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Magnetization curves as probes of Monte Carlo simulation of nonequilibrium states
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The influence of parameter choice in the Monte Carlo simulation of zero-field-cooled–field-cooled magne-
tization curves of granular systems is analyzed. The main simulation techniques are summarized and com-
pared, in terms of the determination of macroscopic quantities usually associated with nanoscopic details of the
sample.
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I. INTRODUCTION

The search for magnetic media capable of storing la
amounts of data in small areas has led to the problem
dealing with particles in the superparamagnetic limit@1#. The
strong dependence of the magnetization relaxation time
monodomain particles on their volume and anisotropy c
stant, combined with the existence of distributions of bo
quantities in real systems, makes the magnetization pro
of granular systems an interesting problem in the field
nonequilibrium statistical mechanics. One of the experim
tal tools used to gain information about the nanoscopic st
ture of the system is the ZFC-FC~zero-field-cooled–field-
cooled! curve, which shows the behavior of the syste
magnetization in the direction of the applied field as the te
perature is varied at some chosen rate. As in hyster
curves, the form of the obtained curve depends on h
quickly the external control parameter is changed. From
theoretical point of view, although it is not difficult to qual
tatively understand the influence of the nanoscopic details
the measured curves, a curve that quantitatively descr
experimental data has not yet been obtained. The theore
approach to this problem involves three basic steps: obt
ing a correct description of the granular system in terms
particle volumes, shapes, and positions; determining the
evant energy contributions; and, supposing that first t
steps have been successfully achieved, describing its re
ation process as the temperature is varied. Monte C
simulations have been extensively used in this latter s
leading to a great deal of different results depending on
details of the implementation used. This is by no mean
surprise, since the Monte Carlo method is compromised
the correct description of equilibrium states only, and its u
for the studies of dynamical problems introduces an artific
time scale to the problem. Many authors claim that it is p
sible to relate the time scale in Monte Carlo simulations
the real one@2,3#, but we believe that this correspondence
not straightforward, even in the case of noninteracting p
ticles, where, in principle, one is able to calculate the ene
profile of the sample. If dipolar interaction is included, t
correspondence is virtually impossible due to the com
cated energy landscape.

In this paper, we summarize and compare some of
main simulation techniques used in this problem, depict
how macroscopic observations are influenced by the cho
scheme. We consider the usual Metropolis and Glauber
1539-3755/2004/69~5!/056703~7!/$22.50 69 0567
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namics combined with different choices for the states acc
sible to Monte Carlo moves, applied to the simulation
ZFC-FC magnetization curves.

Our goal is to determine how the basic features
ZFC-FC curves are affected by different implementations
Monte Carlo simulations of simple noninteracting system
in order to develop a reliable method for the simulation
systems with dipolar interactions.

II. SYSTEM AND EXPERIMENT

A. Properties of granular magnetic materials

A ferromagnetic particle becomes a monodomain when
linear size is below a critical valueDc determined by the
minimization of the total energy, including magnetostat
exchange, and anisotropy contributions@4#. Below this criti-
cal size, the energy associated with the creation of magn
domain walls is larger than the decrease in the magnetos
energy due to the smaller total magnetization. Such mo
odomain ferromagnetic particles can be viewed as large m
netic units, each having a magnetic moment of hundred
Bohr magnetons.

Systems with superparamagnetic particles may be fa
cated by various methods@5–7#. For example, magnetic
nanoparticles are spontaneously formed when an alloy c
taining magnetic atoms, such as CuxCo12x with x50.9, is
rapidly quenched to a point inside or near the metasta
region of the miscibility gap. An example of this process
the fabrication of melt spun ribbons of Cu0.9Co0.1. After a
thermal treatment the ribbon is basically composed of m
netic Co particles with a distribution of volumes approx
mately log-normal, in a nonmagnetic Cu matrix. The avera
volume, and the width of the volume distribution, as well
the shape of the particles depend in a noncontrolled way
the thermal treatment applied. Usually, in low concentrat
alloys, neighboring particles are separated by 10–30 n
and direct exchange, as well as indirect, between particle
neglected@8#. The magnetic properties of such an assem
of nanoparticles are basically determined by the dipolar
teraction energy among particles, along with thermal a
magnetic anisotropy energies@1#. Although simple to fabri-
cate, granular alloy systems present several complicat
due to the fact that the volume distribution is itself a me
stable state, which may be difficult to reproduce. Simp
samples can be obtained by controlled deposition@5,6,9,10#.
In these samples the size, shape, and position of the part
©2004 The American Physical Society03-1
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are more easily determined, and the influence of these
pects may be understood more directly. In this paper
consider mainly the second type of sample. The possibility
a volume distribution, similar to the one in granular alloys,
considered for comparison in some cases. The effect of
dipolar interaction is not yet well understood. There are c
tradictory experimental results about the dependence of
reversal time for the magnetic moment on the strength of
interaction @9,11–13#. For this reason we consider on
samples in which the dipolar interaction may be neglecte

In the simplest case, the particles have uniaxial anis
ropy, and each particle is described by its magnetic mom
mW i , the direction of the easy magnetization axis,êi , and its
anisotropy constantKi . In the presence of an external ma
netic fieldHW , the energy for a system ofNp particles can be
written as

E5(
i

Np F2mW i•HW 2k i S mW i•êi

mi
D 2G , ~1!

wherek i5KiVi , andVi is the volume of particlei. A more
significant form for the energy is given in terms of the effe
tive field,

E52(
i

Np

mW i•HW i
eff , ~2!

where

HW i
eff5HW 1k i

mW i•êi

mi
2

êi . ~3!

Such particles are exposed to a double well potential,
responding to the two possible orientations along the e
magnetization axis. For zero applied field, reorientation
the magnetic moment, along the easy magnetization axis
rection, involves overcoming an energy barrierEb5KV. The
characteristic timet for switching between energy minima
given by the Arrhenius lawt5t0exp(Eb /kBT), where t0
'1029 s @14#, kB is the Boltzmann constant, andT is the
temperature. The relaxation time is strongly dependent
the productKV, for example, for a spherical Co particle
room temperature,t may vary from 0.1 s for a particle with
a 6.8 nm diameter, to 100 yr for a 9.0 nm diameter partic
This means that, for a sample with particles obeying so
volume distribution law, for an observation time of 100
typical of magnetization measurements, part of the partic
will be essentially blocked in one of the minima, while ot
ers will be randomly switching between minima, thus sho
ing superparamagnetic behavior. The ZFC-FC magnetiza
curves are a direct manifestation of this complex behavio

B. ZFC-FC magnetization curves

For the ZFC curve the system is initially demagnetized
a sufficiently low temperature, such thatkBT!Eb . Usually
experimental curves start at a temperature of a few kelvin
small magnetic field is applied, and the temperature is
creased until the magnetization has dropped to zero, usu
05670
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going up to room temperature, at a typical rate of 1–2 K p
minute. Ideally, the FC curve is obtained in the same w
just starting from a state resulting from slowly cooling th
system with the applied field. In this sense, the only diff
ence between the curves is the initial state, in the ZFC cu
both minima are equally populated in the beginning, while
the FC curve particles are blocked in the global minimu
The experimental realization of the FC initial state may n
be possible, as the relaxation times are extremely larg
low temperatures. In practice, experimentalists obtain the
curve starting from a demagnetized state at the end of
ZFC curve, by cooling down the system with the same rat
was previously heated. In both curves the magnetizatio
recorded at fixed intervals of temperature, or time.

The analysis of ZFC curves usually involves two tempe
tures,TM andTirr , defined as the temperature at the ma
mum magnetization in the ZFC curve and the temperat
above which the system shows thermodynamic equilibri
properties corresponding to a superparamagnetic beha
respectively@12#. For a granular system with an applied fie
two energy barriers are relevant:Eb1 between the globa
minimum and the maximum, andEb2 between the meta
stable minimum and maximum, as shown in Fig 1. The i
tial state of the ZFC curve, after the field has been turned
corresponds to having both minima with equal populatio
so a considerable amount of particles are in the metast
state. As the temperature is increased, and the thermal en
becomes first comparable to the smaller values ofEb2 , the
system magnetization rises as those particles relax and
come blocked in their global minimum. This process cont
ues and, as the temperature increases, particles with la
values ofEb2 relax, until the magnetization reaches a ma
mum value atT5TM . When the temperature increases p
TM , particles that have already been equilibrated may h
enough energy to overcomeEb1 and become magneticall
unstable, decreasing the value of the system magnetiza
For temperatures larger thanTirr , almost all particles are
magnetically unstable, and the system may be considere
thermodynamic equilibrium. ForT,Tirr the curves diverge,
since the state atT5Tirr is reached from a nonequilibrium
situation in the ZFC curve, in which an appreciable numb
of particles is blocked in the metastable minimum. ForT
.Tirr , the relaxation time for the magnetization of the pa
ticle with the largest value ofKV is much smaller than the
typical measuring time, and the ZFC and FC curves coinc
The whole point of this experience is to obtain informati

FIG. 1. Energy landscape of a typical magnetic nanopart
subject to an external field. If the magnetic moment has an in
orientation corresponding to state 1, nonrestricted Monte C
moves, such as the ones labeleda andb, may be equally probable
and are accepted with probability 1 in the Metropolis implemen
tion.
3-2
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MAGNETIZATION CURVES AS PROBES OF MONTE . . . PHYSICAL REVIEW E 69, 056703 ~2004!
about the nanoscopic structure of the sample, by analy
the overall shape of the curves and by determining the va
of TM andTirr . The width of the ZFC curve may be directl
associated with the existence of a volume distribution, wh
may be derived from the experimental curve. The existe
of a plateau at the low-temperature region of the FC curv
usually considered to be of a spin glass phase due to dip
interaction. The value ofTM is, in general, defined as a
overall blocking temperature of the system. For ZFC and
curves initiated from equilibrium configurations,kBTM and
kBTirr are measures of the smaller and larger values ofEb1 ,
respectively.

III. MONTE CARLO SIMULATIONS
OF THE ZFC-FC CURVES

The ZFC-FC curves correspond to sequences of none
librium states of the system, therefore, they are dependen
the temperature variation rate, which means that having
correct Hamiltonian is not enough for a faithful MC simul
tion. Suppose the typical energy profile for a magnetic m
ment, as shown in Fig. 1. If a new orientation is sorted wi
out any restriction, flipping between the two energy minim
may occur and relaxation is very fast. Also, the transitiona
and b indicated in Fig. 1 become equivalent, and will b
accepted with the same probability since they correspon
the same decrease in energy. Since one is concerned wit
correct time scale, this situation is undesirable. Flipping
tween energy minima may be eliminated through a con
nient definition of energy variation@15#, but the amplitude of
Monte Carlo move, even inside one of the energy wells
also a concern. It is reasonable to suppose that the new
entation should be chosen from a certain neighborhood,
cially in the low-temperature region where blocking is mo
relevant. Angular restrictions have been implemented in
literature @2,16–21# according to two basic schemes whic
we will call polar angle restriction~PAR! and solid angle
restriction~SAR!, from now on. The use of restriction in th
Monte Carlo move is well known in the treatment of mode
with continuous degrees of freedom, such as theXY and
Heisenberg models@22#. For the discussion that follows, w
consider that the external magnetic field is in thez direction,
and the orientation of the magnetic moment can be defi
by the polar and azimuthal anglesu andf, as usual.

The PAR scheme has been used mainly by Porto and
laborators@16–19#, the idea being that the magnetic m
ment, in equilibrium, should precess about the direction
the external field. The new orientation corresponds to
choice of the new angles from uniform distributions defin
in the intervals@0,2p# for f, and@u2du/2,u1du/2# for u.
The value ofdu defines the angular restriction and limits th
accessible states that are chosen.

The relaxation towards the direction of the external fie
is rather artificial, since the easy magnetization axis, in g
eral, will not coincide with the field direction, specially be
cause ZFC-FC curves are obtained with small external fie
The role of the magnetic field in these curves is basically
provide a preferred orientation as close as possible to
easy magnetization axis. One could, instead, adapt the
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scheme only considering the direction of the effective fie
as defined in Eq.~1! @4#. But, since the effective field also
depends on the magnetic moment orientation, this would
quire the calculation of the effective field direction for ea
particle, at every attempted move, increasing considera
the computational time.

In the second option of angular restriction, the SA
scheme, the new orientation is chosen within a solid an
centered at the initial direction. The choice of the apert
angle is critical, if it is too small the particle may always b
blocked. This problem does not appear in the PAR sche
because, when choosing the direction of the external field
the precession, in fact the new direction is being chosen
domly in relation to the magnetic moment direction, a
large direction changes may always happen. In Ref.@20# the
authors mention that the aperture is readjusted every time
external field or the temperature is changed, in order to m
tain a given acceptance rate that optimizes the simulation
Ref. @2# the aperture is related to the temperature and
intrinsic time interval, such that it is possible to adjust t
aperture at a given temperature in order to obtain a gi
correspondence between real time and Monte Carlo st
and vice versa. Still, the optimization of the Monte Car
simulation is used as a criterion for the choice of apert
angle. Since our goal is to examine how the choice of sim
lation parameters influences the resulting curves, we sim
choose a certain value of solid angle, which is kept cons
along the magnetization curve.

IV. RESULTS

In order to compare the different schemes listed abo
we have considered a system of 400 noninteracting parti
with magnetic moment 869mB , anisotropy constant 1.32
3106 erg/cm3, anisotropy axis sorted from a uniform distr
bution, subject to an external field of 0.1 kOe in thez direc-
tion. Such values are compatible with a sample of Cu0.9Co0.1
fabricated by melt spinning@23#. The initial state has the
particles’ magnetic moment randomly oriented with resp
to the anisotropy axis, such that the system magnetizatio
zero. For the ZFC curve, the initial temperature is 1 K. T
particles are sequentially chosen, their magnetic momen
tated with or without restriction, and the new state accep
with a probability depending on the Monte Carlo impleme
tation used.

After S Monte Carlo steps, or complete updates of t
system, the temperature is increased byDT51 K, up to 200
K. The temperature is then decreased down to 1 K at the
same rate, and the FC curve is collected. The same proce
is repeated 200 times, starting from different choices for
magnetic moments and easy axis orientation. The resul
curves are then averaged. At this point the choice ofS is
completely arbitrary, the values used are such that the si
lated curves resemble the experimental ones@23#. The value
of Tirr may be obtained from the subtraction of the tw
curves since forT,Tirr the FC magnetization is systemat
cally higher.

We have also performed some simulations with the p
ticle moments distributed according to log-normal distrib
3-3
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PEREIRA NUNES, BAHIANA, AND BASTOS PHYSICAL REVIEW E69, 056703 ~2004!
tion, as is observed in granular alloys, in order to see
effects of this distribution on the ZFC-FC curves.

A. Metropolis algorithm

After the magnetic moment of the chosen particle is
tered, the change in energy (DE) due to the new orientation
is calculated and the rotation accepted with probabilityp
5min@1,exp(2DE/kBT)#. Figure 2 shows the resulting curve
for nonrestricted rotations andS55 ~a!, for the PAR scheme
with du50.1 andS5100 ~b!, and for the SAR scheme with
S5500 anddf5du50.1 ~c!. In the first case, the nonre
stricted rotation leads to a rapid relaxation, such that foS
.5 the FC and ZFC curves coincide. If we use the sa
number of steps with the restricted schemes, the ZFC m
netization would be too small because the system would
almost completely blocked. We need to use a value forS at

FIG. 2. Magnetization curves simulated according to the M
tropolis scheme for three cases:~a! unrestricted rotations andS
55; ~b! rotations restricted to a band of aperturedu50.1 centered
on the external field direction~PAR scheme! andS5100; ~c! rota-
tions restricted to a solid angle centered at the magnetic mom
initial direction defined by the angular aperturedu5df50.1 ~SAR
scheme! andS5500.
05670
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least one order of magnitude larger to obtain a compara
curve. Comparing now the PAR and SAR schemes, we
tice that in the first one the ZFC curve is higher and n
rower. The reason is that the rotation towards the direction
the external field, even when restricted, may lead to la
rotations regarding the effective field direction, so the rela
ation is faster and the distribution of anisotropy axis is le
important. When the rotation is restricted to the solid ang
the alignment of the magnetic moment is slow and partic
that start withmW pointing in the wrong direction may no
relax. Also, the FC curve simulated in the SAR scheme p
sents a plateau at low temperatures@Fig. 2~b!#, usually asso-
ciated with a spin glass phase in interacting systems. Tab
shows the values ofTM andTirr for the graphs in Fig. 2.

It is interesting to explore the dependency of the ZFC-
curves’ properties on the choice ofS and amplitude of the
angular restriction. We choose the SAR scheme for t
study. Figure 3 shows the resulting curves for 100, 500,
2000 Monte Carlo steps. The corresponding values ofTM
andTirr are shown in Table II. AsS increases, the values o
TM and Tirr become closer and the irreversible part of t
ZFC curve decreases. It is clear thatS52000 is not adequate
for a temperature step of 1 K, since there is no irreversi
region, and nothing can be concluded from the simulati
The other curves show plausible results, which differ mai
in the total value of magnetization, and the position of t
maximum of the ZFC curve. The discrepancy between
number of Monte Carlo steps used is such that a uni
definition of time scale is not possible.

Figure 4 shows the relaxation curves, averaged over
realizations, for different values of angular aperture for t
SAR scheme. The initial state is chosen with all the magn
moments aligned in the direction of the external field and
relaxation occurs in the presence of a 0.1 kOe field a
constant temperature of 8 K. The analysis of the figure sho
a very strong dependence of the relaxation dynamics on
angular aperture.

B. Size distribution effects

The effects of a size distribution over the particles rem
to be computationally investigated. Real samples typica
show a log-normal volume distribution of the form

f ~V!5
1

A2psV
expS 2

ln2~V/V0!

2s2 D , ~4!

wheres is the standard deviation andV0 is the most prob-
able volume. In agreement with theoretical models@12#, we
expect to see a wider ZFC peak when the system is

-

nt

TABLE I. Variation of TM andTirr with the restriction scheme
for the Metropolis dynamics. The external field is 0.1 kOe.

S TM ~K! Tirr ~K!

Free 4 8
PAR 7 11
SAR 9 16
3-4
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MAGNETIZATION CURVES AS PROBES OF MONTE . . . PHYSICAL REVIEW E 69, 056703 ~2004!
monodisperse. However, the curves simulated with un
stricted moves are insensitive to the introduction of a volu
distribution, as shown in Fig. 5. On the other hand, if t
SAR scheme is chosen, a monodisperse system show
appreciable difference as compared to a system with s
volume distribution, as seen in Fig. 6. With the values
50.5 the presence of particles withV52V0 occurs with high
probability, and the value ofTM should reflect the increase i
relaxation time, but this is not observed, as seen in Table

FIG. 3. Influence of the number of Monte Carlo steps on
overall properties of ZFC-FC curves. The curves show the res
obtained with the SAR scheme with~a! S5100, ~b! S5500, and
~c! S52000.

TABLE II. Variation of TM andTirr with the number of Monte
Carlo steps,S, in the SAR scheme. AsS increases the differenc
between the two temperatures decreases, indicating that the sy
becomes superparamagnetic.

S TM ~K! Tirr ~K!

100 10 24
500 9 14
2000 7 10
05670
-
e
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e

I.

C. Comparison between Metropolis and Glauber dynamics

Finally we compare the Metropolis dynamics with th
Glauber dynamics in order to see how this change in
probability of acceptance can influence the qualitative asp
of a ZFC-FC curve~see Figs. 7 and 8!.

The Glauber dynamics has been introduced by Glaube
the context of one-dimensional Ising model, its main diffe
ence to the Metropolis dynamics is that flips reducing
energy of the particle are not always accepted. In this
namics the probability of acceptance is commonly written
p5@12tanh(2DE/2kBT)#/2. As expected, relaxation curve
obtained from each dynamics are different, although the
laxation times obtained are very similar. For this reason th
is no clear difference in the ZFC-FC curves obtained with
two dynamics.

V. DISCUSSION

The results obtained in the preceding section are jus
small sample of the variety of choices for this kind of sim

e
ts

tem

FIG. 4. Relaxation curves for the SAR scheme and tempera
equal to 8 K with different values of angular aperture. The rela
ation times obtained are clearly different.

FIG. 5. ZFC-FC curves obtained with Metropolis dynamics w
unrestricted rotations for a system with a log-normal distribution
the magnetic moments. The median moment is 869mB and the stan-
dard deviation is 1.5. All the others as parameters are commo
the monodisperse system.
3-5
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lation. The choice of simulation method and the values
parameters always involve some arbitrariness, and it is c
that the comparison between simulations obtained from
ferent procedures is meaningless. Of course this is not d
able when one has the goal of comparing simulations w
real experiments. However, qualitative analysis is possibl
some care is taken. For example, the chosen method sh
be able to achieve equilibrium configurations for some nu
ber of steps, and must be sensitive to alterations of the
tem on the nanoscopic scale. In this sense the unrestr
dynamics fails the second criterion. On the other hand,
choice of angular amplitude in restricted dynamics must
large enough to allow equilibration. The determination ofdu
may be found by trial and error for the chosen values
volume and anisotropy.

The choice ofSandDT is important because their value
define the heating/cooling rateR5DT/S. If R is too small,
the system will be able to equilibrate at each value of te
perature and the ZFC-FC curves will coincide, but this co
dition gives only an upper bound forR. The natural impulse
is to use the relaxation curves as calibrations for the t
scale, by comparing them with experimental curves. T
method was used in Ref.@15# for noninteracting systems, an
the result was that the typical time interval of 100 s cor
sponds to 1014 Monte Carlo steps. With this corresponden
it would be impossible to simulate ZFC-FC curves, which
inconsistent with the fact that several simulations are
ported in the literature. Another possibility for noninteracti
systems is to compare the relaxation process via Lang
dynamics and Monte Carlo simulation. This was done in R

FIG. 6. ZFC-FC curves obtained with Metropolis dynamics w
the SAR scheme for a system with a log-normal distribution for
magnetic moments. The median moment is 869mB and the standard
deviation is 0.5.S5500 anddu5df50.1 for both systems.

TABLE III. Influence of the size distribution overTB andTirr ,
in the SAR scheme withS5500.

Distribution TM ~K! Tirr ~K!

Monodisperse 9 16
Log-normals50.5 7 13
05670
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@2# for Monte Carlo simulations with a solid angle restri
tion. The result was that the cone aperture must be va
with the temperature in order to keep a constant equivale
between real time and one Monte Carlo step, but the abso
value of the proportionality constant cannot be uniquely
termined.

The apparent volume distribution found with the SA
scheme can be understood if one examines the initial co
tion. Since the easy magnetization axes are uniformly dist
uted, when the external field is applied on the demagneti
system at the beginning of the ZFC curve, the particles’ m
netic moments will be randomly oriented with respect to t
effective field at each particle, therefore, the energy bar
presented to each particle will vary. For a restricted dynam
the number of steps necessary to overcome the energy ba
will vary from particle to particle, and the resulting ZF
curve will be a reflection of those different relaxation time
If one believes that the restricted Monte Carlo dynamics

FIG. 7. Comparative plot between the relaxation dynamics us
Metropolis and Glauber dynamics in the SAR scheme. The re
ation is made in the presence of a 0.1 kOe external field and
temperature is constant equal to 8 K.

FIG. 8. Comparative plot between ZFC-FC curves obtained
ing Metropolis and Glauber dynamics in the unrestricted rotat
scheme. There is no apparent difference between the results o
two dynamics.

e

3-6



a
rs
m

io
low
re
o
b

r
t

on
b-
so
an
io
cr

eal
g if
n-
y-
les.
the
ng
ng
ably
gu-

J,
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sembles the actual dynamics in real systems, then the s
distribution of relaxation times occurs even in monodispe
systems, and the derivation of the volume distribution fro
the ZFC curve may not reflect the actual volume distribut
in the sample. Also, the development of a plateau at
temperatures in FC curves, usually an indication of the
evance of dipolar interactions in the sample, may be a c
sequence of the restricted dynamics. A good test would
obtaining a ZFC curve for a monodisperse system, or fo
system with a well known volume distribution, and calcula
ing the apparent volume distribution from the ZFC.

In conclusion, we believe that the Monte Carlo simulati
still is a valuable tool for qualitative analysis of nonequili
rium magnetization curves. The direct comparison of ab
lute values of blocking temperatures from experiments
simulations is not possible since the choice of simulat
parameters strongly affects the shape of the curves. It is
ett

i-
,
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J.

nd
.

e

ys

05670
me
e

n

l-
n-
e
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-

-
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n
u-

cial to start with a system that minimally resembles the r
one, regarding values of volume, anisotropy, and spacin
dipolar interactions are considered. Working with adime
sional Hamiltonians may lead to systems with distinct d
namical regimes as compared to typical granular samp
Unrestricted dynamics are definitely not adequate to
simulation of nonequilibrium magnetization curves. Havi
in mind that the ultimate goal is the simulation of interacti
systems, we find that the SAR scheme provides a reason
realistic dynamics, if care is taken in the choice of the an
lar aperture.
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