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Magnetic vortices in ultrathin films
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By means of Monte Carlo simulations, magnetic configurations wdtticesare shown to appear in ultra-
thin magnetic films with exchange and dipolar interactions. The stability of these vortices is studied in detail.
The presence of perpendicular anisotropy and external magnetic field is also investigated. A magnetic soliton
is shown to appear during in-plane magnetization revefSai163-182099)01005-X

Recent experiments on epitaxial magnetic layeeve in-  nonzero only for nearest-neighbor couplinBsis the dipolar
troduced a class of two-dimensior@D) magnetic systems. coupling parameter and the running site subscripasd j
Different complex domain structures with some evidence fordefine the in-plane vectay; . The parameteA measures the
defects have been observed in thin films and bilayer systemserpendicular single-site anisotropy energy. The external
by means of Foucault imagirfg and in nanostructures, by field H may have any direction.
magnetic force microscopy experimeft€omplex magnetic Simple remarks can be deduced from a scaling approach.
structures are inherent in such systems because of compelthey enable us to consider very large samples which could
tions between short-range and long-range interactions. Reot be introduced directly in the present numerical computa-
cent theoretical works on domain structures of vector spinsion. Let us define the dimensionless parametér
in magnetic monolayers have been performed either by semi=D/(Ja®) with the lattice parametes. Without anisotropy
analytical calculations on conjectured configuratidms,by  and without external field, the scaling paramederemains
Monte Carlo simulation&’ These theoretical studies provide the only free variable: Different ratid3/J can be considered
evidence for the existence of several solutions for spin conas issued from a single case with a gi¥érvalue but with
figurations. Major questions remain in such 2D complex sysdifferent effective lattice parametees As usual, this size
tems: Are there uniform stable spin configurations or notscaling is valid as far as the discrete character of the lattice
and if not, are there intrinsic topological defects and how ar&an be neglected. Thus increasing the dipolar coupling
they organized? In order to answer these questions, numetjrhile keeping the exchange couplidgonstant amounts to a
cal studies of the stability of realistic magnetic configura-mere increase of the effective lattice paramederin the
tions with vector spins are needed. This is the aim of thig;syal magnets, the rati@/(Jag) is of the order of
paper. Spin configurations of much larger systems than thosgy=3_1074, wherea, is a typical atomic distance in metals.
considered befoPd are obtained by means of extensive Thus, for D/J=0.1, a~5a,—108, and for D/J=1, a
Monte Carlo(MC) treatments: Initial random configurations ~10a,—20a,. So large values ob/J are relevant to large
are submitted to a long annealing at a high enough temperasmples. In the present work, we used large valud/dfto
ture followed by a stepwise slow cooling down in order t0 consjder scales much larger than a few tens of atomic dis-
obtain equilibrium spin configurations at very low tempera-ignces.
ture. Two particular configurations both with and without | the present calculations, samples with free boundaries
MC relaxation are also studied for energy comparison.  are considered. It is well known that dipolar contributions

The general Hamiltonian of a monolayer lattice in 1 gepend on the shape of the sample. This is the demagnetizing
plane with three-component vector spisand S=1 in-  fie|d effect. Without anisotropy and without external field,
cludes local exchange, dipolar interactions, perpendicular ansyr final MC spin configurations at very low temperature are

otropy. and extemal field in-plane, in keeping with known results from magnetostatics.
S'S  (Sr(ST) In addition, the boundary-layer spins are in general parallel

. oI T /el SP |
H==2 ~7$'§+D§ij: 32 to the sample boundary. This is in agreement with the van

den Berg's geometrical approach to in-plane domain struc-
tures in 2D spin configuratiorfsWe present results for disk-
_ _ shaped and rectangle-shaped samples. Typical low-
AEi 321 EI H-S. (1) temperature spin morphologies obtained in this work are
shown in Fig. 1 for disks of 10192 spins on a triangular
HereJ is the exchange interaction which is assumed to bdattice with D/J=0.1, D/J=1, andJ=0, respectively. The
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sample diameter covers about 106 effective spin sites. The
MC calculations have been performedgthout cutoff length

in the dipolar interactions. As will be discussed below, this is
important because the screening of dipolar interactions due
to in-plane configurations is very weak.

In the caseD/J=0.1, i.e., at submicrometer size in a re-
alistic material(disk diameter~5008,—100@&,), the ener-
gies per spin obtained for the above-mentioned configura-
tions are all quite close to each other. The ferromagnetic
configuration has even a lower energy than the optimal MC
configuration shown in Fig. 1 which contains only a few
vortices. Thus for a sample of such a size, only one or two
vortices are present in the ideal structure.

WhenD/J=1, i.e., at a larger size in a realistic material
(disk diameter~100(a,—200@,), the ferromagnetic con-
figuration has the highest energy among all the considered
configurations. This is evidence for the stability of configu-
rations with several vortices in the sample at such a mesos-
copic size.

Finally, in the pure dipolar case, i.e., at a macroscopic
scale in a realistic material, configurations obtained from MC
simulations present many vortices with an energy per spin
somewhat higher than the one obtained for just a single cen-
tral vortex. In fact, a realistic spin configuration contains
probably several vortices but less than what we found after
several thousand MC steps per spin when starting from a
random initial configuration. The reason for this limitation is
that the single-spin MC procedure makes any vortex motion
very difficult because vortices are correlated. However, ex-
pulsion of vortices is observed, generally by pairs, during a
long time MC relaxation at a low temperature. Every pair
expulsion is associated with a small stepwise energy drop.
Thus the relaxation process is very long. This shows evi-
dence of the strong frustration effects at all scales due to the
long-range dipolar interactions.

All structures shown in Fig. 1 exhibit severabrtices
The numbers of clockwise vortices and counterclockwise
vortices are nearly equal. More precisely, one may define a
local vorticity parameter as;=(a/2)(curl S),, with |q]
<1. This enables us to draw up the vorticity map of our
samples. Figure 2 shows an example of the sigh and strength
of the spin field vorticity for the pure dipolar case. Spin sites
with vorticity of strong absolute value define two interwoven
networks of continuous lines which link the cores of vortices
of the same chirality. It should be noticed that these strong
vorticity lines are the domain walls. The local vorticity pa-
rameterq; defined above provides an elegant way to find out
all domain walls in a given sample. Let us mention that the
strong vorticity lines are somewhat similar to von rken
streets which link vortices of the same sign in 2D turbulent
flows® Such an analogy is probably connected with the
strong spatial inhomogeneity of the dipolar field.

The vortex spatial distribution is analyzed by means of
pair-distribution functions(PDF. When vortices of both
signs are considered all together, they are distributed at ran-
dom, as seen in the pictures of Fig. 1; their PDF has no
significant structure. However, the PDF of vortices of a spe-
cific sign gives evidence for short-range repulsion. Thus the

FIG. 1. Low-temperature spin configurations. Samples are diskpresence of vortices of both signs ensures a medium-range

of 10192 vector spins on a triangular lattiog D/J=0.1, (b)
D/J=1, (c) pure dipolar couplingd=0.

screening of the effective interaction between vortices. It
must be noticed that the introduction of any cutoff length in
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FIG. 2. Enlarged portion of Fig. 1c) showing domain walls
defined byg; (thick arrows. The walls connect vortices of the same
sign. Here pure dipolar couplingzT/(D/a%) =0.01.
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the dipolar interaction leads at the end of the MC thermali- 45 ——t—— 1
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zation process to a rather ordered vortex lattice. The lattice Apotied in-ol tic field (J=1

. . . . pplied in-plane magnetic fie )

parameter of this lattice is approximately equal to the cutoff
length. This has been checked for different cutoff lengths. It FIG. 3. In-plane field hysteresis loofiop) magnetization(bot-
proves that the screening is very sensitive to the long-rang@®m) spin energy vs applied field.
part of the dipolar coupling. However the spin energy is only
just altered by the cutoff. For instance, in a rectangle-shaped When introducing a large enough perpendicular anisot-
sample of 10201 spins with pure dipolar couplings, and forropy in the problem, all MC relaxed configurations contain
cutoff lengths of 15 and 20a, energy differences compared many out-of-plane spins. The average va{&) is a good
to the full coupling case are found not to exceed 1%. Inmeasure of the transition from in-plane spins towards per-
liquid crystals, similar ordered lattices of topological defectspendicular spins. This spin reorientation transition occurs
have been observed, as in cholesteric and smectic thin filmghen the uniaxial anisotropy energy is of the order of mag-
under mechanical tensidfi.Here electric dipolar couplings nitude of the dipolar interaction energy. It is characterized by
play the same role as magnetic dipolar interactions in outhe appearance of several domains of twisted bunches of
case!! In liquid crystals, ion-induced screening yields anearly up spins or down spins. These domains are sur-
natural cutoff length and could be the reason for the appearounded by domains with almost in-plane spih# detailed
ance of such an order. study of the reorientation transition will be given

For disks of 10192 spins on a triangular lattice, the low-elsewheré3
temperature energies per spin for differdbtJ ratios are
compared in Table | foti) three MC relaxed magnetic struc-

N\
tures derived from different initial configurations, and oy o\ j =
two unrelaxed particular configurations. In all considered = N Vs

¥/
cases, the lowest energy is obtained for the configuration 5/,//’c
with a single central vortex. After a long relaxation process ——"“———'—"ﬁ\\ 7*-/‘»“
which ends at a very low temperature, the configuration with == \ Y e
ingl tral vortex remains the one with the lowest en- - "a’/?“ :
a single central vortex [ wi W = @J(//Y",r - =
%

ergy among the considered configurations. This proves the
stability of vortex configurations in all these cases.
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TABLE I. Comparison of average energies per spin at very low

temperature. Energy urit) (=D for pure dipolar case \3&5-

&
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Energy per spin

D/J=0.1 D/J=1 J=0
MC relaxation —3.220 —5.662 —2.701
Ideal ferro —3.227 —5.595 —2.632
Ferro+-MC —-3.223 —-5.619 —2.616
1 central vortex —3.234 —5.703 —2.743
1 vortex+MC —-3.231 —5.700 —2.740 FIG. 4. Snapshot of a double-wall magnetic soliton at the in-

plane coercive fieldD/J=0.1H,/J=—0.6kgT/J=0.01.
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The introduction of a high enough external fi¢fid nor-  wave, i.e., as &oliton with a double wall, is also evidence
mal to the surface leads also to the appearance of out-ofer strong nonlinear effects in this problem. Let us mention
plane spins with a similar transition towards an Ising-typethat some snapshots obtained in this work are very similar to
system. However, this transition occurs at a field value whichhose found experimentally for soft thin films; see Fig. 8 of
is much larger than the dipolar field offe!*On the contrary, Ref. 14.
the application of a moderate in-plane external field is In conclusion, let us mention that vortices were intro-
enough to saturate the in-plane magnetization. A typicaljyced as intrinsic defects in the general problem of 2D
rectangle-shaped magnetizativersusapplied field hyster-  gystemd What we have shown here is that vortices are not
esis loop and the respective energgrsusfield curve are only possible patterns in 2D magnetic systems with long-

reported in Fig. 3 forD/J=0.1. This gives evidence for & yange dipolar interactions but that they do belong to the
sharp quasistatic coercive field. Taking advantage of thg .o spin configurations in ultrathin films

slowness of the MC relaxation process at low temperature,

we are able to show in Fig. 4 fdb/J=0.1 a typical spin E.Yu.V. acknowledges financial support from the French
snapshot taken during magnetization reversal process. Thdinistry of Education(MENESR). Part of this work was
latter occurs at a field just larger than the coercive field. Thalone within the framework of Contract No. CHRX-CT93-
rapid propagation of the in-plane domain wall as a solitary0320 of the European Economic Community.
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