluigd i tric dot ¢ fan AE. In th it
closed states or vortex configurations, with low values of>I0€MNg Nanometric dots on fop of an A In N€Se Cases 1L 1S

magnetization. In the case of cylindrically shaped particles€XPectéd that the interaction with the AF will strongly influ-
and for certain dot sizes, when the magnetic field is reduce§nce the reversal mechanism of the magnetization, modify-
from saturation, a vortex core nucleates at one edge of th&9 nucleation and annihilation of the vortex.

dot, moves across it, and annihilates on other 3iatethese In this paper we deal with the magnetic response of a FM
systems, when the distantebetween the particles is large cylindrical dot in contact with an AF substrate and with its
enough, i.e.L.>D, with D the diameter of the particle, the reversal modes during the cycling of an external magnetic
interaction between them can be safely negletfed@hen, field H. The exchange coupling between the FM dot and the
the magnetic structure within each cylinder is basically de-AF is modeled, assuming an effective unidirectional aniso-
termined by internal interactions, namely, the direct ex-tropy « which acts only on the FM interface lay®rThis
change between nearest-neighbors atoms, the classical dippodel does not consider possible domain formation at the
lar coupling, a crystalline anisotropy term, and the ZeemarAF; however, we can study the effect of the unidirectional
energy, if the system is under an external magnetic field. anisotropy inside the FM.

In the case of systems consisting of a ferromagibt) in For particles in the range of sizes currently produced, the
contact with an antiferromagn@F) a shift of the hysteresis theoretical determination of their magnetic configurations
loop along the magnetic-field axis can occur, which is calledbased on a microscopic approach and with present standard
exchange bia$EB). Often, this shift is observed after cool- computational facilities, is out of reach. This is because of
ing the entire system in an external magnetic field below thehe large number of magnetic moments within such struc-
Néel temperaturdy of the AF® A remarkable EB feature is tures. This can be avoided by means of a scaling technique
the existence of different reversal modes of the magnetizapresented recently by d’Albuquergee al,*®> which was ap-
tion along the ascending and descending branches of the hyghled to the calculation of the phase diagram of cylindrical
teresis loop. This behavior was first observed in Fejkafd  particles of heighH and diameteD. They show that such a
Fe/MnF, bilayers by using neutron diffraction and later also diagram can be obtained from the one for another equivalent
investigated in Co/CoO samplés.For Fe/Fek and particle in which the exchange interaction has been scaled
Fe/MnF, systems coherent rotation of the magnetization isdown by a factorx<<1, i.e., J’=xJ, and its diameter and
proposed as the reversal mechanism for the upper branch ah@ight are given byp’ =Dx7 andH’ =Hx?”, respectively, with
domain wall nucleation and propagation is observed for they=0.55. In this paper, after testing an extension of these
lower one, while the opposite occurs in Co/C8O. results, we use the same approach for the calculation of the

Most of the experimental and theoretical results are remagnetic state of a dot. This technique allows the presence
ferred to the EB in a macroscopic sample where the magnesf a nonuniform magnetization inside the FM.
tostatic interaction in the FM layer is expected to play an The internal energ¥,,; of a single cylinder withN mag-
insignificant role. Also most of the models assume that, benetic moments can be written as
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whereE;; is the dipolar energy given by
- - _ - ~ - ~ Ew
E, = it M 3(Mi3' nij) (w; - N , 2) s 00

with g&; a unitary vector along the direction of the magnetic 03
momenty;, r;; the distance between; and u;, andn; the
unit vector along the direction that connects the two mag- -1.0 : ackdcfbo: . . .
netic momentsJ;; is the exchange coupling, which is differ- 5 4 3 -2 4 0 1 2
ent from zero only for nearest neighboEx is a cubic crys- H [kOe]

talline anisotropy term which can be written &8¢
=K [ B2+ B2y +v2a?], with (a4, 5, 7) the direction co- FIG. 1. (Color onling Hysteresis loops for an interacting and a
sines of; referred to the cube axi§;however, this term has noninteracting dot. Lines are guides to the eye.

an almost negligible effect on our resul&,=-;u;-H is ) _
the Zeeman energy arf| represents the energy due to uni- _In wha_t follows we will shovy some hysteresis curves ob_-
directional anisotropy introduced by the exchange coupling@ined using the scaling technique and analyze the reversion
of the FM dot with the AF substrate. This last contribution modes along both branches of the cycle. Using @&g.for
can be defined by, =JS;«; cos @, where ¢, represents the the energy, we simulated hysteresis curves as a functian pf
angle between spins and the unidirectional axjsequal to ~ keeping all the other parameters constant. Monte Carlo simu-
« for spins belonging to the FM interface and 0 otherwise lations Were_carrled out using the_\ Metropolis algorithm Wlth
should be a function of the AF constarifsF exchange cou- local dynamics and single-spin flip methddsthe new ori-
pling Jor and AF anisotropy constami,p) of the interface entation qf_the magnetic moment was chosen arblFranIy with
exchange couplingg/ae and of the cooling fieldH.;. In the @ Pprobability p=min[1,exd-AE/kgT)], where AE is the
case of the FM domain wall model proposed for Kiai  change in energy due to the reorientation of the skinis
al.,'*17this parameter is given by the Boltzmann constant, antl is the temperature. At this
point it is important to discuss the temperature used in our
2|Ie/ar — 9armsHcr simulations. Because of the size scaling we need also to scale
10dpe] + 2 Kag | down the temperature. From mean-field theories we know
that the Curie temperature of a system is proportional.to
with J the FM exchange coupling. Then, in our calculations we us&d=0.021 which, assum-
Since there is a bulk of experimental results on granulaing a linear scaling, represents a ‘“real” temperatdre

_ NN

] ()

Fe systems, we have consideréd|=u=2.2us, K=9.6
X 1073 meV per spin, the lattice parametag=2.8 A (Ref.

16), 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-

=T'/x=10 K. The magnetic loop is startedtdt=4 kOe with
an initial configuration in which all the magnetic moments
point along the external magnetic-field direction, parallel to
the interface[110] crystallographic direction which we call
the X axis from now ondH=0.2 kOe was used to decrease

posed upon our approach by the number of magnetic mahe external magnetic field at every calculation. We perform
ments involved in the calculations. In fact, when one dealgypically 2.8% 10° Monte Carlo steps per spin for a complete
with cylinders with dimensions comparable to those experi-hysteresis loop and at least five different seeds for the ran-

mentally investigatedN may be larger than £0 which

would require a computational effort way beyond present-

day standard computational faciliti€s(Recall that the com-
putation time increases with?.)

In order to circumvent this difficulty, we scale the ex-
change interaction by a factor @=2.4x 1073, so as to re-
duce its strength. That is to say, we replageby J’

dom number generator.

Figure 1 illustrates the hysteresis cycles for two different
values ofkJ’ of an Fe dot defined bpp'=19.5 A andH’
=6.0 A, which represents a particle @=65nm andH
=20 nm. We have to remember that the “real” value of the
coupling is given bykJ=«J’/x, and then illustrated results
correspond toxJ=0 and 3.33 meV. This figure shows an

=0.1 meV in the expression for the total energy and describexpected bias of the hysteresis loop fal+# 0, because of

our dot by means of a smaller one, according to the scalinthe coupling of the FM dot with the AF substrate. Also from
technique explained above with=0.57518We have tested Fig. 1 we can observe that the shifted hysteresis loop has
our results using different values of the scaling parameter different widths along the cycle, being wider for bigger
and we observed that, as expected, the results are indepevl/{ Mg, This indicates that there are different magnetization
dent of the choice of its value. The value for the scalingbehaviors along the two branches of the cycle. This result is
parametex was chosen according to computational facilitiesindependent of the number of Monte Carlo steps, an impor-
available that allow us to obtain our results in a reasonabléant point illustrated in Fig. 2, where the dependence of the
computational time and give us enough information abou€&B field on the number of Monte Carlo ste@€CS), for

the behavior of the system. J'k=0.003 is shown. To obtain the results depicted in this
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FIG. 2. EB field as a function of the number of Monte Carlo
steps for equilibrating a system with x=0.003 meV. Error bars
are depicted with thin lines. The thick solid line is a guide to the
eyes.

FIG. 4. (Color onling Hysteresis loops for the interface and free
layer of a FM dot with scaled unidirectional anisotropy given by
«J'=0.015 meV. Lines are guides to the eyes.

. . . ever, in the other branch of the hysteresis the field nucleation
figure we have simulated the hysteresis cycle of our dot conpegins at the interface. This figure clearly demonstrates that
sidering different MCS. We used MCS steps for equilibratingihere is a nonuniform magnetization perpendicular to the in-
the system at every field, and MCS/5 steps for averaging thgyrface. inside the FM dot.

magnetization along the cycle. As occurs in every Monte |t is important to clarify that the hysteresis cycles shown

Carlo simulation, coercivity and saturation field depend ony, Fig. 4 correspond to the average of twenty different seeds
the number of Monte Carlo steps because this number reynq then our results are independent of the initial conditions
resents, on a certain scale, the time between one measure a§d,r simulations. We can notice that Ht=—1 kOe the

the next one along the hysteresis curve. However, as depictefagnetization of the free layer makes an angle of approxi-
in Fig. 2 the exchange bias fieltgg, is independent of this  ately 115° with respect to the magnetization of the inter-

number. face layer. This rotation of the magnetization occurs slowly

In order to investigate the magnitude of the EB field as a;5ng 20 nm of the dot. This is equivalent to a rotation of
function of the effective unidirectional anisotropy, i.e., theé 1 1° from one layer to a neighboring one.

coupling between the FM dot and the AF substrate, we cal- 1q clearly understand the reversal mechanisms of the
culate the hysteresis cycle for different values of the COUimagnetization, we observe snapshots of the magnetization
_pling._ Our results are illustrated in Fig. 3, Where an increas-ak)ng the hysteresis cycle in every layer of the system. In
ing bias field appears for stronger coupling with the AF, aspage figures we observe that by decreasing the field from
expected. In addition an almost linear behavior of the EBgayration, the magnetic moments of the free layer form, at
field is observed fod’«>0.005. , _ the edge of the dot, what is calledCastate. By decreasing
Now we fix <J’=0.015 meV and we obtain hysteresis ither the field this magnetic structure moves to the center
cycles. We compute separately the contributions of every e jayer, giving rise to a vortexlike structure. The FM
layer of the dot, and we depict in Fig. 4 the hysteresis of thgniarface layer needs lower fields to start the formation of the
interface and free monolayer. As we can see, both curves ag giate. Instead, and due to the exchange interaction at the
different. Decr(_aas!ng the externa! magnetic field, the Changﬁterface, the reversal of the magnetization at the right
of the magnetization nucleates first at the free layer. HOWyanch of the hysteresis cycle occurs through coherent rota-
. . : . tion and nucleates first at the FM interface layer. Figure 5
0.0} . illustrates snapshots of the magnetization reversal of the FM
interface and free layers for two different values of the ex-
ternal field and)’ «k=0.015 meV. AtH=-4.6 kOe the mag-
1.0} - netization forms what is called @ configuration at the FM
interface layer, which precedes the appearance of the vortex,
and a noncentered vortex is clearly observed at the free layer.
20 E In the other branch of the hysteresis cycleHat—1 kOe the
reversal occurs by a coherent rotation, which begins at the

H,, [kOe]
&

28y ) FM interface, as occurs for the Fe/Redind Fe/Mnk (Ref.
-3.0f . 7) bilayers. These snapshots, together with results depicted in
0000 0005 oolo 0015 0020 Fig. 4, _clegrly demonstrate the existence of a nonunlform
J'c [meV] magnetization of the FM along the direction perpendicular to

the interface.
FIG. 3. (Color onling The exchange bias field as a function of It is important to clarify that the hysteresis cycles shown
the scaled effective unidirectional anisotropy. The line is a guide tdn Fig. 4 correspond to the average of twenty different seeds,
the eye. and that our results are independent of the initial conditions
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of our simulations. We can notice that Ht=—-1 kOe the
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FIG. 5. (Color online Snapshots for two dif-
ferent values oH of the magnetization reversal
of a FM dot with scaled unidirectional anisotropy
given by «J'=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.

rotation on every branch of the cycle and the existence of a

magnetization of the free layer makes an angle of approxinonuniform magnetization inside the FM dot. The unidirec-
mately 115° with respect to the magnetization of the interiional anisotropy pins the FM interface layer, retarding the
face layer. This rotation of the magnetization occurs slowly2PPearance of a vortex in it and favoring the magnetization
along 20 nm of the dot. This is equivalent to a rotation off€versal by means of a coherent rotation.

1.1° from one layer to a neighboring one. This research received financial support from FOND-

In conclusion, by means of a scaling technique and usingCYT under Grant Nos. 1020035, 1010127, 7020035, and
the ferromagnetic domain wall model we observe the rever7010127 and from the Millennium Science Nucleus “Con-
sal modes of the magnetization of a FM dot on an AF subdensed Matter Physics” Grant No. P02-054F. The authors
strate. The hysteresis loop exhibits an asymmetric profile beacknowledge Dr. Ivan K. Schuller for helpful discussions
cause of the different mechanisms responsible for thend a critical reading of the manuscript.
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