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Dynamic study of dipole-dipole interaction effects in a magnetic nanoparticle system
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The effects of a dipole-dipole interaction on the magnetic relaxation in a magnetic nanoparticle system have
been investigated using ac-susceptibility, magnetic relaxation, and magnetic noise measurements, which alto-
gether cover a time window of nine decades. In the experimental time window, it is possible to distinguish two
temperature regimes: a low-temperature regime where collective dynamics is probed, as evidenced by the
appearance of magnetic aging and a significantly broadened magnetic relaxation, and a high-temperature
regime where the magnetic relaxation is best described as single-particle dynamics. Moreover, the magnetic
relaxation of the interacting particle system is shifted towards longer time scales, but gradually, at high
temperatures, the relaxation rate approaches the rate of the noninteracting sample.@S0163-1829~98!05501-5#
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I. INTRODUCTION

During the last couple of decades, spin glasses1 ~SG’s!
and diluted antiferromagnets2 have been the favorite system
when investigating how disorder affects the properties
magnetic systems. It is only lately that frozen ferrofluids, i.
ensembles of nanosized magnetic particles dispersed in
ferent carrier liquids, have been used as experimental m
systems for random magnets. A distinct advantage of us
frozen ferrofluids is that the strength of the magnetic int
action easily can be tuned by controlling the concentration
magnetic particles in the ferrofluid.

The direction of the magnetic moment in a monodom
ferromagnetic particle is determined by the magnetic pot
tial, which for a noninteracting magnetic particle is form
by the magnetic anisotropy and magnetic field energies
finite temperatures, thermal fluctuations will enable the m
netic moment to point along other directions than the dir
tions corresponding to the energy minima of the magn
potential. Depending on the constraints set by the ener
involved it is possible to derive more or less simple appro
mate expressions for the magnetic relaxation of noninter
ing nanosized magnetic particle systems.3–5 Several experi-
mental studies on such systems support the now exis
models describing the dynamics.6–8

A nontrivial problem appears when the dipole fields d
to neighboring magnetic particles become of importance,
when the magnetic interaction energy becomes of the s
order of magnitude as the other energies involved. If
particles are randomly distributed with their anisotropy ax
pointing in arbitrary directions, the problem turns into
analytically unsolveable many-body problem. During the l
est years, several studies of interaction effects in nanos
magnetic particle systems have been performed using di
ent experimental methods,9–17 and in most cases the resul
have been interpreted within different mean-field-like mo
els. In one investigation, though, the critical behavior clo
to the expected phase transition temperature was investig
and the results indicate that ingredients such as random
and frustrated interactions in a magnetic particle sys
yield a super-spin-glass phase at low temperatures.17 To seek
further understanding of the interaction effects in parti
systems also computer simulation is an important to
570163-1829/98/57~1!/497~8!/$15.00
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whose main advantage is the easy way by which it is p
sible to tune parameters such as the relative strength of
anisotropy and interaction energies.18–20

In this paper ac-susceptibility, magnetic noise, and m
netic relaxation measurements have been used to probe
dynamics of a nanosized magnetic particle system. The
fects of the interaction are scrutinized by studying the cha
in the magnetic relaxation going from a noninteracting s
tem to a system with a sizable interparticle interaction. T
structure of the paper is as follows: In Sec. II some expe
mental details are described; in Sec. III the results are p
sented, while a more complete discussion of the result
presented in Sec. IV. The main conclusions of the exp
mental study are given in Sec. V.

II. EXPERIMENT

The experiments were performed on a sample consis
of nanosized maghemite,g-Fe2O3, particles dispersed in hy
drocarbon oil. The concentration by volume of particles w
e517%. This sample has been reported15 to exhibit spin-
glass-like dynamics, such as aging, at low temperatures.
experimental study8 on a sample taken from the same bat
of ferrofluid but having a volume concentration ofe50.03%
showed that the particle size distribution is well described
a g distribution having an average particle diameter
dav580 Å. The magnetic anisotropy constant was det
mined to beK513.4 kJ/m3,8 which implies that the averag
energy barrier, in the absence of a dipole-dipole interact
is Eb,av5260 K. Since the carrier oil is an electrical insulat
and since the particles are coated with a surfactant layer
venting the particles from being in direct contact with ea
other, it can be concluded that the magnetic interaction is
dipole-dipole type. The magnitude of this energy, cor
sponding to the interaction energy between two neighbor
particles, can be estimated fromEd-d,av5(m0/24kB)Ms

2dav
3 e.

Using the low-temperature value of the saturation magn
zation,Ms54.23105 A/m, this givesEd-d,av560 K for the
e517% sample. Below 180 K the hydrocarbon oil freez
and the particles become fixed randomly in space. All res
presented below correspond to this temperature range.

In case of a noninteracting magnetic nanoparticle syst
497 © 1998 The American Physical Society
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a simple Ne´el theory can be used to determine the distrib
tion of energy barriers.6,8 A considerable part of the energ
barrier distribution can be obtained by using only a limit
experimental time window in the relaxation experiment
simply changing the temperature and hence the probed
ergy scale according toEb /kB5T ln(tobs/t0). This simple
scaling relation cannot be used to analyze the energy ba
distribution for an interacting particle system since, as is
case also for spin glasses, no simple scaling law connec
time and temperature to a characteristic energy scale ca
obtained. Instead, one has to measure the magnetic r
ation in an experimental time window as wide as possible
find out the essential features of the magnetic dynamics in
interacting particle system.

Two different experimental setups have been used:~i! A
commercial ac susceptometer21 was used to measure the in
phase and out-of-phase components of the ac susceptib
A cylindrical container, having a length of 15 mm and
diameter of 4 mm, was used as sample cup. The freque
was varied in the range 15 Hz–10 kHz, corresponding to
experimental time window of 1.631025– 1022 s. ~ii ! A non-
commercial low-field superconducting quantum interferen
device~SQUID! magnetometer operating in the time windo
1025– 104 s. The sample was placed in a cylindrical co
tainer made of sapphire, having a length of 5 mm an
diameter of 1.5 mm, which was connected to a sapphire
being in direct thermal contact with the thermometer an

FIG. 1. ~a! Magnetic noise as a function of time for the inte
acting g-Fe2O3 sample. The different curves correspond to tim
traces taken at the temperatures 14 K, 30 K, and 70 K.~b! Averaged
noise power spectra for the interactingg-Fe2O3 sample. The differ-
ent curves correspond to the temperatures 14 K, 30 K, and 70
-
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manganin heater. The details of the magnetometer are
scribed elsewhere.22

To cover the time window 1025– 104 s, it was necessary
to make use of two different measurement techniques. M
netic noise measurements cover observation times ran
from 1025 to 101 s and zero-field-cooled~ZFC! magnetic
relaxation measurements the time window 1021– 104 s. In
the magnetic relaxation experiment, the sample is coole
zero field from a high temperature where the sample disp
a superparamagneticlike behavior. For this sample, 13
was high enough to yield a superparamagnetic respo
When reaching the measurement temperature, the samp
equilibrated a waiting timetw before a small magnetic field
is applied and the magnetization is recorded vs observa
time tobs. To simplify the analysis, it is important to use
small enough probing fieldh, so that the sample is probed i
the linear response regime~this requirement should be ful
filled for all temperatures and time scales used in the exp
ments!. In our experiments,h51 G was low enough to yield
a linear response.

Measurements of the magnetic noise power spectral d
sity P(v) of the sample in the absence of applied fields w
performed at different temperatures by connecting the ou
of the SQUID electronics to an HP 35670A dynamic sign
analyzer. The noise was measured in three overlapping
quency intervals: ~i! 0.01–12.5 Hz,~ii ! 0.5–800 Hz, and
~iii ! 16 Hz–10 kHz. The number of spectra used for aver
ing varied between the three intervals: Interval~i! used
300, interval~ii ! 2000, and interval~iii ! 10 000 spectra. All
averaged spectra were corrected for the background n
spectrum of the experimental setup. For temperatures w
the magnetic noise due to the sample at high frequencie
of the same order or smaller than the background noise of
experimental setup, frequencies higher than typically 1 k
were not used in the analysis.

The results from the different measurements can be in
related using simple relations. The fluctuation-dissipat
theorem23 relates the magnetic noise power and the out-
phase component of the ac susceptibility according to

P~v!52kBT
x9~v!

v
. ~1!

Furthermore, the time-dependent magnetizationm(tobs) in a
sample displaying a logarithmically slow relaxation is co
nected to the out-of-phase component of the ac susceptib
through the relation24

S~ tobs!51/h
]m~ tobs!

] ln~ t !
'

2

p
x9~v!, ~2!

with tobs'1/v. It is convenient to analyze the experiment
results in terms of the relaxation rateS(tobs), since this quan-
tity mirrors the relaxation time distribution in a straightfo
ward manner.8,24

III. RESULTS

A. Noise results

In Fig. 1~a!, typical time traces of the SQUID output sig
nal are plotted for the temperatures 14 K, 30 K, and 70

.
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The averaged noise power spectra for these temperature
displayed in Fig. 1~b!. These figures indicate that the noi
power spectra at the two lower temperatures have a
quency dependence essentially following a 1/v dependence
which is similar to that found in spin glasses at lo
temperatures.25 The high-temperature behavior, here rep
sented by the results obtained at 70 K, is, however, differ
from the high-temperature behavior of spin glasses, wher
temperatures above the spin glass temperature the n
power spectra show plateaus in the low-frequency limit.
the presently investigated particle system, the noise po
spectra at high temperatures follow a 1/vx dependence, with
x taking values in the range 0.6–0.8.

One advantage of using results obtained from magn
noise measurements is that these will not be influenced
demagnetization effects, which in case of heterogene
magnetic materials may be difficult to compensate fo26

Moreover, it may be that the shape of the ferrofluid chan
while going from the liquid to the solid state. However, b
comparing magnetic noise results with the field-probed
susceptibility and ZFC magnetic relaxation results an e
mate of the effective demagnetization factor can be obtain
For all temperatures and time scales used in the presen
perimental study, a good conformity between the differ
results is achieved using the demagnetization fac
N50.04. For a comparison, this value is about 3 tim
smaller than the value suggested by the geometrical shap
the sapphire sample container.

FIG. 2. x vs T at different frequencies ranging from 15 Hz to 1
kHz for the noninteracting~open symbols! and the interacting~solid
symbols! g-Fe2O3 samples.~a! x8(T) and ~b! x9(T).
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B. ac susceptibility results

In Fig. 2, x8 and x9 are plotted vs temperature for th
interacting sample and, for a comparison, the noninterac
sample8 for the frequencies 15 Hz, 125 Hz, 1 kHz, and 1
kHz. The out-of-phase component for the noninteract
sample has been calculated analytically using the previo
determined energy barrier distribution.8 It has been shown
that the calculated results reproduce the corresponding
perimental results to a high degree of precision.8 Several
differences between the interacting and noninteract
samples can be observed from this figure. In accordance
observations made by others,11–17 the maxima of the in-
phase component and the corresponding inflection point
the out-of-phase component of the ac susceptibility
shifted towards higher temperatures for the interact
sample. The frequency dependence ofx9, at constant tem-
perature, is at low temperatures weaker for the interac
sample than for the noninteracting sample, while at h
temperatures it appears that the frequency dependence fo
interacting and noninteracting samples gradually appro
each other. The observation of an almost frequency indep
dent out-of-phase component at low temperatures is in ac
dance with the observation of a 1/v dependence in the mag
netic noise power spectra at low temperatures. This beha
is similar to the behavior observed in spin glasses well be
the spin glass temperature. It is worth noting though that
onset of dissipation, as mirrored by the out-of-phase com
nent of the ac susceptibility, is much more abrupt in a s
glass as compared to the behavior displayed in Fig. 2.

C. ZFC relaxation results

The relaxation rateS(tobs) is shown in Fig. 3 for the tem-
peratures 20 K, 30 K, 40 K, and 45 K. At each temperatu
the time dependence of the ZFC magnetization has b
measured using two different waiting timestw5102 s ~open
symbols! andtw5104 s ~solid symbols!. At temperatures be-
low 40 K, a clear waiting time dependence of the relaxat
rate can be observed. For higher temperatures, a waiting
dependence cannot be resolved in the experimental time

FIG. 3. Relaxation rateS vs observation time at the tempera
tures 20 K, 30 K, 40 K, and 45 K for the interactingg-Fe2O3

sample. The waiting timetw at constant temperature before appl
ing the probe field was 102 s ~open symbols! and 104 s ~solid sym-
bols!.
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FIG. 4. ac-susceptibility~open circles!, magnetic noise~solid circles!, and ZFC relaxation~open squares! results plotted as relaxation rat
vs observation time at the temperatures~a! 20 K, ~b! 30 K, ~c! 40 K, ~d! 50 K, ~e! 60 K, and~f! 70 K. The solid lines correspond to th
calculated relaxation rate of the noninteracting sample. In the insets, the same data are shown in semilogarithmic plots. The waiti
the ZFC relaxation measurements wastw5104 s.
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havior of spin glasses and will be discussed in more deta
Sec. IV.

There are also differences between the relaxation be
ior of the interacting magnetic particle system and that
spin glasses. Maybe the most obvious difference is tha
spin glasses at temperatures above the spin glass tem
ture, there exists a well-defined temperature-dependent e
nential cutoff in the magnetic relaxation where the relaxat
rate suddenly drops to zero.27 As can be seen in Fig. 3, th
relaxation rate at high temperatures for the nanosized m
netic particle system shows a more gradual approach tow
zero.
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D. Comparison with the results of the noninteracting sample

In order to cover as wide a time window as possible of
magnetic relaxation of the interacting magnetic particle s
tem, the results from the three different experimental me
ods have been plotted together as relaxation rate vs obse
tion time in Figs. 4~a!–4~f! for temperatures ranging from 2
K to 70 K. TheP(v) andx9(v) data were transformed to
relaxation rate using Eqs.~1! and~2!, respectively. The plot-
ted results for the ZFC relaxation correspond to the wait
time tw5104 s. By combining these different results, it
possible to cover nine decades in time of the magnetic re
ation. Also displayed in the same figures are the relaxa
rates for the noninteracting sample, which have been ca
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lated using the previously determined energy bar
distribution.8

IV. DISCUSSION

The analysis of the results is divided into a low- and
high-temperature region. In the low-temperature region
dynamics is dominated by correlation effects between
particle magnetic moments introducing a SG-like behavio
the magnetic relaxation. In the high-temperature region
magnetic relaxation is instead governed by the dynamic
individual magnetic particles, whose energy barriers are p
turbed by dipole fields originating from superparamagne
particles in the immediate surrounding of the relaxing p
ticles.

In the discussion below, the terms blocked, relaxing, a
superparamagnetic particle moments are used. These
nominations are defined from the relaxation times of the
dividual particle moments~t! according to the conditions
t@tobs, t'tobs, andt!tobs, respectively.

A. Low-temperature region

In Fig. 4~a!, the relaxation rates atT520 K are shown for
the interacting and the noninteracting samples. In the inv
tigated observation time window, the magnitude of the rel
ation rate is considerably smaller for the concentrated sam
as compared to the relaxation rate of the dilute sample. T
implies, with the assumption that the equilibrium susceptib
ity is of the same order of magnitude for both samples, t
the relaxation rate for the interacting sample will be sign
cantly larger than for the noninteracting sample in the lo
time limit. This conclusion is corroborated by the resu
shown in Figs. 4~b! and 4~c!, where the relaxation rates a
T530 K andT540 K are displayed. At these temperature
it is seen that dipole-dipole interaction extends the relaxa
towards longer times while at the same time it suppresses
relaxation rate at short observation times: i.e., the distri
tion of relaxation times is broadened and the magnetic re
ation is significantly different from that of the noninteractin
sample. The result observed in the low-temperature regio
at variance with the predictions of the model proposed
Dormannet al.9 In this model, the energy barriers are o
tained from a set of independent two-level systems. The
fect of interparticle interactions, at any temperature, is
increase the average energy barrier and to make the dist
tion of energy barriers more narrow.26 One consequence o
such a model is that the general shape of the relaxation
curve is preserved; at one given temperature the most no
able difference in the relaxation rate curve is a shift towa
longer time scales. According to the here observed res
the relaxation time spectrum broadens dramatically at
temperatures and it is therefore more appropriate the c
pare the relaxation of an interacting magnetic particle sys
with that of frustrated magnetic systems such as s
glasses,1,27,28using a model with a multivalley energy land
scape describing the energy barriers of the collective par
state. For a SG below the phase transition temperature
magnetic relaxation extends over all experimentally acc
sible time scales and the relaxation rate is weakly freque
dependent. This together with the aging property~see below!
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suggests that spin-glass-like dynamics should be consid
when interpreting low-temperature relaxation results of int
acting nanoparticle systems. It should also be pointed
that similar results as those obtained here, when it conc
the effects of interaction on the magnetic relaxation, ha
been obtained in a recent computer simulation study usin
model system consisting of monodisperse magnetic parti
with a volume concentration ofe57%,20 which shows that a
collective particle state must be included at low temperatu
~typically for T,Ed-d,av! to successfully model the magnet
relaxation. The current experimental results and the co
puter simulation results together present conclusive evide
that a model only considering the modification of the ind
vidual particle energy barriers by an interaction field is
sufficient to capture the characteristic low-temperature
namic properties of interacting particle systems.

A striking property of the relaxation in the low
temperature region is the aging behavior. At temperatu
below 45 K ~cf. Fig. 3!, the relaxation rate clearly depend
on the waiting time before applying the probe field. T
aging phenomenon, mostly known as a feature observe
disordered and frustrated magnetic systems such as
glasses,1,27,28 is a consequence of the chaotic nature of
magnetic state at low temperatures.29 The term chaotic
means that only a small perturbation, for instance, a sm
change in temperature, is able to change the statis
weights of the spin configurations completely. Referring
the droplet model28 the equilibration process can proceed
constant temperature by the growth of a characteristic len
scaleR(t), describing the average size of regions of cor
lated particle magnetic moments. Due to the randomnes
the magnetic state, the growth ofR(t) is logarithmically
slow in time.28 If after having equilibrated the particle sys
tem for a timetw the sample is probed by applying a wea
magnetic field, the magnetic state of the spin system will
long as the observation time is much shorter than the wai
time, ln(tobs)! ln(tw), be probed at a length scal
L(tobs)!R(tw1tobs), implying that quasiequilibrium dy-
namics is measured. A crossover to nonequilibrium dyna
ics is expected at ln(tobs)' ln(tw) since in this case both
length scales evolve logarithmically with the observati
time, L(tobs)'R(tw1tobs). Similarly to what is observed for
spin glasses the crossover is seen in Figs. 4~a!–4~c! as a
distinct change in the relaxation rate. In this study whe
noise and ac-susceptibility measurements, both reflecting
quasiequilibrum response, are analyzed together with Z
experiments, it is desirable to use as large waiting time
possible in order to minimize the nonequilibrium effects
the experimental time window.

Above the spin glass temperatureTg it is possible to relate
the equilibrium spin-spin correlation lengthj to a relaxation
time t through the relation

t5jz}~T2Tg!2zn, ~3!

where n is the correlation length exponent describing t
divergence ofj as Tg is approached from above andz is a
dynamic critical exponent. Since neitherR nor L can be
larger than the equilibrium spin-spin correlation length, ma
netic relaxation as well as magnetic aging exist up to ti
scales of the ordert. Below the spin glass temperature, th
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spin-spin correlation extends to very long length scales
magnetic relaxation as well as magnetic aging exists on
time scales in a typical ZFC relaxation experiment.

One important difference between spin glasses and a m
netic particle system is that in a spin glass material all ato
moments are dynamically active, whereas some of the
ticles in a magnetic particle system may be blocked in
experimental time window. These particles act as tempo
random fields as long as they are blocked but change
become a part of the dynamically active particles at lo
enough time scales. For the low-temperature results,
sented in Figs. 4~a!–4~c!, it is observed that the relaxatio
rate for the interacting sample significantly differs from t
relaxation rate of the noninteracting sample. This toget
with the observed aging behavior implies that correlated
gions of particles form at low temperatures even in the pr
ence of the random fields created by blocked particles. Mo
over, sufficiently close to a possible spin glass transit
temperature, the charactersitic relaxation time associ
with the collective dynamics should exceed all possible ti
scales associated with the individual particles. At these la
time scales, the dynamics becomes governed by a spin g
fixed point and a scaling analysis according to Eq.~3! may
be performed. For the here investigated sample, the r
tively large width of the volume distribution makes it diffi
cult to experimentally reach the time scales where all p
ticles are dynamically active and hence it is not possible
tell from the results presented in Fig. 3 and Figs. 4~a!–4~c!
whether or not also this system exhibits critical behavior.
a recent study, though, using a particle system consistin
nearly monodispersed amorphous FeC particles, it has b
shown that critical dynamics according to Eq.~3! indeed can
be observed in an interacting particle system.17 Due to the
narrowness of the volume distribution of the FeC parti
system, the characteristic time scale associated with co
tive dynamics exceeds the single-particle relaxation time
the experimental time window.

Comparing now to higher temperatures, it is seen that
aging behavior disappears in the experimental time wind
~cf. Fig. 3!, while the slow magnetic relaxation remain
Moreover, it is seen from Fig. 2~b! that with increasing tem-
perature x9(T) of the interacting sample gradually ap
proaches the out-of-phase component of the noninterac
sample. One may therefore hypothesise that at such l
temperatures and in the investigated time window, the m
netic relaxation is best described using a single-particle
laxation model. This can be understood as follows. At h
temperaturesT.45 K, the correlation length describing th
size of dynamically correlated particles is comparably sm
implying that collective dynamics is only expected to be o
served at short time scales. Moreover, in this tempera
range the density of relaxing particles is an almost expon
tially decreasing function of the logarithm of observati
time ~particle volume!,8 implying that the relaxation ob
served at long time scales is due to a low density of la
particles. A low density of such particles implies a larg
distance between relaxing particles and hence a compar
small interparticle interaction energy and the relaxation m
therefore be described using single-particle dynamics.
relaxation of these comparably large particles may still, ho
ever, be influenced by an interaction field originating fro
d
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the superparamagnetic surrounding and possibly also fro
few even larger blocked particle magnetic moments. It m
also be noted that the influence of this ‘‘tail’’ in the relax
ation, which may obscure the characteristic relaxation ti
of the collective dynamics, will decrease with decreas
width of the particle size distribution.

The difference between a magnetic particle system an
spin glass is obvious—in spin glasses slow magnetic re
ation will exist only at low temperatures where the spin-sp
correlation length is large while in a magnetic particle sy
tem slow magnetic relaxation may, even in the absence
collective dynamics, exist at high temperatures due to
relaxation of a comparably few large particles.

B. High-temperature region

In the high-temperature region, where there is no exp
mental evidence of collective magnetic relaxation, slo
magnetic relaxation is still remaining. According to Fig
4~d! and 4~e!, the magnetic relaxation for the interacting pa
ticles sample extends to longer time scales as compare
the case of the noninteracting sample. This suggests tha
energy barrier that the magnetic moment of a relaxing p
ticle has to surmount in order to change its direction is p
turbed in such a way that the magnetic moment sees a la
energy barrier. The difference in relaxation rate between
interacting and the noninteracting samples decreases wit
creasing temperature. This behavior is here proposed to a
from the superparamagnetic particles in the immediate
rounding of the relaxing particles.

For the noninteracting sample, a temperature of 45 K c
responds to a probed energy barrier of the order of 103 K in
the experimental time window of the ZFC measuremen
Comparing with the previously extracted energy barrier d
tribution for these particles,8 this implies that 95% by vol-
ume of particles give a superparamagnetic response. Ev
the energy barriers of the particles in the interacting sam
are disturbed by an interaction field, this gives a hint ab
how large a part of the particle system is in a superparam
netic state at these temperatures. In the simplest pos
model, reminiscent of the model proposed in Ref. 9, it
assumed that in the close surrounding of a relaxing magn
particle the superparamagnetic particles are polarized by
dipole field due to the larger relaxing particle. The polariz
surrounding will in turn create a field (Hp) at the site of the
relaxing particle having a direction approximately in paral
with the direction of the magnetic moment of this partic
The consequence of such a field can be evaluated by con
ering the potential energy for a uniaxial single-domain ma
netic particle in the fieldHp ,

E5KV sin2~u!2m0MsVHp cos~c!, ~4!

whereu is the angle between the easy direction of magn
zation and the magnetization vector andc is the angle be-
tween the field direction and the magnetization vector. In
case of the magnetic field due to the superparamagnetic
rounding pointing either along or in a direction opposite
the direction of the particle magnetization, the angles can
set equalc5u. The transition rates from one energy min
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mum to the other depend on the energy barrier seen by
magnetic moment in the following way:3–5

t6
215t0

21 expS 2KV~16hp!2

kBT D , ~5!

where hp5m0MsHp/2K and t1 (t2) corresponds to the
field being parallel~antiparallel! to the magnetization vector
A reasonable assumption is that the reorientation time of
field due to the polarized surrounding is longer than the ti
needed for the reversal of the particle magnetic moment
considerably shorter thant2 . In other words, the field due to
the polarized surrounding can be considered as constant
ing the reversal of the relaxing magnetic moment, but w
change its orientation according to the new condition set
the field from the switched particle magnetic moment. Th
the only transition rate which remains important ist1

21 ,
which implies that the relaxation time according to Eq.~5!
can be written as

t5t0 expS KV~11hp!2

kBT D . ~6!

The effect of the field due to the polarized surrounding
thus to increase the relaxation times of the individual p
ticles. In Fig. 5, the logarithms of the relaxation rates for t
temperatures 45 K, 50 K, 55 K, and 70 K are plotted
T3 ln(tobs/t0) together with the relaxation rates for the no
interacting particles. It can be shown that such a plot, in
case of a noninteracting particle system, mirrors the distri
tion of energy barriers.8 The description including a sma
perturbation field that increases the effective energy barrie
supported by the similar appearances of the relaxation r
of the interacting and non-interacting samples. Except for
lowest temperature shown in Fig. 5, basically a shift of
relaxation rate curves of the interacting sample towa
longer time scales is observed. The difference between
relaxation rate curves of the interacting and the noninter
ing samples decreases, however, with increasing temp

FIG. 5. Relaxation rate data, obtained from magnetic noise
ZFC relaxation measurements at the temperatures 45 K, 50 K, 5
and 70 K, plotted vsT3 ln(tobs/t0). The thick solid line corre-
sponds toS vs T3 ln(tobs/t0) for the noninteracting particle system
he
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ture. At T545 K, the relaxation rate at short observatio
times is slightly suppressed, which suggests a crossover f
collective behavior to single-particle dynamics occurring
the experimental time window. This is also in agreeme
with the ZFC aging results, where a waiting time depende
cannot be resolved at experimental time scales and at
peraturesT>45 K.

It is difficult to construct an accurate model forhp , but by
comparing the results of the interacting and noninteract
particle systems@cf. Fig. 5 and Fig. 2~b!#, it is clear that
temperature is an important parameter. With increasing t
perature the effect of the polarized surrounding decrea
which seems reasonable for a collection of superparam
netic particles with a magnetic state following the Langev
function. Other effects to account for are the volumes of
relaxing particles as well as the number of superparam
netic particles surrounding each relaxing particle. One t
has to consider the actual shape of the volume distributio
particles, which implies that also the time scale of the exp
ment becomes an important parameter. Moreover, it is q
likely that quasistatic fields, originating from even larg
blocked particles, will contribute and distort the simple p
ture of only having a field due to the polarized surroundi
pointing in the same direction as the direction of the relax
particle magnetic moment. It is worth noting that the effe
of a quasistatic field will be to decrease the relaxation time
the relaxing particles. Provided that such fields exist, it
possible to envisage that at sufficiently high temperatures
relaxation times of the interacting sample will be smal
than the relaxation times of the noninteracting sample. T
this can be the case for the present nanoparticle syste
supported by Mo¨ssbauer results obtained on samples fr
the same batch of ferrofluid as used in the present wo
which clearly show that the characteristic relaxation time
the interacting sample at high temperatures is smaller t
for the noninteracting sample.30 These results give evidenc
that at temperaturesT.100 K, the effect of interparticle in-
teractions is reversed. Another model, capable of explain
the Mössbauer results, was proposed in Ref. 10. In t
model, which was developed for high temperatures, the
teraction field due to the superparamagnetic surroundin
allowed to fluctuate both in size and in direction. The lat
assumption leads to a decrease of the relaxation time as
interaction strength increases, thereby giving an explana
for the high-temperature results.

V. CONCLUSION

It has been shown that the magnetic relaxation of an
teracting nanosized magnetic particle system at low temp
tures is extended towards longer time scales as compare
the relaxation of a noninteracting particle system. Althoug
considerable part of the particles are blocked at these
temperatures, the magnetic relaxation shows the distinc
mark of collective particle dynamics as evidenced by
chaotic character of the magnetic state of the particle sys
leading to the observation of magnetic aging. At tempe
tures higher than 45 K the magnetic relaxation is best
scribed using a model based on single-particle dynam
Still, there exists an interaction between relaxing magne

d
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particles and their immediate surroundings—a relaxing p
ticle will experience a magnetic field due to neighboring s
perparamagnetic particles and possibly also due to a
large blocked magnetic particles.
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