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The effect of grain size, easy magnetization axis, and anisotropy constant distributions in the irreversible
magnetic behavior of granular alloys is considered. A simulated granular alloy is used to provide a realistic
grain structure for the Monte Carlo simulation of the zero-field-cooled–field-cooled~ZFC-FC! curves. The
effect of annealing and external field is also studied. The simulation curves are in good agreement with the FC
and ZFC magnetization curves measured on melt spun Cu-Co ribbons.
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I. INTRODUCTION

Besides the importance of studying still open problems
basic magnetism, nanocrystalline systems attract more
more interest due to their applications on chemical catal
and magnetic recording.1 For the latter, the progressive in
crease of recording density has led to the production of
terials with smaller single domain particles. This requirem
has the serious drawback that the effective magnetic mom
of the particles suffers strong instabilities of thermal orig
the so called superparamagnetic limit. Also, when one d
with the nanometer scale, the magnetic systems are
easily reproduced and characterized, introducing additio
difficulties for experimental studies. Experimental and the
retical results over the past years showed that there
clearly many factors that can influence the magnetic
magnetotransport behaviors of these systems, namely
distribution of grain sizes, the average size and shape o
grains, the magnetic anisotropy of the individual grains, a
magnetic interactions among the nanometer-sized cry
lites.

The effect of some of these parameters on the magne
tion and magnetoresistance was partially investigated by
eral authors. El-Hiloet al.2 used Monte Carlo simulations fo
determining the magnetoresistance dependence on the
intergranular distance, or rather, the particle concentrat
using a simple expression previously obtained by Gittlem
et al.3 The influence of the log-normal distribution of ma
netic moments and the ratio of the boundary to the volu
scattering cross sections on the magnetization and ma
toresistance was examined by Ferrariet al.4 Hickey et al.5

and Wiser6 developed a phenomenological model which e
plains the almost linear variation of the magnetoresista
with the magnetization at low temperatures as a poss
consequence of existing correlations between blocked
0163-1829/2002/66~21!/214407~8!/$20.00 66 2144
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superparamagnetic particles. The blocking effect on the m
netization curves has been simulated by a Monte Ca
method in a paper by Dimitrov and Wysin7. Allia et al.8 pro-
posed analytical models that take explicitly into account
correlation arising from the dipolar interactions on nea
superparamagnetic systems. Also, for interacting syste
Chantrell et al.9 calculated the susceptibillity and field
cooling ~FC! and zero field-cooled~ZFC! curves for super-
paramagnetic particles, and Pikeet al.10 investigated the role
of magnetic interactions on low temperature saturation re
nence of fine magnetic particles. However, most of th
models assume nonrealistic size distributions of the gra
and constant anisotropy, as if all grains had the same sh
Both parameters originate effects that certainly are inter
ing to elucidate.

In order to investigate the effect of different structural a
magnetic factors on the magnetization properties of gran
alloys we have simulated, by means of a standard Mo
Carlo method, one of the most common characterizat
techniques, the FC-ZFC curves. The samples were simul
by a cell dynamical system~CDS! model which gives the
realistic grain sizes and shapes distributions and, with the
of experimental results, these quantities can be assigne
magnetization and anisotropy for each grain. After the
quantities are known, the magnetic properties of the sys
are studied as a function of temperature, applied field,
thermal treatment of the sample.

Comparisons between the realistic distribution and oth
are made to check the influence of grain sizes and sh
distributions on ZFC-FC curves. An interesting correspo
dence is made between annealing and time iteration in
CDS. The applied field effects on blocking temperatures a
magnetization values for ZFC-FC curves are studied,
agree with experimental results also included in this wor
©2002 The American Physical Society07-1
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II. SIMULATION OF THE GRANULAR ALLOY

Granular materials correspond to metastable states re
ing from a slowing down of the segregation process in bin
off-critical mixtures.11 In the case of metal alloys, a quenc
to the metastable region of the phase diagram generat
virtually permanent granular state at room temperatu
Since the grain structure is not an equilibrium state, it can
be derived from a minimization procedure. There are sev
statistically equivalent granular structures corresponding
different paths in phase space, and one must go through
process of phase separation in order to reach one of t
intermediate states and obtain realistic simulations of gra
lar alloys.

The traditional approach to this problem is the Cah
Hilliard equation12

]c~r ,t !

]t
5L¹2

dF@c~r ,t !#

dc~r ,t !
, ~1!

wherec(r ,t) is a conserved order parameter~in our case, the
difference between Co and Cu concentrations!, L is a phe-
nomenological parameter related to the mobility, a
F@c(r ,t)# is the coarse-grained Landau free-energy fu
tional,

F@c~r ,t !#5E dr F1

2
~¹c!22

t

2
c21

g

4
c4G , ~2!

with t andg positive phenomenological parameters. In pr
ciple, the solution of Eq.~1! yields the knowledge of the
whole phase separation process. The problem is, of cou
that Eq.~1! does not have an analytical solution and it is ve
hard to solve numerically. Almost all efforts in this sen
were able to describe the very early stages of the pro
only. Other common approaches are Monte Carlo simu
tions with Kawasaki exchange dynamics13,14 and cell dy-
namical system modeling.15–22 Since Monte Carlo simula
tions are computationally intensive and the CDS has b
successfully used to model this type of problem, we ha
chosen the latter. CDS models have been extensively use
simulations of phase separation of binary and ternary s
tems. The main achievements of the model, besides sho
the correct spatial structure for both spinodal decomposi
and nucleation regimes, are the derivation of the corr
growth law for the domains, and of the correct dynamic sc
ing for the scattering function. Since these properties exa
reflect the properties we seek, we find that the model is
equate for the purpose of describing the grain morpholog

The basic point of CDS modeling is the discreteness
space and time. The point of view is equivalent to the one
the Cahn-Hilliard equation, in the sense that a coarse gra
description based on densities is used, and the paramete
phenomenological. The stability of the dynamics and
computational efficiency allows the achievement of t
asymptotic regime even for reasonably large systems.
disadvantage of this approach is that the arbitrary defini
of parameters does not yield absolute information about
system, although this can be done in some cases by rec
ing the correct time and space scales.22
21440
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The simulation, in this case, mimics an experiment
which a binary alloyAxB1002x , x,100, is initially prepared
at a temperature above the phase separation critical temp
ture, with a given value ofx determining the amounts of eac
component, and then quenched to a region of the phase
gram in which the homogeneous phase is metastable.
state of the system can be monitored by the value of an o
parameter defined on ad-dimensional lattice which configu
rations at timet and t11 are directly related by a map. Th
order parameterc is defined as the difference between t
local number densities of the two componentsA andB, such
that, in the homogeneous phase, apart from small amplit
fluctuations,c5c05(NA2NB)/N, whereNA(B) is the num-
ber of particles of typeA(B) and N is the total number of
particles. This definition of order parameter leads to po
tive~negative! values ofc in A(B)-rich regions. Other com-
mon definitions of order parameters in this kind of proble
are the difference between the concentration of one of
species, sayA, in the segregated phase, and in the hom
enous phase, or the difference between the concentratio
one of the species and 0.5. We prefer the first definition
order to use a symmetrical function for the time evolutio
Here we have considered onlyd52, since we believe tha
most of the properties we seek will be manifested in t
dimension, and the computational effort involved in a 3d
simulation would not improve significantly our results.

We assume that the dynamics of each lattice cell is g
erned by a local relaxational mechanism driven by a suita
mapf. The exact form of the map is not important, as long
it has the correct flow.15,16,23 For the segregation of binar
mixtures we seek a map with one unstable fixed point at
origin and two hyperbolically stable fixed points at sym
metrical positions. The stable fixed points correspond to
segregated phases rich in Co and Cu, and the unstable
point corresponds to the homogeneous phase.

The single cell dynamics is described by

c~ t11,n!5 f @c~ t,n!#, ~3!

wherec(t,n) is the value of the order parameter in the celn
at time t. The addition of a diffusional coupling to its neigh
borhood leads to a nonconservative dynamics of the form

c~ t11,n!5 f @c~ t,n!#1D@Š^c~ t,n!&‹2c~ t,n!# ~4!

5c~ t,n!1I ~ t,n!, ~5!

whereI (t,n)5 f @c(t,n)#2c(n,t)1D@Š^c(n,t)&‹2c(n,t)#
is the increment in the order parameter after one iterat
and D is a positive parameter proportional to the pheno
enological diffusion constant.Š^* &‹2* is the isotropic dis-
crete Laplacian. We use the following definition of spat
averageŠ^* &‹ on the two-dimensional square lattice:

Š^c~ t,n!&‹5
1

6 (
nn

c1
1

12 (
nnn

c, ~6!

where the sums are over nearest-neighbor and next-nea
neighbor cells respectively. The conservation of the or
parameter may be locally imposed by the subtraction of
7-2
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average gain in order parameter in the neighborhood of e
cell. The conserved order parameter CDS model then re

c~ t11,n!5c~ t,n!1I ~ t,n!2Š^I ~ t,n!&‹. ~7!

A. Simulation conditions

We used a two-dimensional lattice with 4502 cells and
periodic boundary conditions. The order parameter rep
sents the difference between the average concentration o
and Co in the alloy,c5cCu2cCo . Our initial condition is
the homogeneous system withc(rW)5c01d(rW), whered(rW)
is a small random fluctuation uniformly distributed in th
interval @20.005,0.005#. For a Cu90Co10 alloy, NCu /N50.9
and NCo /N50.1 in the homogeneous phase, so we h
c050.8. For such values of the concentration, the homo
neous phase is metastable after the quench, and phase
ing proceeds via nucleation. Since, in this case, segrega
of phases can occur only if nucleation centers are presen
added random nucleation centers to the initial state of
system. The nucleation centers consist of four sites, e
with c520.5, the total number of sites in the nucleati
centers representing about 10% of the total number of s
in the lattice. After a few iterations, the time evolution of th
segregation process proceeds independently of the deta
the nucleation centers. For a longer discussion about
critical quench in CDS models, see Ref. 16. We usedD
50.5 and our choice of map is

f ~x!5A tanhx, ~8!

where A is a measure of the quench depth~A,1 corre-
sponds to a homogeneous mixture!. In our simulations we
useA51.3. Figure 1 shows the snapshots of the lattice a
100, 1000, 5000, and 10000 iterations. The color black

FIG. 1. Segregation patterns for a Cu90Co10 alloy after ~a! 100,
~b! 1000, ~c! 5000, and~d! 10000 iterations of Eq.~7!. The color
black is associated with the presence of Co only, so, accordin
our definition ofc, the grains have a valuec,0, and darker shade
of gray correspond to Co richer regions.
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associated with the presence of Co only, so, according to
definition of c, the grains havec,0 and darker shades o
gray correspond to Co richer regions. The time evolution
the pattern is driven by the gradient of the chemical pot
tial, leading to domain coarsening and coalescence, so
patterns obtained after different numbers of iterations h
distinct distributions of grain sizes and shapes, leading
distinct magnetic properties. As the segregation process
ceeds, grains coalesce and grow, such that the numbe
grains decrease, as they become larger. In real samples
an evolution of the grain structure is possible only with
thermal treatment. In this way, we are going to compare p
terns simulated at later times with experimental samples
have been annealed at higher temperatures.

B. Analysis of the grain structure

We have used the standard algorithm developed
Hoshen and Kopelman24 to obtain the list of cells belonging
to each grain. In order to check the form of the grain s
distribution we have calculated the histograms correspond
to granular patterns after given number of iterations of E
~7! in terms of the magnetic momentsm of the grains. As
explained below, the magnetic moments are proportiona
the number of sites in each cluster withc,0. Figure 2 shows
the histograms after 1000~sample 1! and 10000~sample 2!
iterations, showing that as time goes on there is a shif
larger values of magnetization, due to the coalescence
grains. The histograms are asymmetrical, and have a f
similar to the usually adopted log-normal distribution.9,30

Cobalt grains have fcc symmetry,25 so it is reasonable to
consider that the dominant contribution to the anisotropy
ergy comes from the grains shape~for a discussion abou
magnetic anisotropies, please see Ref. 26, page 244!. Ob-
serving the pattern formed after 1000 iterations@Fig. 1~b!#,

to
FIG. 2. Histograms for the patterns after 1000~a! and 10000~b!

iterations shown in Fig. 1.
7-3
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for example, we notice essentially two kinds of grain shap
one almost circular and another elongated. Once the gr
are labeled we can obtain information about their shape
order to calculate the direction of the easy magnetiza
axis. First, we determine the center of mass of the grain
refer each cell in the grain to that point. As the easy mag
tization axis is defined in the interval@0,p#, we reflect all
cells in the third quadrant to the first one, and the cells in
fourth quadrant to the second one, and then we sum up
position vectors of each cell. The resultant vector direction
the easy axis direction,êi . Finally we have translated ou
arbitrary units to physical ones, using a real Cu90Co10 sample
for which the average values of the grain magnetic mom
and anisotropy constants are known. The determination
those experimental values is explained in Sec. II C. The
step was to associate a magnetization value to each g
Assuming that each grain magnetization is proportional to
size, we can adjust our results by comparing them to exp
mental data. Of course one serious difficulty is that the wh
simulation is two dimensional, so actually we have areas
not volumes for the grains.

The average grain size is just the average number of
tice sites of the grains,n̄, and was associated with the ave
age experimental magnetic momentmexpt of a Cu90Co10
sample as

n̄ f m5mexpt, ~9!

so that the magnetic moment of thei th simulated grain is
thenmi5ni f m , whereni is the number of sites of that grain
and f m the conversion factor in units ofmexpt ~see Fig. 3!.

We also need the conversion factor for the anisotropy c
stantK. For this, we need to define the axial ratioRi as the
ratio between the larger and the smaller dimension of thei th
grain. Using the fact that,26 for cobalt, whenRi53.5 the
shape anisotropy constant is equal toKexpt54.5
3106 erg/cm3, it is possible to define the conversion fact
f K as

FIG. 3. Scatter plot of the anisotropy, measured as the axial r
Ri between the larger and the smaller dimension of thei th grain, as
a function of the number of sites,ni in the grain. It is clear from this
plot that the segregation process leads to larger and rounder g
and that anisotropy is correlated to grain size. We expect the s
behavior in real systems, that is, annealing will generate a sys
with larger but less anisotropic grains.
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so that, for each grain, the anisotropy constant in the sa
units ofKexpt may be calculated asKi5 f KRi . The properties
of the samples used in the Monte Carlo simulations are s
marized in Table I.

C. Experiment

Continuous ribbons of Co10Cu90 were obtained by melt
spinning in an Ar atmosphere using a Cu-Zr drum. The
cast material was subjected to furnace annealing at temp
ture range 400–600 °C for 60 min, generating samples w
different nanostructures. Details of the sample structure
how it is affected by the thermal treatment can be seen
Ref. 27. The magnetization measurements were perfor
on a commercial Quantum Design PPMS system with te
peratures in the range 2–300 K, for different values of
applied fieldH. In each curve the sample was cooled to 2
in zero field. After applying a magnetic field, the magnetiz
tion was measured with increasing temperature up to 30
~ZFC magnetization!. Subsequently, the magnetization w
measured for decreasing temperature in the same field d
to 2 K ~FC magnetization!. The magnetic field was applie
by a superconducting magnet operating in persistent m
and the total time of each complete ZFC and FC curves
of 7 h with a rate of temperature sweep of 1.5 K/min. T
moment distribution of the samples atT5300 K, was ob-
tained by fitting a sum of Langevin functions weighted by
lognormal moment distribution in them(H) curve
measured.4 The saturation magnetization was obtained
extrapolation of the curvem(1/H) to (1/H)50.

III. MONTE CARLO SIMULATION

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.28 Below this critical
size, the energy associated with the creation of magnetic
main walls is larger than the decrease in the magnetos
energy due to the smaller total magnetization. Such m
odomain ferromagnetic particles can be viewed as large m
netic units, each having a magnetic moment of thousand
Bohr magnetons. Usually, in low concentration alloys, neig
boring particles are separated by 10–30 nm, and direct
change, as well as indirect between particles is neglecte29

Thus, the magnetic properties of an assembly of nano

io

ins,
e

m

TABLE I. Properties of the simulated Cu90Co10 samples used in
the Monte Carlo simulations.Ng is the total number of grains, in a
sample,m̄(mB) is the average magnetic moment of the grains andK̄
is the average anisotropy constant of the sample.

Sample Number of iterations Ng m̄(mB) K̄(106 erg/cm3)

1 1000 539 869 1.58
2 10000 371 2140 1.58
7-4
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ticles are determined by the dipolar interaction energy
tween the particles along with thermal and magnetic ani
ropy energies. In this paper we consider only the latter eff
The introduction of interactions among grains will certain
change the form of the ZFC-FC curves, but as will be sho
later, the basic form of those curves is due to the grain m
phology, especially to the correlation between size a
shape. Experiments conducted on magnetic nanopart
show an irreversible magnetic behavior below an irreve
ibility line Tirr (H). In particular, the ZFC and FC magnet
zation curves do not coincide, and magnetic hysteresis
pears. In such systems the origin of irreversibility is t
interplay between thermal energy and some energy bar
which hinders relaxation toward equilibrium. The magne
irreversibility in nanoparticles is conventionally associat
with the energy required for a particle moment reorientati
overcoming a barrier due to shape, magnetoelasticity
crystalline anisotropy.28

Our system consists ofNg magnetic monodomain par
ticles, whose sizes, shapes, and anisotropy constants ar
tained by means of the previously described procedure. E
particle is described by its magnetic momentmW i , the direc-
tion of the easy magnetization axis,êi and its anisotropy
constantKi . All those quantities result from the CDS simu
lation of the granular structure. In the presence of an exte
magnetic fieldHW , the Hamiltonian of our system can be wri
ten as

H5(
i

F2mW i•HW 2k i S mW i•êi

mi
D 2G , ~11!

wherek i5KiNi , Ni is the number of atoms of graini.
The ZFC-FC curves correspond to nonequilibrium sta

of the system; therefore, they are dependent on the temp
ture variation rate. In terms of a Monte Carlo simulation th
means that we have to avoid equilibration by a sufficien
fast cooling, and the usual mechanism of time averaging
stead of ensemble averaging is not valid. The estimation
the number of Monte Carlo steps in each temperature
completely arbitrary, and it has no obvious relation to t
actual time used in experiments. However, as we keep
number constant in our simulations we can at least guara
that the cooling and heating rates are equal in all simulatio
and our conclusions will be valid at these rates. The ave
ing was done over 200 independent but statistically equ
lent sweeps. For the ZFC curve we started from a confi
ration where the magnetic moments of the grains w
randomly oriented andH50. The simulation proceeded b
turning on the external field~typically 10–100 Oe! in the x
direction at low temperature (T52 K). TheNg grains were
then sequentially chosen, and had their magnetic mom
rotated by an angle sorted from a uniform distribution. T
change in energy (DE) was calculated and the rotation a
cepted with probabilityp5min@1,exp(2DE/kBT)#. The up-
date of theNg particles was repeated 100 times for the init
value of temperature; then the temperature was increase
2 K, and so on. AtT5200 K we kept the last configuratio
of magnetic moments and used it as the initial configurat
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for the FC curve, following the same procedure used in
ZFC curve, only decreasing the temperature 2 K each step.

IV. RESULTS

The analysis of ZFC curves usually involves two tempe
turesTM and Tirr , defined as the temperature at the ma
mum and the temperature above which the system sh
thermodynamic equilibrium properties corresponding to
superparamagnetic behavior, respectively.30 For a zero ap-
plied field, we can think of a granular system as a collect
of double well potentials, with a distribution of energy ba
riers between the two equal minima. The initial state of t
ZFC curve corresponds to having those minima equa
populated. As the field is applied, each particle has one of
minima lowered, but still the metastable minima have co
siderable populations, due to the small value of the availa
thermal energy. As the temperature is increased, and
comes comparable to the energy barrier for relaxation fr
the metastable state to the stable state of particles
smaller values ofk, the magnetization rises. This proce
continues as the temperature increases, as particles
larger values ofk relax. When the temperature increases p
TM , particles that have already been equilibrated may h
enough energy to overcome the energy barrier and bec
magnetically unstable, decreasing the value of the sys
magnetization. For temperatures larger thanTirr , almost all
particles are magnetically unstable, and the system may
considered in thermodynamic equilibrium. The starting po
of the FC curve is then an equilibrium state and, as the te
perature is decreased, particles with larger values ofk be-
come blocked in the lower minimum. Decreasing the te
perature will block the rest of the particles, causing
monotonic increase in the magnetization. AtTirr the curves
diverge, since this state is reached from a nonequilibri
situation in the ZFC curve, in which an appreciable numb
of particles is blocked in the metastable minimum. ForT
,Tirr irreversibility impedes the coincidence of the ZFC a
FC curves. ForT.Tirr , the relaxation time for the magnet
zation of the largest particle is much smaller than the typi
measuring time, and the ZFC and FC curves coincide.
goal is to understand how these temperatures are affecte
the distribution of sizes and shapes of the particles, ma
tude of the applied field and annealing of the grains.

A. Influence of the distribution of grain sizes and shapes

In order to compare the effect of the distribution of gra
sizes and anisotropies on the ZFC-FC curves, we perform
a series of simulations using different types of distributio
namely: uniform, Gaussian and realistic~obtained from a
CDS simulation! for the sizes, anisotropy axis sorted from
uniform distribution of directions, and obtained from th
CDS simulation, anisotropy constants equal to the aver
value, and calculated from the simulated alloy. One imp
tant point in the choice of the anisotropy constantsKi , is that
they are intensive quantities. In order to keep the total
isotropy energy independent of the choice of theK distribu-
tion, we calculated the average value of the anisotropy c
7-5
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stant using the grain sizes as weights. The results be
show the combination of those possibilities for the sa
sample under an applied external fieldH50.1 KOe. All
curves show the behavior of the reduced average magne
tion per grain,m/ms , wherems is the saturation value of th
sample.

We begin our study by considering a sample with t
same number of grains, average magnetic moment and a
age anisotropy constant of sample 1, as defined in Tab
but with arbitrarily chosen size distributions. First we ass
a constant value of magnetization,mi5m̄5869mB , and uni-
form anisotropy constant,Ki5K̄51.583106 erg/cm3, to all
grains and anisotropy axis sorted from a uniform distrib
tion. These choices represent a system in which all gra
have the same size and shape, with anisotropy axis d
mined by the random alignment of the crystalline axis a
the magnetic field. Figure 4~a! shows the results for this sys
tem. We notice thatTirr 5TM58 K and that the peak of the
ZFC curve is sharp.

Next we improve the description by considering a syst
with magnetizations sorted from a Gaussian distribution
order to have a distribution quantitatively similar to th
simulated one, we have chosen it to be centered am̄
5869mB with variance corresponding to the width of th
distribution of sample 1, that is,s5550mB . We still keep
the constant value of anisotropyK, i.e., all particles with the
same shape, and an anisotropy axis sorted from the unif
distribution. With these choices we have a system with p

FIG. 4. Simulated ZFC-FC curves for a sample of 539 gra
with ~a! constant magnetic moment and anisotropy constant,
anisotropy axis sorted from a uniform distribution;~b! Gaussian
distribution of magnetic moments. All grains have the same ani
ropy constant and the anisotropy axis is sorted from a unifo
distribution. ~c! Distribution of magnetic moments from the CD
simulation. As in~b!, all grains have the same anisotropy const
and the anisotropy axis is sorted from a uniform distribution.~d!
Parameters relative to sample 1 of Table I.
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ticles of different sizes, but uniform shape, and with ea
magnetization axis determined by the grain crystalline a
as before. As can be seen in Fig. 4~b!, the existence of par-
ticles with different sizes is not a sufficient condition fo
havingTirrÞTM as observed in experimental curves. A sym
metrical distribution of sizes leads to curves similar to t
ones obtained from a system of particles with uniform size
the sense thatTirr 5TM in both cases. However, because
the inclusion of a size distribution, we now have grai
larger than in the previous case, and this is reflected in
larger values of those temperatures. Bigger particles w
higher magnetizations weigh more in the ZFC curve than
smaller ones, and because of their larger sizes they y
larger values ofTirr . Therefore, the position ofTirr andTM
shift to higher temperatures, and nowTirr 5TM512 K.

The effect of the distribution profile can be clearly seen
we use the asymmetrical distribution generated by the C
simulation, together with constantK and uniformly distrib-
uted anisotropy axis. Figure 4~c! shows the resulting curve
for this case, whereTirr .TM (Tirr 518 K and TM513 K)
and both are larger than the values obtained in the prev
case, with the symmetrical distribution. Moreover the ma
mum value ofm/ms in the ZFC curve is lower as compare
to the symmetrical distribution curve. In this case, the nu
ber of smaller particles is larger, as compared to the mo
disperse case. Some small particles are becoming disord
at the temperature of the maximum magnetization of
sample, therefore, the magnetization peak in the ZFC cu
is lower. Also for this reason,Tirr is larger.

Finally we use the complete information from the CD
simulation, that is, distribution of sizes, axis and anisotro
constants calculated from the simulated grains@Fig. 4~d!#. In
this case,Tirr 536 K and TM58 K. The introduction of a
realistic distribution of anisotropy constants generates a Z
curve more similar to an experimental one~see Fig. 5!, as the
ZFC and FC curves separate at a temperature well be
TM . From now on, all the simulated curves use the structu
properties of the simulated alloy, as explained in Sec. II B

B. Effect of annealing

Even for noninteracting grains, annealing is capable
drastically changing the ZFC-FC curves. As the sample
brought to a temperature closer to the phase separation
cal temperature, diffusion is enhanced and fabrication def
are relaxed. The overall effect is an isotropic sample w
larger and fewer grains. For this reason we have chose
annealed sample as our starting reference system. As
thermal treatment is repeated, grains grow larger and coa
cence further decreases the number of grains. It is possib
achieve the same result in the simulated alloy simply
iterating more times the time evolution rule defined by E
~7!. For this reason we assume that sample 2, which
collected 9000 iterations later than sample 1, represent
annealed sample, as compared to sample 1. Using the s
conversion factors defined for sample 1 in sample 2,
guarantee consistency in the values ofmi and Ki . As ex-
pected for a sample with larger grains, bothTM andTirr are
larger, and the maximum of both curves are higher. Whil

s
d

t-

t

7-6



a

p
fo

o
te
te

eri-
ves
,
ld,

ws

e-
the

-

per-
ime
tion

its
exter-

ri-
use
is

en-
rder

a
se
it

the

n
-

at

ROLE OF THE ALLOY STRUCTURE IN THE MAGNETIC . . . PHYSICALREVIEW B 66, 214407 ~2002!
direct comparison is difficult, we can see that there is a qu
tative agreement with experimental results, as illustrated
Fig. 5~b!. Because of the existence of larger grains in sam
2, the mean value of the magnetization increases; there
Tirr increases, and so does the low temperature limit ofm/ms
on the FC curve.

C. Effect of external field

Here we consider the effect of varying the magnitude
the applied magnetic field on sample 1. Figure 6 illustra
our results for fields in the range 50–1000 Oe. Simula

FIG. 5. ~a! Simulated ZFC-FC curves for samples 1 and 2.~b!
Experimental curves for a sample annealed for an hour at 450
550 °C. Higher annealing temperatures facilitate the process of
regation, so we have a correspondence to a simulated sample w
larger number of iterations of the time evolution equation of
segregation process@Eq. ~7!#.

FIG. 6. Simulated ZFC-FC curves for sample 1 with differe
values of the applied field. BothTirr andTM decrease with increas
ing field, as can be seen in Table II.
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curves have the same qualitative behavior found in exp
ments, as depicted in Fig. 7. That is, both ZFC and FC cur
are dislocated to larger values ofm/ms as the field increases
and TM and Tirr decrease. For each value of external fie
TM andTirr can be determined graphicallly.TM , by the zero
of the derivative of the ZFC curve, andTirr by the zero of the
difference between the FC and ZFC curves. Table II sho
the values ofTirr andTM for the simulated curves.

Both values of temperature reflect the competition b
tween thermal excitation and the energy barrier between
two axial orientations.Tirr is strongly influenced by the ex
ternal field. AsTirr is related to the equilibrium, i.e, it is the
temperature above which the system behaves like a su
paramagnet, by increasing the external field, relaxation t
diminishes. For superparamagnetic systems, the relaxa
time at temperatureT is given byt5t0 exp(DE/kBT), where
t0 is a constant of the order of 1029 s andDE is the energy
barrier that each particle has to overcome to minimize
energy. Because the energy barrier decreases under an
nal magnetic field, so doTM and Tirr , and the equilibrium
state can be reached at lower temperatures.

V. CONCLUSIONS

There are several difficulties involved in a direct compa
son of simulated and experimental curves, mostly beca
we are dealing with nonequilibrium states. The first issue
how to identify a simulated CoxCu1002x sample from a real
one. As explained above, the CDS simulation deals with d
sities, and the space-time scale is undefined. As a zero o

nd
g-
h a

t

FIG. 7. Experimental ZFC-FC curves for a sample annealed
450 °C. Corresponding values ofTirr andTM are listed in Table II.

TABLE II. Values of Tirr andTM for the curves in Figs. 6 and 7.

Simulation Experiment
Field ~Oe! Tirr (K) TM(K) Tirr (K) TM(K)

50 36 8 39 16
100 36 8 38 15
200 32 8 35 14
500 26 4 22 11

1000 14 2 19 9
7-7
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approximation, we can force the simulated alloy to have
same average value of magnetic moment, but the varianc
the grain size distribution in the simulation cannot be a
justed to be exactly the same as in the real system. Bes
all this, there is also the problem of relating Monte Ca
steps with cooling and heating rates of the ZFC and
curves, as discussed above. In summary, even though
have used experimental parameters to keep our simul
curves as close as possible to the real ones, a direct com
son of them is too ambitious. However, qualitative compa
sons to determine the effect of each of the parameters of
model are valid, and the importance of relating anisotro
size and shape distributions is stated.

The existence of a temperatureTirrÞTM marking the ir-
reversible portion of the ZFC curve is already well und
stood to be a consequence of a grain size distribution.30 What
we observed in this work is that the sole existence of s
distribution is not sufficient to produce a simulated ZF
curve similar to the experimental one. For a symmetrical s
distribution of the magnetic particles,TM coincides with
Tirr , within numerical accuracy as can be seen in Fig. 4~b!.
However, for nonsymmetrical particle size distribution
Tirr .TM , as shown in Figs. 4~c! and 4~d!. The introduction
of a distribution of anisotropy constants is a delicate po
ys

s

ev
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As can be seen in Fig. 3, shape and size are correlated
one cannot independently sort the values of magnetic
ments and anisotropy constants, even when using the co
distributions. This effect has been so far neglected in sim
lations of granular systems. The qualitative comparison
the ZFC-FC curves corresponding to samples that h
evolved in time with experimental curves for thermal
treated samples reinforces this idea. As the binary alloy
laxes toward its equilibrium configuration, fewer and larg
grains are present, and only the larger ones show apprec
anisotropy as shown in the scatter plot of anisotropy a
function of particle size for samples obtained after tim
~Fig. 3! for samples 1 and 2 obtained after different numb
of iterations.
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