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Role of the alloy structure in the magnetic behavior of granular systems
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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-cd@EE€-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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[. INTRODUCTION superparamagnetic particles. The blocking effect on the mag-
netization curves has been simulated by a Monte Carlo
Besides the importance of studying still open problems ormethod in a paper by Dimitrov and WySirAllia et al® pro-

basic magnetism, nanocrystalline systems attract more argbsed analytical models that take explicitly into account the
more interest due to their applications on chemical catalysisorrelation arising from the dipolar interactions on nearly
and magnetic recordingFor the latter, the progressive in- superparamagnetic systems. Also, for interacting systems,
crease of recording density has led to the production of maChantrell et al® calculated the susceptibillity and field-
terials with smaller single domain particles. This requirementooling (FC) and zero field-cooledZFC) curves for super-
has the serious drawback that the effective magnetic momeparamagnetic particles, and Pikeal X° investigated the role
of the particles suffers strong instabilities of thermal origin, of magnetic interactions on low temperature saturation rema-
the so called superparamagnetic limit. Also, when one dealgsence of fine magnetic particles. However, most of these
with the nanometer scale, the magnetic systems are n@hodels assume nonrealistic size distributions of the grains,
easily reproduced and characterized, introducing additionadnd constant anisotropy, as if all grains had the same shape.
difficulties for experimental studies. Experimental and theo-Both parameters originate effects that certainly are interest-
retical results over the past years showed that there aligg to elucidate.
clearly many factors that can influence the magnetic and | order to investigate the effect of different structural and

magnetotransport behaviors of these systems, namely, the,qnetic factors on the magnetization properties of granular
distribution of grain sizes, the average size and shape of t loys we have simulated, by means of a standard Monte

grains, the magnetic anisotropy of the individual grains, an arlo method, one of the most common characterization

magnetic interactions among the nanometer-sized cryst echniques, the FC-ZFC curves. The samples were simulated

lites. . . :
The effect of some of these parameters on the magnetizzg)-y a cell dynamical systefCDS) model which gives the

tion and magnetoresistance was partially investigated by se\f—eaIiStiC grain sizes and shapes distril_agtions and, With. the aid
eral authors. El-Hileet al2 used Monte Carlo simulations for Of €Xperimental results, these quantities can be assigned to
determining the magnetoresistance dependence on the me&idgnetization and anisotropy for each grain. After these
intergranular distance, or rather, the particle concentratiorfjuantities are known, the magnetic properties of the system
using a simple expression previously obtained by Gittlemar®'e studied as a function of temperature, applied field, and
et al® The influence of the log-normal distribution of mag- thermal treatment of the sample.

netic moments and the ratio of the boundary to the volume Comparisons between the realistic distribution and others
scattering cross sections on the magnetization and magnare made to check the influence of grain sizes and shape
toresistance was examined by Ferrerial® Hickey et al®>  distributions on ZFC-FC curves. An interesting correspon-
and Wisef developed a phenomenological model which ex-dence is made between annealing and time iteration in the
plains the almost linear variation of the magnetoresistanc€DS. The applied field effects on blocking temperatures and
with the magnetization at low temperatures as a possiblenagnetization values for ZFC-FC curves are studied, and
consequence of existing correlations between blocked anagree with experimental results also included in this work.
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II. SIMULATION OF THE GRANULAR ALLOY The simulation, in this case, mimics an experiment in

Granular materials correspond to metastable states requtV-h'Ch a binary alloyAB g0, X<100, is initially prepared
. ) : .7 .~ -at a temperature above the phase separation critical tempera-
ing from a slowing down of the segregation process in binar

off-critical mixtures!! In the case of metal alloys, a quench){ure' with a given value of determining the amounts of each

to the metastable region of the phase diagram eneratescgmponem' and then quenched to a region of the phase dia-
X 9 P 9 9 gfam in which the homogeneous phase is metastable. The
virtually permanent granular state at room temperature;

Since the grain structure is not an equilibrium state, it cannof'tate of the system can be monitored by the value of an order

be derived from a minimization procedure. There are severaﬁ"’m”lmeter defined onddimensional lattice which configu-

S . . rations at timet andt+ 1 are directly related by a map. The
statistically equivalent granular structures corresponding tQ . ) ;

) . order parameters is defined as the difference between the
different paths in phase space, and one must go through tl?e

process of phase separation in order to reach one of the%;?l i%umg?oﬁgsgfjozgthﬁ;gg Z\Or;rptc:‘?()ejr?]ti:?;’ ;:Jncﬁitu de
intermediate states and obtain realistic simulations of granuy L - g_ P » ap ; P
luctuationsiy= o= (Na—Ng)/N, whereN, g, is the num-
lar alloys. : . (B)
The traditional approach to this problem is the Cahn—ber of particles of typeA(B) andN is the total number of
Hilliard equatiort2 particles. This definition of order parameter leads to posi-
d tive(negative values ofy in A(B)-rich regions. Other com-
Ju(r t SE[w(r t mon deflnltlons of order parameters in th|s.k|nd of problem
i )= 2 SFLU )], (1)  are the difference between the concentration of one of the
Jt Si(r,1) species, say, in the segregated phase, and in the homog-
wherey(r,t) is a conserved order parametirour case, the enous phase, or the difference between the concentration of
difference, between Co and Cu concentratjpisis a p’he_ one of the species and 0.5. We prefer the first definition in
nomenological parameter related to the mobility. angorder to use a symmetrical function for the time evolution.
F[4(r,t)] is the coarse-grained Landau free-energy func1€ré we have considered onfi=2, since we believe that
tional most of the properties we seek will be manifested in this
’ dimension, and the computational effort involved in d 3
1 r g simulation would not improve significantly our results.
E(V z/x)z—z PP+ Zzp“ , 2 We assume that the dynamics of each lattice cell is gov-
erned by a local relaxational mechanism driven by a suitable

with = andg positive phenomenological parameters. In prin-mapf. The exact form of the map is not important, as long as
ciple, the solution of Eq(1) yields the knowledge of the it has the correct flod?*®**For the segregation of binary
whole phase separation process. The problem is, of coursBlixtures we seek a map with one unstable fixed point at the
that Eq.(1) does not have an analytical solution and it is very©rigin and two hyperbolically stable fixed points at sym-
hard to solve numerically. Almost all efforts in this sensemetrical positions. The stable fixed points correspond to the
were able to describe the very early stages of the procesggregated phases rich in Co and Cu, and the unstable fixed
only. Other common approaches are Monte Carlo simulaPoint corresponds to the homogeneous phase.

F[w(r,t)]zf dr

tions with Kawasaki exchange dynamiits* and cell dy- The single cell dynamics is described by
namical system modeling 22 Since Monte Carlo simula-
tions are computationally intensive and the CDS has been p(t+1n)=flytn)], )

successfully used to model this type of problem, we havgyherey(t,n) is the value of the order parameter in the cell
chosen the latter. CDS models have been extensively used 1 timet. The addition of a diffusional coupling to its neigh-

simulations of phase separation of binary and ternary SyS5orhood leads to a nonconservative dynamics of the form

tems. The main achievements of the model, besides showing

the correct spatial structure for both spinodal decomposition P(t+1,0)=f[(t,n) ]+ D[(e(t,n)))—y(t,n)] (4

and nucleation regimes, are the derivation of the correct

growth law for the domains, and of the correct dynamic scal- = (t,n)+1(t,n), (5)

ing for the scattering function. Since these properties exactly

reflect the properties we seek, we find that the model is adwherel (t,n) = f[ (t,n)]— ¥ (n,t) + D[{{¥(Nn,1)))— (n,t)]

equate for the purpose of describing the grain morphology.is the increment in the order parameter after one iteration,
The basic point of CDS modeling is the discreteness ofind D is a positive parameter proportional to the phenom-

space and time. The point of view is equivalent to the one irenological diffusion constan{{*))—* is the isotropic dis-

the Cahn-Hilliard equation, in the sense that a coarse graineztete Laplacian. We use the following definition of spatial

description based on densities is used, and the parameters anerage((*)) on the two-dimensional square lattice:

phenomenological. The stability of the dynamics and the

computational efficiency allows the achievement of the 1 1

asymptotic regime even for reasonably large systems. The <<¢(t'n)>>:5 % p+ 12 ;n ¥, ©

disadvantage of this approach is that the arbitrary definition

of parameters does not yield absolute information about theshere the sums are over nearest-neighbor and next-nearest-

system, although this can be done in some cases by recovereighbor cells respectively. The conservation of the order

ing the correct time and space scalés. parameter may be locally imposed by the subtraction of the

214407-2



ROLE OF THE ALLOY STRUCTURE IN THE MAGNETC. . .. PHYSICALREVIEW B 66, 214407 (2002

250
200
150
100

50

[ sample 1

(@)

counts

M I T
N

I

80 —
4 3 sample 2
60 — 7

1 AFH

™
(=]
]

(b)

counts

47 )

N
(=]
1

L) I ] I L) I v
. 0 2000 4000 6000
FIG. 1. Segregation patterns for a ggDo,q alloy after(a) 100,
(b) 1000, (c) 5000, and(d) 10000 iterations of Eq(7). The color m(u,)
black is associated with the presence of Co only, so, according to
our definition ofy, the grains have a valug<0, and darker shades FIG. 2. Histograms for the patterns after 10@pand 1000Qb)
of gray correspond to Co richer regions. iterations shown in Fig. 1.

average gain in order parameter in the neighborhood of eackssociated with the presence of Co only, so, according to our

cell. The conserved order parameter CDS model then readdefinition of ¢, the grains havey<0 and darker shades of
gray correspond to Co richer regions. The time evolution of

P(t+1n) =g (t,n)+1(t,n)—I(t,n))). (7)  the pattern is driven by the gradient of the chemical poten-

tial, leading to domain coarsening and coalescence, so that

patterns obtained after different numbers of iterations have

distinct distributions of grain sizes and shapes, leading to
We used a two-dimensional lattice with #50ells and  distinct magnetic properties. As the segregation process pro-

periodic boundary conditions. The order parameter repreeeeds, grains coalesce and grow, such that the number of

sents the difference between the average concentration of Grains decrease, as they become larger. In real samples such

and Co in the alloyy= e, — o - Our initial condition is  an evolution of the grain structure is possible only with a

the homogeneous system wifh{r) = o+ 8(F), wheres(r) thermal treatment. In this way, we are going to compare pat-

is a small random fluctuation uniformly distributed in the terns simulated at later times with experimental samples that

interval [—0.005,0.00% For a CygCoy, alloy, N, /N=0.9  have been annealed at higher temperatures.

and N¢, /N=0.1 in the homogeneous phase, so we have

¥o=0.8. For such values of the concentration, the homoge- B. Analysis of the grain structure

neous phase is metastable after the quench, and phase order- )

ing proceeds via nucleation. Since, in this case, segregation W have used the standard algorithm developed by

of phases can occur only if nucleation centers are present, widoshen and Kopelméhto obtain the list of cells belonging

added random nucleation centers to the initial state of th& €ach grain. In order to check the form of the grain size
system. The nucleation centers consist of four sites eacfistribution we have calculated the histograms corresponding

with =—0.5, the total number of sites in the nucleation {0 granular patterns after given number of iterations of Eq.
centers representing about 10% of the total number of sites’) in terms of the magnetic moments of the grains. As

in the lattice. After a few iterations, the time evolution of the €XPlained below, the magnetic moments are proportional to
segregation process proceeds independently of the details Bfe humber of sites in each cluster wigh-0. Figure 2 shows
the nucleation centers. For a longer discussion about offthe histograms after 1006ample 1 and 10000sample 2

critical quench in CDS models, see Ref. 16. We uged iterations, showing that as time goes on there is a shift to
=0.5 and our choice of map is larger values of magnetization, due to the coalescence of

grains. The histograms are asymmetrical, and have a form
f(x)= Atanhx, (8  Similar to the usually adopted log-normal distributibi.

Cobalt grains have fcc symmetiy/so it is reasonable to
where A is a measure of the quench deptd<1 corre- consider that the dominant contribution to the anisotropy en-
sponds to a homogeneous mixturén our simulations we ergy comes from the grains shagfer a discussion about
useA=1.3. Figure 1 shows the snapshots of the lattice aftemagnetic anisotropies, please see Ref. 26, page. ZJ4-
100, 1000, 5000, and 10000 iterations. The color black iserving the pattern formed after 1000 iteratigfgy. 1(b)],

A. Simulation conditions
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4.5 TABLE I. Properties of the simulated G4Co,, samples used in
4.0 ° o Sample 1 the Monte Carlo simulationd\y is the total number of grains, in a
35 o ® Sample?2 samplem( ug) is the average magnetic moment of the grainsi&nd
30 is the average anisotropy constant of the sample.
o 2.5 Sample  Number of iterations Ny m(ug) R(lOﬁ erg/cnt)
2.0
1.5 1 1000 539 869 1.58
1.0 5 2 10000 371 2140 1.58
0.5
0 100 200 300 400 500 K
expt
n fx= , 10
i K 35 ( )

FIG. 3. Scatter plot of the anisotropy, measured as the axial rati

R; between the larger and the smaller dimension ofi thgrain, as 30 that, for each grain, the anisotropy constant in the same

a function of the number of sites; in the grain. It is clear from this units OfKeXPtmay be calculated &s; = f«R; . The properties

plot that the segregation process leads to larger and rounder grain%f, the Samples Iused in the Monte Carlo simulations are sum-
and that anisotropy is correlated to grain size. We expect the san{@ar'zed in Table I.

behavior in real systems, that is, annealing will generate a system
with larger but less anisotropic grains. C. Experiment

. . . . Continuous ribbons of were obtained by melt
for example, we notice essentially two kinds of grain shapes; GeClo y

: eul q h | q h >spinning in an Ar atmosphere using a Cu-Zr drum. The as
one almost circular and another elongated. Once the graing,qt material was subjected to furnace annealing at tempera-

are labeled we can obtain information about their shape i, o range 400—600 °C for 60 min, generating samples with
order to calculate the direction of the easy magnetizationyiterent nanostructures. Details of the sample structure and
axis. First, we determine the center of mass of the grain anfl,. it is affected by the thermal treatment can be seen in
refer each cell in the grain to that point. As the easy magnéget 27 The magnetization measurements were performed
tization axis is defined in the interv@D,], we reflect all ., 4 commercial Quantum Design PPMS system with tem-
cells in the third quadrant to the first one, and the cells in they, o+ \res in the range 2—300 K, for different values of the
fourth quadrant to the second one, and then we sum up t_%‘pplied fieldH. In each curve the sample was cooled to 2 K
position vectors of each cell. The resultant vector direction i, Jarq field. After applying a magnetic field, the magnetiza-
the easy axis directiorg; . Finally we have translated our tjon \as measured with increasing temperature up to 300 K
arbitrary units to physical ones, using a reabflo,osample  (7Ec magnetization Subsequently, the magnetization was
for which the average values of the grain magnetic moment,eagred for decreasing temperature in the same field down
and anisotropy constants are knoyvn. The determlnatlon_ b 2 K (FC magnetization The magnetic field was applied
those experimental values is explained in Sec. Il C. The fwsby a superconducting magnet operating in persistent mode

step was to associate a magnetization value to each graignq he total time of each complete ZFC and FC curves was
Assuming that each grain magnetization is proportional t0 it$¢ 7 p with a rate of temperature sweep of 1.5 K/min. The

size, we can adjust our results by comparing them to experiz,oment distribution of the samples &t=300 K, was ob-

mental data. Of course one serious difficulty is that the wholg i by fitting a sum of Langevin functions weighted by a
simulation is two dimensional, so actually we have areas anﬂ)gnormal moment distribution in them(H) curve

not volumes for the grains. measured. The saturation magnetization was obtained by
The average grain size is just the average number of lal sxtrapolation of the curven(1/H) to (1/H)=0.
tice sites of the graing), and was associated with the aver-

age experimental magnetic mom of a CuyC
sgmplepas 9 eml%xpt Hd~0ro I1I. MONTE CARLO SIMULATION

L A ferromagnetic particle becomes a monodomain when its
Nf = Meypts 9 linear size is below a critical valuB. determined by the
minimization of the total energy, including magnetostatic,
so that the magnetic moment of tith simulated grain is exchange, and anisotropy contributicA8elow this critical
thenm;=n;f,, wheren; is the number of sites of that grain, size, the energy associated with the creation of magnetic do-
andf, the conversion factor in units ah,, (see Fig. 3 main walls is larger than the decrease in the magnetostatic
We also need the conversion factor for the anisotropy conenergy due to the smaller total magnetization. Such mon-
stantK. For this, we need to define the axial raRpas the  odomain ferromagnetic particles can be viewed as large mag-
ratio between the larger and the smaller dimension oftifie netic units, each having a magnetic moment of thousands of
grain. Using the fact th&f for cobalt, whenR;=3.5 the  Bohr magnetons. Usually, in low concentration alloys, neigh-
shape anisotropy constant is equal t&.,=4.5 boring particles are separated by 10—30 nm, and direct ex-
X 10P erg/cn?, it is possible to define the conversion factor change, as well as indirect between particles is neglécted.
fx as Thus, the magnetic properties of an assembly of nanopar-
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ticles are determined by the dipolar interaction energy befor the FC curve, following the same procedure used in the
tween the particles along with thermal and magnetic anisotZFC curve, only decreasing the temperat@rK each step.
ropy energies. In this paper we consider only the latter effect.
The introduction of interactions among grains will certainly
change the form of the ZFC-FC curves, but as will be shown

later, the basic form of those curves is due to the grain mor- Tpe analysis of ZFC curves usually involves two tempera-
phology, especially to the correlation between size a”QuresTM and T, , defined as the temperature at the maxi-
shape. Experiments conducted on magnetic nanoparticlgiym and the temperature above which the system shows
show an irreversible magnetic behavior below an Irreversihermodynamic equilibrium properties corresponding to a
ibility line Ti,(H). In particular, the ZFC and FC magneti- syperparamagnetic behavior, respectiilfor a zero ap-
zation curves do not coincide, and magnetic hysteresis apsiied field, we can think of a granular system as a collection
pears. In such systems the origin of irreversibility is theof gouble well potentials, with a distribution of energy bar-
interplay between thermal energy and some energy barriefiers petween the two equal minima. The initial state of the
which hinders relaxation toward equilibrium. The magneticzEc curve corresponds to having those minima equally
irreversibility in nanoparticles is conventionally associatedpopu|ated_ As the field is applied, each particle has one of the
with the energy required for a particle moment reorientationminima lowered, but still the metastable minima have con-
overcoming a barrier due to shape, magnetoelasticity, Ogiderable populations, due to the small value of the available
crystalline amsotrop?f.‘ ) ) thermal energy. As the temperature is increased, and be-
~ Our system consists dil; magnetic monodomain par- comes comparable to the energy barrier for relaxation from
ticles, whose sizes, shapes, and anisotropy constants are QRe metastable state to the stable state of particles with
tained by means of the previously described procedure. Eacnaller values ofx, the magnetization rises. This process
particle is described by its magnetic moment, the direc-  continues as the temperature increases, as particles with
tion of the easy magnetization axig, and its anisotropy |arger values ok relax. When the temperature increases past
constantK; . All those quantities result from the CDS simu- Tu, particles that have already been equilibrated may have
lation of the granular structure. In the presence of an externegnough energy to overcome the energy barrier and become
magnetic fieldH, the Hamiltonian of our system can be writ- magnetically unstable, decreasing the value of the system
ten as magnetization. For temperatures larger tfign, almost all
particles are magnetically unstable, and the system may be

IV. RESULTS

- & considered in thermodynamic equilibrium. The starting point
H=D [_rﬁi H- K.( ' ') , (11)  of the FC curve is then an equilibrium state and, as the tem-
i m perature is decreased, particles with larger values be-

come blocked in the lower minimum. Decreasing the tem-

wherex;=K;N;, N; is the number of atoms of grain perature will block the rest of the particles, causing a

The ZFC-FC curves correspond to nonequilibrium statesnonotonic increase in the magnetization. By the curves
of the system; therefore, they are dependent on the temperdiverge, since this state is reached from a nonequilibrium
ture variation rate. In terms of a Monte Carlo simulation thissituation in the ZFC curve, in which an appreciable number
means that we have to avoid equilibration by a sufficientlyof particles is blocked in the metastable minimum. Hor
fast cooling, and the usual mechanism of time averaging in<T;, irreversibility impedes the coincidence of the ZFC and
stead of ensemble averaging is not valid. The estimation ofC curves. Foif >T,, , the relaxation time for the magneti-
the number of Monte Carlo steps in each temperature wagation of the largest particle is much smaller than the typical
completely arbitrary, and it has no obvious relation to themeasuring time, and the ZFC and FC curves coincide. Our
actual time used in experiments. However, as we keep thigoal is to understand how these temperatures are affected by
number constant in our simulations we can at least guarantage distribution of sizes and shapes of the particles, magni-
that the cooling and heating rates are equal in all simulationsude of the applied field and annealing of the grains.
and our conclusions will be valid at these rates. The averag-
ing was done over 200 independent but statistically equiva- o o
lent sweeps. For the ZFC curve we started from a configu- A. Influence of the distribution of grain sizes and shapes
ration where the magnetic moments of the grains were In order to compare the effect of the distribution of grain
randomly oriented an#i=0. The simulation proceeded by sizes and anisotropies on the ZFC-FC curves, we performed
turning on the external fiel@typically 10—100 Ogin thex  a series of simulations using different types of distributions
direction at low temperaturel(=2 K). The N, grains were  namely: uniform, Gaussian and realistiebtained from a
then sequentially chosen, and had their magnetic momer@DS simulation for the sizes, anisotropy axis sorted from a
rotated by an angle sorted from a uniform distribution. Theuniform distribution of directions, and obtained from the
change in energyAE) was calculated and the rotation ac- CDS simulation, anisotropy constants equal to the average
cepted with probabilityp=min[1,exp(—AE/kgT)]. The up-  value, and calculated from the simulated alloy. One impor-
date of theNy particles was repeated 100 times for the initial tant point in the choice of the anisotropy constéfits is that
value of temperature; then the temperature was increased lilyey are intensive quantities. In order to keep the total an-
2 K, and so on. AfT=200 K we kept the last configuration isotropy energy independent of the choice of Kdistribu-
of magnetic moments and used it as the initial configuratiortion, we calculated the average value of the anisotropy con-
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0.6 - ticles of different sizes, but uniform shape, and with easy
0'5_5 (@) p (b) magnetization axis determined by the grain crystalline axis,
P S as before. As can be seen in FigbY the existence of par-
0443 i ticles with different sizes is not a sufficient condition for
034> .'s% havingT;, # T\, as observed in experimental curves. A sym-
i . metrical distribution of sizes leads to curves similar to the
0.2 3% . ones obtained from a system of particles with uniform size in
£ 0.1 3 the sense that;, =T, in both cases. However, because of
T 0p3 2 the inclusion of a size distribution, we now have grains
R Y larger than in the previous case, and this is reflected in the
05% © | (d) larger values of those temperatures. Bigger particles with
043> B higher magnetizations weigh more in the ZFC curve than the
‘% smaller ones, and because of their larger sizes they yield
0.3 ¥ larger values ofT;, . Therefore, the position of;, and Ty,
0.23 shift to higher temperatures, and ndw, =Ty, =12 K.
0.1 3 The effect of the distribution profile can be clearly seen if
T3 we use the asymmetrical distribution generated by the CDS
0.0 Frrrrpr T simulation, together with constakt and uniformly distrib-

e
0 &0 100 150 200 S50 100 150 200 uted anisotropy axis. Figure@ shows the resulting curves
T(K) for this case, wherd;,>Ty (T;{;=18 K andT,=13 K)
and both are larger than the values obtained in the previous
FIG. 4. Simulated ZFC-FC curves for a sample of 539 grainscase, with the symmetrical distribution. Moreover the maxi-
with (a) constant magnetic moment and anisotropy constant, angaum value ofm/mg in the ZFC curve is lower as compared
anisotropy axis sorted from a uniform distributiof) Gaussian  tg the symmetrical distribution curve. In this case, the num-
distribution of magnetic moments. All grains have the same anisothar of smaller particles is larger, as compared to the mono-
ropy constant and the anisotropy axis is sorted from a unifornyignerse case. Some small particles are becoming disordered
distribution. (c) Distribution of magnetic moments from the CDS at the temperature of the maximum magnetization of the
simulation. As in(b), all grains have the same anisotropy constamtSample therefore, the magnetization peak in the ZFC curve
and the anisotropy axis is sorted from a uniform distributi@). . ' -, .
Parameters relative to sample 1 of Table I. is lower. Also for this reasorj; is larger.
Finally we use the complete information from the CDS
simulation, that is, distribution of sizes, axis and anisotropy
stant using the grain sizes as weights. The results belowonstants calculated from the simulated grafig. 4(d)]. In
show the combination of those possibilities for the samehis case,T;,=36 K andT,,=8 K. The introduction of a
sample under an applied external figit=0.1 KOe. All  realistic distribution of anisotropy constants generates a ZFC
curves show the behavior of the reduced average magnetizaurve more similar to an experimental ofsee Fig. 5, as the
tion per grainm/mg, wheremy is the saturation value of the ZFC and FC curves separate at a temperature well below
sample. Ty - From now on, all the simulated curves use the structural
We begin our study by considering a sample with theproperties of the simulated alloy, as explained in Sec. Il B.
same number of grains, average magnetic moment and aver-
age anisotropy constant of sample 1, as defined in Table I,
but with arbitrarily chosen size distributions. First we assign B. Effect of annealing

a constant value of magnetization,=m==869uz, and uni- Even for noninteracting grains, annealing is capable of
form anisotropy constank;=K=1.58x< 10° erg/cn?, to all  drastically changing the ZFC-FC curves. As the sample is
grains and anisotropy axis sorted from a uniform distribu-brought to a temperature closer to the phase separation criti-
tion. These choices represent a system in which all grainsal temperature, diffusion is enhanced and fabrication defects
have the same size and shape, with anisotropy axis detesire relaxed. The overall effect is an isotropic sample with
mined by the random alignment of the crystalline axis andarger and fewer grains. For this reason we have chosen an
the magnetic field. Figure(d) shows the results for this sys- annealed sample as our starting reference system. As the
tem. We notice thaT;, =T,;=8 K and that the peak of the thermal treatment is repeated, grains grow larger and coales-
ZFC curve is sharp. cence further decreases the number of grains. It is possible to
Next we improve the description by considering a systenachieve the same result in the simulated alloy simply by
with magnetizations sorted from a Gaussian distribution. Iriterating more times the time evolution rule defined by Eq.
order to have a distribution quantitatively similar to the (7). For this reason we assume that sample 2, which was
simulated one, we have chosen it to be centerednat collected 9000 iterations later than sample 1, represents an
=869ug with variance corresponding to the width of the annealed sample, as compared to sample 1. Using the same
distribution of sample 1, that isr=550ug. We still keep  conversion factors defined for sample 1 in sample 2, we
the constant value of anisotrop; i.e., all particles with the guarantee consistency in the valuesngf and K;. As ex-
same shape, and an anisotropy axis sorted from the uniforpected for a sample with larger grains, bdtf) andT;, are
distribution. With these choices we have a system with parlarger, and the maximum of both curves are higher. While a
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0.6
number of iterations 0.5
0594% = 10000 °o 50 Oe
0.4 a2 100 Oe
© 200 Qe
* 500 Oe
- 0.3 4 1000 Oe
£
€ 0.2
0 50 100 150 200 01
T(K)
0.3
annealing 0.0
temperature 0 50 100 150 200
0.2 * 550°C
£ ' o 450°C T(K)
£ FIG. 7. Experimental ZFC-FC curves for a sample annealed at
0.1 450 °C. Corresponding values &f, andT,, are listed in Table II.
0.0 curves have the same qualitative behavior found in experi-
‘ ments, as depicted in Fig. 7. That is, both ZFC and FC curves
0 100 200 300 . . .
T(K) are dislocated to larger valuesof mg as the field increases,

_ andT,, andT,, decrease. For each value of external field,
FIG. 5. (a) Simulated ZFC-FC curves for samples 1 and. T, andT,, can be determined graphicallly,,, by the zero
Experimental curves for a sample annealed for an hour at 450 angf the derivative of the ZEC curve, afg, by the zero of the

550 °C. Higher annealing temperatures facilitate the process of segjifference between the FC and ZFC curves. Table 1l shows
regation, so we have a correspondence to a simulated sample Withtﬁ‘e values ofT.

. . . ) i iw andT,, for the simulated curves.
larger number of iterations of the time evolution equation of the Both values of temperature reflect the competition be-
segregation proce$&q. (7)].

tween thermal excitation and the energy barrier between the
. . . . .two axial orientationsT;, is strongly influenced by the ex-
direct comparison is difficult, we can see that there is a qua"fernal field. AsT,, is related to the equilibrium, i.e, it is the
@We agreement with expe_rimental results, as_illu_strated i'?emperature ablcr;ve which the system behavés Ii’ke a super-
Fig. 5b). Because of the existence Of. Iarger grains in Sampl‘garamagnet, by increasing the external field, relaxation time
2, the mean value of the magnetization Increases, therefor iminishes. For superparamagnetic systems, the relaxation
T, increases, and so does the low temperature limib/wh, time at temperaturd is given by r= 7, expAE/kgT), where
on the FC curve. 7o is a constant of the order of 18 s andAE is the energy
barrier that each particle has to overcome to minimize its
C. Effect of external field energy. Because the energy barrier decreases under an exter-
Here we consider the effect of varying the magnitude ofnal magnetic field, so ddy andT;,, and the equilibrium
the applied magnetic field on sample 1. Figure 6 illustrateState can be reached at lower temperatures.
our results for fields in the range 50—1000 Oe. Simulated
V. CONCLUSIONS

There are several difficulties involved in a direct compari-

b o 500 . .
09 % A 1oooee son of simulated and experimental curves, mostly because
0.8% © 200 Oe we are dealing with nonequilibrium states. The first issue is
0.74% A how to identify a simulated GE€uqo_« Sample from a real

0.6 one. As explained above, the CDS simulation deals with den-
c” 05 sities, and the space-time scale is undefined. As a zero order
€ 04
0.3 TABLE Il. Values of T;, andT), for the curves in Figs. 6 and 7.
0.2 . . .
0.1 Simulation Experiment
00 Field (Oe) Tire (K) Tu(K) Tirr (K) Tu(K)
O+
0 50 100 150 200 50 36 8 39 16
T(K) 100 36 8 38 15
200 32 8 35 14
FIG. 6. Simulated ZFC-FC curves for sample 1 with different 500 26 4 22 11
values of the applied field. Both,, andT,, decrease with increas- 1000 14 2 19 9

ing field, as can be seen in Table II.
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approximation, we can force the simulated alloy to have theAs can be seen in Fig. 3, shape and size are correlated, so
same average value of magnetic moment, but the variance ohe cannot independently sort the values of magnetic mo-
the grain size distribution in the simulation cannot be ad-ments and anisotropy constants, even when using the correct
justed to be exactly the same as in the real system. Besidebstributions. This effect has been so far neglected in simu-
all this, there is also the problem of relating Monte Carlolations of granular systems. The qualitative comparison of
steps with cooling and heating rates of the ZFC and FGhe ZFC-FC curves corresponding to samples that have
curves, as discussed above. In summary, even though wayolved in time with experimental curves for thermally
have used experimental parameters to keep our simulatdéteated samples reinforces this idea. As the binary alloy re-
curves as close as possible to the real ones, a direct compaldxes toward its equilibrium configuration, fewer and larger
son of them is too ambitious. However, qualitative compari-grains are present, and only the larger ones show appreciable
sons to determine the effect of each of the parameters of ow@nisotropy as shown in the scatter plot of anisotropy as a
model are valid, and the importance of relating anisotropyfunction of particle size for samples obtained after times
size and shape distributions is stated. (Fig. 3 for samples 1 and 2 obtained after different numbers
The existence of a temperatufg, # T\, marking the ir-  of iterations.
reversible portion of the ZFC curve is already well under-
stood to be a consequence of a grain size distribifiathat
we observed in this work is that the sole existence of size
distribution is not sufficient to produce a simulated ZFC A bilateral project Vitae/Fundaam Andes is acknowl-
curve similar to the experimental one. For a symmetrical sizedged by the authors. In Chile the groups received financial
distribution of the magnetic particles;,, coincides with  support from FONDECYT under Grants Nos. 1010127 and
Ti: , within numerical accuracy as can be seen in Fi@p).4 1990812, and Millennium Science Nucleus “Condensed
However, for nonsymmetrical particle size distributions, Matter Physics” P99-135F. In Brazil, the authors acknowl-
Tiw>Twu, as shown in Figs. @) and 4d). The introduction edge the support from FAPESP, FAPERJ, CAPES, CNPq,
of a distribution of anisotropy constants is a delicate pointand Instituto de Nanociias/MCT.
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