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The modelwith competingexchangel anddipole—dipoleD interactionson 2D hexagonallattice is studiedusingMonte
Carlo method. We calculatethe enegy, speci ¢ heat,order parameterand susceptibilityof the systemcloseto the phase
transitionpoint T, from stripephaseto isotropicstripephase.This allows usto determingohaseransitionpointsfor different
valuesof exchangeanddipole—dipoleinteractiorratio” = J=D andcalculatethephasealiagranmfor transitiongo stripephases
AFh of differentstripewidth h. By usinghistogrammethodwe determinethe order of the transitionat Tc. The rst order
phasetransitionwasfoundto AF1 and AF2 phasesandthe secondorderoneto AF3 and AF4 phasesyith tricritical point
beingcloseto the AF2 and AF3 phaseboundaryin the phasediagram.We alsocalculatethe structurefactorabose andbelow
Tcsto AF1, AF2, AF3, and AF4 phases.Studyingthe dynamicalpropertiesof the modelwe have foundthatin AF1 phase
andin apartof AF2 phasehespinrelaxationcorrespondso thelsing modeldynamics.In phaseAF3 andAF4 the dynamics
slows down, andstripedomaingrowth with time is proportionalto log t. With furtherincreaseof parametef andapproaching
theferromagnetiphasethe dynamicssatis esthelsing modeldynamicsagain.
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1. Intr oduction

Self-oganizeddomainstructuresn form of droplets,
bubbles,or stripesareoftenfoundin two-dimensional
systemswith long-rangeelectrostatic, magnetic, or
elasticinteractions. For example, electrostatiadipole
interactiongnducestripe-like phasesn Langmuirmul-
tilayers in waterair interface [1]. Three types of
competing O—Cu interactions, with repulsve long
rangeforces causedby substratemediatedelasticity
are responsiblefor Cu—O stripesin partly O-covered
Fe(110)[2]. Strainanddomainwall effectscausethe
formationof periodicdomainstructuresn theoldestof
known ferroelectricsRochellesalt[3].

In certain magneticthin Ims and nanostructures
long-rangedipole—dipoleinteractionsbetweenmag-
netic spinsare as importantas short-rangeexchange
interactions. If thesetwo forcesare competing(e.g.
exchange interactions are ferromagnetic(FM) and
dipole—dipolenteractionsareantiferromagneti¢AF)),
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the periodic magneticdomainstructure,consistingof

stripes with one magnetizationdirection alternating
with stripesof oppositedirection, might occurin the
system.Thewidth of stripesh in units of lattice spac-
ing a depend®n aratio of theseinteractionsIf dipole
interactionsare dominatingthe stripesare narraw, if

shortrangeinteractionsare prevailing the stripesare
broador FM phaseoccurs. The bestknown experi-

mentalrealizationof a magneticstripedsystemis ul-

trathin Ims of Fe/ Cu(001).In theselms magnetiza-
tion switchingfrom perpendiculato in-planedirection
is found with increaseof Im thicknesg[4]. At very
small Im thicknessywhenmagnetizations perpendic-
ularto Im plane differenttopologicalstripedefectsas
well asdirecttransitionbetweerisotropicandstraight
stripephaseg5] andeveninversetransitioneffects[6]

arefound.

Surface(perpendicularanisotrofy of verythin Ims
(in arange2.3-5.3monolayerof Fein Fe/ Cu(001)4])
prevails over in-plane anisotroy of thicker Ims,
causedby dipole—dipoleinteraction,thus making the
magneticmomentsin an ultrathin Im analogousto
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Ising spins. This fact allows for a simple theoreti-
cal descriptionof magnetigpropertiesof theselms in
termsof a FM Ising model plus only one additional
dipolar term decayingwith distanceasri . The rst
Monte Carlo calculationusing this modelon a square
lattice,in which stripephasef differentwidths were
found at low temperaturewas performedby Mclsaak
etal [7]. Verysoonthesamegroup[8] foundthatstripe
phaseameltingwith increasef temperaturdappensia
the intermediateisotropic phasewith shortrangeor-
derandperpendiculacornershetweerstripedomains.
The nding of this intermediatephasecon rmed ear
lier predictionof Abanor etal [9] (obtainedusingthe
continuousapproximation)that the transition stripe—
paramagnetiphasehasto be mediatedby the phase
called“tetragonalliquid”.

Classifyingthe phasesandusingliquid crystalster-
minology (in termsof topologicaldefects)the follow-
ing situationmight be expectedin a systemwith com-
peting exchangeand long-rangeinteractions[10]: at
low temperaturaghe smectic(stripe) phasepossesing
both long-rangeorientationaland spatialorderis ob-
sened. At nite temperaturet may contain bound
pairsof dislocationgn aform of stripeterminationand
thereforeslight distortionof nearbystripes.Spatialor-
derin this phasalecaysalgebraicallywith distance At
highertemperatureghe phasetransitionfrom smectic
to nematicphasemight occur In nematicphaseorien-
tational orderis maintained,spatialorderdependson
distanceexponentially and unbinding of dislocations
into pairsof disinclinationsis obsened. A disinclina-
tion is the point at which two domains,in which the
stripesare orientedin different directions, meetand
terminate.At still highertemperaturehe transitionto
tetragonaphaseon asquardatticeor transitionto hex-
atic phaseon hexagonal(triangular)latticeis expected.
In thesephase®rientationabrderis lostandmagnetic
momentshave the symmetryof the underlyinglattice.
Thetransitionto thetetragonabr hexatic phasds char
acterizedoy theunbindingof disinclinations.

Thusin agreementith predictionsof Abanor [9],
stripe—tetragonglhasdransitionwasfoundin calcula-
tionsfor asquardattice[8], butin contrasto thesepre-
dictionsthephasdransitionsequencstripes—nematic—
tetragonalvasnotfound.

In recentyearsdifferentaspectof the Ising model
with competingexchangeanddipolarinteractionsvere
studiedon a squarelattice. Gleiser et al found the
metastabl@hasen betweerAF1 (h=1)andAF2 (h=2)
phasesof the phasediagram[11] and calculatedthe
dynamicsof domaingrowth in this region [12]. In
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Ref. [13] two differenttypesof magnetizatiorrelax-
ation were found. Calculationsof thermodynamic
propertiesand structurefactor on very large lattices
were performedin Ref. [14]. The type of transition
into the stripephasewasanalysedn Refs.[15,16].

Stoycheva and Singer[17,18] performedthe only
study we know of this modelon a hexagonallattice.
Visual evidence suggestshat the type of the stripe
melting transitionthey obtain is Kosterlitz—Thouless
type unbinding of dislocationsof the stripe phase
into disinclinationsof the isotropic (hexatic) phase.
They showved, by using both Monte Carlo calcula-
tions and analyticaltheory that decreasingepulsion
(dipole—dipoleytrengtHeadsto crosswerfrom defect-
mediatedstripemeltingto usualspin-disorderingThey
weretrying to demonstrat&osterlitz—Thoulessnech-
anismof transitionat stripe melting point: by increas-
ing thesizeof thelatticeup to 78, they shavedthatthe
peakof heatcapacityat the transitionpoint decreases
with systensize.

The Ising model with competingshort-rangeand
long-rangenteractionsandtheplananX Y, Kosterlitz—
Thoulessmodelwith p-fold symmetrybreakingorien-
tational eld [19,20] arerathersimilar. For the pla-
nar modelvery differentpredictionsfor the case =
4 (squarelattice) and p = 6 (hexagonallattice) are
drawn. In thelatter casethe phaseransitionsequence
disordered isotropicquasiliquid! orderedphasds
anticipatedwith decreasef temperaturg19,20]. In
the caseof a squarelattice the intermediatephaseis
expectedto have a vanishinglysmall stability region.
Thereforeit is not olbvious at all that the study of a
stripemeltingtransitionon a squardattice would give
similar resultsasthaton a hexagonallattice.

In this paperwe studyIsing modelwith competing
exchangeanddipolar interactionson a hexagonallat-
tice. The Hamiltonianof the modelhastheform

_ . X SiSj |
H=;J —3 (1)
heji

tigji i

sisj + D

whereJ is aFM interactionconstantandthe rst sum
is restrictedto pairsof the nearesneighbourspins. In

the secondsumD is dipolar interactionconstantand
siteindicesi andj runoverall N sitesof a hexagonal
lattice. In Hamiltonian(1) we considerthe sum over
every pair of spinsin dipolartermjust once. The spin
variabless; = 81, andthe spinsare supposedo be
alignedout of plane. By using Monte Carlo method,
in Section2 we calculatethe thermodynamigarame-
tersof the model,determinethe phaseransitionpoint
T, to thestripephasédor differentvaluesof interaction
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parametef = J=D, and presentthe phasediagram.
Furthereverywherethe temperaturel’ = kg T (K) =D
and the interactionparameter arein dimensionless
units. By applyingthe histogrammethodwe calculate
the orderof the phasetransitioninto phaseof differ-
entstripewidthsin Section3. We presenthestructure
factorof our system(below, at, andabove T¢) in Sec-
tion 4. Thedynamicpropertieof themodelarestudied
in Section4.

2. Phasetransition thermodynamicsand phase
diagram

To obtainthe phasdransitionpoint T into the stripe
phasewe calculatethe temperaturelependencef the
enegy perspinE = H=N, the specic heatCy =
(1=T?)(hE?i | hEi?),theorderparameterandthesus-
ceptibility of themodel(1) for four mainphasesAF1,
AF2, AF3, andAF4. We performthe calculationsby
Monte Carlo methodusing Metropolisalgorithmon a
hexagonallattice of N = 48E 48 spins,including the
long-rangedipolar interactionsup to the distanceof
24a. The sizeof the lattice and the cut-off we found
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optimalfor calculationof the phasdransitionthermo-
dynamicsand dynamics,sincefurtherincreaseof lat-
tice doesnot addto accurag of T, determination.
Theorderparameters constructedo nd theorien-
tationalalignmentin stripe interfaces. For the square
latticetheorderparametede ning thephasdransition
from stripe phaseto isotropic meltedstripe phasehas
theformj(n, i ny)=(nny + ny)j, whereny(ny) is the
numberof horizontal(vertical) bondsbetweerantipar
alel neighbouringspins[8]. For hexagonallatticeit is
cornvenientto useits analoguein a form proposedn
Ref.[17]
¢21 X
% N i
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i
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wheredeltafunctionss ;; 5 retainsonly nearest-neigh-
bourspinpairsof oppositginterface)spins. Thevector
joining suchapairmakestheangley;; with areference
direction,andi is imaginaryunit. The parameteg, =
0.5in astripephaseandzeroin isotropicor disordered
phase Thusthe susceptibilityis obtainedfrom thefor-

mulaA = (1=T)(hgi | hopi?).
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Fig. 1. Temperaturelependencesf meanenegy closeto the T pointfor (a) AF1, (b) AF2, (c) AF3, and(d) AF4 phases.
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The stripemelting transitionpoint T is foundfrom
temperaturalependencesf speci ¢ heatand suscep-
tibility. The E(T) dependencem thin stripe phases
AF1 andAF2 arealsogoodindicationsof the T point.
In Fig. 1 we presente (T) dependenceis all four AF
phases.It is seenthat the enegy in the phasetransi-
tion region of phasesAF1 and AF2 changesabruptly
in contrastto the E(T) dependencdor phaseswith
broaderstripeswhichis inclinedandmuchstrongetin-

uencedby the uctuations. The sametendeng might
be seenin temperaturalependencesf orderparame
ter (Fig. 2). Correspondinglyhepeaksat T of Cy (T)
andA(T) aresharpandnarrav atthetransitiongo AF1
andAF2 phasesandmore at atthoseto AF3 andAF4
(seeFigs.3 and4) andevenbroaderstripephases.

UsingthusobtainedT dataat different” valueswe
presentn Fig. 5 the phasaliagramof themodel(1) for
hexagonallattice. Determinationof the stripe phases
with h > 4 for hexagonallatticeis ratherdif cult, be-
causehicker stripesdonotarymoremaintainthestripe
con guration with x ed thickness. Due tue stronger

uctuations and defectsthe thicknessof the stripeis
spacially alternatingin low temperaturestripe phase
aswell asin isotropic meltedstripe phase. Compar
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ing our phasediagramwith the similar diagramsob-

tainedfor the squarelattice [7, 11,14], we cannotice

that the phaseboundariesAF2—-AF3, AF3—-AF4, and

AF4-AF(withh > 4) roughlycorrespondo thoseob-

tainedfor the squarelattice multiplied by 3=2, thera-

tio of numberof nearesheighboursn hexagonaland

squardattices[21]. We did not nd sucha correspon-
dencefor the AF1-AF2boundary

3. Transition order

Analysisof temperaturelependencesf main tran-
sitionparameter@ four AF stripephasesndicateghat
in the AF1 andAF2 phaseshestripemeltingtransition
is, mostlikely, of the rst, while in theh > 2 phases
it is of the secondorder The study of the transition
orderfor thesquardattice usingfourth ordercumulant
and histogrammethods[16, 15] determinedthe weak

rst ordertransitionfor the AF2 phaseandsecondor-
dertransitionfor the AF3 phase Thetransitionorderin
theAF1 phasavasnotunambigouslye ned, sincethe
twin-pealedstructurevasnotfoundin enegy distribu-
tion P (E) atthetransitionpoint. In our calculationof
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Fig. 2. Temperaturelependencesf speci ¢ heatcloseto the T pointfor (a) AF1, (b) AF2, (c) AF3, and(d) AF4 phases.
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Fig. 3. Temperaturelependencesf orderparametecloseto the T pointfor (a) AF1, (b) AF2, (c) AF3, and(d) AF4 phases.

theenepy histogramdor hexagonalatticewe obsene
twin-peakP (E) structurein the AF1 andAF2 phases
andsingle peakstructurefor the AF3 and AF4 phases
(seeFig. 6). Thereforethetransitionto the AF1 phase
shouldalsobeattributedto the rst orderphaseransi-
tions, andthe tricritical point separatingrst andsec-
ondorderphasdransitionsonthe phaseadiagramhasto
beroughly at the AF2 and AF3 phaseboundary Fig-
ure 6(c) in away corroborateshe latter statementbe-
causeat” = 1.55,which is very closeto this bound-
ary, the higherT phasepeakstructurewith a lowerT
phaseshoulderwith decreasef temperaturecontinu-
ously changednto lowerT phasepeakandhigherT
phaseshoulder This behaiour is very similar to the
P (E) dependenceast transitionpoint of a 2D 4-state
Pottsmodelwhich hasthe secondorder phasetransi-
tion very closeto thetricritical pointin T versusstates
numberdependenceThe 2D 5-statePottsmodelhas
thetwin-peakP (E) structurejndicatingweak rst or-
derphasdransition[22].

4. Structur e factor

We calculatedthe structurefactorabove andbelow
transitiontemperatureto theAF1, AF2, AF3, andAF4
phasesThestructuractorpeakdn k spaceatT ¥4 T¢
re ect the degenerag of the systeminducedby the
underlyinglattice. At T < T, they shov the domi-
nantstripe direction (seeFig. 7). The coordinatesof
the peaksin k spaceallows to distinguishbetweerthe
phasesf differentstripe widths. Temperaturelepen-
dencesof the structurefactor intensitiesare good in-
dicationsof the phasetransitionpoint. The structure
factorhastheform

D—x
S(ky=—

r

SE
sy~ &)

wherer = amix + amo(x=2+ 3y=2) andk =
2¥Inix + (2n1j ny)y= 3]=aarethebasicvectorsof
directandinversehexagonallatticerespectrely, x and
y areunit vectors,andnj.2, m.2 arewholenumbers.
Above the phasetransitionto the AF1 phasesmall
peaksare obsened on a boundaryof the hexagonin-
dicating 6-fold degenerag of the hexagonal system
(Fig. 7(c)). At T Y4 T (Fig. 7(b)) six peaksmight
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Fig. 4. Temperaturelependencesf susceptibilitycloseto the T pointfor (a) AF1, (b) AF2, (c) AF3, and(d) AF4 phases.
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Fig. 6. Enegy distribution histogramdor severaltemperaturevaluesat the phasetransitionpoint: (a)” = 0:3 (AF1 phase)(b) " = 1.0
(AF2 phase)(c)” = 1:55(AF3phase)and(d) " = 2:0 (AF4 phase).

@

(b)

(©)

Fig. 7. Typical structurefactorpeaksfor AF1 phasghere” = 0:3): (@) T < T¢, (b)) T ¥ Te,and(c) T > Te.

be Well—gi§tinguishedn k sBa_cepoints ©0; 8 21/4:p 3),
(Y48Y+= 3), and(j ¥%48% 3). At thesevaluesof
temperatureghe systemstill did not “decide” to which
of threedirectionsof the hexagonallattice to orient
the stripe. At still lower temperaturgFig. 7(a)) dom-
inant stripe directionis chosen:intensity of peaksat

(%8 1/4:p 3) is growing at expenseof that of other
peaksandat T, attainthe maximumvalue almostby
jump. The temperaturedependencef thesepeaks'
intensity have almostone-to-onecorrespondenceith
the temperaturelependencef the orderparameteof

the AF1 phasgFig. 3(a)).
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Fig. 8. Enengy relaxationat” = 0:25in the AF1 phase:(a) semilogplot and(b) log—log plot. Quenchtemperaturesreshavn nearthe
correspondingurves.Dashedine shavs thelsing modeldynamics.

The situation is similar in other phasesat T, %
Te. In AFg phasethe peaksare & (0;8 ¥+ 3),
(¥#2;8 =2 3)), and (j ¥#2;8Y=(2 3)), i.e. the
sidesof occuring hexagonin k spaceare two times
shorterthanthoseof the AF1 phasehexagon. Corre-
spfgrldinglythe peak%w_theAFS phaseareat (9;§ 2YE
(3 3)), (¥=3;8¥=(3 3?),_ and(j ¥#3;8 1/?6:‘._ 3)),in
AF4 phaseat g);_ 8§Y=(2 3)), (V&4;8Y=(4 3)), and
(j ¥v#4,8Y=(4 3)). At T < T. only onepairof those
peaksremainsandincreasesip to the maximumvalue.
It shouldbe notedthatin the AF3 andAF4 phasesd-
ditional pair of smallerpeaksare alsofound asin the
calculationsof the structurefactor for the squarelat-
tice[7, 14].

5. Dynamics

We have also studiedthe dynamicalpropertiesof
the model(1). The systemwasannealedat high tem-
peraturesandthenquenchedo temperaturebelow the
transitiontemperaturd ¢ (to avoid the uctuations,we
usuallyusedthe temperaturél’ < 0:6 T, asa quench
temperature).We monitoredhow the enegy E (t) of
a disorderedsystemrelaxesto the groundstatestripe
phaseenegy E(1 ), heret is the time measuredn
Monte CarlostepgMCS) persite. The nal curvesare
obtainedby averagingover 20-50E (t) dependences.
It is known thatfor the Ising-typemodels(e.g. when
D = 0in (1)) the size of a ferromagneticdomainR
grovswith timeasR » ¢ Ei 1 » t%5 [23-25],where
¢CE = E(t)i E(1). The sameresultwasfound
studyingthe dynamicsof the AF1 stripedomainon a
squardattice[12]. Herewe studythe dynamicsfor all
the phasedound in the phasediagramfor hexagonal
lattice (Fig. 5), presentingthe resultsfor AF1, AF2,
AF3, andAF4.

In Fig. 8 we presentthe time dependencesf the
normalizedenegy difference¢ En = ¢ ESE(0) j
E(1)] for” = 0:25 The Fig. 8(a) representsyp-
ical dynamicsof the AF1 phase: for higher quench
temperatureghe curve immediatelygoesdown to sat-
uration, while for lower temperaturecritical slowing
down at startingtimesis clearly seen.In log—log scale
(Fig. 8(b))we canrecognizahelsingmodeldynamics.
The growth of the AF1 phasedomainis demonstrated
in Fig. 9 asa seriesof snapshotst differentmoments
of time.

In Fig. 10 we show the enepgy relaxationcurvesfor
threevaluesof theinteractionparametef (0.25,0.33,
and0.5)whicharein the AF1 phasaegionof thephase
diagram. It is interestingto note that for any chosen
temperatura@nsidethe AF1 phase the datapointsfor
all 3 valuesof ~ fall onto one curwve, indicating that
the dynamicsinsidethe AF1 phaseis the samefor all
“ values,andthe domaingrowth in this phasefollows
the» t%° law. Thedynamicsn the AF2 phasds more
complicated. The cures are concae and sloppy in-
dicatingsomesaturationfor highesttemperatureasin
the AF1 phasehput therelaxationis clearly slower (see
Fig. 11). Somecurves obtainedfor higher valuesof
temperatureeven satisfy the exponentialdependence,
but still node nite answermbouttherelaxationdynam-
ics canbe given. We considerthis behaiour asinter-
mediatebetweenthe Ising-typedynamicsof the AF1
phaseandmuchslower dynamicsof the broaderstripe
phases.

Timedependences ¢ Ey for AF3 andAF4 phases
arepresentedn Fig. 12. Thedynamicsis slow andup
to 10° MCS=s clearlyfollows the ¢ E(t) » (logt)i *
dependenceThis law still holdsfor phasesvithh = 5
and 6. For highervaluesof “~ it hasto give way to
Isingmodeldynamicsagain, sinceathighervaluesof
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Fig. 9. Snapshotsf the growth of the AF1 phasedomainat differenttimesmeasuredy Monte Carlo stepspersite. Black andwhite dots
represenstripesof differentorientation.White linesshav bordersof differentdomains.

Fig. 10. Enegy relaxationfor three” valuesin the AF1 phaseandthreevaluesof quenchtemperaturef(a) semilogplot and(b) log—logplot.
Dashedine shavs the Ising modeldynamics.

phaseswith very broadstripesor FM phaseoccur The
calculationsof ¢ Ey (t) for thephaseat” = 3:3 (his
varyingandmightbebetweer8 and12) con rmedthis
prediction. Obviously it mustalsohold for the stripes
thatarebroaderthanthe lattice sizeusedin our calcu-
lations.

6. Discussion

It shouldbe notedthatin AF1, AF2, AF3, andAF4
phasesand the isotropic short-rangestripe phasesto

which thosementionedphasegassabove the transi-
tion point, the stripewidth is x edandit doesnotvary
with temperatureip to very high temperatureThe sit-
uationis differentfor highervaluesof " : stripewidth
is varyingandcannotbe unambigoushde nedin AFh
with h | 6 (comparghesnapshotsf insetsin Fig. 5 at
thetransitionpointin AF2, AF4, andAF8-12phases).
Varying stripewidth in broaderstripe phasesnight be
relatedto higherT.sandcorrespondinglgtrongeruc-
tuationsin the system.On the otherhand,variationof
stripewidth is alsoobseredatlower temperaturethus
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Fig. 11. Enegy relaxationin the AF2 phaseat” = 1:1: (a) semilogplot and(b) log—log plot. Quenchtemperatureareshavn nearthe
correspondingurves. Dashedine shavs thelsing modeldynamics.

Fig. 12. Semilogplots of enepgy relaxationin the AF3 and AF4

phases.Uppercuresat” = 2 (AF4 phase)jower cunesat” =

1.67 (AF3 phase). AF4 curwes are vertically shifted for clarity

by 0.5. Quenchtemperaturesre shavn nearthe corresponding
cunes.

theunderlyingreasorcouldberelatedo effectsof elas-
ticity, dislocationspr defectswhich canstrongeman-
ifestthemselesin large-domairsystems.

Monitoring the stripestructuresabore the transition
point, we did not nd ary indication of the paramag-
netic phase- the phaseabove the transitionpoint was
isotropicshort-rangestripes(hexatic) phasan awhole
rangeof ~ valuesof our phasediagram. According
to predictionsof the analytictheory[17], the melting
of narrav and average-widthstripesproceedshrough
isotropic short-rangestripesphase while the melting
of verybroadstripesis relatedto spindisordering.Two
examplesof intermediateshort-rangestripephaseused
in calculationon a squarelattice [8] were taken for
stripe phaseof averagewidths,h = 4 and8. In our
calculationswve still seethetransitionfrom isotropicto
straightstripesat” - 5. At” = 5we nd two broad
stripesin our 48£ 48 pattern(h ¥4 10-15),but no spin

Fig. 13. Width of stripe domainsfor © = 3.3 and relaxationfor
10° MCS=s aftera quenchto differenttemperatures(a) T = 0.09,
(b) T = 0.3,and(c) T = 0.9.

disorderingjparamagnetiphase) At~ = 10eitherFM
phasepr thephasewith thestripewidth largerthanthe
lattice sizeis obsenred.

Studyingthe dynamicsof the stripe phaseat ~ =
3.3, we found one interestingfeaturewhich was not
obsered for phasesAF1-AF4: the size h of stripe
domainsafter a quenchto differenttemperaturesnd
relaxationfor 10° MCS=s was clearly different: very
small for quenchto very low T (h = 3—-4) and more
or lesscharacteristiof these” values(h ¥ 8-12)for
guenchto T % T.=2 (seeFig. 13). This shows that
critical slowing down at low T andlarge valuesof -
is much strongerthan that for small . Moreover, it
demonstratethe procesof stripegrownth which could
notbeobseredatsmall” , becaus¢hestripesin phases
AF1-AF4 are too thin. Thus, the phasegrows rst
forming thin stripesandthenmakingthemthicker and
thicker until they reachthe h value characteristicof
given” value.

Studyingsnapshotgor © = 3.3 at high and lower
temperaturesa slight ripening of stripesis also ob-
senedwith decreasef temperaturethefactwell doc-
umentedn experimentd4, 5].



A. JoknysandE.E.Tornau / LithuanianJ. Phys.47, 321-332(2007) 331

7. Summary

We have studiedby usingMonte Carlo methodthe
magneticspins systemon a hexagonallattice, where
the spinsinteractby meansof ferromagnetiexchange
J anddipole—dipoleD interactions. The stripe melt-
ing phasetransitionfrom stripe phaseto short-range
isotropic stripe phasewith extendeddomains,within
which the spinsare orderedbut do not possesslirec-
tionalandtranslationabymmetrie®f thestripedphase,
is obtainedfrom temperaturelependencesf speci c
heatandsusceptibilityfor differentvaluesof theinter-
actionratio” = J=D. This transitionat temperature
point T, proceedwia straighteningof stripesdueto a
symmetrybreaking eld which removesthe degener
agy of stripeorientationanducedby hexagonallattice
andintroduceghelong-rangestripeorder Stripewidth
h in a stripe phaseAFh dependson” = J=D. We
obtainedthe phasediagramof the systemfor differ-
entAFh phasesBy usinghistogrammethodwe deter
minedthe existenceof the rst order(to the AF1 and
AF2 phasesandthesecondrder(to the AF3 andAF4
phasesphasetransitions. We calculatedtemperature
dependencesf the structurefactor abore and belov
phasetransitionpointsto AF1, AF2, AF3, and AF4
phases. We have also studiedthe dynamicalproper
ties of the chosenmodel by quenchingthe spin sys-
tem equilibratedat high temperatureso T < T and
following how the enegy E(t) of a disorderedsys-
tem relaxes to the ground state stripe phaseenegy
E(1 ). For thelsing-typemodels(e.g. whenD =
0) the size of ferromagneticdomaingrons asR »
(E()i E(1)) *» t9 wheret isthetime measured
in MC steps.We have foundthatin AF1 phaseandin a
partof AF2 phaserelaxationdynamicscorrespondso
the Ising modeldynamics. However, with increaseof
~ value(in phaseAF3 and AF4) the dynamicsslows
down andrelaxationis ¢ E (t) » (logt)i 1. Therefore
it cannotbe excludedthatthe dynamicsin this region
belongsotto Isingmodeluniversalityclass put to that
of more complicatedmodels,e.g. planar(Kosterlitz—
Thouless)model. With furtherincreaseof *, whenthe
domainsizebecomegomparabléo thelatticesizeand
we approachheferromagnetiqpphasen the phasedia-
gram,the dynamicssatis estheti % law aggin.
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MAGNETINI U JUOSTU TERMODIN AMINI U IR DINAMINI U SAVYBI U MODELIA VIMAS
DVIMA TEJE HEKSAGONIN EJE GARDEL EJE

A. Jokrys, E.E.Tornau

Puslaidininku zik osinstitutas,Vilnius, Lietuva

Santrauka

Kai kuriuose plonuosemagnetiki sluoksniuoseir nanodari-
niuose,be artiveikiu pamaininu saveiku tarp magnetinii sukiniu,
veikiair toliveikesdipolinesjegos.JeiguSiosdvi saveikosyrakon-
kuruojarcios (pvz., pamainire yra feromagnetie (FM), o saveika
tarp dipoliu — antiferomagnetia (AF)), sistemojegali atsirastibe-
sikartojartios vienoskrypties sukiniu juostos,atskirtostokio pat
storio prieSingoskrypties sukiniu juostomis,vadinamosdry iais.
Tokiosjuostosrandamosietik magnetikuoseyvz.,is daliesdeguo-
nimi padengtamé-e(110)ar labai plonuoseFe/ Cu(001) sluoks-
niuose.Josbudingosdaugeliuvisaviformavimo buduatsiradusi -
zikiniu ir netbiologiniu sistenu.

Siamedarbemes modeliazome sukiniu sistena su konkuruo-
janciomis pamainiremisir dipolinemis saveikomis heksagoniaje
gardekje. Sukiniaiyragardeesmazguoseju kryptis statmenagar-
deEspIokétumai.Sukiniu saveikosenegijaE = j J ij SIS+
D ij SiSi =rij3 . CiaJ —FM pamaininu saveiku konstantap D —
dipoliniu saveiku konstanta.Dvi magnetiniosukinio busenogyar-
delesi mazgeyraapraSomosukiniokintamuoju¥% = § 1. Pirma
sumaapimaartimiausiuskaimynus,antra— visusgardeesmazgus.
Monte Karlo metodumesapskagiavomeminetossukiniu sistemos
enegijos, Siluminestalpos tvarkos parametrar magnetinigautrio
priklausomybesiuo temperatros. IS Siu paramet anomalip nu-
staemefazinio virsmotasSkusT. tarp juosu fazes, pasi ymincios
tolimajatvarka,ir susisukusi juosu fazes,pasi yminciostik arti-
majatvarka. emose temperairoseatsirandavairausplocio juosiu

fazes, o juostosplotis h (gardeks konstantosvienetais)priklauso
nuo J=D santykio. Tokiu budu mes apskatiavome fazire dia-
gramatemperatrosir parametrd =D koordinaeseivairausplocio
juosu dariniams(AF1 (h = 1), AF2 (h = 2)ir t.t.). Histogranu
metodunustaéme,kad fazireje diagramojesgzistuojair pirmos(i
AF1 ir AF2 sritis), ir antros(i AF3 ir AF4 sritis) ruSiesfaziniai
virsmai. Taip pat apskagiavome sistemosstrukirinio faktoriaus
priklausomybesiuotemperatiros,kai temperatrayra auksteseir
emesre u faziniovirsmoi AF1, AF2, AF3 ir AF4 fazestempe-
ratura. Strukirinis faktoriusparodo kaip del heksagoniasgarde-
lesiSsigimusisistemama ejanttemperaitrai, palaipsniuipraranda
iSsigimimair pasirenkavienais triju galimu juosu orientacij.

Mes taip pat nagrirejomedinaminesmodelio sarybes. Auks-
toje temperatiroje atkaitintasukiniu sistemabuvo staigiaiu grudi-
nama,ja patalpinantemoje (T < T.) temperatroje, o toliau se-
kama,kaip netwarkios sistemosenegija E (t) relaksuoja pagrin-
dine juosu busenosnegijaE (1 ). Yra inoma, kad Izingo tipo
modeliuosgpvz., kai g = 0 (1)) FM domenodydis virsmo aplin-
kojeaugataip: R / 1=¢E / t%° kur¢E = E(t)j E(1)
ot yralaikas, matuojamadvionte Karlo ingsniu skaiciumi. Nu-
staeme, kad AF1 fazeje ir dalyje AF2 fazes sukiniu relaksacie
dinamikaatitinka mineta Izingo modeliodesn. Taciau didejantJ
vertei (AF3 ir AF4 fazese)relaksacijayra kitokia: 1=¢ E / Int.
Todel gali buti, kad dinamikatoje srityje priklausonebelzingo, o
Kosterlicoir Taulesofaziniu virsmu klasei. Toliau didinantJ ir
fazireje diagramojeartejant prie FM fazes, dinamikavel tenkina
¢ E/ ti %5 desn.



