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Magnetic relaxation and dipole-coupling-induced magnetization in nanostructured thin films
during growth: A cluster Monte Carlo study
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For growing inhomogeneous thin films with an island nanostructure similar to that observed in experiment
we determine the nonequilibrium and the equilibrium remanent magnetization. The single-island magnetic
anisotropy, the dipole coupling, and the exchange interaction between magnetic islands are taken into account
within a micromagnetic model. A cluster Monte Carlo method is developed which includes coherent magne-
tization changes of connected islands. This causes a fast relaxation towards equilibrium for irregularly con-
nected systems. We analyze the transition from dipole coupled islands at low coverages to a strongly connected
ferromagnetic film at high coverages during film growth. For coverages below the percolation threshold the
dipole interaction induces a collective magnetic order with ordering temperatures of 1-10 K for the assumed
model parameters. Anisotropy causes blocking temperatures of 10—100 K and thus pronounced nonequilibrium
effects. The dipole coupling leads to a somewhat slower magnetic relaxation.
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[. INTRODUCTION lands behaves like a superparamagnet. The single-island an-
isotropy causes a finite time-dependent magnetization below
The investigation of low-dimensional magnetic nano-the nonequilibrium blocking temperatuiig,. For thin Co/
structures has become a very active field of current reséarchCu(001) films this temperature is estimated to Bg~5 K,’
The controlled preparation of different nanostructures allowdollowing from the Arrhenius-Nel ansatz kgTj
for the investigation of a variety of interesting magnetic = NK/In(7, T',).%° Note that an island size dispersion will
properties™* The dependence of these properties on thénfluence the relaxational behavior aig sensitively. Sec-
nanostructure and magnetic interactions in such systems &nd, a finite magnetization may also originate from a collec-
still not well understood. So far no consistent theoreticaltively ordered state in thermal equilibrium. Such a magnetic
analysis has been performed for the magnetic behavior of agtate, not necessarily a collinear one, of an ensemble of iso-
ultrathin film during growth ranging from an island-type lated islands results from long-range magnetic interactibns.
structure to a smooth film, in particular the influence ofWe consider here the magnetic dipole coupling between
structural disorder on the magnetic properties. In this studyslands'? The corresponding ordering temperatiiteshould
we present Monte CarloMC) calculations of the nonequi- be comparable to the average dipole energy per island which
librium and the equilibrium magnetization of growing inho- is, however, difficult to determine for an irregular system.
mogeneous films. Different coverages below and above thAssuming two neighboring disk-shaped Co islands contain-
percolation threshold and different magnetic interactions aréng N atoms each, the dipole enerBy;, of this island pair is
taken into account. This analysis needs a newly developegroportional toy/N. For N=1000 we estimat&,~6 K.'*
cluster MC method including coherent rotations of neighbor-  Note that both simple estimates for the temperat(rgs
ing magnetic islands. and T disagree with experimental observations. Hence, im-
To illustrate the problem we discuss, for instance, an ulproved calculations are needed, taking into account the inho-
trathin Co film grown on a G@01) substrate:® This system mogeneous film structure characterized by varying island
shows a perfect layer-by-layer growth for coverag®s 2  sizes, shapes, and positions in a better way. In particular, for
monolayers(ML). Here the exchange coupling results in acoverages close 1 the island coagulation leads to a larger
large Curie temperatur@-=350 K. Below the measured effective island sizé\; and thus to a larger average dipole
percolation coverage o®p=1.7 ML randomly positioned energyE g, JNgs. Correspondingly, also the blocking tem-
Co islands with a considerable admixture of Cu atoms argeratureT,<NgK due to anisotropy will be larger than the
observed, exhibiting a comparably strong remanent magnetsingle-island estimat&,~5 K. Thus, for a disordered film
zation up to temperatures as large-a$50 K. At®pa jump  structure one may expect a remanent magnetization at much
of Tc of about 100 K occurs.The important question that higher temperatures than obtained by these simple estimates.
arises is which mechanism causes the strong remanence of For the investigation of the magnetic relaxation the mag-
an island-type film for coverage8 <®,. On one hand this netic anisotropy and the dipole interaction are taken into ac-
could be induced by nonequilibrium blocking effects due tocount. In case of coagulated islands the exchange coupling
single-island anisotropies which impede magnetic relaxationbetween islands has to be considered as well. For three-
On the other hand an equilibrium magnetization can origi-dimensional systems of interacting magnetic particles
nate from long-range magnetic interactions. We like to disdonger* as well as shorté? relaxation times as compared to
cuss these two limiting cases. noninteracting ensembles have been calculated. Experimen-
An ensemble of magnetically isolated single-domain is-tally, longer relaxation times for increasing interparticle in-
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teractions have been measutéd’ The existence of a col- 1
lective, spin-glass-like magnetic ordering was discusded. E=—3 > Lij(0)y;(0,T)SS,
For two-dimensional systems only few investigations have )
been _repgrted, a!so indicating longer relaxation times for in- 2i(0,T)pi(0,T)
creasing interaction strengths®® > 3

In this paper we report on MC calculations of the non-
equilibrium and equilibrium remanent magnetization for
nanostructured thin films during growth as function of cov- -2 Ni(®)K(0,T)(S)?, (1)
erage, temperature, and MC tirffe?>:*®By application of a '
modified Ising model, which allows one to take into accountwith ® being the coverage anidthe temperature. Each mag-
magnetization dynamics, the blocking as well as the orderingetic island with N;(®) atoms is treated as a Stoner-
temperatures are determined. Of particular concern is thévohlfarth particlé? with a single giant magnetic moment
consideration of structurally inhomogeneous systems rangingi = a:M; N;, whose direction is confined to the film plane,
from isolated islands to smooth ferromagnetic films. Numeri-where u is the atomic magnetic moment. The unit vector
cal simulations are unavoidable since the low symmetry ofs = ui/p; characterizes the magnetic moment direction of
these systems and the complicated nature of the involvetie ith island. The first term in Eql) represents the mag-
magnetic interactions preclude analytical approaches. Howpetic domain wall energy between connected islands, with
ever, the application of the common MC technique runs intd-ij P€ing the number of bonds between islandsdj, and
a severe problem. Assigning a “super” spin to every island?ij IS the domain wall energy per atomic bond. The second
magnetic momentStoner-Wohlfarth mod&), conventional term_ is the Iong-re_mge magnetic dipole mteracnoq between
single-spin-flip algorithms yield an extremely slow and un-the island magnetic momenys, wherer;; =[ri—rj| is the

realistic relaxation towards equilibrium for coverages whered's’t"’lnce between the centers of islandsndj. The point-

the islands are partly coagulatetlHence, we apply a d_|po|e energy 1s calculate_d b_y applying the Ev_vald summa-
L . . . tion technique over all periodically arranged unit cells of the
cluster-spin-flip algorithmwhich includes simultaneous ro-

tations of madnetic moments of connected isldid@we N film.2” The last term denotes the uniaxial in-plane an-

hasi thgt ith thi thod th laxation b h. . isotropy energy with<; being the anisotropy per atomic spin.
empnasize that wi IS method Ihe refaxation behavior ang, o 14 this anisotropy we allow for only two stable direc-
the equilibrium magnetization are calculated efficiently. For,

) o tions for each island momensS{=+1). Thus, our system
all film coverages the cluster-spin-flip method enables an APrefers to amodified Ising modelfor which during magneti-

propriate analysis of the influence of the anisotropy and diz44jo reversal a possible anisotropy energy barrier is taken
pole coupling besides the dominating exchange interactionjny, account, hence allowing the consideration of magnetiza-
The film growth, the micromagnetic model for the calcu- i5n gynamics. Finally, due to the finite exchange coupling
lation of the magnetic properties, and the cluster MC methogyetween neighboring atomic spins timgernal island mag-
are described in Sec. Il. In Sec. Il we test the cluster algonetization m(®,T) is taken into account within a mean-field
rithm for the obtained island nanostructure and present regpproximation. This leads to temperature-dependent effec-
sults for the remanent magnetization, as well as for thejve anisotropy coefficient&;(®,T) and domain wall energy
blocking and ordering temperatures. A conclusion is given irdensities;/ij(@,T), as described in greater detail in Ref. 21.
Sec. IV. Equation(1) describes a system of dipole-coupled single
islands at low film coverage® <0, as well as a connected
ferromagnetic film at high coverag€s>®,. We point out
II. MODEL AND MC SIMULATION that the transition between these extremal cases during the
film growth is described within the same model. The as-
sumption of individual magnetic islands with varying inter-
For the growth simulation we use the simple solid-on-actions is a good approximation as long as the system is
solid Eden model for the island-type thin-film growth?®  laterally nanostructured, whereas for smooth filthere ©
Within this model each additional atom is deposited on arr=2.0 ML) it represents an unphysical discretization of the
island perimeter site i with probability p(q;,z) system.
xexdgA(z)\g;], whereq; is the local coordination number
andz; the layer index. A bilayer island growth mode is as- B. Cluster MC method

sumed, yielding an island structure similar to that observed The magnetic equilibrium and nonequilibrium properties

for epitaxial Co/C¢001).° A 2 500x 500 fcc(001) unit cell  are calculated by performing kinetic cluster MC simulations.

with lateral periodic boundary conditions is applied. The is-Especially, close to the percolation coverayg most of the

land density isp=0.0025 islands per site, resulting #®  magnetic islands are connected to neighboring islands and

=625 randomly distributed islands in the unit cell. For theform large but still finite clusters. A single-spin-fl{8SPH

ratio of binding parametetswe useA(1)/A(2)=0.989. algorithn?® for such an irregular atomic structure yields a
For the obtained atomic structures a micromagnetic modelery slow relaxation towards thermodynamic equilibrium,

for the total(free) energy of a system of interacting magnetic since subsequentlips of island magnetic moments in this

islands is applied®?* cluster of connected islands, as considered by SSF updates,

= . [riSS—3(r;S)(r;S)]
ij

A. Growth mode and micromagnetic model
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are strongly hindered by the exchange energy, see Ref. 2Rave neglected the dipole sunX,(Xqyw)/ry Which are
Thus, a rotation of the entire island cluster is very unlikely,ysually smaller than the sumsZ(xq)?/ry, and
and its dependence on dipole interaction and anisotropy i§k|(yk|)2/rﬁ|-

strongly underestimated. For an improved simulation of the The Ising-like state§‘= =1 of C, represent either energy

magnetic relaxation @oherentor simultaneougotation of - ; )
L . minima which are separated by an energy barrier or refer to
the spins in these clusters has to be taken into account. For

this purpose we propose a cluster-spin-flifCSPH En gner%y m;m;num 3nd ?'Q'mrm' ;’he re_spectlve energy
algorithnf*?5in the present study. arriers for the forward and backward transitions are given

In a first step a cluste€, consisting ofr connected is- by
lands is constructed by the following scheme.
(@) Choose randomly a single island representing the ) 5
first (smallest island clusteiC; ={i}. AEY=(h,=1)°K, for [h,[<1, 4
(b) Add a random second islarjdwhich is connected to
island i (Lj;#0), forming the second island clustek,
={i,j}. AE@=+4nk, for |h|=1. (5)
(c) Construct subsequently larger island clustégsby
adding a randomly chosen island to the preceding cluster
C,—1, provided that this island is connected to at least one ofrhe flip rateF(Vl) of the island spin cluste€, to overcome
the v—1 islands ofC, ;. AE(M is calculated from the common Arrheniuséle
(d) Continue this construction procedure till either no ad-ansat21° We use a constant prefactdt,=10° sec !,
ditional adjacent islands are present or a maximum alloweghich determines the time unit of the magnetic relaxation in
numberi ma of islands in the cluster is reached. From this yinetic MC simulation€® The latter case is treated with the
procedure we obtain a set of <Ay, island clusters g g Metropolis-type rat&,
G, G _ _ _ The growing thin film is characterized by a large amount
(€) Out of this set choose one clust@y with weightw, ¢ honequivalent lattice sites, corresponding to a large num-
for probing &,,=1). . . . ber of different interaction parameters. Since little is known
tio r? mgﬁi::?r::gitgtiMnfgyjnﬁﬂgfeililjyzt?selzaﬁjusalir(:(iﬂ:I- about these values, we use in our simulation averaged quan-
tities for the magnetic parameters which are fixed as follows,

system are probed. Employing a clustgrcontainingv is- : o
lands considers the portiow/Z of the system in a single using as an ex_ample the Co00D) thin-film S)gtem. The
mzf1_t0m|c magnetic moments are setug=2.0ug.”" The do-

update. To ensure that probing large clusters does not do . . . ; .

nate the relaxation process, we assign the weight 1/» for ~ Main wall energyy is adjusted to give the observed Curie

choosingC, out of the sefCy, . .. C,}. This definition im-  €mperature of the ferromagnetiong-range order of Tc

plies that within a single MCS no additional relaxation chan-=395 K of ‘a 2-ML Co/C«00) film,>  yielding

nels are opened by the consideration of island cluster¥ips. =5-6 meV/bond. The exchange interaction for the calcula-

We emphasize that not only are the largest possible islantion of the internal island magnetic ordering is set equal to

clusterC, probed for flipping, but also all island clusters out J= 7.0 meV/bond’" For the uniaxial anisotropy two differ-

of the corresponding set are considered. The island momengit valuesK=0.1 and 0.01 meV/atom are investigated.

within an island cluster need not to be parallel. In this study we determine the remanent magnetization
In the second step all island spins of the chosen cluster component M (0, T,t) =(1/Z;N;)Z;N;S(t)m;(®,T) of

C, are probed for a coherent flip. The corresponding flip ratghe growing thin film, where is the MC time in units of

', will be calculated in the usual way as if theseonnected MCS. The simulation starts from a completely aligned island

islands form a single large islafd From Eq.(1) the mag- spin state. The choice of this initial state refers to experi-

netic energy of this island cluster as function of the in-plangments which saturate the magnetic system by an external

angle ¢ is given by magnetic field and determine the remanent magnetization af-
ter removal of the field®> We have no evidence that mag-
E.(®) netic arrangements end up in metastable states during relax-
€,(d)= ,C—Z—ZhVCOSd)—cos?qS, (2 ation when starting from a saturated state. In addition we
v calculate the equilibrium magnetizatidm.((®,T), which is
with the reduced magnetic field obtained by averagingM ,(®,T,t) over a range of 500

MCS after the system has become equilibradg..(©,T,t)
andM (0, T) are averaged over at least 20 different struc-

> S Lyt miae (42— 2y2) 2] tural runs. The magnetizations are given in units of a satu-
h = ki 3) rated monolayefi.e., ®=1 ML) at T=0. Since the finite-
v arK, ' sized unit cell eventually undergoes total magnetic reversals

during MC probing, accidental cancellation of a finkg,,
and the total anisotropy energy of the clustéf, andM.,during structural and temporal averaging may occur.
=3 r-1N K. Here thek sum runs over all spinsside and  To avoid this we use in this study merely thsolute values
the | sum over all spinoutsidethe island clusteC,. We  [M g, and|[M.
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Il RESULTS AND DISCUSSION test whether by use of CSM (©,T,t)| relaxes into the
A. Island growth and CSF algorithm correct equilibrium valugM(®,T)|, starting from a fully

. . o aligned state. As can be seen from Fi this condition is
Snapshots of the atomic structure during thin-film growth d @l

) X fulfilled, since different maximum allowed numbexs,,, of
result!ng fro”.“ our g_rowth mode_l are _shown in Ref. 21. Thei lands in the cluster lead to the same equilibrium value as
resulting static atomic structure is similar to the one observeﬁ;lzr the sinale-spin-flio MC method. The laraer the number
for the Co/C001) systent In the initial stages of growth . thg | pin-t pth laxai ' Thi 9 Wi q
randomly located islands with almost rectangular shapes argmax 'S, th€ SIOWETIS the relaxation. 1his property IS cause

obtained. With increasing film coverages the single island®Y the fact that in this coverage and temperature range the
start to coagulate and form island clusters with a still finiteMagnetic relaxation is mainly provided by flips of single
size. By analyzing the percolation probability using the'5|ar_‘9|5 or small |s_land clusters. As mentioned in Sec. Il B, no
Hoshen-Kopelman algorithm, we yield a percolation cover-additional relaxation channels are opened by use of CSF,
age of abou® p~0.9 ML.3*2 Continued film growth leads hence the number of single-spin-flip attempts becomes re-
to a connected thin film. In this coverage range the systerfluced in favor of improbable cluster-spin-flip ones. Ex-
still exhibits a distinct irregular nanostructure. Isolated islandamples for the error bars are also given. The statistical error,
clusters vanish rapidly upon further adatom deposition. Thavhich is similar for all forthcoming figures, results mainly
coveraged =2.0 ML corresponds to a smooth magnetic film from averaging over different structural realizations of the
with two closed layers. unit cell and could be reduced by using larger unit cells.

At first we investigate the effect of the cluster-spin-flip  We point out that the main improvement of the CSF with
MC method on the simulation of the remanent magnetizatiomespect to the SSF is obtained for covera@es®p, char-
M en(®,T,t)|. Here we consider only the exchange interac-acterized by a considerable amount of island cluster forma-
tion. For a strongly connected filmBE<®=1.8 ML) we tion, and which is very difficult to be studied analytically. In
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Fig. 1(b) the magnetic relaxation fd® =0.8 ML is depicted except for coverage® >0 where we yield a better perfor-
using different A5 The equilibrium magnetization mance for\ ,,,=100. Hence, by use of the SSF algorithm
ng(G,T) should vanish fo® <®p, since long-range mag- the exchange interaction grossly dominates the MC simula-
netic interactions are neglected here. Due to the use of thigons for strongly inhomogeneous systems. This is avoided
absolute value a finite but smam/lgq(,T)l is obtained in by applying CSF, allowing thus for the investigation of the
our calculations. The SSF algorithm exhibits an extremelyeffect of the much weaker anisotropy and dipole interaction.
slow magnetic relaxation towatdi 2q|. Even after 16 MCS

the remanent magnetization is relaxed only [tal2, ]

=0.60. The reason is that this method considers very unfa- B. Effect of interactions

vorable intermediate states. Already the allowance of a few

coherently flipping island spins results in a much faster re- First we study the combined effect of the dipole and the
laxation. The relaxational behavior converges rapidly withexchange interaction on the film magnetization for coverages
increasing\ .. Using the CSF with\,,,,=50 or larger the O <Op. We determine equilibrium properties which within
equilibrium is reached already after100 MCS. To obtain a our model are not influenced by the anisotropy. In Fi@) 2
fast equilibration the closer the coveragefip the larger the  we presentM (®,T,t)| for different temperature¥ as a
value chosen fok 5. The CSF algorithm leads to a much function of MC timet. The coverage is assumed to e
faster equilibration also for coveragés=®p. In this cov- =0.8 ML. Starting from the fully aligned state
erage range island clusters are still present, which have onlM,.(®,T,t=0)|=0.8, the remanent film magnetization re-
weak links to other clusters. In the following investigations laxes fast to its equilibrium value. For the assumed tempera-
we seth . equal to the number of single islandd=625, tures the dipole coupling leads to a net magnetization
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IM el >|MS,|, where for|M%, | the dipole interaction is 6-0 I8ML -6 " ek
neglected. After several hundred MCS equilibration is ob- ) P o T=15K a)
tained for the dipole-coupling induce .|, which then —— '[ K=0.01meV/atom  __ 1_osk ]
stays stable within the simulation time. We emphasize that it= o T=35K
is impossible to obtain these and the following results with § *®§&_ — K=0 1
conventional SSF algorithms. T - N N

In Fig. 2(b) the equilibrium magnetizatiofM¢((®,T)| is gost gy T e y
shown as function of temperatufiefor different coverages & IR bl L ] T ]
0. For low temperatures clearly a magnetic ordering due tog 04 R N 1 e 11
the dipole interaction is seen. The larger the coverage is, the2 S
larger the ordering effect, since with an increasi®gthe £ oz RN 1
average island cluster size and thus the average dipole cot © L B A AN\ SSAR
pling energy increases. Above tladering temperatures 0 - . \

Tc(®) the magnetizationdv(®,T)| reach the correspond- 10 10 Monte Carlo time t (MCS)
ing vaIues|M2q(,T)| as calculated without the dipole in-
teraction. Due to the use of absolute valuﬁdgq(®,T)| stays - -
always finite.T¢(®) is estimated by extrapolating the linear ' K=0.01meV/atom  ~— ©=05ML ]
part of[M ¢ to |M2q|. The ordering temperature even for the _ : g:g'smt (b)
largest investigated coverage is quite small, yieldifg o ©=0 8ML

~6 K for ®=0.8 ML. The rounding ofM{ near the or- y=infinity

dering temperature is caused by the finite unit-cell size,

(i) the use of the absolute valugj) the presence of island
size and position dispersions, afig) the average over 20
different realizations of the unit cell.

The existence of a long-range magnetic ordering due ta
the dipole interaction has been calculated foeriodic
lattices®® In our study we find that also within arregular
island system below the percolation threshold, the dipole in-
teraction leads to a magnetic ordering, indicated by a nel % 20
magnetization|M¢>|M2]. Such a collective state is ex- temperature T (K)
pected to be spin-glass-like, as discussed for three:
dimensional magnetic particle systefisnd which needs a — ©=0.5ML
further investigation. We remark that the obtained ordering oo ©=0.6ML (C)
temperatures will increase by considering a noncollinear is— —1 ©=0.7ML
land magnetization beyon&‘=+1,** by taking into ac- s— ©=0.8ML
count the finite island extension for the dipole interaction — y=infinity
beyond the point-dipole approximatidnor by consideration
of densely packed three-dimensional particles.

In Fig. 3 we investigate the influence of the magnetic
anisotropy and the exchange interaction on the magnetic re
laxation for coverage® <®p. Here the dipole coupling is
neglected. In Fig. & the remanent magnetization
M en(©®,T,1)| is given as function of MC timefor different
temperatureg and forK =0.01 meV/atom. The coverage is
assumed to b& =0.8 ML. Starting from the fully aligned °
state, at firs{M (®,T,t)| drops rapidly due to relaxation
of single islands and small island clusters. A further relax-
ation happens much more slowly since here larger island
clusters have to be reversed. Hoe 25 K the magnetization

IM,en{®,T,t)| reaches within the depicted time range the FIG. 3. Relaxation of the remanent magnetization for coverages
curr\(je|M,Or,rJ as calculated foK =0 ® below the percolation coverag®y. Only anisotropy and ex-
re )

In Figs. ab) and 3c) we show|M,.(©,T.1)| after t change interaction are taken into accoiat.Remanent magnetiza-

B ) . tion |M ., as a function of MC timet for ®=0.8 ML <Op,
=1000 MCS for different coverages as a function of tem'anisotropszo.Ol meV/atom, and different temperatufBsThe

perature, using t.he' anlsotropy parametéts-0.01 and. full line refers toK=0 and T=35 K. Furthermore(b) and (c)
0.1 meV/atom. With increasing temperature the magnetizaghoy the remanent magnetizatig | after t=1000 MCS as a
tion [M¢n(®,T,t)| approaches the equilibrium vals 2q|- function of temperaturd for K=0.01 and 0.1 meV/atom, respec-
The correspondindplocking temperatures ,{®,K) are ob-  tively. The full lines are calculated with an infinite domain wall
tained by extrapolating the linear part |fl ,¢,| to |M24 A energyy.

o
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K=0.01meV/atom =—= without dipole coupling |
o—o with dipole coupling
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[

FIG. 4. Influence of magnetic anisotropy and
dipole coupling on the remanent magnetization
M er(T)| as shown in Fig. @). Results for two
coverage® below the percolation coveragep
are presented.

remanent magnetization |M,|
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LM N

20 40 60
temperature T (K)

rounding of|M | NearT, is observed due to the same rea- limited to those small temperatures where the dipole cou-
sons as discussed in connection with Fig. 2. pling induces a magnetic ordering, see Fig. 2. The increase
We emphasize that for a connected island structure anf |M .| will become larger if a stronger dipole coupling is
increase of the anisotrody by a factor of 10 does not nec- assumed, for example, for larger island magnetic moments.
essarily lead to an increase Bf(®,K) by the same factor as Experimentally, a similar effect was observed for two-
obtained from the Stoner-Wohlfarth modéIThis is caused dimensional arrays of interacting magnetic nanoparticles
by internal cluster excitationsi.e., creation or motion of with random anisotropy axé$A more detailed investigation
domain walls inside island clusters. To discuss this we havef this property is needed.
performed additional Ca|Cu|ati0nS fOI’ an |nf|n|te domain Wa” Next we investigate the magnetization for Coverages
energyy, indicated by the full lines in Figs.(B) and 3c),  apove the percolation threshol@>®,. In Fig. 5 the equi-
hence allowing only for coherent island cluster rotations.iprium magnetizatiodMeq(®,T)| is shown as function of
Above a certain temperature the curves for finite and infinit§emherature for different coverages. Here the exchange cou-
y dgwate, since then internal cluster excitations become efﬁling causes a fast magnetic relaxation and a strong ferro-
fective. ForK=0.01 meV/atom and coverag=0.6 ML magnetic long-range order. For large coverages and at low

the_dlfferenc_e between these curves 1s small, thus the ma emperatures the behavior [of od is reigned by the decrease
netic relaxation happens mainly via coherent rotation. InOf the internal island magnetizatiom(®,T), whereas at
contrast, for®=0.8 ML or for the larger anisotropyK 9 e

=0.1 meV/atom obviously both the relaxation processes ar%:eva.ted temperatures a strong Qecqymgq| Is caused by_
present. the disturbance of the island spin alignment. The resulting

Which relaxation process is effective at a given tempera®'dering temperatureb(0®) are deduced from the inflection
ture is determined by its energy barritE. For a coherent POINtS of [Me(®,T)[. In addition, for ®=1.0 ML and
rotation of an isolated island clustetE is given by its total 1.2 ML, we show the nonequilibrium remanent magnetiza-
anisotropy energyC,. In contrastAE for an internal cluster  tion [M,] after t=1000 MCS, considerinkK=0.01 eV/
excitation consists of both the anisotropy of the actually reatom. The corresponding blocking temperatufgé®) are
versed islands and the domain wall energy, see Eysand  markedly larger thaif¢(®) in the coverage rang®=0p,

(5). By closer investigation we found that a particular relax-where the nanostructure of the percolated thin film is still
ation process becomes effective above a temperatuneery irregular, and nonequilibrium effects due to anisotropy
amounting to 5-10% ofAE. In the temperature rangds  barriers are pronounced. For films with larger coverages,
<40 K for K=0.01 meV/atom andT<100 K for K having a higher connectivity between islands, the exchange
=0.1 meV/atom each internal cluster excitation consistoupling results in a fast magnetic relaxation and thus the
mainly of reversing only one or two islands. For markedly temperature difference betwedp and T is small. A very
larger temperatures the internal cluster excitations will beweak ordering effect due to the dipole interaction is visible
come more complex, depending in a complicated way on thenly for very low temperatures and coverag®z Op. Here

nanostructure. still a few isolated islands or island clusters exist which are
The influence of the dipole coupling on the relaxationcoupled to the percolating cluster by the dipole interaction.
behavior is discussed in Fig. 4. FOB<0Op and K In Fig. 6 we summarize the most important results of this

=0.01 meV/atom the dipole interaction results in a smallstudy. The(nonequilibrium) blocking temperatur@ (®,K)
increase ofM ., andT,. Thus the dipole interaction leads and the(equilibrium) ordering temperatur@-(®) are pre-

to a slower magnetic relaxation. Interestingly, this effect issented as functions of covera@ein the whole investigated
visible in the whole temperature range upTg, and is not growth range. For a better visualization a logarithmic tem-
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) _ ) ) _ The nonequilibrium behavior as caused by the anisotropy
peiature ;cale is appliedy, is determined for two different ¢ jiffers strongly for coverages below and abde. Due
anisotropieX =0.01 and 0.1 meV/atom arte=1000 MCS. o the slow relaxation of the irregular atomic structure for
Below the percolation coverag®p the dipole interaction @ <@, a blocking temperaturg,(®) is obtained which is
induces small ordering temperaturgs of the order of 1-10 an order of magnitude larger thaip(®) resulting from the
K for the assumed model parameters. Due to the coagulatiotipole interaction. EvidentlyT, depends on the anisotrojy
of islands with increasing coverage the exchange interactiodnd the MC timet. On the other hand, fop > @ the relax-
becomes more important, since it couples single islands t8tion is accelerated by the exchange interaction. With in-
magnetically aligned large clusters. This results in a strong'€asing® the remanent magnetization reaches the equilib-
increase off¢ in particular close t®p. This behavior has UM value withint=1000 MCS, hencd,(®) merges into

. . o Tc(0).
been observed in experiments on Caof@i) ultrathin films c r . i
(“ Tc jump”).>® For percolated thin films the ordering tem- Recently, a mean-field theoryMFT) for the dipole

) : 2 coupling induced magnetic ordering temperature has been
perature is of the order of 100-300 K and is, within the erformed, using a simplified growth moden qualitatively

accuracy of our calculations, exclusively determined by theimilar behavior ofT<(®) as compared to the present MC

exchange coupling. The slope B§(0) for ®>0pis notas  cajculations was obtained, in particular the strong variation
steep as fo® <®p. In addition we show the ordering tem- of T, near®; due to the exchange interaction between co-
peratureTc due to dipole interaction by neglecting the ex- agulated islands. Evidently, MFT yields much larger values
change coupling between islands. Evidently, a distinct variafor To(®) for such low-dimensional systems especially for

tion of T¢ near®5 is not obtained in this case. ©< 05, since thermal fluctuations are neglected.
10° T T T
. ADOOD
] anlsotropy o®® : 8 5 ® FIG. 6. Semilogarithmic plot of the magnetic
. 10 F ..0. e® O exchange E ordering temperaturd - and the blocking tem-
X K=0.1 mel’o” O..O peratureT, as functions of the film coverag®.
ol P o The temperature3 - and T, are extracted from
g ‘ K=0.01meV o® o the preceding figures. The entire investigated
5 10 f .' E coverage range below and above the percolation
) © coveraged, is shown. The different magnetic in-
g' © ¥=0 __ =] teractions dominate in different coverage and
@ o =TT temperature ranges as indicated. The dashed
10° | dipole o T curve refers to the dipole-coupling-induced order-
O //’/ L ing temperature neglecting the domain wall en-
0 T ®P T, nongguillbrlum ergy y between islands.
- O T, equilibrium
10" L L .
0 05 1 2
coverage © (ML)
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In the following we discuss our results in connection withK results for the assumed model parametdis.increases
measurements on Co/@01) ultrathin films. Although sev- strongly near®, due to exchange interaction which aligns
eral model parameters are chosen in accordance with thigoagulated islands. On the other hand the anisotropy induces
system, a full quantitative comparison cannot be drawn yeta pronounced nonequilibrium remanent magnetization which
The main reason is that the observed intermixing of Co adamay be visible in experiment even after long waiting times.
toms with Cu substrate atoms is not taken into accounthe corresponding blocking temperatiTigis obtained to be
within our growth model due to incomplete knowledge of theof the order of 10—-100 K, which is always markedly larger
resulting atomic morphology. The measured percolatiorthanT .. Approaching® s the proportionality between block-
threshold®p~1.7 ML is much larger than the one obtained ing temperature and anisotropy is no longer valid due to
with the growth parameters used by us. relaxation via internal island cluster excitations. A nonequi-

To investigate solely the effect of an enlarg@d we have  |ibrium remanent magnetization due to anisotropy is visible
performed additional simulations simply by taking into ac- also for coverage® =0, where the film is still very irregu-
count magnetic islands with up to three atomic layers, yield{ar. For smoother films at larger coverages the exchange in-
ing the observe®p. Then for a coverag® =1.6 ML the  teraction induces a fast magnetic relaxation towards equilib-
dipole coupling induces an ordering temperatiige=50 K. rium.

The corresponding blocking temperature #r=0.01 meV We have obtained these results with a cluster-spin-flip al-
andt=1000 MCS is obtained to b&,~150 K. Hence, we gorithm which takes into account coherent magnetic rota-
find that for the assumed growth modes and magnetic parantions of island clusters. This method leads to a very fast and
eters the blocking temperatures are always markedly largenore realistic magnetic relaxation towards equilibrium in the
than the ordering temperatures. These temperatures are cogbverage range with an irregular nanostructure. Our results
parable with measured temperatufgs~150 K for cover-  cannot be achieved by conventional single-spin-flip algo-
ages slightly below® 5> In addition, to draw a quantitative rithms. The suggested CSF algorithm can be applied also to
comparison with the Co/QQ01) system a fourfold symme- other inhomogeneous spin systems such as diluted magnets
try of the in-plane anisotropy has to be taken into accountand spin glasses.

We expect that the above stated general behavior of the mag- Several possible improvements of our micromagnetic
netic relaxation and ordering obtained with a uniaxial anisotmodel are pointed out. In this study we have used Ising-like

ropy will not be changed. statesS‘=+1. By applying continuously varying spir§
noncollinear magnetic arrangements can be analizet,
IV. CONCLUSION lowing one to also determine the effects of an external mag-

. _ netic field for these strongly inhomogeneous films. In par-
In th'.s. st_udy we have calculat_ed Fhe nonequ_lllbrlum andticular the movement of magnetic domain walls can be
t_he eqw!lbnum remanent magnetization of growing UItr"“thminvestigated. Furthermore, various magnetic nanostructures
films using a cl_uster 'V'O”t‘? Carlo_ m_etht_)d. An. |sland—_typesuch as chains and strije=an be studied easily by a proper
nanostructure with a nonuniform distribution of island Sizes, » ation of the parameters of the Eden-type growth model.
shapes, and locations was investigated. Within a m'cromagAnisotropies with, e.g., a fourfold in-plane symmetry will be

ne:!c m(')de:'[I(modtIEedd'ISITg mOdl.él the S('jntile"SIaEd mag-t considered. Finally, the relaxation laws and times of the rem-
NEtc anisotropy, the dipole coupling, and the exchange in \e/\r/énent magnetization can be investigated for such thin-film
action between magnetic islands were taken into account. §\/stem§

have analyzed the transition from dipole-coupled islands for
film coverages below the percolation thresh@lid towards a
connected ferromagnetic film abo®s with increasing film
coverage. This work was supported by the Deutsche Forschungsge-

For coverage®) <O; the dipole interaction leads to an meinschaft, SFB 290, TP A1, and 450, TP C4. Discussions
equilibrium net magnetization referring to a collectively or- with Professor K. Baberschke and Dr. J. Lindner are ac-
dered state. A small ordering temperattigof about 1-10 knowledged.
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