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Kogălniceanu street 1, 400084 Cluj-Napoca, Romania

2 Université Joseph Fourier, Domaine Universitaire
621 avenue Centrale, 38400 Saint-Martin-D’Héres, France

Received 24 August 2012; accepted 18 March 2013

Abstract: The topology and dynamics of stripe-like magnetic domains obtained in a ferrimagnetic garnet subjected
to a time-dependent external magnetic field is studied experimentally and theoretically. Experiments are
performed on a commercially available magnetic bubble apparatus, allowing the observation of the time-
evolution of the magnetic domain structure. The system is modeled by a meso-scale Ising-type lattice
model. Exchange and dipolar interactions between the spins, and interaction of the spins with the external
magnetic field are considered. The model is investigated by kinetic Monte Carlo simulations with time-
varying transition rates. In the limit of low temperatures the elaborated model leads to a magnetic domain
topology and dynamics that is similar to the ones observed in the experiments. In the highly non-equilibrium
limit with a high driving frequency the model reproduces the experimentally recorded hysteresis loops as
well.
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1. Introduction

Due to their potential applicability for information storage,the domain patterns with a striped morphology arising inmagnetic thin films with a large crystalline anisotropyhave been extensively investigated both experimentallyand theoretically [1–4]. Theoretical modeling of suchstripe domain patterns are usually performed followingtwo main directions. The first possibility is by a con-
∗E-mail: zneda@phys.ubbcluj.ro

tinuum approach [5]. Studies in such direction considera phenomenological description. The most well-knownapproach in this category is the nowadays fashionablemicromagnetic simulations [6]. The second possibility isto use a micro- or mesoscopic approach with lattice-typemodels [7]. Both approaches have advantages and dis-advantages as well. The former, while in general is ca-pable to capture a larger variety of static and dynamicphenomena, has no direct connection to the microscopicstructure of the material and the dynamics in such anapproach is purely phenomenological. Also, such methodsend up in solving complicated partial differential equations
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or integral equations [8, 9] with complex boundary condi-tions, increasing considerably the required computationaleffort. On the other hand, lattice models have the ad-vantage that the characteristic Hamiltonian of the systemincorporates the realistic interactions between the sitesand the system can be easily studied by simple MonteCarlo (MC) type simulations. The dynamics implementedin such models are however also phenomenological ones,having no rigorous theoretical foundations. Various lat-tice models have been introduced so far, ranging from theIsing-type models involving long range coulombian inter-actions [12, 13] to the spin-glass type models with os-cillating long range (RKKY-type) interactions [14]. Oncean interaction scheme has been established, lattice mod-els are usually investigated using either canonical [12] ormicrocanonical [15] MC methods. The finding that suchmodels reproduce successfully the striped morphology isnot surprising at all, since it has been recently proved thatstripe patterns are a straightforward consequence of com-peting isotropic pairwise interactions [16]. The validity ofsuch lattice models therefore cannot be concluded solelyby the fact that they reproduce the right patterns un-der certain combinations of the external parameters. An-other drawback of lattice models is that although they arebased on microscopic elements and microscopic level in-teractions, they are in fact mesoscopic models. Indeed,in reality the width of the domains is of several ordersof magnitude larger than the distance between two lat-tice sites, making impossible a realistic microscopic MCsimulation due to the required huge lattice size. In latticesimulations usually a domain is composed of several spinsonly, meaning that a renormalized approach is considered,where one lattice site represents a mesoscopic element ofthe material. For a rigorous approach, a quantitative up-scaling from the microscopic level to the mesoscopic onewould be necessary in order to properly map the spin val-ues and the interaction constants from the molecular levelto our coarse-grained model. This mapping would def-initely lead to a nonlinear rescaling of the temperatureas well. One of the main problems with the lattice-typemodels is that such a rigorous scaling is not availableso far, therefore, it is impossible to compare the modelparameters and the simulation temperature with their ex-perimental counter-values. Most of the previous attemptsbased on lattice models disregarded the fact that suchmodels have to be interpreted on a mesoscopic level, andthe fact that the model parameters are related by an un-known complex nonlinear mapping to the realistic values.As a consequence of this they considered simulation tem-peratures not too far from the critical one, without rescal-ing the temperature values according to the mesoscopicinterpretation of the lattice models. A simple qualitative

renormalization argument can convince us that the meso-scopic interpretation of the lattice model would requireextremely low simulation temperatures (respective to theCurie temperature of the system), in order to realisticallymodel the experimental system. Indeed, if one spin inthe lattice represents a block-like magnetic domain, theinteraction constants with the neighbours should be or-ders of magnitude higher than the real values, meaningthat the ordering effect dominates the entropic one in themodel. This naturally leads to the fact that in the meso-scopic lattice model an extremely small temperature value(in comparison with the critical one) has to be consid-ered. Due to the fact that previous lattice model attemptswere considered at temperatures much closer to the criti-cal value, although the resulting patterns were similar tothe experimental ones, the obtained time-evolution waswrong. Instead of nucleating several long stripes, dot-like patterns appeared which, in turn, were connected andfinally the stripes emerged.
Due to the above discussed problems, momentarily wehave no simple way to model realistically such systems.Our purpose here is to reconsider experimentally and the-oretically the strip-like domain formation problem in mag-netic thin-films, and beside the final equilibrium patternsto describe also the dynamics of the system in varyingmagnetic fields. For the experiments we use a student lab-oratory device, called magnetic bubble apparatus, which iscommercially available1. Theoretically, we define a meso-scopic level lattice model and perform a rigorous low-temperature non-equilibrium Monte Carlo simulation onsuch systems, comparing the evolution of the stripe-likepatterns in varying external magnetic field to those ob-tained from experiments. Since the considered system isout of equilibrium, a kinetic Monte Carlo method with timedependent transition rates is implemented.
2. Experimental method

The core of the experimental setup is the magnetic bub-
ble apparatus, which is a standard device for studentlaboratories. In the middle of this device a ferrimag-netic garnet film is placed between two parallel polar-izers having rotated planes of polarization with respectto each other. The chemical composition of the film is
Bi0.6Tm2.4Ga1.15Fe3.85O12 and it has a high crystallineanisotropy oriented perpendicularly to the plane of thefilm. Due to this high anisotropy, the magnetization is
1 http://www.telatomic.com/electricity/magnetic_bubble.html
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always perpendicular to the plane of the film and pointseither upwards or downwards. The magnetic domains thatwill form due to the competing exchange and dipolar inter-actions will have a strip-like structure with two possibleorientations for the magnetization. The thickness of thefilm is about 8µm, while its planar extent is of the order ofmillimeters. The garnet is surrounded by a solenoid andthe external magnetic field experienced by the layer canbe directly controlled through the current in the solenoidwhich is obtained from a signal generator. The experi-mental device is summarized in Figure 1.
function generator

potentiometer

Figure 1. Sketch of the experimental setup and magnetic bubble ap-
paratus.

When illuminated from the bottom, after passing the firstpolarizer the incoming light becomes plane polarized andexperiences the two different magnetization directions ofthe domains. According to the Faraday-effect, the polar-ization plane of the light is rotated in different directionsfor different magnetizations. After passing the second po-larizer, the intensities of the beams passing through theoppositely oriented domains will be different and as a re-sult of this the domain structure becomes visible.In the experiments a varying external magnetic field wascreated in the solenoid by using an amplified sine-wavesignal with a large period (∼ 20 minutes). Since the char-acteristic relaxation times in magnetic processes are ofthe order of nano- or microseconds, in the experiments, wedefinitely created equilibrium configurations for each mag-netic field value. Although much larger driving frequen-cies would have done the job, due to the relatively largerecording time of the microscope-camera (1 frame/second),we have chosen to work with a comfortable period valuewhere we insured that all visually observable changes inthe domain structure are recorded. An optical microscopewith a CCD camera as objective was used to observe andrecord the time evolution of the magnetic domain struc-ture. The recorded images were subjected to several im-age processing steps in order to obtain a clear black and

white picture. The difficulties appeared from the fact thatfor various magnetization values the overall light intensitywas different and the brightness was non homogeneous inthe studied layer. As a result in a simple image analy-ses method different threshold values would have had tobe chosen for the black and white conversion of differ-ent images. We have chosen instead a more sophisticatedmethod which has the advantage that it applies for allthe pictures. Due to the poor quality of the pictures, anoise reduction was applied as a first step. This was ac-complished by the commercially available Photoshop soft-ware by setting the parameter "Strength" to 10 and all theother parameters to 0. For the next step, another softwarepackage, called ReaConverter was used, and a black andwhite conversion was applied to the images with a blurof radius 2.5 (pixels) using the "maximum entropy algo-rithm". Although the parameters of the image processingtechnique definitely affect the results, it has no effect onthe qualitative description of the system. The finally ob-tained pictures offered a simple interpretation for the do-main structure and allowed the extraction of the resultingtotal magnetization for the observed region. Magnetiza-tion was calculated simply as the difference between theblack and white pixels in the picture. In Figure 2 weshow both the originally recorded gray-scale image andthe black and white image processed from this.

Figure 2. The figure on the left shows the originally recorded gray-
scale image and the figure on the right is the processed
black and white image.

The intensity of the current flowing through the solenoidwas recorded by a digital ammeter. It was assumed thatthis current intensity is proportional to the intensity ofthe magnetic field created in the solenoid and applied onthe ferrimagnetic garnet. Having information both on themagnetization of the sample and the relative intensity ofthe applied external magnetic field, it is possible to con-struct the experimental hysteresis curve. A characteristichysteresis loop, together with some characteristic domainstructures corresponding to different magnetic field valuesare presented in Figure 3. One will observe the follow-ing characteristic features: (1) shrinking of the hysteresisloop in the vicinity of small external fields; (2) after sat-uration, for nucleating inversely oriented domains a con-siderable change in the applied field is needed. From
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the recorded domain structures we also learn how thedomain structure is evolving when the magnetic field isincreased in the opposite direction of a saturated mag-netization. First, a line-like oppositely oriented domainnucleates. Increasing further the magnetic field in the di-rection of the nucleated domain will result in nucleatingnew branches and a concomitant folding and thickening ofthis line. After achieving a state where both domain orien-tations are equally probable, the domains with an oppositemagnetization direction relative to the magnetic field arethinning up to a complex line-like structure, and collapsein clearly observable jumps. These jumps are also ob-servable during the nucleation dynamics of the domains.Moreover, during the folding stage, a clear pinning-likebehavior is observed: instead of smoothly winding up, thestripes move intermittently, a behavior caused by defectsor impurities of the thin film and which, in turn, results ina non-vanishing equilibrium hysteresis. In Figure 3, weillustrate with a couple of experimentally recorded config-urations the above described dynamics. One can observethat the hysteresis loop is non-symmetric relative to the
M = 0, B = 0 center (biased in one magnetization di-rection), and it is also unexpectedly wide in this limit.This might be the influence of the substrate the ferrimag-netic layer was deposited on, however, more probably, itis an artifact of the binarization technique. Alternatively,the small field of view of the microscope can also biasour measurements. In order to address this issue, betterquality images with bigger sample sizes and a more rigor-ous and better controlled binarization method is required.This issue has not been addressed within our simple ex-perimental procedure.Previous experiments have shown that the emergingstripe-like domain topology is not the only characteris-tic structure that can appear in such ferrimagnetic films.It is possible to observe other structures (bubbles or afoam-type pattern) using different experimental conditions(temperature, external magnetic field). The equilibriumdomain structure actually depends also on the annealinghistory of the system, whether it was cooled fast or slowly,or in zero or non-zero external field [2, 10, 11]. Neverthe-less, the present study focuses only on the investigationof the stripe-like labyrinth patterns that are revealed bythe magnetic bubble apparatus at room temperature.
3. Theoretical model

Due to the high perpendicular crystalline anisotropy of theferrimagnetic garnet, the magnetization is always perpen-dicular to the plane of the film and the magnetization ofthe domains can have only two oppositely oriented direc-

0.0 0.5 1.0

B/ Bmax

-1.0

-0.5

0.0

0.5

1.0

M
/
M
s
a
t

1

2

3

4

-1.0 -0.5

1

2

3

4

Figure 3. Experimental hysteresis loop (left) and the processed
black and white domain structures corresponding to the
indicated points.

tions. It is therefore reasonable to consider a lattice modelwith Ising-type spins that can take values Si ∈ {±1}. Asit was already emphasized in the Introduction, in suchan approach one spin will model a mesoscopic elementof the garnet.In a simple lattice model for this magnetic system theferromagnetic ordering within the domains appears asa result of an Ising-type exchange interaction. In or-der to obtain oppositely oriented magnetic domains, along-range dipolar magnetic interaction should also beincluded. Since we intend to study also the effect of an ex-ternal magnetic field, the Hamiltonian of the system mustcontain a term that describes the interaction of the spinsmagnetic moments with the external magnetic field. Inconclusion, the simplest Hamiltonian for the system writesas:
H = −J∑

〈i,j〉

SiSj +D
∑
{i,j}

SiSj
r3
ij
− B

∑
{i}

Si. (1)
The first term corresponds to the exchange interaction, andhere the sum is for all nearest neighbour spin pairs. Thesecond term describes the magnetic dipolar interaction,and the sum in this term refers to all possible spin pairsin the system (neglecting of course the i = j situations). Itis worth mentioning here that according to the consideredgeometry (spin orientations perpendicular to the plane ofthe film), in this term we have omitted the obviously nullcontributions. The last term describes the magnetic inter-action of the spins with the external magnetic field. Dueto the two allowed spin orientations, there is no need forvectorial notations, the algebraic values will do the job.The same Hamiltonian has already been used in previousworks ([12, 13] for instance). The model as it is written inequation 1 has two independent parameters: J and D. Incase one needs to investigate thermodynamic quantities,the system’s temperature, T , will also be a free parameter.
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Let us first make more quantitative the mesoscopic inter-pretation of this simple spin model. Figure 4 shows howthe relevant microscopic quantities scale while movingfrom individual spins to a coarse-grained, mesoscopic in-terpretation. In the illustrated coarse-graining step blocksof N×N spins are grouped and coupled with the rescaled
N · J exchange interactions. Summarizing, the followingquantitative scaling is performed: S → N2S, J → NJ ,
D → D. The critical temperature resulting from the clas-sical Ising model (in case of D = 0), Tc = JS2q/3k (q isthe number of first order neighbours on the lattice), scalesas: Tc → N5Tc . In order to have mesoscopic block sizes,
N must be large. This means that if we intend to under-stand the system’s behavior below the critical tempera-ture, in the mesoscopicaly interpreted model one has toconsider extremely low temperatures relative to the criti-cal one, since the critical temperature is upscaled by an
N5 factor.

N

N

J

S

 N
2
 S

N J

N J

Figure 4. Quantitative up-scaling to the mesoscopic approach.

Considering J > 0 and D > 0 values, it can be read-ily foreseen that a competition between the exchange anddipolar interaction arises, resulting in a characteristic do-main structure. In order to improve the isotropy of thedomain configurations, the model is implemented on a tri-angular lattice.
4. Simulation method
The structure and dynamics of the magnetic domains areinvestigated through the lattice model defined by theHamiltonian (1) considering magnetic fields varying intime and low temperature conditions. Due to the fact thatwe simulate the model at temperatures much smaller thanthe critical one, a kinetic Monte Carlo (kMC) method isimplemented.The kMC method (or sometimes labeled as BKL MonteCarlo method [17]) has been developed for studying lat-tice models at low temperatures or for investigating dy-namical phenomena where the transition rates can takewidely different values, depending on the system’s actualconfiguration.

In its original form [17] it has been considered for equi-librium problems where the transition rates are time in-dependent. The main idea of the method is that in eachsimulation step one possible transition is carried out, andthe time is updated non-uniformly, according to a theo-retically justified recipe.When simulating systems at low temperatures, theMetropolis and Glauber dynamics are extremely ineffi-cient. Both methods are of acceptance-rejection type,i.e. in each simulation step a new configuration is eitheraccepted or rejected, and the acceptance rate decreasesrapidly with the temperature. In the Metropolis algorithm,for instance, the probability of accepting a new stateif its energy is higher than the actual state’s energyis exp(−∆E/kT ). This means that at low temperaturesit is almost impossible for the system to escape fromthe local potential well and to proceed towards theglobal equilibrium. Obviously, all the rejected states arerealistically part of the dynamics and they should betaken into account when computing averages of variousquantities, however, they do not help in evolving thesystem ahead in time. The kMC method was originallyintroduced in order to overcome this "freezing" issueat low temperatures. The main idea is to carry outa transition in each simulation step, and fuse all therejected transitions together by computing a realistic"waiting" time between two accepted events. Once thisidle time is computed, one possible transition is selectedand carried out and the time is updated. Let us denoteby ri the Metropolis (or Glauber) transition rates of thepossible transitions that are labeled here by i. These
ri values are in fact the probabilities that transition ioccurs in unit time. Also, let us denote by R = ∑

i rithe cumulative transition rate. In the kMC scheme ineach simulation step, one of the transitions is carriedout with a probability proportional to its transition rate ri.
Let us now show how to update the simulation time prop-erly. If the time interval from the last accepted transition(occurring at time moment t0) till the the next event (oc-curring at time t0 + τ) is divided into infinitesimally small
dt intervals, the probability that transition i occurs withinone of these dt intervals is ridt. Then, the probabilitythat transition i will not occur within the time interval τis

Pi(τ) = (1− ri dt)τ/dt , (2)
which, in the limit of dt → 0 leads to:

Pi(τ) = exp(−riτ). (3)
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Now the probability that none of the possible transitionsoccurs within this τ interval is:
P(τ) =∏

i
Pi(τ) = exp(−∑

i
riτ
) = exp(−Rτ). (4)

The probability that a transition occurs within the next dtinterval after a τ waiting time is
Ptr(τ) = d[1− P(τ)]

dτ dt = R exp(−Rτ)dt, (5)
meaning that in order to obtain the proper τ waiting times,they have to be generated according to the 5 distribution.It is easy to prove that this can be accomplished by gener-ating a uniform random number u ∈ [0, 1) and computinga probabilistic waiting time as:

τ = − lnu
R . (6)

In the problem considered here the magnetic domainsevolve in a varying external field, so we deal with a non-equilibrium situation. As a result of this the transitionrates used for the kMC algorithm are time-dependentones. Instead of the usual kMC algorithm, we use amethod described in reference [18], which is appropriatefor non-equilibrium systems with time-dependent transi-tion rates: ri = ri(t). In this approach, the probability thattransition i will not occur up to a time interval τ measuredfrom the last transition is:
Pi(τ) =∏

k

(1− ri(tk )dt) ≈∏
k

exp[−ri(tk )dt], (7)
where tk = t0 + kdt. In the continuum limit:

Pi(τ) = exp(− ∫ t0+τ
t0 ri(t)dt) , (8)

and the probability that none of the transitions will occurwrites as:
P(τ) = exp(− ∫ t0+τ

t0 R (t)dt) . (9)
The probability that transition will occur exactly withinthe [t0 + τ, t0 + τ + dt] interval is:
Ptr(t0 + τ) =d[1− P(t0 + τ)]

dτ dt =
R (t0 + τ) exp(− ∫ t0+τ

t0 R (t)dt)dt. (10)

Consequently, the transition times τ with the distributiongiven by eq. (10) are obtained from the equation
− lnu = ∫ t0+τ

t0 R (t)dt; (11)
where u ∈ [0, 1) is a uniform random number and R (t) =∑

i ri(t) is the cumulative transition rate (for a thoroughand comprehensive description of the method, see refer-ence [18]). For speeding up the simulations it is desirableto evaluate with minimal numerical calculations the indi-vidual transition rates. In order to do that we have writtenthe individual transition rates ri (i.e. the rate of flippingspin i) as
ri = exp(−∆Uflip2kT

)
, (12)

where ∆Uflip is the energy necessary to flip spin i. Theserates, while satisfying the detailed balance in equilibrium,are symmetric to the back-and-forth transitions, and, dueto the quantized energies in the system they are alsobounded, hence no additional criteria are required. Moreimportantly, these transition rates factorize into a time-dependent and time-independent part:
ri = exp(−∆(Uexchange + Udipolar)2kT

) exp(−∆Umagnetic(t)2kT
)
.(13)It is easy to observe that only the second term (resultingfrom the interaction with the varying external field) istime dependent, and it has two possible values for thetwo spin orientations. The good news is that for a givenspin configuration, the integral (11) can be evaluatednow without calculating the sum R (t) = ∑

i ri(t) for eachiterative time step, and this considerably reduces theneeded simulation time.
The kMC method described in [18] was thus implementedwith the above mentioned simplification. As it was dis-cussed earlier, in order to get a better isotropy a trian-gular lattice of size 128 × 128 was used, and in orderto reduce finite-size effects periodic boundary conditionswere imposed.
5. Simulation Results
Our kMC simulations are aimed to reproduce the exper-imental conditions and results. A sinusoidally varyingexternal magnetic field with a period of 2π × 103 time-units was imposed. In order to establish a connection withreal experimental time-scales the time-unit for the kMCsimulations should be interpreted in comparison with the
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characteristic relaxation time. If one considers a systemof spins with saturated magnetization (all spins pointingin the same direction) in zero magnetic field, the half-timefor decay to the equilibrium state (stripped domain struc-ture) with zero magnetization would be of 5 time unitsin the kMC simulations. Unfortunately, we do not haveinformation on the experimental time-scale for the mag-netic relaxation in our sample. We believe however thatthe maximum value of the characteristic relaxation timeshould be of the order of micro-seconds. This means thatour simulation conditions would correspond with an exper-iment realized with a sinusoidally varying external mag-netic field having a period of the order of milliseconds.This is orders of magnitude smaller than the one consid-ered in our experiments meaning that the simulations areperformed with a much higher frequency driving than theexperiments. Increasing however the value of this drivingperiod will result in the narrowing of the hysteresis loops,so we have chosen to perform the simulations with thishigh frequency external driving, and comment the conclu-sions later (see the Conclusions part).
Following the arguments presented in the introductorysections 1 and 3, the temperature was chosen very small:
T = 0.05Tc , where Tc would be the critical tempera-ture of the pure Ising model with only nearest neighbourexchange interactions on the two-dimensional triangularlattice. The other parameters of the model are fixed as:
J = 1.0, D = 0.5 and Bmax = 2.0. All these values havethe dimension of energy, and are given in the units fixedby the Boltzmann constant as k = 1.
In order to facilitate the nucleation of the first domain in asaturated sample, we have always introduced one nucle-ation center composed of a single spin pointing into theopposite direction of the saturated magnetization. Thereason for doing this is to introduce an inhomogeneityin the system. Since periodic boundary conditions wereimposed, all spins in the system have an identical neigh-bourhood and they are in a deep potential well at sat-uration. Therefore, when lowering the external magneticfield, spins start flipping at very different, sometimes evenreversed orientation of the external field. In real systemsthis behavior will not occur due to the presence of somespecial spins that can change orientation easily. Thesespins are either in the neighbourhood of some inhomo-geneity or at the edge of the sample, and will act thusas nucleation centers. We have reproduced these easynucleation centers by the inversely oriented spin.
Performing the kMC simulations, for zero magnetic field,we obtained the characteristic strip-like domain patterns(Figure 5) which are qualitatively similar with the onesrecorded in the experiments (Figure 2).

Figure 5. Strip-like domain patterns obtained by the kMC simula-
tions at zero external magnetic field.

In order to be a little more quantitative in comparing theexperimental and simulated domain structures we lookedfor some relevant numerical measures. Considering themost obvious method, a simple Fourier transform of thedomain structures, will not yield the required numeri-cal accuracy for distinguishing between various domaintopologies in the plane. Instead, we found that by con-sidering the diffusion of fictitious particles through thesedomain structures will give accurate enough statistical in-formations to characterize the topology of the strip-likedomains. Our method can be briefly described as follows:(1) we chose one type of domain (either the “black” or the“white” one) and start random walkers on the selecteddomain; (2) the trail of the walkers are limited by thedomain boundaries; (3) their average distance from thestarting point as a function of simulation time will char-acterize the topology of the labyrinth they walk on. Thestarting points for the walkers were chosen from the mid-dle part of the pictures and the pictures were scaled suchthat the average domain sizes from the experiments andsimulations to be of the same sizes in pixels. The totalsizes of the pictures in pixels were also the same. Thewalkers were always bounced back from the edge of thepicture and domain boundaries, meaning that their num-ber was conserved. Consequently, after sufficiently longtime, an equilibrium average distance is reached. Both theaverage equilibrium distance and the way it is reached asa function of time are a characteristic property of a givenstructure.In order to get a rough picture about how suitable sucha method is in characterizing the domain topologies, sev-eral artificially built structures were also considered. Theaverage squared distance of the walkers as a function oftime, obtained for the diffusion on the domain structuresobtained from experiments and simulations, as well as onartificial structures like a single stripe, a spiral, a randomstripe or a simple square box, are presented in Fig. 6.
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Figure 6. Averaged square distance of the random walkers as a
function of simulation time on various diffusion channel
topologies. For the details of the statistics see the text.

The time-unit is defined by the time needed for one stepof the random walker, i.e. the time needed to jump to arandomly selected neighbouring pixel. The studied or ar-tificially created diffusion channels were placed inside asquare-like domain (illustrated in the legend of Fig. 6) ofsizes 381 × 381 pixels. The results plotted in Fig. 6 areaveraged on a number of 103 trial starting points and foreach starting point an ensemble average for 102 walkerswas performed. One can immediately see from the figure,that the method is suitable to distinguish between differ-ent domain topologies. As expected, the domain struc-tures obtained in experiments and simulations, prove tobe clearly distinguishable and quite similar in the view ofthe statistics obtained from diffusion. This becomes moreevident by considering a logarithmic scale (Fig. 7). It canbe readily observed that the statistics of the diffusion onboth the experimental and simulated domain structure willexhibit three clearly distinguishable scaling regions. Thefirst region corresponds to t ∈ [1, 50]. The explanationfor the scaling here is simple: the average domain widthin our pictures was of 14 pixels, so up to a square dis-tance of about (14/2)2 = 49 (corresponding to an averagetime of 49 units) an unrestricted, two-dimensional ran-dom walk takes place, where 〈d2〉(t) = αtβ , with β = 1.Accordingly, both the experimental and simulated domainstructures yield in this region a scaling exponent close to1: β = 0.95 for the experiments and β = 1.03 for the sim-ulations . The second region in Fig. 7, for t ∈ [102, 104]suggests again a clear scaling with exponents that aresmaller from the ones obtained in the first region. The bestfit indicates β = 0.81 for the experiments and β = 0.78 forsimulations (indistinguishable on the graph). This regiondescribes the bending structure of the domains, and corre-
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sponds to length scales from 14 up to an average distanceof 100 pixels, i.e roughly 1/3 of the presented image sizes.The similar scaling exponents suggests that the structureson this length-scales are statistically similar ones. Thelast region of the graph in Fig. 7, for (t > 104) shows thebreak-down of the scaling in both structures. Although onthe logarithmic scale the differences between the experi-mental and simulated structures are not observable, onecan see in Fig. 6 that they converge to different limits.This suggests that the structures are distinguishably dif-ferent for length scales bigger that 100 pixels. An atten-tive comparison between the experimental and simulateddomain structures will convince us, that the experimentaldomains are indeed longer than the simulated ones. Thisdifference is quantified by the different convergence limitsobservable in Fig. 6.The hysteresis loop obtained with the mentioned simula-tion parameters is plotted in Figure 8. Similarly with theexperimental results, on this loop we indicate the char-acteristic domain structures corresponding to different ex-ternal magnetic field values. Comparing the results withthe experimental ones plotted in Figure 3 one will observethat the domain structure, their nucleation and dynamicsare similar to the experimental one. Although the periodof the imposed external magnetic field is much larger thanthe relaxation time of the system, the hysteresis loop ispresent and has a similar shape with the experimental one(Figure 3). We remind however, that this hysteresis is aconsequence of the non-equilibrium dynamics and the loopbecomes narrower as the period of the external field is in-creased in the kMC simulations. Despite the fact that at
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Figure 8. The hysteresis loop obtained by kMC simulations (left) and
the characteristic domain structures corresponding to the
indicated points.

the beginning of the simulation we impose a single nucle-ation center, on the simulated domain dynamics (Figure8) multiple regions with reversed magnetization are ob-servable. The appearance of these secondary nucleationcenters are however a direct consequence of the inducednucleation and the long-range dipolar interaction. With-out the initially introduced nucleation center they wouldnot appear, and the dynamics of the magnetization rever-sal would be largely delayed and realized in an explosivemanner.Finally, let us consider a few remarks on the influenceof the model parameters. Fixing the value of J and in-creasing the value of D leads to thinner domain strips,hence smaller spatial period of the patterns. Smaller Bmaxvalues prevent reaching the saturation in magnetization,and higher values will increase the plateau at saturation.Higher simulation temperatures will result in domain nu-cleation dynamics and domain structures which are not inagreement with the experimental observations. Smallertemperatures would result both in numerical difficulties inthe calculations and an increased simulation time. By in-creasing the period of the applied external magnetic field,the hysteresis loop gets unrealistically thin.
6. Conclusions
Domain structures and hysteresis in a ferrimagnetic thinfilm with high crystalline anisotropy, subjected to peri-odically varying external magnetic field was investigated.Experiments performed on a magnetic bubble apparatusgave precious information on the nucleation, structure anddynamics of the strip-like domains. By an appropriateimage analyses method the experimental hysteresis curvewas extracted. Theoretically the system was modeled us-

ing the simplest possible meso-scale lattice model. Insuch view the spins of the considered model correspond tomesoscopic elements of the magnetic film. Due to the highcrystalline anisotropy of the investigated system a simpleIsing spin-like model extended with a long-range dipolarinteraction term was considered. We argued that in orderto realistically model the experimental conditions, the sys-tem has to be considered at low temperatures. As a resultof this, the model was investigated with a kMC type com-puter simulation method. Due to the time-evolution of theexternal magnetic field, we had to deal with time-varyingtransition rates, and this required a special implementa-tion for the kMC method.
It was found that the model is successful in reproduc-ing the experimentally observed hysteresis loop for themagnetization and the structure, nucleation and dynam-ics of the strip-like magnetic domains are also realistic.However, in order to succeed, it needs both a low tem-perature for the heat-bath and a high frequency for theexternal magnetic field. While the required low temper-ature condition is understandable from the viewpoint ofthe mesoscopic interpretation of the model, the relativelyhigh frequency suggests that the model works well onlyin the highly non-equilibrium limit. If the experimentallyconsidered quasi-equilibrium situation with a low drivingfrequency is considered, the model fails to reproduce theright shape of the hysteresis curve. Consequently, themagnetization value at remanence in this case is definedsolely by the driving frequency of the external magneticfield, suggesting that the remanent magnetization is a dy-namic effect. This is in contradiction with the experimentsthat suggest this is an equilibrium property of the film.The results indicate that the competing trend betweenthe dipolar and exchange interactions is not enough toobtain enough magnetic frustration in the system. Thisis the main reason why many previous studies consideredadditional spin-glass like interactions, adding an extrafrustration in the lattice model approach. Concerning theexperiments we have to be cautious however, since as itwas discussed in the section devoted to the experimentalmethod, our method might be biased both by the consid-ered small sample size and the used image processingmethod.
We conclude thus, that a minimal model, based only onexchange and dipolar interactions can offer a reasonabledescription for the obtained domain structures and theirdynamics, assuming that a highly non-equilibrium simu-lation is done for the quasi-equilibrium experimental con-ditions.
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