
JOURNAL OF APPLIED PHYSICS VOLUME 91, NUMBER 7 1 APRIL 2002
Magnetic field scaling of relaxation curves in small particle systems
Òscar Iglesiasa) and Amı́lcar Labarta
Department de Fı´sica Fonamental, Facultat de Fı´sica, Universitat de Barcelona, Diagonal 647,
08028 Barcelona, Spain

~Received 26 October 2001; accepted for publication 18 December 2001!

We study the effects of the magnetic field on the relaxation of the magnetization of small
monodomain noninteracting particles with random orientations and distribution of anisotropy
constants. Starting from a master equation, we build up an expression for the time dependence of the
magnetization which takes into account thermal activation only over barriers separating energy
minima, which, in our model, can be computed exactly from analytical expressions. Numerical
calculations of the relaxation curves for different distribution widths, and under different magnetic
fieldsH and temperaturesT, have been performed. We show how aT ln(t/t0) scaling of the curves,
at differentT and for a givenH, can be carried out after proper normalization of the data to the
equilibrium magnetization. The resulting master curves are shown to be closely related to what we
call effective energy barrier distributions, which, in our model, can be computed exactly from
analytical expressions. The concept of effective distribution serves us as a basis for finding a scaling
variable to scale relaxation curves at differentH and a givenT, thus showing that the field
dependence of energy barriers can be also extracted from relaxation measurements. ©2002
American Institute of Physics.@DOI: 10.1063/1.1454204#
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I. INTRODUCTION

Time dependent phenomena in small-particle syste
have been the subject of an increasing number of exp
ments because of their interest as nonequilibrium phenom
in spin systems,1 for magnetic recording material
technology,2 and even as a possible way to prove experim
tally the existence of macroscopic quantum tunneling p
nomena in magnetic materials.3,4 Whereas the basis of
theory of the magnetic aftereffect dates back from old stud
on rock magnetism,5–7 the interpretation of several exper
mental results is still waiting for suitable theoretical mod
that capture the relevant factors and parameters that can
a role in the explanation of these phenomena. One of
points that has not been completely clarified is the influe
of a magnetic field in the relaxation of small-particle sy
tems.

Relaxation in zero field is usually analyzed in terms
parameters such as the so-called magnetic viscosityS,8 fluc-
tuation field,9–11 and activation volume,12,13 which are sus-
ceptible to misinterpretations. In the last years, seve
authors14–20 have proposed an alternative method to anal
relaxation curves based on aT ln(t/t0) scaling of the relax-
ation data at different temperatures that avoids the abo
mentioned problems and gains insight on the microsco
details of the energy barrier distributionf (E) producing the
relaxation.16,17In this context, the purpose of this article is
extend this kind of analysis to the case of relaxation in
presence of a magnetic field. We want to account for
experimental studies on the relaxation of small-particle s
tems, which essentially measure the acquisition of magn
zation of an initially demagnetized sample under the ap

a!Electronic mail: oscar@ffn.ub.es
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cation of a magnetic field.19,21–24In this kind of experiment,
the field modifies the energy barriers of the system that
responsible for the time variation of the magnetization,
well as the final state of equilibrium towards which the sy
tem relaxes. The fact that usually the magnetic propertie
the particles~anisotropy constants, easy-axis directions, a
volumes! are not uniform in real samples adds some diffic
ties to this analysis because the effect of the magnetic fi
depends on them in a complicated fashion. In a previ
study,14,17 we started to address some of these peculiarit
showing how experimental relaxation data must be treate
order to compare relaxation curves at different temperatu
and fields making simple assumptions about the sample c
position. Here we will present the theoretical backgrou
that supports this phenomenological approach, as well as
tailed numerical calculations of the time dependence of
magnetization of a system of noninteracting randomly o
ented small monodomain particles with uniaxial anisotro
and with a distribution of anisotropy constants. In a fi
approximation, we will neglect interparticle interaction
leaving for a future investigation the effects of long-rang
dipolar interactions between the particles.

The article is organized as follows. In Sec. II we prese
the basic features of the model to show how the distribut
of energy barriers of the system is influenced by the appl
tion of a magnetic field with the help of the concept of e
fective energy barrier distribution. In Sec. III we introduc
the two-state approximation~TSA! for the calculation of the
thermal dependence of the equilibrium magnetization.
Sec. IV we derive the equation governing the time dep
dence of the magnetization from a master rate equation in
TSA. The results of numerical calculations based on
above-mentioned equation are presented in Sec. V. There
present theT ln(t/t0) scaling of relaxation curves at a give
9 © 2002 American Institute of Physics
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4410 J. Appl. Phys., Vol. 91, No. 7, 1 April 2002 Ò. Iglesias and A. Labarta
magnetic field, discussing its range of validity. We also stu
the possibility of a scaling at different fields and fixed te
perature and its applications. Finally in Sec. VI we resu
the main conclusions of the article.

II. MODEL

We consider an ensemble of randomly oriented nonin
acting single-domain ferromagnetic particles of volumeV
and magnetic momentM5MsVm with uniaxial anisotropy.
To take into account the spread of particle volumes in r
samples, we will assume that the particles’ anisotropy c
stantsK are distributed according to some functionf (K).

The energy of a particle is determined by the orientat
of M with respect to the external magnetic fieldH and to the
easy-axis directionn. Using the angular coordinates define
in Fig. 1, it can be written as

Ē5
E

VK
52cos2~u!22h cos~u2c!, ~1!

where we have defined the reduced fieldh[H/Hc and Hc

52K/Ms as the critical field for an aligned particle. We ha
concentrated in the two-dimensional case~M lying in the

FIG. 1. Energy functionE(u,c) as a function of the angle between th
magnetization vectorm and the magnetic fieldh, for m in the plane of the
easy-axisw50, as given by Eq.~1!. The plot is for a particle whose easy
axis n forms an anglec530° with h, andH50.3. We have used the fol
lowing notation to designate the extrema of the energy:umin

1 andumax
1 refer

to the extrema closer to the field direction whileumin
2 andumax

2 refer to those
further from the direction of the field. The four possible energy barri
between them areEb

i j [E(umax
i )2E(u min

j ). Inset: Schematic representation
the quantities involved in the definition of the system. The easy axis of
particlesn are in thex-zplane forming an anglec with the magnetic fieldH,
which points along thez axis. u and w are the spherical angles of th
magnetization vectorM .
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plane formed byH and n: w50, since the energy maxim
and minima can be calculated analytically only in this ca
In Fig. 1 we show the variation of the energy withu for a
typical case, defining in the same figure the notation for
energy barriers and extrema.

Effective energy barrier distribution: The magnetic field
modifies the energy barriers of the system depending on
particle orientation and anisotropy value, and, conseque
changes the original energy barrier distribution.25 Let Eb

0 be
the energy barrier in zero field. Then, for a particle orien
at an anglec, h modifies the barrier by a factorg(h,c) in the
following form25,26

Eb5Eb
0g~h,c!. ~2!

If f (Eb
0) is the energy barrier distribution in zero field, whic

has in fact the same functional dependence as the distribu
of anisotropy constantsf (K), then the distribution in the
presence of a field is simply modified to

f eff~h,Eb ,c!5 f ~Eb
0!S ]Eb

0~Eb!

]Eb
D 5 f ~Eb

0!/g~h,c!, ~3!

which we will call effective energy barrier distribution.
In order to understand the qualitative change off eff with

h, we have numerically calculatedf eff(Eb) for a system of
oriented particles with logarithmic-normal distribution o
anisotropies

f ~K !5
1

A2pKs
e2 ln2~K/K0!/2s2

, ~4!

for different widthss andK051, and several values of th
magnetic fieldh. The calculation has been performed b
making energy barriers histograms for a collection of 10 0
particles. The results are given in Fig. 2~upper panels!. In all
the cases, we observe the progressive splitting of the orig
distribution f (Eb

0) in two subdistributions of high and low
barriers ash increases from zero. The field tends to ma

s

e

FIG. 2. Upper panels: Effective energy barrier distributions for aligned p
ticles with a log-normal distribution of anisotropy constants ofs50.2 ~con-
tinuous lines!, 0.5 ~dashed lines!, and 0.8~dot-dashed lines! for values ofH
as indicated in the figures. Lower panels: Same as upper panels bu
particles with random orientations of anisotropy axes.
IP license or copyright; see http://jap.aip.org/jap/copyright.jsp
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deeper one of the minima, therefore increasing the two
ergy barriers for rotation ofM out of the field direction,
while the other two are reduced. In this way, the global eff
of h is a splitting of f (Eb) towards lower and higher value
of Eb .

As h attains the critical valuehc for the particles with
smallerK, a peak of zero or almost zero energy barriers st
to appear~see, for example, the curves forH50.5, 1.0 in the
cases50.5!; while most of the nonzero barriers are distri
uted according to a distribution identical tof (Eb

0), but cen-
tered at higher energies. The higher the width of the dis
butions, the lower theh at which the lowest energy barrier
start to be destroyed by the field.

Finally, the combined effect of random orientations a
f (K) has been considered. The results are shown in Fi
~lower panels!, where we can see that the features of
preceding case are still observed. Now, at highh, the distri-
butions are smeared out by the disorder, and the min
becomes less pronounced due to the spread in particle o
tations.

In Sec. V we will discuss how these results affect t
time dependence of magnetization in relaxation experime

III. TWO-STATE APPROXIMATION

The calculation of the equilibrium magnetization at no
zeroT and finiteK proceeds along the standard techniques
statistical mechanics. For particles oriented at an anglec,
m(H,T) is simply given by the average of the projection
the magnetic moment of the particles onto the field direct
over all their possible orientationsu. In our model, this is27,28

m~H,T,c!5
1

Z E
V

dV cosue2U~u,c!, ~5!

whereV is the solid angle andZ is the partition function of
the system. Here the energyU(u,c) appearing in the Boltz-
mann probability has to be calculated from Eq.~1!, then

U~u!52a sin2 u1j cos~u2c!, ~6!

where the two dimensionless parameters

a[
mKV

kBT
, j[

mHV

kBT
, ~7!

have been introduced.
At T such that the thermal energykBT is smaller than the

relevant energy barriers of the system, typically of the or
of the anisotropy energyKV (a@1), the main contribution
to thermodynamic averages comes from states around
energy minima, since thermally activated jumps out of
stable directions of the magnetization have extremely
probability to succeed. Therefore, as it will be useful for t
numerical calculations of the relaxation curves in Sec. V,
will consider the so-called two-state approximati
~TSA!.29,30 In this approximation, the continuum of state
corresponding to all the possible orientations ofm is trun-
cated to the two local energy minima states.

This will allow us to replace the integrations over ma
netization directions by sums over the two energy minima
the particle has only one minimum, the two states conside
Downloaded 08 Jun 2010 to 161.116.168.169. Redistribution subject to A
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in the calculation will be the minimum and the maximum
the energy function. For a system of randomly oriented p
ticles and with a distribution of anisotropy constantsf (K),
Eq. ~5! becomes in the TSA

mTS~H,T!5E
0

`

dKE
0

p

dc f ~K !m̄TS~K,c!, ~8!

where

m̄TS~K,c!5
1

Z (
i 51,2

cos@umin
i ~c!#e2Emin

i
~K,c!b ~9!

stands for the magnetization of an individual particle in t
TSA, andb51/kBT.

Equation~8! has been numerically evaluated for a sy
tem of randomly oriented particles and several values ofK0

and the results are displayed in Fig. 3. For the smallestK0

values, the curves present a small jump at a certain valu
j. This may seem unphysical but, in fact, this jump appe
at anh equal to the critical field for the disappearance of o
of the energy minima. In fact, when averaging over a dis
bution of anisotropiesf (K) with K051 and s50.5, this
jump disappears.

As expected, the TSA curves coincide with the resu
obtained from the exact expression Eq.~9! for high enough
K0 ~compare theK0510 case with the dashed-dotted line
Fig. 3!. On the other hand, at low enoughK0 , the TSA
reproduces the exact result for aligned particles, for wh
the magnetization curve reduces tomTS5tanh(j), since the
magnetization does not depend ona in this case~compare
the continuous line with the caseK050.5!.31

FIG. 3. Magnetization curves as a function of the dimensionless Zee
energyj5mHV/kBT in the TS approximation. Symbols stand for random
oriented particles withK050.5, 1.0, and 10.0~from the uppermost curve!.
The caseK0510 is compared to the exact result given by Eq.~5! ~dash-
dotted line!. The caseK051 is compared with a system of randomly or
ented particles withf (K), K051 ands50.5 ~long-dashed line! The result
for aligned particles is displayed as a continuous line, for whichmTS

5tanh(j) ~mTS is independent ofs in this case!.
IP license or copyright; see http://jap.aip.org/jap/copyright.jsp
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IV. RELAXATION CURVES IN THE PRESENCE OF A
MAGNETIC FIELD

Within the context of the Fokker–Planck equation32,33

for M in the discrete orientation approximation,29,30 we will
assume that the relaxation of the magnetization due to t
mal fluctuations can be modeled by a Markovian stocha
process. Its dynamics can then be described by a ma
equation forPi , the probability to find the magnetizatio
vector at timet in the equilibrium statei. Furthermore, we
will assume that we are in the regime where the TSA is va
and, consequently, only transitions between the two equ
rium directions of the magnetization given by the minima
the energy~1! will be considered. Moreover, in models co
sidering continuous variables for the numerical evaluation
relaxation dynamics,34–36 the elementary time step depen
on T and H, giving rise to relaxation curves which are n
directly comparable. In a recent work, Novak and Chantre37

have faced the problem of the quantification of the time s
used in Monte Carlo simulation, giving a method to quant
the time step in real units. As an alternative, we propos
simple dynamical model that avoids this problem since,
the TSA, it can be solved analytically in terms of intrins
parameters.

Taking into account that the transitions between the t
minima can take place either by jumping over the barr
placed to the right or to the left of the initial state, the mas
equation governing the time dependence of the magne
tion can be written as38

dPi

dt
5 (

k51,2
(
j Þ i

$wji
~k!Pj2wi j

~k!Pi%, ~10!

wherewi j
(k) designates the transition rate for a jump from t

statei to the statej separated by the maximumk ~see Fig. 1!.
The transition rates can be freely assigned as long as to f
the detailed balance condition.38 It is a common choice to
consider the Boltzmann probability with the energy diffe
ence between the two minima in the exponent. This cho
in spite of giving the correct thermodynamic averages i
Monte Carlo simulation, may not be appropriate to descr
the dynamics of the system, since the energy barriers
tween the minima are not taken into account.

For this reason, in the exponential of the Boltzma
probability, we have considered the energy difference
tween the initial minimumi and the maximumk that sepa-
rates it from the final statej

wi j
~k!5

1

t i j
~k! 5

1

t0
e2Eb

kib, ~11!

wheret0
21 is the attempt frequency. It is a trivial matter

prove that the following detailed balance equation holds

w21
T

w12
T 5

w21
~1!1w21

~2!

w12
~1!1w12

~2! 5e2b«, ~12!

guaranteeing that thermal equilibrium is reached in the lo
time limit.38 «5Emin

1 2Emin
2 is a measure of the asymmetry

the energy function.
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Taking into account the normalization conditionP1

1P251, one can easily solve Eq.~10! for P1 and P2 as a
function of time,

P1~ t !5
12eb«e2t/t

11eb« ,

P2~ t !5
eb«~11e2t/t!

11eb« . ~13!

The time dependence of the system is thus characterize
an exponential function with a single relaxation timet that
takes into account all possible probability fluxes

t21[W5 (
k,iÞ j

1

t i j
k 5t0

21~e2bEb
22

1e2bEb
12

!~11eb«!.

~14!

As we see,t is dominated by the lowest energy barrierEb
22,

but with non-negligible prefactors that take into account
possibility of recrossing from the equilibrium to the met
stable state and the two different possibilities of jumpin
Notice that these two prefactors are often neglected in th
retical studies of the dependence of the blocking tempera
with the field1 and Monte Carlo simulations.35,39 This is due
to the fact that, usually, the possibility of jumping betwe
minima by any of the two channels is not considered. Ho
ever, at small nonzero fields («*0), and for particles ori-
ented atcÞ0, they can be equally relevant. This express
reduces to the usual one

t215t0
21e2bEb

22
~15!

when the energy function is symmetric («50) and there is
only one energy barrier, except for a factor of 4 that can
absorbed in the definition of the prefactort0 .

The time dependence of the magnetization of the part
is then finally given by

m~ t;K,c!5cos@umin
1 ~c!#P1~ t !1cos@umin

2 ~c!#P2~ t !

5m̄TS~K,c!1@m02m̄TS~K,c!#e2t/t~K,c!.

~16!

In this equation,m̄TS(K,c) is the equilibrium magnetization
in the TSA@Eq. ~9!# that has already been calculated in Se
III, and m0 is the initial magnetization. If we have an en
semble of randomly oriented particles and a distribution
anisotropy constantsf (K), then the relaxation law of the
magnetization is given by

m~ t !5E
0

`

dK f~K !E
0

p

dcm~ t;K,c!. ~17!

This will be the starting point for all the subsequent nume
cal calculations of the relaxation curves and magnetic visc
ity.

V. NUMERICAL CALCULATIONS

A. Relaxation curves: T ln „t Õt0… scaling and
normalization factors

In this section we present the results of numerical cal
lations of the magnetization decay based on Eq.~17! for a
IP license or copyright; see http://jap.aip.org/jap/copyright.jsp
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system of particles with logarithmic-linear distribution of a
isotropy constants and random orientation of the easy a
For the sake of simplicity, we have assumed zero initial m
netizationm050, so particles have initially their magnet
moments at random and evolve towards the equilibrium s
meq. In the following, we will use dimensionless reduce
variables for temperature and time, defined asT/T0 and
t/t0 , with T05E0 /kB and E0 the value of the energy a
which f (K) is centered.

We have assumed that the magnetic moment of e
particle is independent of the volume, although, in fact, it c
be proportional to it, but this effect can be easily accoun
for by our model by simply changingf (K) to K f (K) in all
the expressions. For the case of a logarithmic-linear distr
tion, this change does not qualitatively modify the shape
the distribution. Other works18,40,41also consider a distribu
tion of anisotropy fieldsHc due to the spread of coerciv
fields in some real samples, but they study only relaxat
rates at a fixed time. Here we have preferred to distributK
and the easy-axes directions, which has a similar effec
order to separate as much as possible the effects of an
plied magnetic field from other effects that may possibly le
to nonconclusive interpretation of the results.

In Fig. 4 we show the results of the numerical calcu
tions for a system withs50.5 for three different fieldsH
50.1, 0.5, and 1.0 and temperatures ranging from 0.02
0.2. In the upper panels we present the original relaxati
normalized to the equilibrium magnetization value as giv
by Eq. ~8!. Normalization is essential in order to compa
relaxations at different temperatures,17 especially at low
fields where the temperature dependence of the equilibr
magnetization is more pronounced.

FIG. 4. Relaxation curves for an ensemble of particles with randomly
ented anisotropy axes and a logarithmic-normal distribution of anisotro
f (K) of width s50.5 andK051 calculated by numerical integration of Eq
~17!. The initial magnetization has been set toM 050. Reduced temperature
T/T0 , starting from the lowermost curve, range from 0.01 to 0.1 with 0
increments and from 0.1 to 0.2 with 0.02 increments. The applied fields
H50.1, 0.5, and 1.0 as indicated. The upper panels show the original cu
normalized to the equilibrium magnetizationmTS(T) given by Eq.~8!. In the
lower panels the same curves have been plotted as a function of the sc
variableT ln(t/t0).
Downloaded 08 Jun 2010 to 161.116.168.169. Redistribution subject to A
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Our next goal is to investigate the possibility of scalin
relaxation curves at differentT in a given magnetic field with
the scaling variableT ln(t/t0) in the spirit of our previous
works.14–17 For this purpose, in the lower panels of Fig.
we show the relaxation curves of the upper panels as a fu
tion of the scaling variableT ln(t/t0). According to Ref. 14,
in absence of a magnetic field, scaling should be valid up
temperatures such thatTe is of the order ofs. Instead, we
observe in Fig. 4 that the higher the field, the better
scaling of the curves is in the long time region and the wo
at short times. This observation holds independently of
value of s, indicating that it is a consequence of the app
cation of a magnetic field. This can be understood with
help of the effective energy barrier distribution introduced
Sec. II A. As was shown in Fig. 2,h widensf eff(E) and shifts
the lowest energy barriers towards the origin, giving rise t
subdistribution of almost zero energy barriers that narro
with h, and, consequently, the requirements forT ln(t/t0)
scaling are less fulfilled at smallT ln(t/t0) values. On the
contrary, as we will show in the next section,h broadens the
high energy tail of energy barriers that contribute to the
laxation, f (Eb

22), improving the scaling requirements at larg
T ln(t/t0) values.

B. Scaling of relaxation curves at different magnetic
fields

Another interesting point is the possibility of finding a
appropriate scaling variable to scale relaxation curves at
ferent fields for a givenT, in a way similar to the case of a
fixed field and different temperatures, in whichT ln(t/t0) is
the appropriate scaling variable. In a first attempt, we w
study the effect ofh on a system with random anisotrop
axes and the sameK51.

1. Randomly oriented particles, K Ä1

We have calculated the relaxation curves for this syst
at T50.05 and several values of the field. The obtain
curves have been normalized to the equilibrium magnet
tion as given by Eq.~8!.

The effect ofh on M (t) is better understood in terms o
the logarithmic time derivative ofM (t)

S~ t !5
dM

d@ ln~ t !#
52E

0

p

dcS t

t De2~ t/t!, ~18!

which is the so-called magnetic viscosityS(t). As can be
clearly seen from Fig. 5~a!, the viscosity curves at differenth
cannot be scaled neither by shifting them in the horizon
axis, nor by multiplicative factors, since the high and lo
field curves have different shapes. As soon as the field s
to destroy some of the energy barriers (h>0.5), the qualita-
tive form of the relaxation changes. This fact hinders,
principle, finding a field dependent scaling variable, valid
all the range of fields, in systems of nonaligned particles

Nevertheless, even though viscosity curves are qua
tively different at differenth, all of them present a well-
defined maximum corresponding to the inflection point
the relaxation curves. This maximum appears at a timetmax

associated to anEmax5T ln(tmax/t0), that decreases with in
creasingh for a given temperature. This energy is appro
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s
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mately equal to the averaged lowest energy barrier of
particles ~Eb

22 in the notation of Sec. II! and this value is
closer to the lowest possible barrier~corresponding to par
ticles oriented atc545°! than to the barrier of a particle
aligned with the field. In Fig. 5~b! we have plotted the field
dependence of all these quantities together with the pos
of the maximum of the viscosity in energy unitsEmax, and in
Fig. 5~c! the value of the corresponding viscositySmax.

The reduction oftmax with h can be understood in term
of the progressive reduction of the energy barriers byh. At
h50, the barriers are independent of the orientation of
particle and equal to 1, so that the maximum is placed
Emax51 andSmax51/e according to Eq.~18!.

For h>0.5 ~the critical field for particles oriented atc
545°!, the lowest energy barriers start to be destroyed bh

FIG. 5. ~a! Low temperature (T50.05) viscosity curves for a system o
randomly oriented particles with the same anisotropy constantK051. The
curves have been normalized to the equilibrium magnetizationMeq(T) and
correspond to magnetic fieldsH50.1,0.2,...,1.0,1.2,1.4,1.6,1.8, and 2.0 i
creasing from right to left.~b! Field dependence of the time correspondi
to the maximum relaxation rate,T ln(tmax/t0), as derived from the viscosity
curves in panel~a! ~triangles!. The field dependence of the mean lowe
energy barrierEav

(2,2) ~continuous line!, lowest energy barrier for particle
oriented at c545°, E(2,2)(p/4) ~dashed line!, and c50 ~circles!,
E(2,2)(0°) arealso shown for comparison.~c! Field dependence of the maxi
mum relaxation rateSmax.
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and consequently the relaxation rates peak atEmax50 with
an increasingSmax value that increases as more particl
loose their barriers. Forh>1 all barriers have been de
stroyed and relaxations become field independent, w
Emax50 andSmax51/e. For fields up toh50.5, the variation
of Emax and Smax with h can be used to scale the magne
relaxation curves at constantT and differenth. Therefore,
although in this case the inflection points of the relaxat
curves could be brought together by shifting them in t
T ln(t/t0) axis in accordance with the variation ofEav

22, the
full scaling cannot be accomplished because of the com
cated variation ofSmax @see Fig. 5~c!#.

2. Randomly oriented particles with f „K …

In spite of the lack of scaling of the preceding case,
what follows we will demonstrate that the inclusion of
distribution of K, always present in experimental system
allows one to scale the relaxation curves for a wide range
h.

Let us consider a logarithmic-linear distribution of a
isotropy constants of widths, Eq. ~4!. Low temperatures
relaxation rates corresponding tos50.2,0.5 are presented i
Fig. 6. In this case, the qualitative shape of the viscos
curves is not distorted byh. It simply shifts the position of

FIG. 6. ~a! Low temperature (T50.05) viscosity curves for a system o
particles with random orientations and logarithmic-normal distribution
anisotropies with~a! s50.2 and~b! s50.5. The curves have been norma
ized to the equilibrium magnetization and correspond to magnetic fieldH
50.1– 1.0 in 0.1 steps andH51.2– 2.0 in 0.2 steps starting from the righ
IP license or copyright; see http://jap.aip.org/jap/copyright.jsp
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the maxima towards lower values ofT ln(t/t0) and narrows
the width of the peaks, these effects being similar for b
studieds.

The position of the maximum relaxation rate still d
creases with increasingh, following the decrease of the
smallest energy barriers~see Fig. 7!, which now have an
almost linear dependency onh. As in the preceding case
Emax goes to zero whenh starts to destroy the lowest energ
barriers. The difference now is that, due to the spread of
anisotropy constants, lower fieldsh0 are needed to start ex
tinguishing the lowest energy barriers~see Fig. 7!, this re-
duction being greater, the greaters is, since the most prob
able anisotropy constant@Kmax5K0 exp(2s2/2)# becomes
smaller and, consequently,Emax drops to zero at smallerh0 .
This field corresponds to the one for whichf eff(Eb

22) starts to
develop a peak corresponding to zero energy barriers. A
the preceding case, we have also tried to identify the va
tion of Emax with the microscopic energy barriers of the sy
tem. As can be clearly seen in the dashed lines of the up
panels of Fig. 7, theh dependence ofEmax follows that of the
lowest energy barriers for particles oriented atc5p/4 and
with K5Kmax.

By looking in detail at the lowT relaxation curves~T
50.01 curves, analog to the ones shown in Fig. 6 forT
50.05!, we have observed that two relaxation regimes c
be distinguished. One presents a broad peak inSat relatively
high energies~long times! with a maximum at anEmax which
varies as the lowest energy barrier atc545, this is clearly
visible at the lowesth values even for theT50.05 case of
Fig. 6. The other regime presents a peak aroundE50 that
starts to develop as soon ash breaks the lowest energy ba
riers. What happens is that the first peak shifts towards lo
energies withh at the same time that the relative contributi
of the second peak increases, the global effect being tha
a certainh, the contribution of the first peak has been sw

FIG. 7. Upper panels: Field dependence of the energy corresponding t
maximum relaxation rate,T ln(tmax/t0), as derived from the viscosity curve
in Fig. 6 for temperaturesT50.01 ~circles!, 0.05 ~squares!, and 0.1~dia-
monds!. Lower panels: Field dependence of the maximum relaxation
Smax for the same curves and temperatures. Left column is fors50.2 and
the right one fors50.5.
Downloaded 08 Jun 2010 to 161.116.168.169. Redistribution subject to A
h

e

in
a-

er

n

er

at
-

lowed by the second because at highh and lowT, relaxation
is driven by almost zero energy barriers.

To clarify this point, we show in Fig. 8S(t)/T for three
different temperatures and magnetic fieldsH50.1, 0.5, and
1.0 for a narrow (s50.2) and a wide (s50.5) distribution.
The effective distribution of lowest energy barriersf eff(E

22),
already calculated in Fig. 2, is also plotted as a continu
line. We observe that for a narrow distribution, at lo
enoughT, S(t)/T coincides withf eff(E

22) independently of
h, demonstrating that only the lowest energy barriers of
system contribute to the relaxation.

Finally, let us also notice that, different from the prece
ing case,Smax becomes almost constant belowh0 ~lower pan-
els in Fig. 7! and low enoughT, so that now the relaxation
curves at differenth and fixedT may be brought to a single
curve by shifting them along theT ln(t/t0) axis in accordance
with theEmax variation. The resulting curves are displayed

the

e

FIG. 8. Relaxation rates as a function of the scaling variableT ln(t/t0) for
different temperatures@T50.01 ~dotted line!, 0.05 ~dashed line!, and 0.1
~long-dashed line!#, s50.2, and three magnetic fields~a! H50.1, ~b! H
50.5, and~c! H50.8. The curves tend to the effective distribution of low
energy barriersf eff(E

22), shown as a continuous line, asT decreases.
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Fig. 9 for s50.2,0.5. They are the equivalent of the mas
curves of Fig. 4 for a fixedh and differentT. Now the ap-
propriate scaling variable is

Esca5T ln@ t/tmax~h!#, ~19!

which generalizes the scaling at fixedT. This new scaling is
valid for fields lower thanh0 , the field at which the lowes
barriers start to be destroyed and above which the relaxa
becomes dominated by almost zero energy barriers. Thu
already discussed in the previous paragraphs, the wides,
the smaller theh range for the validity of field scaling.

VI. CONCLUSIONS

We have proposed a model for the relaxation of sm
particles’ systems under a magnetic field which can
solved analytically and which allows one to study the eff
of the magnetic field on the energy barrier distribution.
particular, we have shown that the originalf (Eb) is split into
two subdistributions which evolve towards higher and low
energy values, respectively, ash increases; it is precisely th
subdistribution of lowest energy barriers, the one that co
pletely dominates the relaxation as it is evidenced by
coincidence with the relaxation rate at lowT.

FIG. 9. Normalized relaxation curves as a function of the scaling varia
T ln@(t/tmax(h)# for T50.05 obtained from Fig. 6 by shifting the curves in th
horizontal axis with the position of the maximum relaxation rate~upper
panels in Fig. 7!. ~a! s50.2 andH50.1, 0.2, 0.3, 0.4, and 0.5; and~b! s
50.5 andH50.1, 0.2, 0.3, and 0.4~starting from the uppermost curve!.
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For fields smaller than the critical values for the small
barriers, the relaxation curves at differenth and fixedT can
be collapsed into a single curve, in a similar way th
T ln(t/t0) scaling for curves at fixedh. Whereas the latter
allows one to extract the barrier distribution by differenti
tion of the master curve,17 the shifts in theT ln(t/t0) axis
necessary to produce field scaling give the field depende
of the mean relaxing barriers, a microscopic informati
which cannot easily be inferred from other methods.42
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34U. Wolff, Phys. Rev. Lett.62, 361 ~1989!.
35A. Lyberatos, J. Phys. D33, R117~2000!.
36U. Nowak, Annu. Rev. Comput. Phys.9, 105 ~2001!.
37U. Nowak, R. W. Chantrell, and E. C. Kennedy, Phys. Rev. Lett.84, 163

~2000!.
38F. Reif, Fundamentals of Statistical and Thermal Dynamics~McGraw-

Hill, New York, 1967!.
Downloaded 08 Jun 2010 to 161.116.168.169. Redistribution subject to A
39J. M. Gonza´lez, R. Ramı´rez, R. Smirnov-Rueda, and J. Gonza´lez, Phys.
Rev. B52, 16034~1996!.

40L. C. Sampaio, C. Paulsen, and B. Barbara, J. Magn. Magn. Mater.140–
144, 391 ~1995!.

41A. Marchand, L. C. Sampaio, and B. Barbara, J. Magn. Magn. Ma
140–144, 1863~1994!.

42R. Sappeyet al., Phys. Rev. B56, 14551~1997!.
IP license or copyright; see http://jap.aip.org/jap/copyright.jsp


