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Power-law relaxation decay in two-dimensional arrays of magnetic dots interacting by long-range
dipole-dipole interactions
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The magnetic relaxation of two-dimensional arrays of dipolar coupled magnetic dots has been measured and
simulated. Arrays (50350) with perpendicular magnetized Co dots (2mm32 mm) were patterned using a
high resolution Ga1 focused ion beam irradiation. Magnetic domain pattern and time relaxation of the dot
arrays were investigated using Faraday magneto-optical microscopy. For arrays designed with high irradiation
doses (>0.5 nC/cm), the magnetic relaxation of the array proceeds by the magnetization reversal of indi-
vidual dots and follows a power-law time decay. The long-range character of the dipolar interaction is found to
be responsible for magnetic relaxation with a power-law decay. Monte Carlo simulations, based on a modified
Ising Hamiltonian, reproduce this time dependence, and show that the power law is not a consequence of either
the finite size or the boundary of the arrays, and it is independent of the shape of dots as well.
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I. INTRODUCTION

Systems of reduced dimensions such as small parti
and thin films have experienced much interest over the
decades. One intriguing aspect of reducing the size of m
netic systems to microscales or nanoscales, emerges from
influence of the dipolar interaction on their magnetic prop
ties. The long-range character of the dipolar interaction
duces drastic limitations in the design of future nano-s
devices or in the realm of high-density magnetic recordin

A conventional approach to magnetization reversal stud
of assemblies of small magnetic particles, takes into acco
effects of disorder, size and/or orientation distributions,
treats particles as being independent. The most simple m
els for interpreting magnetic aftereffect or magnetization
versal dynamics in thin films consider that the magnetic la
is composed of independent activation volumes. In these
above cases several types of time relaxation dependen
are predicted, for example logarithmic or exponential li
decays.1 Other studies, mostly based on numerical calcu
tions, that include the dipolar interaction, have reported
teresting outcomes for the magnetization dynamics.2–6 How-
ever, to date, there is a lack of convincingexperimental
works on the role played by the dipolar interaction on t
magnetic relaxation phenomenon.

In the present work, we have studied the influence of
long-range dipole-dipole interaction on the magnetic rel
ation of two-dimensional arrays of perpendicularly magn
tized Co dots, using magneto-optical microscopy and Mo
Carlo simulations. We mainly focus our attention on the no
equilibrium magnetic properties for Co dots coupled only
dipolar interaction. However, by focused ion beam~FIB! pat-
terning, the exchange interaction between dots may be
trolled and varied continously.5 Almost like a toy model,
two-dimensional arrays of micron size Co dots, fabricated
0163-1829/2001/64~18!/184440~7!/$20.00 64 1844
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the FIB technique, stands as an ideal system to study
effect of the dipolar interaction both experimentally and
numerical simulations. FIB line patterning allows to defi
an array of dots of identical geometry, each dot behaving
a single magnetic entity. Hence, unlike most previous exp
mental studies of magnetic relaxation on assemblies of sm
particles,1 in our system the magnetic dots have exactly
same size, shape and magnetic properties, and form a re
two-dimensional array.

II. EXPERIMENTAL DETAILS

The virgin media for these experiments was a highly h
mogeneous Pt~3.4 nm!/Co~1.4 nm!/Pt~4.5 nm! layer struc-
ture, epitaxially grown on a Al2O3(0001) crystal, using mag
netron and rf sputtering. Arrays of 50350 square dots were
patterned on this Co film using high resolution FIB.7 The
2 mm32 mm square dots were defined from the virgin fil
by sweeping a 20 nm wide~at FWHM! Ga1 spot in two
orthogonal directions. Like the virgin media, it has be
shown that the dots exhibit a high perpendicular magn
anisotropy.

The result of uniform ion beam irradiation is to modif
the structural and magnetic properties of the ultrathin fil
As under irradiation with He1 ions, it has been demonstrate
that the coercivity and anisotropy of Pt/Co/Pt films can
progressively reduced with increasing the He1 irradiation
fluence.8 For intermediate fluences, the film may even b
come paramagnetic. At high fluences the film etching
comes predominant. Thus, by Ga1 FIB patterning we were
able to design dot arrays with varying the exchange coup
through the irradiated FIB lines separating the dots. Th
the modified exchange interaction has to be compared to
dipolar coupling.

In our samples the lineic fluence in lines has been var
from 0.001 to 5 nC/cm~or from 2.0831012 to 1.04
©2001 The American Physical Society40-1
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31016 ions/cm2). Lines irradiated under low dose
(,0.05 nC/cm) are still magnetic but show a reduced co
civity as compared to that of the virgin layer. In that case,
dots are coupled by both the exchange and dipolar inte
tions. For intermediate lineic doses (0.120.25 nC/cm), the
central part of the lines becomes paramagnetic. At hig
lineic fluences (>0.5 nC/cm), the lines become complete
etched, which means that the dots are now magnetic
coupled by only the dipolar interaction.5,7

Static and dynamic magnetic properties of individual do
and of the arrays as a whole, were measured using
resolution (;0.4 mm) polar magneto-optical microscopy9

Images were recorded using a cooled CCD camera an
green LED light source. The magnetic domain patterns w
extracted by processing the difference between an image
quired under a saturating magnetic fieldHs and the remanan
image state, after applying a fieldH for a certain time.
Hence, to follow the time evolution of the domain patte
from the saturated state, magnetic field of fixed amplitudeH,
lower than the coercive field was applied during a timet and
images were recorded in zero field. The normalized rel
ation curves were extracted from the magneto-optical ima
by adding ‘‘up’’ or ‘‘down’’ saturated magnetic dots. Sinc
the nucleation appears at low field at dot boundaries, bec
of the reduction in coercivity by irradiation in lines, doma
walls propagate rapidly in dots as soon as the field exce
their switching field. Then, nearly all dots may be treated
giant Ising macrospins. Only in a few defected dots~about
1%), domain walls remain pinned inside the dots, thus th
are counted as reversed for a threshold occupancy overh
ing 0.5. Magneto-optic microscopy is especially suitable
dynamic measurements, due to its fast acquisition time
to its availability to investigate the magnetization rever
both at local or large scales.

Figure 1 shows the typical magnetic domain patterns
samples patterned under different fluences. For low fluen
less than 0.001 nC/cm, the relaxation takes place by a r
domain wall motion from rare nucleation events, similarly
the virgin film @Fig. 1~a!#. For an intermediate fluence o
about 0.1 nC/cm, the reversal occurs once again by dom
wall propagation across the entire dot array, but here
domain walls are delimited by FIB patterned lines@Fig.
1~b!#. In this case, the irradiation is large enough to loca
reduce the exchange interaction across the FIB lines, bu
to cancel out it. Hence, the magnetic image shows two la
domains separated by a domain wall composed of small
tions of straight FIB lines. For fluences larger than 0.5 n
cm, the irradiated lines have been completely etched and
system behaves like an array of discrete, magnetized sq
dots only coupled by dipolar interactions@Fig. 1~c!#.

In the high fluence regime, when only the dipolar intera
tion is present, the demagnetized equilibrium domain str
ture exhibits large checkerboard regions,7 i.e., magnetic dots
tend to be surrounded by antiparalelly coupled first-nea
neighbors. The occurrence of a checkerboard pattern is
sistent with the coupling of dots by the dipolar interacti
due to its positive prefactor@see the Hamiltonian’s below
Eqs.~1! and~2!#. We can also obtain the value of the dipol
field acting on each dot from measured hysteresis loop
18444
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the system as a whole. It is typically equal to few ten’s of O
for our dot arrays.7

Two distinct types of time dependences of the magne

FIG. 1. Typical magnetic domain patterns for samples irradia
with different fluences,~a! low fluence (,0.001 nC/cm): large ex-
change interaction,~b! intermediate fluence (0.120.25 nC/cm):
competition between exchange and dipolar intraction and~c! high
fluence (>0.5 nC/cm): only dipolar interaction.
0-2
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POWER-LAW RELAXATION DECAY IN TWO- . . . PHYSICAL REVIEW B 64 184440
FIG. 2. Magnetic relaxation
measurements at different applie
magnetic field for samples irradi
ated with high fluences~0.5, 2.5,
and 5 nC/cm! where dots (50
350) interact only by dipole-
dipole interaction. The power-law
decay can be observed in~a!, ~b!,
and ~c!, the data are plotted in a
log-log scale. The same data of~c!
plotted in a linear-log scale~d!
shows that the relaxation does n
follow a logarithm decay. The in-
set in ~a! exhibits magnetic do-
main patterns during the magnet
relaxation at the central area of th
array (25325 dots) att55 and
50 s. The continuos lines are mea
square fittings.
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relaxation were observed; they correspond to the chara
istic limiting domain patterns described above~Fig. 1!. For
samples irradiated at low and intermediate fluences, the
field magnetized state is initiated by a few nucleation cen
allowing a rapid growth of domains by wall propagation.
this case, the magnetic relaxation follows a qua
exponential time decay described by the Labrune-Fatt
model10 as in the virgin continuous films.9–11

The discreteness produced by lines irradiated under h
fluence, i.e., small individual entities~square dots! coupled
by the long-range dipole-dipole interaction, gives rise to
quite unusual time dependence for the magnetic relaxatio
the full array—a power-law decay. This type of behavior
shown clearly in Fig. 2 on a plot of@M (t)/Ms11#/2 in a
log-log scale, for three different samples, irradiated with F
fluences of 0.5, 2.5, and 5 nC/cm. After plotting the sa
data using different axis scales no doubt remains about
validity of such a power-law over two decades of time. F
example, Fig. 2~d! replots data for the 5 nC/cm sample on
linear-log scale. It is obvious that the relaxation does
follow a logarithmic decay as it is usually observed for
ensemble of small independent magnetic particles.1 Indeed,
the result is even more convincing for curves with larg
slope, because for a small exponentg the power-law decay
can be approximated tot2g'12g ln(t)11/2g@ ln(t)#21•••,
so that the relaxation can be associated to a logarithmic
cay.

Concerning the value of the exponentg, which in some
sense provides the relaxation rate, we find experiment
thatg increases quite linearly with the applied field~see Fig.
3!. Furthermore, the same dependence on field is rather
pected since the coercive field, 285 Oe does not vary m
for all studied samples. The fact that the dynamics beco
field independent indicates that irradiation doses larger t
0.5 nC/cm are sufficient to destroy the exchange interac
between the dots.
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III. MONTE CARLO SIMULATIONS

In order to gain some insight into the role played by t
dipolar interaction on the magnetic relaxation of a tw
dimensional array of magnetic dots with perpendicular
isotropy, we have performed Monte Carlo~MC! simulations
based on a modified Ising Hamiltonian. Including the lon
range dipole-dipole interactions and an external applied m
netic field, the Hamiltionian takes the simple form

H52J(
^ i , j &

s i•s j1
m

a3 (
i , j

s i•s j

r i j
3

2Hm(
i

s i . ~1!

The variables i assumes the value61 on a sitei of a
two-dimensional square lattice, where11~-1! denotes the
magnetic moments pointing up~down! along an axis perpen

FIG. 3. Field dependence of the exponentg obtained from mag-
netic relaxation measurements for samples irradiated with h
doses~0.5, 1.0, 2.5, and 5 nC/cm!.
0-3
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L. C. SAMPAIO et al. PHYSICAL REVIEW B 64 184440
dicular to the array plane. A remarkable distinction betwe
the two first terms, exchange and dipolar interactions, is
lated to the range of interaction, the first is of short-range
the second is of long-range interaction (J is the exchange
constant coupling!. Another distinction is related to their op
posite sign which causes competition between them: the
change interaction favors a parallel alignment of magn
moments, whereas the dipole-dipole interaction leads to t
antiparallel alignment. The third term describes the inter
tion between the magnetic moments (m) and the applied
magnetic field (H). The distance between the momentsr i j is
measured in units of the lattice constanta. In our model, we
simulate the magnetic relaxation of dots coupled only
dipolar interaction, this situation corresponds to samples s
mitted to high irradiation doses. Thus, in the absence of
change interaction, the Hamiltonian becomes

H 85(
i , j

s i•s j

r i j
3

2h(
i

s i . ~2!

For the sake of simplicity one normalizes the Hamiltoni
by m2/a3, and all constants become adimensional. The n
malized fieldh is the only remaining parameter of the mod

In MC simulations we have used the single-spin-flip M
tropolis dynamics formalism.12 To simulate the magnetic re
laxation one followed the same protocol than that used in
measurements. Starting with all moments aligned, the t
magnetization relaxes with a time dependence determine
the temperature and the opposite applied magnetic field.
lattice is composed byL3L magnetic moments with L
532, 64, or 128. The time unit is one MC step per s
~MCS!, i.e., afterL3L random choices and tests on the sp
configurations. Although there is no obvious relationship
tween the simulation time~MC step! and the actual time
some insights~or qualitative comparison! on the influence of
h on the time dependence of the magnetic relaxation can
achieved. We have used open and periodic boundary co
tions. The former is a reflection of the experimental situat
based on the construction of the finite size of the dot arra
The periodic boundary conditions were employed using
Ewald summation technique. Furthermore, we included
the model an energy barrier which corresponds to the c
cive field of a single magnetic dot.3,4

A simple picture such as a double well separated by
energy barrier (EB) can be used to take into account t
magnetic anisotropy~and coercivity! of a single dot. Each
minimum corresponds to the energy of a given magnetic m
ment at sitei pointing up or down, and the barrier corre
sponds to the energy needed to reverse the magnetic
ment. An applied field and/or the interaction among mome
produces an asymmetry in the double well. The ene
minima are then shifted from the symmetric configuration
DE/2, where DE is the energy difference between tw
minima and is given by the Hamiltonian@Eq. ~2!#. Hence the
energy difference between each minimum and the top of
barrier isEB6DE/2. In the framework of the MC method
relevant to our problem, the probabilities of hoping from o
minimum to the other can be described as follows : forDE
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.0 the probability of a moment flip,pi is given by pi

5exp@2(EB1DE/2)/T#, else for DE<0, pi5min$1,exp@
2(EB2DE/2)/T#% (T is here the reduced temperature!. This
algorithm satisfies the detailed balance condition required
the MC method.3

The time dependence of the magnetic relaxation w
simulated in a lattice of 64364 moments following the sam
protocol used in the experiments. Our main result is that
magnetic relaxation follows a power-law decay as proved
a log-log scale~Fig. 4!. We used normalized parameter
temperatureT51 and energy barrierEB510, and the mag-
netization is averaged over 25 samples~runs!. Notice that the
parameter values are not unique, since any temperature
below the order-disorder critical temperature and fie
around the coercive field, represented byEB , yield the same
calculated time dependence. In a similar picture, a power-
time decay of the magnetic relaxation has been recently
ported using MC simulations applied to perpendicular m
netized thin films.6 In this case, a crossover from exponent
to power-law decay has been evidenced depending on
ratio between exchange~short-range! and dipolar ~long-
range! interactions. Hence for arrays of dots, MC simulatio
lead to a magnetization time decay following a power-la
decayM (t)/Ms52112 t2g, whereg(T,h) is temperature
and field dependent.

IV. DISCUSSIONS

In the light of MC simulations it is useful to discuss som
possible implications on the magnetic relaxation induced
the boundary and the finite size of arrays and the range of
dipolar interaction. Such insights might provide some help
suggestions for further experimental studies.

In relation to boundary and finite size effects, one not
that the size of the dot arrays (50350) is relatively small

FIG. 4. An example of magnetic relaxation calculated throu
Monte Carlo simulations. One used open boundary conditio
Simulations were done for 64364 dots,T51, EB510, and vary-
ing the reduced applied magnetic fieldh. The rounding for higher
fields is due to finite size effects. In the dipolar interaction the d
interact with all other dots. The inset shows the magnetic dom
pattern recorded at 5 s for the central part of the array (32332).
0-4
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POWER-LAW RELAXATION DECAY IN TWO- . . . PHYSICAL REVIEW B 64 184440
compared to an assembly of magnetic particles in a form
fine powder, where similar experiments on magnetic rel
ation have previously been performed.1 In order to verify
whether the small size of the dot arrays could produc
particular time dependence we have performed MC sim
tions varying the system size. Thus, using open bound
conditions for arrays as small as 838 and as large as 12
3128 we have obtained a power-law decay for the magn
relaxation. To insure that no finite size effect bias the cal
lated time dependence, we have used periodic boundary
ditions with the Ewald summation technique. In princip
this should reproduce the behavior of quite large syste
Using the Ewald technique with a large enough number
images~say 10–20 lateral images! and for the same param
eters used in Fig. 4, the magnetic relaxation remain
power-law. Hence, MC simulations indicate that the pow
law decay measured in our samples is not an artificial o
come resulting from the boundaries or the size of arrays

The long-range dipole-dipole interaction is the fundam
tal ingredient which gives rise to a power-law decay of t
magnetic relaxation. It is quite natural to inquire how t
range of dipolar interaction should affect the time depe
dence observed in experiments and simulations. In orde
elucidate this question we have performed MC simulatio
for 64364 dots using open boundary conditions with t
range for the dipole-dipole interaction varying from firs
nearest neighbors up to all dots. The essential result foun
that the power-law persists up to a given timet, and soon
after the magnetic relaxation falls out to an exponential
cay. It can be evidenced, for instance, for a range of inte
tion which includes 4 rings or shells of neighbors~see Fig.
5!. At this range the relaxation changes from power-law
exponential around 20 MCS. The same behavior occur

FIG. 5. Simulated magnetic relaxation varying the length
interaction on the dipolar interaction. One uses the same param
of the Fig. 4 andh5210. Taking into account in the dipolar inte
action 2, 4, or 8 shells of neighbors, the effect of the range
interactions on the magnetic relaxation is clearly evidenced.
two shells of neighbors~short-range! the magnetic relaxation fol-
lows an exponential decay~see inset with a linear-log plot!. Taking
more neighbors~long-range!, the power-law decay emerges and r
mains valid up to a certain timet ~see arrow!. This time increases
with the range of interaction.
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larger ranges, but accompanied with a larger timet. It can be
seen in the same Fig. for the range of interaction takin
shells of neighbors. On the other hand, for the dipolar int
action limited to only two shells of neighbors, the magne
relaxation follows an exponential decay~see inset of Fig. 5!.
This suggests that, in experimental systems, the dots ‘‘s
~i.e., interact via dipole-dipole interaction! many other dots,
at least for a range of interaction beyond 4 shells of nei
bors. Bearing in mind that in the experimental situation
interacting dots placed many lattice steps away, it is a nat
outcome to consider that the shape of dots, or even lo
details in their shape, does not play a dominant role in
dynamic magnetic properties of the entire array. The cha
ing of time dependence is a direct manifestation of the
curence of a characteristic length. In our problem this ch
acteristic length is nothing more than the magne
correlation length among dots, which is a direct conseque
of the long-range dipolar interaction. If the correlation leng
is large enough to enclose a large number of moments
smaller than the system size, finite size effects become
parent and the time dependence changes from power-la
exponential decay after some time~see, for instance, Ref
13!. Preliminary results show that the correlation length
temperature and magnetic field dependent.14

From the measured hysteresis loops, one are able to
mate the value of the dipolar field on the dots. This is on
possible for one or two particular simple configurations~re-
member the dipolar field on any dot depends on the arran
ment of all its neighbors!, but the result gives some insigh
into the strength of the dipole-dipole interaction. For th
estimation, we have considered the reversal field of the
and last magnetic dots to reverse their magnetization.
hysteresis loops of an ensemble of similar noninteract
dots will be very square, giving a well defined switchin
field, like in a continuous film. In real cases, the switchi
field can vary from dot to dot, often as a consequence of
different nucleation fields. The spread of the switching fie
for an array of noninteracting dots is then expected a
found to be much larger than that obtained for the continu
film.15 In conterpart, the patterning technique favors the d
main nucleation in low field at the edges of the dots. Th
the spread in switching fields is not influenced here by
probability of nucleationwithin a dot. After nucleation at
edges the wall propagation occurs when the dipolar field
the central zone of the dots just exceeds the propaga
field. So, in the considered arrays, the spread in switch
fields is mainly due to the dipolar fields experienced by ea
individual dot under the influence of all its neighbors. Hen
the first dot reverses at a switching fieldHs5Hc2uHdu,
while the last dot reverses atHs5Hc1uHdu and the coercive
field of the whole dot array is the same as that of the c
tinuous film.7 For arrays irradiated at high fluences
(>0.5 nC/cm), the first and last dots to reverse their m
netization were observed directly from magnetooptical m
croscopy during hysteresis measurements, and in the pre
case one deduces a dipolar fieldHd equal to 63 Oe. The sam
behavior in hysteresis loops has been observed for o
dimensional arrays of microwires interacting only by dipo
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L. C. SAMPAIO et al. PHYSICAL REVIEW B 64 184440
dipole interaction.16 A last remark concerns the dipolar fie
inhomogeneity inside the dots. Calculations of the dipo
field with same geometrical and magnetic parameters a
our samples have shown that the dipolar field can be con
ered as homogenous over an extended central zone o
dots but is far larger at their edges.17 Therefore the magneti
zation reversal of the dots starts at their edges, and dep
ing on the value of the dipolar field at their central zone
rapid domain wall propagation is observed.7 Thus, the dipo-
lar fields generated by all neighbors, and not only by fi
nearest neighbors, contribute to the dynamics of magne
tion reversal of the full array of dots.

As a final discussion it is interesting to remark that in t

FIG. 6. Simulated magnetic relaxation with periodic bound
conditions~Ewald summation technique!. The size of the array is
32332 dots and one used 16 lateral images,T50.5, EB510, and
h5210 or216. Notice that the power law remains valid for 5 to
time decades.
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1980’s a large number of works have been devoted to no
equilibrium properties of disordered magnetic systems su
as spin glasses. In spin glasses the magnetic relaxation
been found to follow a stretched exponential decay ov
many decades of time, but may be approximated by a pow
law decay if the relaxation is measured over a relatively sh
period.18 Although our measurements are plotted for on
two decades of time due to experimental limitations, fro
simulations the power-law time decay is found to remai
valid at least for five or six decades in MC simulation
Therefore, both experimental and MC simulations~Fig. 6!
state that the power-law decay is the correct time depende
for a 2D-array of magnetic dots interacting by dipole-dipol
interaction.

In conclusion, we have studied the influence of the dipo
interaction on the magnetic relaxation of a two-dimension
array of magnetic dots, both by magneto-optics and Mon
Carlo simulations. We have shown through Monte Carlo a
propriate simulations, that the long-range character of t
dipolar interaction is responsible for the power-law decay
the magnetic relaxation. This is the first experimental obs
vation of such a time decay for an assembly of identic
small magnetic elements. Monte Carlo simulations sugg
that the observed time dependence found in experiment
not related to the finite size of arrays nor to boundary effec
and is independent on the shape of dots.
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