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Bubble domains in disc-shaped ferromagnetic particles
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We study the fundamental magnetic states of disc-shaped ferromagnetic particles with a uniaxial anisotropy
along the symmetry axis. Besides the monodomain, a bidomain state is also identified and studied both
numerically and theoretically. This bidomain state in the symmetry broken system is the analog of the vortex
state, consists of two coaxial oppositely magnetized cylindrically symmetric domains, and is stable at zero-bias
field, unlike magnetic bubbles in ferromagnetic films. For a given disc thickness we find the critical radius
above which the magnetization configuration falls into the bidomain bubble state. The critical radius depends
strongly on the film thickness, especially for ultrathin films. In an external field the bidomain state remains
stable over a range of field strengths. The switching from the bidomain to the monodomain takes place through
an abrupt domain annihilation mechanism.
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Vortices have been studied extensively in many physicatype of switching mechanism. The importance of the present
systems, and specifically in magnetism, where they are assfindings is that, again, very simple, high-symmetry domain
ciated with configurations of magnetic-flux closure and thusstructures are found to be stable and to mediate the magnetic
correspond to states of low magnetostatic energy. In particlswitching process, in contrast to the complex behavior which
lar, magnetic particles with small magnetocrystallineysually occurs in small elements.
anisotropies tend to fa.” into the magnetiC vortex state abOVe StatiC, as well as dynamica| properties of the magnetiza_
the critical size for single-domain formation. This corre- tion m are governed by the Landau-Lifshitz equation. The
sponds, therefore, to a fundamental state which is expecteghnstant length of the magnetization is normalized to unity:

to be present whenever the magnetc_)static energy dominatg®—-1 an important length scale of the system is the ex-
over the other energy terms. Extensive work has been dor@’\ange length

in circular particles with in-plane anisotropy’ Recently,
ferromagnetic rings were studietiwhere the vortex state is
the state of lowest energy for a wide range of geometrical 0=+ A (1)

. . . ex— 2
parameters. We found that highly symmetric domain con- 27M§
figurations mediate the switching between a high moment
(onion) state and low momerivortex state® whereA is the exchange constant aMy, is the saturation

In view of the recent development of materials with 'argemagnetization. In the following, we shall ugg, as the unit

perpendicular anisotropie$ and experiments in Permalloy length. Another important quantity is the dimensionless
discs? we study in this Communication the magnetic Struc'quality factor

ture of particles in the presence of a strong symmetry-
breaking anisotropy field and identify the analog of the vor-
tex. Motivated by the work on rings and the importance of K= L’
the vortex state we search in the present case for high- 27T|V|S
symmetry stable states in disc particles with perpendicular
anisotropy. We identify bidomain states which exist even inwhereK is the anisotropy constant. The significance of the
the absence of a bias field but are otherwise the analogs ofuality factor can be seen in two important quantities. First,
the magnetic bubbles observed in ferromagnetic films. Théhe domain-wall width i,/ x. Secondx controls the rela-
bidomain states have a circulation similar to the vortices andive strength of the magnetostatic field which has a demag-
are thus expected to be generic and of a corresponding inmetizing effect, with respect to the anisotropy field which
portance to the vortices. Our study also predicts the size diavors alignment along a direction perpendicular to the film.
the magnetic domains supported in the particle, correspondA/e shall suppose here that-1, which means that the an-
ing to the periodicity of stripes observed in films. isotropy is, in general, stronger than the demagnetizing field.
Furthermore, the bidomain state is robust and remains The Landau-Lifshitz equation is the basis for all our cal-
stable for a range of applied fields. Its domain-wall positionculations and we are interested only in its static solutions. We
depends on the applied field and it is abruptly expelled out ofind such magnetic configurations by a relaxation algorithm,
the particle when it comes close to the outer radius. Likethe details of which were explained in Refs. 10 and 11. We
wise, it shrinks abruptly to a point when the bubble become®nly note here that we use finite differences with a typical
very small. This procedure therefore gives rise to an unusudattice spacing of 0.2. We introduce a Gilbert damping term

(2)
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in the equation and feed the algorithm with an initial guess z=d/2
state. This eventually converges to a static solution at a loca &
minimum of the energy functional.

The most demanding part of the method is by far the
calculation of the magnetostatic field which requires the so-
lution of a boundary value Poisson problem. A huge reduc-> 9/’
tion of the numerical calculations is obtained if we confine
our interest to axially symmetric configurations, and in the
rest of this paper we shall be concerned only with such mag-
netic states. We expect that this is not a serious constraint, ¢é-25 : -25
least for the most basic magnetic states of small particles ~*° = w3 =22 2 €
which will be our main focus. Indeed, it is reasonable to ) .
assume that the lowest-lying states of the system will have F!G. 1. The bubble state illustrated at the middie-0) plane
the symmetry of the geometry of the particle. We aathe of the disc and at the togz=d/2). The magnetization is such

- . L . . thatm,=-1 at the center anth,~1 in the outer domain. The ar-
axis of symmetry of the disc which is also the direction of rows show the projection of the magnetization on (kgy) plane,

the easy axis. We use cylindrical coordinates and SUPPOSGhich has a significant value at the domain wall. This is a Bloch-

25

that the radial(my), azimuthgl(m¢), and Iongitudina_l(mz) like wall in the middle(z=0) plane and it turns almost Néel-like at
components of the magnetization vector are function of the top and bottom surfacéz=+d/2). In all cases that the algo-
andz only: m,=my(p,2), my=my(p,2z), m=my(p,2). rithm converges, the magnetization satisfies the parity relations

As a first step we calculate the simplest possible statem,(p.2)=-m,(p,~2), My(p,2)=My(p,~2), My(p,2)=M,p,~-2).
This is expected to be a single-domain state in which all
spins are driven by anisotropy and lie roughly along the sym- k=2, d=8(,, R=24(,, (3)
metry z axis. We use the unifornrm=(0,0,1 state as an
initial guess in the relaxation algorithm. This then quickly and this choice will be explained later in the text. In the case
converges to a quasiuniform static state, at least for strongf the FePt films of Ref. 7, wherdl,=1150 emu/cr
anisotropyx > 1. The magnetization vector deviates from theA=10"° erg/cm, the exchange length &,=3.5 nm and
z axis only around the edges of the disc. The quasiunifornthus the values of Eq(3) are translated tod=28 nm,
state is a monodomain state and is thus expected to be tl&=84 nm. The valuec=2 for the quality factor corresponds
ground state for sufficiently small particles. The transforma+o K=1.6x10" erg/cn? for the anisotropy constant, as is
tion m— -m gives a second monodomain state. typical in FePt films. We feed our numerical algorithm with
As the size of the particle becomes larger it is anticipatedan initial condition which has the gross features of the
that the magnetic configuration will break up into domains.bubble state described above with a domain wall of the
We conjecture a bidomain state that is axially symmetric.Bloch type smoothly connecting the domains. The algorithm
This consists of an inner cylindrical domain of “down” mag- converges to a static bubble state which has a complicated
netization surrounded by the outer domain of “up” magneti-domain-wall structure shown in Fig. 1. Also, the magnetiza-
zation. A domain wall has to separate the two domains. Weion deviates to some extent from thealirection at the side
shall call these axially symmetric bidomain states “bubbles”surface of the particle. The profile of this structure is suffi-
because they bear some essential similarities to the so-calleiently interesting and deserves attention. The magnetostatic
magnetic bubbles observed in abundance in ferromagnetienergy is the driving force here and it clearly favors a bido-
films. main state with opposite magnetization where the total mag-
Ferromagnetic films with a strong perpendicular aniso-netization would roughly vanish. On the other hand, the an-
tropy were studied experimentally and theoretically aroundsotropy and exchange energies are significant at the domain
the 1970s. These early studies were largely driven by techwall and they put a tension on it to shrink. In the final result
nological interest in magnetic bubbles whose statics and dythe bubble has an inner domain with volume smaller than the
namics were analyzed in detdl.A magnetic bubble is a outer domain. Thus the total magnetization points along the
circular domain of opposite magnetization in an otherwisesymmetry axis and it is nonzero. As mentioned already, con-
uniformly magnetized film with magnetization perpendiculartrary to the situation in films, we suppose here that no exter-
to the film. The presence of an external bias field is essentialal bias field is present.
for the stabilization of these structur€s'*If the bias field is The domain wall resembles those discussed in the litera-
lifted, then the magnetostatic field destroys the bubble whichure in related calculation$:'® It is Bloch in the central
expands and eventually transforms into stripe domains. liplane (set atz=0 herg and it progressively becomes Néel
contrast, the bubble states calculated here for sufficientlyowards the surfaces. The Néel wall is significantly wider
small ferromagnetic particles remain stable even in the abthan the Bloch wall. The radius of the bubble is larger at the
sence of a bias field. center than near the surfaces, but this is a small effect. It is
We thus return to our conjecture and proceed to test ieasy to understand that for this type of wall the magneto-
numerically. As a standard example we choose the followingtatic energy and the total-energy density are larger near the
values for the quality factor, the film thickness, and the ra-surfaces than at the disc center. In short, the surfaces disfavor
dius: the bubble domain wall. The final and important result is
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FIG. 3. The critical radius}; as a function of the thickness of
the discd. For R> R, the bubble has a lower energy than the mon-

FIG. 2. Energy per unit volumén units of 27M3) of the mon- ~ odomain state.
odomain(dashed lingsand of the bubble statésolid lineg as a
function of the disc radiuR for three values of the disc thickneds
(R andd in exchange length unitsThe bubble exists only foR
greater than a critical radiuR, and it has a lower energy for
R>R. whereR. is yet another critical radius which corresponds to
the intersection of the two lines for each valuedoBoth R; andR.
depend ord.

R

In order to study the dependenceRfon the thicknessl
we have repeated our calculation for a few valued.dfrom
Fig. 2 one can extract the critical radii for three values of
d=6,8,15. InFig. 3 we give theR. as a function ofd in-
ferred from six values ofl. For smalld the critical radius
significantly exceeds the particle thickness because surface
effects become important and disfavor the formation of a
that, for the parameter€3), the bubble state has a lower domain wall. On the other hand, the critical radRslevels
energy than the monodomain state. off for higher values ofl. The thickness for whicR, attains

We now proceed to a systematic numerical study of thea minimum appears to be close d&8 for which R.~18.
bubble state. We first fix the disc thicknessdat8 and vary  This is actually the reason for choosif8) as our standard
the radiusR. We find a bubble state when the radius is largemparameters, along with the fact that fix 8 the energy of the
than some critical radiu®,;~ 14. For smaller radiR<R;  bubble has a minimum &=24 as is seen in Fig. 2.
our algorithm always converges to the quasiuniform state We have also repeated our calculation for the particle
irrespective of the initial condition. Our results thus indicatesizes employed in the experiment of Ref. 9 and have con-
that the inner bubble domain cannot be sustained if it is todirmed the existence of a bubble state. However, a detailed
small. For a disc radius slightly larger tha®) the bubble quantitative comparison cannot be made before one deter-
radius is small and the total magnetization of the structure isnines the strength of the deposition-induced anisotropy in
large. As the radius of the disc increases the inner bubbléhe Permalloy used in the experiment.
domain expands and the absolute value of the total magneti- Once we have established the existence of a bubble we
zation decreases. would like to know how it behaves under an externally ap-

The energy per unit volume of the bubble state as a funcplied field. Apart from the apparent practical implications,
tion of the disc radius is given in Fig. 2 for three values ofthis is an interesting question also because the field will af-
the thicknessl, along with the corresponding energy for the fect the intricate balance of energies that is responsible for
monodomain state. The latter exists as a local minimum othe stabilization of the bubble. The field is applied along the
the energy for any radius up to the largest that we checkedsymmetry axis of the disc, i.e., it is of the form
The energy per unit volume of the bubble is greater than thalt,=(0,0 ,he,y).
of the monodomain state at the lowest radRjswhere the We apply the field on a particle which is already in a
bubble first appears. It decreases for larger radii and becomésibble state. As a specific example, we choose our standard
lower than that of the monodomain state above a criticaparameter value$3). Our results are given in Fig. 4. For
radius R.. It eventually becomes an increasing function ofh,,=0 the total magnetization per unit volume,
the radius but apparently remains lower than the energy oft=1/V [ m,dV, is nonzero. If we choose the inner domain to
the monodomain state for aR>R.. We considerR. as  point down thenu is positive(point C in Fig. 4). Applying a
marking the size for the breakup of the magnetization conpositive external field favors the outer domain, which ex-
figuration into domains. We could find the bubble as a localpands at the expense of the inner domain. The system does
minimum of the energy for all radiR>R; that we have reach a new equilibrium state which is again a bubble state,
checked. However, it is expected that a multidomain statéut with a smaller radius. This corresponds to an increased
will eventually set in for a sufficiently large radius, with value for u. For a high enough magnetic field the bubble
energy lower than the energy of both the monodomain anéhecomes too small and it cannot be sustained by the system.
the bubble. In our examplew jumps to unity forhg,>hg=0.13, which
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L T ] surface and is expelled from the disc. The dashed line in Fig.
| B . 4 corresponds to the equivalent physical situation obtained

by the symmetry transformatiom— —m, he— —heye

. The bubble is stable in the ran@pg <hg,<hg in which
reversible behavior occurs. Fbrh, andh> hg irreversible
jumps in the magnetization occur, which correspond to the
domain wall being attracted to the edgmint A) or shrink-

ing to the center of the digpoint B). The size of the jumps

T in the magnetization reflect the size of the domain wall being
annihilated(larger when the inner domain expahdsid con-
stitutes yet another example of how the geometry of the el-
. ement constrains the shape of the domain wall and the details
of the switching proces¥:'” On the other hand, if a particle

i M)
i

] 01 02 03 with R>R; is saturated by a strong-plane field it will
h, [4nM] eventually relax into a bubble state after the field is
removed
FIG. 4. The total magnetization per unit volume as a function In conclusion, we have studied the fundamental states of
of the applied field, for a bubble state in a disc of thickm#s8 and ~ disc-shaped magnetic particles with uniaxial anisotropy
radiusR=24. along the axis of the disc. A magnetic bubble state has been

) ) ) ~_ identified within our numerical calculation and has been
signals that the bubble shrinks to zero radius, resulting in &y,gjed in detail. The bubble is a particularly simple axially
monodomain state with magnetization pointing(PPIntB).  symmetric state and it is expected to play for perpendicular
On the other hand, if we start from poiBitbut now reduce  gnisotropy materials the role that the vortex plays for in-
he,: t0 negative values the inner domain is favored a”dplane anisotropy.
pushes the domain wall to a larger radius, which is reflected recently became aware of Ref. 18, where experiments

in a smaller value fo. The total magnetizatiop crosses o, Nj particles support our present theoretical results.
zero forh,,;=—0.08; it then becomes negative and eventually

M jumps to minus unity for,,<h,=-0.26, which means We are grateful to N. R. Cooper, A. Ntatsis, C. A. Ross,
that the system is in the monodomain state pointing dowrand T. Shima for discussions. This work was supported by
(point A). Below h, the domain wall is attracted by the side EPSRC Grant no. GR/R96026/0%K).

1C. L. Dennis, R. P. Borges, L. D. Buda, U. Ebels, J. F. Gregg, M.  (2000.
Hehn, E. Jouguelet, K. Ounadjela, |. Petej, I. L. Prejbeanu, and®P. Eames and E. Dan Dahlberg, J. Appl. Ph9$, 7986 (2002.

M. J. Thornton, J. Phys.: Condens. Matte4, R1175(2002. 105, Komineas and N. Papanicolaou, Physic®® 81 (1996.

2T, Shinjo, T. Okuno, R. Hassdorf, K. Shigeto, and T. Ono,'S. Komineas, Ph.D. thesis, University of Crete, 1998.
Science289, 930(2000. 12A. P. Malozemoff and J. C. SlonczewsMagnetic Domain Walls

3A. Wachowiak, J. Wiebe, M. Bode, O. Pietzsch, M. Morgenstern,  in Bubble Materials(Academic, New York, 1979
and R. Wiesendanger, Scien@88, 577 (2002. 13A. A. Thiele, Bell Syst. Tech. J48, 3287(1969.

4M. Klaui, C. A. F. Vaz, L. Lopez-Diaz, and J. A. C. Bland, J. A. A. Thiele, Phys. Rev. Lett30, 230(1973; J. Appl. Phys.45,
Phys.: Condens. Mattet5, R985(2003. 377 (1974.

5F. J. Castafio, C. A. Ross, A. Eilez, W. Jung, and C. Frandser®T. G. W. Blake and E. Della Torre, J. Appl. Phy80, 2192
Phys. Rev. B69, 144421(2004. (1979; E. Della Torre, C. Hagedts, and G. Kadar, AIP Conf.

6J. Rothman, M. Klaui, L. Lopez-Diaz, C. A. F. Vaz, A. Bleloch, J. Proc. 29, 89 (1975.
A. C. Bland, Z. Cui, and R. Speaks, Phys. Rev. L&®, 1098 16C. A. F. Vaz, L. Lopez-Diaz, M. Klaui, J. A. C. Bland, T. L.
(20012). Monchesky, J. Unguris, and Z. Cui, Phys. Rev6R 14040%R)

’T. Shima, K. Takanashi, Y. K. Takahashi, K. Hono, G. Q. Li, and  (2003.
S. Ischio, J. Magn. Magn. Mate266, 171(2003; G. Q. Li, H.  "M. Klaui, C. A. F. Vaz, J. A. C. Bland, T. L. Monchesky, J.
Takahoshi, H. Ito, H. Saito, S. Ishio, T. Shima, and K. Taka- Unguris, E. Bauer, S. Cherifi, S. Heun, A. Locatelli, L. J. Hey-

nashi, J. Appl. Phys94, 5672(2003. derman, and Z. Cui, Phys. Rev. &3, 134426(2003.
8J. A. Christodoulides, Y. Huang, Y. Zhang, G. C. Hajipanayis, |.*8G. D. Skidmore, A. Kunz, C. E. Campbell, and E. Dan Dahlberg,
Panagiotopoulos, and D. Niarchos, J. Appl. Phyy, 6938 Phys. Rev. B70, 012410(2004.

060405-4



