
PHYSICAL REVIEW B 1 FEBRUARY 1999-IVOLUME 59, NUMBER 5
Magnetic vortices in ultrathin films
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By means of Monte Carlo simulations, magnetic configurations withvorticesare 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 reversal.@S0163-1829~99!01005-X#
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Recent experiments on epitaxial magnetic layers1 have in-
troduced a class of two-dimensional~2D! magnetic systems
Different complex domain structures with some evidence
defects have been observed in thin films and bilayer syst
by means of Foucault imaging,2,3 and in nanostructures, b
magnetic force microscopy experiments.4 Complex magnetic
structures are inherent in such systems because of com
tions between short-range and long-range interactions.
cent theoretical works on domain structures of vector sp
in magnetic monolayers have been performed either by se
analytical calculations on conjectured configurations,5 or by
Monte Carlo simulations.6,7 These theoretical studies provid
evidence for the existence of several solutions for spin c
figurations. Major questions remain in such 2D complex s
tems: Are there uniform stable spin configurations or n
and if not, are there intrinsic topological defects and how
they organized? In order to answer these questions, num
cal studies of the stability of realistic magnetic configu
tions with vector spins are needed. This is the aim of t
paper. Spin configurations of much larger systems than th
considered before6,7 are obtained by means of extensi
Monte Carlo~MC! treatments: Initial random configuration
are submitted to a long annealing at a high enough temp
ture followed by a stepwise slow cooling down in order
obtain equilibrium spin configurations at very low tempe
ture. Two particular configurations both with and witho
MC relaxation are also studied for energy comparison.

The general Hamiltonian of a monolayer lattice in thex-y
plane with three-component vector spinsS and S51 in-
cludes local exchange, dipolar interactions, perpendicular
isotropy, and external field:
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HereJ is the exchange interaction which is assumed to
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nonzero only for nearest-neighbor couplings.D is the dipolar
coupling parameter and the running site subscriptsi and j
define the in-plane vectorr ij . The parameterA measures the
perpendicular single-site anisotropy energy. The exter
field H may have any direction.

Simple remarks can be deduced from a scaling appro
They enable us to consider very large samples which co
not be introduced directly in the present numerical compu
tion. Let us define the dimensionless parameterK
5D/(Ja3) with the lattice parametera. Without anisotropy
and without external field, the scaling parametera remains
the only free variable: Different ratiosD/J can be considered
as issued from a single case with a givenK value but with
different effective lattice parametersa. As usual, this size
scaling is valid as far as the discrete character of the lat
can be neglected. Thus increasing the dipolar couplingD
while keeping the exchange couplingJ constant amounts to a
mere increase of the effective lattice parametera. In the
usual magnets, the ratioD/(Ja0

3) is of the order of
1023–1024, wherea0 is a typical atomic distance in metals
Thus, for D/J50.1, a'5a0–10a0 and for D/J51, a
'10a0–20a0 . So large values ofD/J are relevant to large
samples. In the present work, we used large values ofD/J to
consider scales much larger than a few tens of atomic
tances.

In the present calculations, samples with free bounda
are considered. It is well known that dipolar contributio
depend on the shape of the sample. This is the demagnet
field effect. Without anisotropy and without external fiel
our final MC spin configurations at very low temperature a
in-plane, in keeping with known results from magnetostati
In addition, the boundary-layer spins are in general para
to the sample boundary. This is in agreement with the v
den Berg’s geometrical approach to in-plane domain str
tures in 2D spin configurations.8 We present results for disk
shaped and rectangle-shaped samples. Typical l
temperature spin morphologies obtained in this work
shown in Fig. 1 for disks of 10 192 spins on a triangu
lattice with D/J50.1, D/J51, andJ50, respectively. The
3329 ©1999 The American Physical Society
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FIG. 1. Low-temperature spin configurations. Samples are d
of 10 192 vector spins on a triangular lattice:~a! D/J50.1, ~b!
D/J51, ~c! pure dipolar coupling:J50.
sample diameter covers about 106 effective spin sites.
MC calculations have been performedwithout cutoff length
in the dipolar interactions. As will be discussed below, this
important because the screening of dipolar interactions
to in-plane configurations is very weak.

In the caseD/J50.1, i.e., at submicrometer size in a r
alistic material~disk diameter'500a0–1000a0), the ener-
gies per spin obtained for the above-mentioned configu
tions are all quite close to each other. The ferromagn
configuration has even a lower energy than the optimal M
configuration shown in Fig. 1 which contains only a fe
vortices. Thus for a sample of such a size, only one or t
vortices are present in the ideal structure.

WhenD/J51, i.e., at a larger size in a realistic materi
~disk diameter'1000a0–2000a0), the ferromagnetic con-
figuration has the highest energy among all the conside
configurations. This is evidence for the stability of config
rations with several vortices in the sample at such a me
copic size.

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

All structures shown in Fig. 1 exhibit severalvortices.
The numbers of clockwise vortices and counterclockw
vortices are nearly equal. More precisely, one may defin
local vorticity parameter asqi5(a/2)(curl Si)z , with uqi u
<1. This enables us to draw up the vorticity map of o
samples. Figure 2 shows an example of the sign and stre
of the spin field vorticity for the pure dipolar case. Spin sit
with vorticity of strong absolute value define two interwove
networks of continuous lines which link the cores of vortic
of the same chirality. It should be noticed that these stro
vorticity lines are the domain walls. The local vorticity pa
rameterqi defined above provides an elegant way to find o
all domain walls in a given sample. Let us mention that t
strong vorticity lines are somewhat similar to von Ka´rmán
streets which link vortices of the same sign in 2D turbule
flows.9 Such an analogy is probably connected with t
strong spatial inhomogeneity of the dipolar field.

The vortex spatial distribution is analyzed by means
pair-distribution functions~PDF!. When vortices of both
signs are considered all together, they are distributed at
dom, as seen in the pictures of Fig. 1; their PDF has
significant structure. However, the PDF of vortices of a s
cific sign gives evidence for short-range repulsion. Thus
presence of vortices of both signs ensures a medium-ra
screening of the effective interaction between vortices
must be noticed that the introduction of any cutoff length
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the dipolar interaction leads at the end of the MC therm
zation process to a rather ordered vortex lattice. The lat
parameter of this lattice is approximately equal to the cu
length. This has been checked for different cutoff lengths
proves that the screening is very sensitive to the long-ra
part of the dipolar coupling. However the spin energy is o
just altered by the cutoff. For instance, in a rectangle-sha
sample of 10 201 spins with pure dipolar couplings, and
cutoff lengths of 15a and 20a, energy differences compare
to the full coupling case are found not to exceed 1%.
liquid crystals, similar ordered lattices of topological defe
have been observed, as in cholesteric and smectic thin fi
under mechanical tension.10 Here electric dipolar couplings
play the same role as magnetic dipolar interactions in
case.11 In liquid crystals, ion-induced screening yields
natural cutoff length and could be the reason for the app
ance of such an order.

For disks of 10 192 spins on a triangular lattice, the lo
temperature energies per spin for differentD/J ratios are
compared in Table I for~i! three MC relaxed magnetic struc
tures derived from different initial configurations, and for~ii !
two unrelaxed particular configurations. In all consider
cases, the lowest energy is obtained for the configura
with a single central vortex. After a long relaxation proce
which ends at a very low temperature, the configuration w
a single central vortex remains the one with the lowest
ergy among the considered configurations. This proves
stability of vortex configurations in all these cases.

FIG. 2. Enlarged portion of Fig. 1~c! showing domain walls
defined byqi ~thick arrows!. The walls connect vortices of the sam
sign. Here pure dipolar coupling;kBT/(D/a3)50.01.

TABLE I. Comparison of average energies per spin at very l
temperature. Energy unit5J (5D for pure dipolar case!.

Energy per spin
D/J50.1 D/J51 J50

MC relaxation 23.220 25.662 22.701
Ideal ferro 23.227 25.595 22.632
Ferro1MC 23.223 25.619 22.616
1 central vortex 23.234 25.703 22.743
1 vortex1MC 23.231 25.700 22.740
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When introducing a large enough perpendicular anis
ropy in the problem, all MC relaxed configurations conta
many out-of-plane spins. The average value^Sz

2& is a good
measure of the transition from in-plane spins towards p
pendicular spins. This spin reorientation transition occ
when the uniaxial anisotropy energy is of the order of ma
nitude of the dipolar interaction energy. It is characterized
the appearance of several domains of twisted bunche
nearly up spins or down spins. These domains are
rounded by domains with almost in-plane spins.12 A detailed
study of the reorientation transition will be give
elsewhere.13

FIG. 3. In-plane field hysteresis loop:~top! magnetization,~bot-
tom! spin energy vs applied field.

FIG. 4. Snapshot of a double-wall magnetic soliton at the
plane coercive field.D/J50.1,Hx /J520.6,kBT/J50.01.
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The introduction of a high enough external fieldHz nor-
mal to the surface leads also to the appearance of ou
plane spins with a similar transition towards an Ising-ty
system. However, this transition occurs at a field value wh
is much larger than the dipolar field one.12,13On the contrary,
the application of a moderate in-plane external fieldHx is
enough to saturate the in-plane magnetization. A typ
rectangle-shaped magnetizationversusapplied field hyster-
esis loop and the respective energyversusfield curve are
reported in Fig. 3 forD/J50.1. This gives evidence for
sharp quasistatic coercive field. Taking advantage of
slowness of the MC relaxation process at low temperat
we are able to show in Fig. 4 forD/J50.1 a typical spin
snapshot taken during magnetization reversal process.
latter occurs at a field just larger than the coercive field. T
rapid propagation of the in-plane domain wall as a solit
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wave, i.e., as asoliton with a double wall, is also evidence
for strong nonlinear effects in this problem. Let us mentio
that some snapshots obtained in this work are very simila
those found experimentally for soft thin films; see Fig. 8
Ref. 14.

In conclusion, let us mention that vortices were intr
duced as intrinsic defects in the general problem of 2
systems.15 What we have shown here is that vortices are n
only possible patterns in 2D magnetic systems with lon
range dipolar interactions but that they do belong to t
stable spin configurations in ultrathin films.
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