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Vortex States Stability in Circular Co(0001) Dots

L. D. Buda, I. L. Prejbeanu, M. Demand, U. Ebels, and K. Ounadjela

Abstract—The possible magnetization configurations of indi- in circular dots of¢ = 200 nm diameter and of thickness
vidual circular Co(0001) dots are investigated by means of 3D mi- + — 10-35 nm.
cromagnetic simulations as a function of dot dimensions. In zero
applied field, the vortex state corresponds to the ground state for
diameters larger than 60 nm and up to a thickness of 25 nm where Il. MICROMAGNETIC CALCULATION
a transition into a weak stripe structure occurs. The stable magnetization configurations were obtained by
Index Terms—Co0(0001), MFM, micromagentism, vortex state.  minimizing the total free energy of the system, which includes
contributions from the magnetocrystalline anisotropy, the de-
magnetization, the exchange and the Zeeman energy. The min-

ECENTLY ) h b ; q imization is carried out with respect o = M, under the
many experiments have been performe O&)nstrainﬂﬁﬂ = 1.0. Starting from a given configuration, the

square [1] rectangular [2], elliptical [3] circular [4] or ringl%zstem proceeds toward a local minimum by following the states

I. INTRODUCTION

[5] shaped flat elements of submicron lateral sizes. One part scording to the Landau-Lifshitz-Gilbert equation (LLG) [7].
ular point of interest is to delineate the boundaries between fe real system is discretized indg, x N, x V. cubic cells
possible stable and metastable magnetization configurationg a3 | <tant magnetization. The cell sizé is 2‘5 am. which is

a function of system size (thickness, lateral width) and Magmaller than the characteristic magnetic lengths of Co. Using

netization history. In this context, the transition between tr}ﬁe material parameters of Co, saturation magnetizatign=
single domain state and a vortex-like state have attracted cQln, amu/cns exchange cons:[am — 1.4 x 10~ erg/cm
1 exX . 1

siderable attention. In the vortex configuration the magnetizmagnetocrystalline anisotropy constaft = 5 x 106 erg/cn?

tion tries to reduce its in-plane demagnetization shape enefgy exchange length s, = +/A../(2 MZ) = 3.37 nm and
as much as possible by forming an in-plane circular magnefi-. oo h wall width pafameterj@;z _ \/A*T ~ 5.99nm
zattion path. This leads to a central vortex where the magn he magnetostatic energy is evaluated in the approximation of

zation points perpendicular out of the element plane. Such Stfkiform magnetized cubic cells and the demagnetization field is

gularities are known for some time [7], however only recentlgubstituted by its value averaged over the cell. The fast Fourier

plear direcF experimentall evidence has been given. for their $iethod is implemented for the stray field evaluation. The nu-
Istence us:\r)l?:l\l;lor:ntzgmgrosc?py [8]t and m dagnetlc for?e ”‘aﬁerical stability of the time integration of the LLG equation is
croscopy ( ) [8], [9]. Complementary evidence was foun ssured by the use of Crank-Nicholson method. A constant time

by studying hysteresis loops [4] and by using electron holog: — 01 -
raphy [10]. While many studies were performed on polycryg—tep ofdt = 0.1 ps has been used and the damping parameter

talline NiFe [9], NiFeMo [4] or Co [3] materials for which zzzlze;:g = 1.0 since we are only interested in the static
magneto-crystalline anisotropies are negligible, not many in- '

vestigations are reported for epitaxial materials having a strong
Perpendicular uniaxid¥l agneto-crystallinénisotropy (PMA)

[6], [10]. Continuous Co(0001) films with perpendicular uniaxial
Here a numerical analysis is presented on the single doagneto-crystalline anisotrofy<,,) are characterized by the
main (SD) to vortex-like (V) and the vortex-like to stripeformation of a stripe domain structure whose period scales with
domain transition for epitaxial Co(0001) dots whose uniaxi#ie film thickness. For these films, the magnetization starts to
magneto-crystalline easy axis is oriented perpendicular to ttent from the perpendicular orientation toward the in-plane
film plane. The uniaxial anisotropy energy is fairly large bubrientation below a thickness of 60 nm and below 20-25 nm the

still smaller than the demagnetization field energy [1]. Thmagnetization is fully in-plane [11]. A reduction of the lateral
recent MFM investigations [6] indicate the existence of asizes of such films down to the submicron scale has shown that
in-plane single domain state and a vortex-like configuraticstripe domains develop in thick dots similar to the continuous
films and that a single bubble domain can be stabilized in the
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Co dots with strong PMA (Fig. 2(a)) and those having zero
magneto-crystalline anisotropy (Fig. 2(b)). The dependence on
¢ in both cases is quite similar, except that the total energy den-
sity of the SD and V dots with PMA is shifted upwards by the
amount of K, (most spins are in-plane). The presence of the
PMA does not influence the ground-state configuration very
much, nor the transition from the V state toward the SD state,
which takes place at a critical diametgrof 60 nm for Co(0001)
dots with PMA and at 67.5 nm for dots withf,, = 0.

This weak dependence onthe PMA is related to the fact thatin
this thickness range no tendency exists for the magnetization to
cant out-of-plane, so the cost of energy to establish a vortex state
with or without anisotropy is about the same. Typical domain
widths of stripe domains would be at least twice as large as the
film thickness in thist range. Hence, the out-of-plane demag-
Fig. 1. MFM images (@8 ym x 0.8 xm) corresponding to (a) an in-plane netization fields will keep th_e magnetization parallel _to t_he dot
remanent state and (b) an out-of-plane demagnetized state fordatsbi nm ~ Surface. Thus, the 200 nm diameter Co dots behave like in-plane
and¢ = 200 nm. Top view of (c) a single domain and (d) a vortex-like statg¢sotropic elements and the transition from the V to the SD state
obtained from 3D micromagnetic calculations. is determined by the competition between the in-plane shape de-
magnetization energy which dominates in the SD state and the
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pmo ' . singlle domain state exchange energy which is the dominant energy contribution in
E :\ ® =60 nm —o— vortex-like state 1 the vortex state. However, the presence qf the PMA lowers Fhe
g 6x10° - \-%:_\_ | total energy density of the vortex state slightly, since the spins
- °\oZ;\.\_ (@) inside the vortex itself point into the magneto-crystalline easy
%’ T O::\-\. 1 axis and can lower their PMA energy. Close to the critical di-
S Bx10° IR ° L ameter, this gain in energy is most pronounced, since the rela-
'g o © =675 nm : | tive volume fraction of the vortex is large. As a consequence the
g - - ’ Ku critical diameter for the transition into a SD state is somewhat
S x10° 0y : . Iovyer. Itis notgd as weII., that dug to t'he Iarger valug of the satu-
5 \o<:\.\. ‘,\ (b) ration magnetizatiods, in Co, this critical diameter is smaller
S ot 1 than the one observed in [4] for the same
0 , . , ) , L ° From Fig. 2 it is seen that above the critical diameter the
40 80 o120 160 200 ground state of the system is the V-like state while the SD state
diameter (nm) corresponds to a local energy minimum. Generally, the mag-

Fig. 2. The total free energy density of the V and SD state as a function of fAEIC Co_nflgurauc_)n COFreSpondlng toa Io_cal energy minimum
dot diameter for = 5 nm and for dots (a) with, = 5 x 10° ergicnf and  Can be induced in the experiment following specific magneti-
(b) with I, = 0. zation histories. In the MFM measurements performed on the
200 nm diameter Co(0001) dots [6], the SD and V states are
the dot dimensions as well as on the magnetic history. In Fighserved simultaneously with a larger probability of SD state
1 two examples are shown for= 10 nm after (a) in-plane to exist after in-plane saturation. However, those SD states are
saturation and (b) out-of-plane demagnetization. The strofund to be metastable in agreement with the micromagnetic
dipolar contrast in Fig. 1(a) is interpreted as a single domaialculations. Small perturbations, such as the stray field from
state while the weaker contrast in Fig. 1(b) with a dark spthe MFM tip, can induce a irreversible transition into the V-like
in the center is indicative of a vortex-like state. A similastate.
contrast has already been observed recently by MFM [8], [9] It is interesting to compare the critical diameter of 60 nm
and Lorentz microscopy [8] for permalloy dots and has bedar the V to SD transition with the extension of the vortex core
correlated with a vortex state. which is approximately half the size &= 5 nm. In Fig. 3(a),

In order to investigate the possibility of the formation of @ line scan across the diameter is shown for the out-of-plane
vortex-like state in Co(0001) dots and the role of the PMAnagnetization componemt/.. Three cases are compared, the
3D micromagnetic calculations were performed. Using differenumerical solution for uniaxial Co(0001)(square), the numer-
starting configurations, the system relaxed either into a singtal solution for Co withK,, = 0 (open circle) and an analytical
domain state (Fig. 1(c)) or a vortex-like state (Fig. 1(d)). In th@pproximate expression derived in [12] (full line). The profile
thickness range investigated numerically, betweea 5 nm obtained from the numerical calculation in the cas&@f= 0
to 25 nm and for dot diameters af = 60 nm to 200 nm, is fit quite well by the analytical profile. The deviations with
the vortex-like state was found to be the energetically loweisicreasing diameter are a result of the approximate formulation
state. The dependence of the total energy density of the SD arfithe vortex demagnetization fields in the analytical expression.
the V states at zero applied field and fo= 5 nm is shown For the case of Co(0001) with PMA, the deviations are slightly
in Fig. 2 as a function ofp. Here, two cases are comparedmore pronounced. The full width of the vortex diamet&x,-)
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energy is achieved by formation of a weak stripe domain struc-

ture with the magnetization canted out of the plane [11]. The

lateral confinement of this weak stripe structure induces a cir-

cular arrangement of the domains in order to reduce the in-plane
demagnetization field.

IV. CONCLUSION

In conclusion, the ground state magnetization configurations
for epitaxial Co(0001) dots have been investigated by 3D nu-
merical micromagnetic calculation. A single domain as well as
a vortex-like state are found, where the V state is the energeti-
cally lower state fot = 5-25 nm and¢ = 60 to 200 nm. For
t=25
was found at a critical diameter of 60 nm which is approximately
twice the diameter of the vortex. This transition as well as the
vortex profile are only weakly dependent on the PMA. Further-
more, the vortex diameter remains rather unchanged as a func-
tion of thickness. At a thickness of 25 nm, the vortex widens up
considerably, and the magnetization configuration transforms
from the vortex-like state into a circular weak stripe state due
to the presence of the strong perpendicular anisotropy.

nm the transition from the vortex to the SD domain state
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Fig. 3. (a) Line scan of the out-of-plane magnetization compohénacross  du Développement et des Ressources en Informatique Scien-
the diameter(= 5 nm,¢ = 60 nm) for three different cases as discussed in th@gque (IDRIS)

text. (b) M. line scan profiles across the diameter as a function of dot thickne
for & = 200 nm in the case of epitaxial dots with PMA.

in this case is 37.5 nm, which is larger than #6, = 0 with (1]
Dy = 32.5 nm. Itis noted that this is approximately the value
which was found in [10] using electron holography on trian- [2]
gular shaped Co thin film elements. Furthermdpg; does not
vary much across the dot thickness for the small values invesys
tigated here, nor as a function of the dot diameter as immedi-
ately obvious. However upon increasing the film thickness, thel4l
out-of-plane demagnetization field decreases and hence the ex-
change energy widens the vortex. This is shown in Fig. 3(b), for[s]
the M, profile across the diameter fgr = 200 nm and for¢ 6]
varying from 5 nm to 20 nm as deduced from simulation.
Upon further increasing the thickness, a transition from the
vortex state into a weak circular stripe domain state takes plac
due to the presence of the PMA. The size of the central regio
with the magnetization pointing upwards has increased drasti{g]
cally to an almost domain like region, see Fig. 3(b). Already at
t = 15 nm and20 nm small oscillations of\{, across the ra-
dius setin, but the magnetization is still predominantly in-plane.
These oscillations have developed at 25 nm into a circular 10]
weak stripe structure, with a period which is about half the pe-
riod of the oscillations at = 20 nm. A similar concentric ring  [11]
structure has been reported in [1] for 25 nm thick square Co
dots.t = 25 nm corresponds to the thickness range, where if; 5,
the continuous epitaxial Co(0001) films a reduction of the PMA

7]

(9]
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