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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 $86168-18208)05501-5

I. INTRODUCTION whose main advantage is the easy way by which it is pos-
sible to tune parameters such as the relative strength of the

During the last couple of decades, spin glas<&G’s) anisotropy and interaction energiés°
and diluted antiferromagnétaave been the favorite systems  In this paper ac-susceptibility, magnetic noise, and mag-
when investigating how disorder affects the properties ohetic relaxation measurements have been used to probe the
magnetic systems. It is only lately that frozen ferrofluids, i.e.,dynamics of a nanosized magnetic particle system. The ef-
ensembles of nanosized magnetic particles dispersed in difects of the interaction are scrutinized by studying the change
ferent carrier liquids, have been used as experimental modél the magnetic relaxation going from a noninteracting sys-
systems for random magnets. A distinct advantage of usingem to a system with a sizable interparticle interaction. The
frozen ferrofluids is that the strength of the magnetic inter-structure of the paper is as follows: In Sec. Il some experi-
action easily can be tuned by controlling the concentration ofnental details are described; in Sec. Il the results are pre-
magnetic particles in the ferrofluid. sented, while a more complete discussion of the results is

The direction of the magnetic moment in a monodomainpresented in Sec. IV. The main conclusions of the experi-
ferromagnetic particle is determined by the magnetic potenmental study are given in Sec. V.
tial, which for a noninteracting magnetic particle is formed
by the magnetic anisotropy and magnetic field energies. At
finite temperatures, thermal fluctuations will enable the mag- Il. EXPERIMENT
netic moment to point along other directions than the direc- ] o
tions corresponding to the energy minima of the magnetic 1 N€ experiments were performed on a sample consisting
potential. Depending on the constraints set by the energigd nanosized maghemitg; Fe,Os, particles dispersed in hy-
involved it is possible to derive more or less simple approXi_drocarbon 0|'I. The concentration by volume of p.a'rt|cle's was
mate expressions for the magnetic relaxation of noninterac=17%- This sample has been repotfetb exhibit spin-
ing nanosized magnetic particle systeinSeveral experi- glass-_llke dynamics, such as aging, at low temperatures. An
mental studies on such systems support the now existin§XPerimental StU(fy(_)” a sample taken from the same batch
models describing the dynami¢s of ferrofluid but having a volume concentration&f 0.03%

A nontrivial problem appears when the dipole fields dueshowed that the particle size distribution is well described by
to neighboring magnetic particles become of importance, i.e@ v distribution having an average particle diameter of
when the magnetic interaction energy becomes of the samféw=80 A. The magnetic anisotropy constant was deter-
order of magnitude as the other energies involved. If thenined to beK =13.4 kJ/ni,® which implies that the average
particles are randomly distributed with their anisotropy axesnergy barrier, in the absence of a dipole-dipole interaction,
pointing in arbitrary directions, the problem turns into anis Ey, 5,=260 K. Since the carrier oil is an electrical insulator
analytically unsolveable many-body problem. During the lat-and since the particles are coated with a surfactant layer pre-
est years, several studies of interaction effects in nanosize¢enting the particles from being in direct contact with each
magnetic particle systems have been performed using diffe@ther, it can be concluded that the magnetic interaction is of
ent experimental methods!’ and in most cases the results dipole-dipole type. The magnitude of this energy, corre-
have been interpreted within different mean-field-like mod-sponding to the interaction energy between two neighboring
els. In one investigation, though, the critical behavior closeparticles, can be estimated fraBy. g .= (1o/24kg)M2d3 €.
to the expected phase transition temperature was investigatétsing the low-temperature value of the saturation magneti-
and the results indicate that ingredients such as randomnezation, M= 4.2x< 10° A/m, this givesEy.4 .= 60 K for the
and frustrated interactions in a magnetic particle systeme=17% sample. Below 180 K the hydrocarbon oil freezes
yield a super-spin-glass phase at low temperatt/rés.seek  and the particles become fixed randomly in space. All results
further understanding of the interaction effects in particlepresented below correspond to this temperature range.
systems also computer simulation is an important tool, In case of a noninteracting magnetic nanoparticle system,
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manganin heater. The details of the magnetometer are de-
scribed elsewher&.
14K To cover the time window 10°P—10¢* s, it was necessary
to make use of two different measurement techniques. Mag-
netic noise measurements cover observation times ranging
tll il 1 from 10°° to 10t s and zero-field-cooledZFC) magnetic
relaxation measurements the time window 191¢* s. In
- 30K the magnetic relaxation experiment, the sample is cooled in
0.5 mA/m zero field from a high temperature where the sample displays
" a superparamagneticlike behavior. For this sample, 130 K
was high enough to yield a superparamagnetic response.
‘ | When reaching the measurement temperature, the sample is
0 20 40 60 80 100 120 equilibrated a waiting time,, before a small magnetic field
@ t[s] is applied and the magnetization is recorded vs observation
| | time typs. TO simplify the analysis, it is important to use a
30K small enough probing field, so that the sample is probed in
1072 4R L the linear response regin{this requirement should be ful-
filled for all temperatures and time scales used in the experi-
103 L ments. In our experimentsh=1 G was low enough to yield
70K a linear response.
10724 - Measurements of the magnetic noise power spectral den-
sity P(w) of the sample in the absence of applied fields were
10722 - performed at different temperatures by connecting the output
of the SQUID electronics to an HP 35670A dynamic signal
analyzer. The noise was measured in three overlapping fre-
- quency intervals: (i) 0.01-12.5 Hz,ii) 0.5-800 Hz, and
10 . N T - » ] (iii) 16 Hz—10 kHz. The number of spectra used for averag-
®) 1% 100 100 100 107 107 107 10 ing varied between the three intervals: Interydl used
@ [s7] 300, interval(ii) 2000, and intervaliii) 10 000 spectra. All
FIG. 1. (a) Magnetic noise as a function of time for the inter- averaged Spectra were corrected for the background noise
acting y-Fe,0; sample. The different curves correspond to time gpectrum of the experimental setup. For temperatures where
traces taken at the temperatures 14 K, 30 K, and 7@KAveraged  the magnetic noise due to the sample at high frequencies is
noise power spectra for the interactingFe,0; sample. The differ- ¢ the same order or smaller than the background noise of the
ent curves correspond to the temperatures 14 K, 30 K, and 70 K'experimental setup, frequencies higher than typically 1 kHz

a simple Nel theory can be used to determine the distripu-Were not used in the analysis. _
tion of energy barrier&8 A considerable part of the energy The results from the different measurements can be inter-

barrier distribution can be obtained by using only a limited"€lated using simple relations. The fluctuation-dissipation
experimental time window in the relaxation experiment bytheoren% relates the magnetic noise power and the out-of-
simply changing the temperature and hence the probed eRhase component of the ac susceptibility according to

ergy scale according t&,/kg=T In(t,,s/ 75). This simple Y

scaling relation cannot be used to analyze the energy barrier P(w)=2kBTX (@) . 1)
distribution for an interacting particle system since, as is the 0]

case also for spin glasses, no simple scaling law connectinﬁg ) o i
time and temperature to a characteristic energy scale can ha/rthermore, the time-dependent magnetizatitity,d in a

obtained. Instead, one has to measure the magnetic rela@Mple displaying a logarithmically slow relaxation is con-
ation in an experimental time window as wide as possible td'€ctéd to the out-of-phase component of the ac susceptibility
find out the essential features of the magnetic dynamics in affirough the relatioff
interacting particle system.

Two different experimental setups have been usdd: A S(typd =1/ IM(topy ~ EX”(w) )
commercial ac susceptometewas used to measure the in- ob din(ty m ’
phase and out-of-phase components of the ac susceptibility., . , )
A cylindrical container, having a length of 15 mm and a with tob§~ lw. ltis convement to analyze 'Fhe experlmental
diameter of 4 mm, was used as sample cup. The frequend§Sults in terms of the relaxation rait,g, since this quan-
was varied in the range 15 Hz—10 kHz, corresponding to afity mirrors th% relaxation time distribution in a straightfor-
experimental time window of 1%10°5-1072 s. (i) Anon-  Ward mannef:
commercial low-field superconducting quantum interference
device(SQUID) magnetometer operating in the time window . RESULTS
10 °-10* s. The sample was placed in a cylindrical con-
tainer made of sapphire, having a length of 5 mm and a
diameter of 1.5 mm, which was connected to a sapphire rod In Fig. 1(a), typical time traces of the SQUID output sig-
being in direct thermal contact with the thermometer and anal are plotted for the temperatures 14 K, 30 K, and 70 K.

70K
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A. Noise results
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B. ac susceptibility results

In Fig. 2, ¥’ and x” are plotted vs temperature for the
interacting sample and, for a comparison, the noninteracting
samplé for the frequencies 15 Hz, 125 Hz, 1 kHz, and 10

kHz. The out-of-phase component for the noninteracting
0 20 40 60 80 100 120 sample has been calculated analytically using the previously
® TIK] determined energy barrier distributiBrt has been shown

FIG. 2. yvs T at different frequencies ranging from 15 Hz to 10 that the calculated results reproduce the corresponding ex-

kHz for the noninteractingopen symbolsand the interactingsolid pgrimental results to a high degre.e of precisfioﬁ_everal .
symbol$ y-Fe,0, samples(@) x'(T) and (b) x"(T). differences between the interacting and noninteracting

samples can be observed from this figure. In accordance with
observations made by othérs!’ the maxima of the in-

The averaged noise power spectra for these temperatures gfgase component and the corresponding inflection points of
displayed in Fig. (b). These figures indicate that the noise the out-of-phase component of the ac susceptibility are
power spectra at the two lower temperatures have a freshifted towards higher temperatures for the interacting
quency dependence essentially following & Hependence, sample. The frequency dependenceydf at constant tem-
which is similar to that found in spin glasses at low perature, is at low temperatures weaker for the interacting
temperature®® The high-temperature behavior, here repre-sample than for the noninteracting sample, while at high
sented by the results obtained at 70 K, is, however, differentemperatures it appears that the frequency dependence for the
from the high-temperature behavior of spin glasses, where ditteracting and noninteracting samples gradually approach
temperatures above the spin glass temperature the nois@ch other. The observation of an almost frequency indepen-
power spectra show plateaus in the low-frequency limit. Indent out-of-phase component at low temperatures is in accor-
the presently investigated particle system, the noise powetance with the observation of addtependence in the mag-
spectra at high temperatures follow at/dependence, with netic noise power spectra at low temperatures. This behavior
X taking values in the range 0.6-0.8. is similar to the behavior observed in spin glasses well below

One advantage of using results obtained from magnetithe spin glass temperature. It is worth noting though that the
noise measurements is that these will not be influenced bgnset of dissipation, as mirrored by the out-of-phase compo-
demagnetization effects, which in case of heterogeneousent of the ac susceptibility, is much more abrupt in a spin
magnetic materials may be difficult to compensate?for. glass as compared to the behavior displayed in Fig. 2.
Moreover, it may be that the shape of the ferrofluid changes
while going from the liquid to the solid state. However, by
comparing magnetic noise results with the field-probed ac-
susceptibility and ZFC magnetic relaxation results an esti- The relaxation rat&(t,,9 is shown in Fig. 3 for the tem-
mate of the effective demagnetization factor can be obtainecperatures 20 K, 30 K, 40 K, and 45 K. At each temperature,
For all temperatures and time scales used in the present efie time dependence of the ZFC magnetization has been
perimental study, a good conformity between the differentmeasured using two different waiting timgg= 10 s (open
results is achieved using the demagnetization factosymbols andt,,=10* s(solid symbol$. At temperatures be-
N=0.04. For a comparison, this value is about 3 timedow 40 K, a clear waiting time dependence of the relaxation
smaller than the value suggested by the geometrical shape Hte can be observed. For higher temperatures, a waiting time
the sapphire sample container. dependence cannot be resolved in the experimental time win-

C. ZFC relaxation results
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FIG. 4. ac-susceptibilityopen circley magnetic noisésolid circles, and ZFC relaxatiofiopen squargsesults plotted as relaxation rate
vs observation time at the temperatufas20 K, (b) 30 K, (c) 40 K, (d) 50 K, (e) 60 K, and(f) 70 K. The solid lines correspond to the
calculated relaxation rate of the noninteracting sample. In the insets, the same data are shown in semilogarithmic plots. The waiting time in
the ZFC relaxation measurements wgs 10 s.

dow. This behavior is in some ways very similar to the be- D. Comparison with the results of the noninteracting sample

havior of spin glasses and will be discussed in more detail in | order to cover as wide a time window as possible of the
Sec. IV. ) ) magnetic relaxation of the interacting magnetic particle sys-
There are also differences between the relaxation behayem, the results from the three different experimental meth-
ior of the interacting magnetic particle system and that ofods have been plotted together as relaxation rate vs observa-
spin glasses. Maybe the most obvious difference is that ifion time in Figs. 4a)—4(f) for temperatures ranging from 20
spin glasses at temperatures above the spin glass temperato 70 K. TheP(w) and x”"(w) data were transformed to
ture, there exists a well-defined temperature-dependent expeelaxation rate using Eqél) and(2), respectively. The plot-
nential cutoff in the magnetic relaxation where the relaxatiorted results for the ZFC relaxation correspond to the waiting
rate suddenly drops to zef6As can be seen in Fig. 3, the time t,=10"s. By combining these different results, it is
relaxation rate at high temperatures for the nanosized magossible to cover nine decades in time of the magnetic relax-
netic particle system shows a more gradual approach towardgion. Also displayed in the same figures are the relaxation
zero. rates for the noninteracting sample, which have been calcu-
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lated using the previously determined energy barriersuggests that spin-glass-like dynamics should be considered
distribution® when interpreting low-temperature relaxation results of inter-
acting nanopatrticle systems. It should also be pointed out
that similar results as those obtained here, when it concerns
IV. DISCUSSION the effects of interaction on the magnetic relaxation, have
. o ) been obtained in a recent computer simulation study using a

The analysis of the results is divided into a low- and amodel system consisting of monodisperse magnetic particles
high-temperature region. In the low-temperature region thgyith a volume concentration af=7% 2’ which shows that a
dynamics is dominated by correlation effects between thgojlective particle state must be included at low temperatures
particle magnetic moments introducing a SG-like behavior oftypically for T<E,_4 5, to successfully model the magnetic
the magnetic relaxation. In the high-temperature region thee|axation. The current experimental results and the com-
magnetic relaxation is instead governed by the dynamics ghyter simulation results together present conclusive evidence
individual magnetic particles, whose energy barriers are pefthat a model only considering the modification of the indi-
turbed by dipole fields originating from superparamagnetiGigual particle energy barriers by an interaction field is in-
particles in the immediate surrounding of the relaxing par-yfficient to capture the characteristic low-temperature dy-
ticles. . _ . namic properties of interacting particle systems.

In the discussion below, the terms blocked, relaxing, and A striking property of the relaxation in the low-
superparamagnetic particle moments are used. These d@mperature region is the aging behavior. At temperatures
nominations are defined from the relaxation times of the inype|ow 45 K (cf. Fig. 3, the relaxation rate clearly depends
dividual particle momentsr) according to the conditions on the waiting time before applying the probe field. The

T>1ops, T~1obs, AN T<tgps, respectively. aging phenomenon, mostly known as a feature observed in
disordered and frustrated magnetic systems such as spin
A. Low-temperature region glasse$;?"%is a consequence of the chaotic nature of the

magnetic state at low temperatufésThe term chaotic

In Fig. 4(a), the relaxation rates dt=20 K are shown for ) .
the interacting and the noninteracting samples. In the invedl€ans that only a small perturbatlon, for instance, a _small
change in temperature, is able to change the statistical

tigated observation time window, the magnitude of the relax-

ation rate is considerably smaller for the concentrated sampl eights of the spin config'u.ratio'ns completely. Referring to
as compared to the relaxation rate of the dilute sample. Thid'€ droplet modéf the equilibration process can proceed at

implies, with the assumption that the equilibrium susceptibil—conStant temperature by the growth of a characteristic length

ity is of the same order of magnitude for both samples, tha caIeR(t)! describing_ the average size of regions of corre-
the relaxation rate for the interacting sample will be signifi-'2ted particle magnetic moments. Due to the randomness of

cantly larger than for the noninteracting sample in the Iong-the r‘r_1ag_neti2:8 state, the QVOWth fé,i(t) Is Iogarithmically
time limit. This conclusion is corroborated by the resultsSIOW in time:™ If after having equilibrated the particle sys-
shown in Figs. #4) and 4c), where the relaxation rates at €M for a timet,, the sample is probed by applying a weak
T=30 K andT=40 K are displayed. At these temperatures magnetic field, the magnetic state of the spin system will as
it is seen that dipole-dipole interaction extends the relaxatio®d @S the observation time is much shorter than the waiting

towards longer times while at the same time it suppresses tHine: INfond <In(ty), be probed at a length scale
relaxation rate at short observation times: i.e., the distribul(tond <R(tw+tond, implying that quasiequilibrium  dy-
tion of relaxation times is broadened and the magnetic relax2@Mics is measured. A crossover to nonequilibrium dynam-
ation is significantly different from that of the noninteracting /CS 1S €xpected at linf,J ~In(t,) since in this case both
sample. The result observed in the low-temperature region i§N9th scales evolve logarithmically with the observation
at variance with the predictions of the model proposed byime: L(tond ~R(tw+topd . Similarly to what is observed for
Dormannet al® In this model, the energy barriers are ob- SPiN glasses the crossover is seen in Fids)-44c) as a
tained from a set of independent two-level systems. The efdistinct change in the relaxation rate. In this study where
fect of interparticle interactions, at any temperature, is td'0iS€ and ac-susceptibility measurements, both reflecting the
increase the average energy barrier and to make the distrib@uasiequilibrum response, are analyzed together with ZFC
tion of energy barriers more narrdi.One consequence of €XPeriments, it is desirable to use as large waiting time as
such a model is that the general shape of the relaxation raRPSSible in order to minimize the nonequilibrium effects in
curve is preserved; at one given temperature the most noticd2€ experimental time window. . _

able difference in the relaxation rate curve is a shift towards APOVve the spin glass temperatuigit is possible to relate
longer time scales. According to the here observed resultdh® equilibrium spin-spin correlation lenggto a relaxation
the relaxation time spectrum broadens dramatically at lowime 7 through the relation

temperatures and it is therefore more appropriate the com-

pare the relaxation of an interacting magnetic particle system T=§(T—Ty) ", (©)

with that of frustrated magnetic systems such as spin

glasses;?"?8using a model with a multivalley energy land- where v is the correlation length exponent describing the
scape describing the energy barriers of the collective particldivergence of¢ as Ty is approached from above azds a
state. For a SG below the phase transition temperature thdynamic critical exponent. Since neith& nor L can be
magnetic relaxation extends over all experimentally acceslarger than the equilibrium spin-spin correlation length, mag-
sible time scales and the relaxation rate is weakly frequencpetic relaxation as well as magnetic aging exist up to time
dependent. This together with the aging propésse beloyw  scales of the order. Below the spin glass temperature, the
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spin-spin correlation extends to very long length scales anthe superparamagnetic surrounding and possibly also from a

magnetic relaxation as well as magnetic aging exists on aflew even larger blocked particle magnetic moments. It may

time scales in a typical ZFC relaxation experiment. also be noted that the influence of this “tail” in the relax-
One important difference between spin glasses and a magtion, which may obscure the characteristic relaxation time

netic particle system is that in a spin glass material all atomi®f the collective dynamics, will decrease with decreasing

moments are dynamically active, whereas some of the paidth of the particle size distribution.

ticles in a magnetic particle system may be blocked in the The difference between a magnetic particle system and a

experimental time window. These particles act as temporaryPin 91ass is obvious—in spin glasses slow magnetic relax-
random fields as long as they are blocked but change tgtion will exist only at low temperatures where the spin-spin

become a part of the dynamically active particles at longcorrelation length is large while in a magnetic particle sys-
enough time scales. For the low-temperature results, pr em SIPW magnetic rela_xatlon may, even in the absence of
sented in Figs. @)—4(c), it is observed that the relaxation collective dynamics, exist at high temperatures due to the

rate for the interacting sample significantly differs from the élaxation of a comparably few large particles.
relaxation rate of the noninteracting sample. This together
with the observed aging behavior implies that correlated re-
gions of particles form at low temperatures even in the pres-
ence of the random fields created by blocked particles. More- In the high-temperature region, where there is no experi-
over, sufficiently close to a possible spin glass transitiormental evidence of collective magnetic relaxation, slow
temperature, the charactersitic relaxation time associateghagnetic relaxation is still remaining. According to Figs.
with the collective dynamics should exceed all possible time4(d) and 4e), the magnetic relaxation for the interacting par-
scales associated with the individual particles. At these largécles sample extends to longer time scales as compared to
time scales, the dynamics becomes governed by a spin glaise case of the noninteracting sample. This suggests that the
fixed point and a scaling analysis according to E3).may  energy barrier that the magnetic moment of a relaxing par-
be performed. For the here investigated sample, the reldicle has to surmount in order to change its direction is per-
tively large width of the volume distribution makes it diffi- turbed in such a way that the magnetic moment sees a larger
cult to experimentally reach the time scales where all parenergy barrier. The difference in relaxation rate between the
ticles are dynamically active and hence it is not possible tanteracting and the noninteracting samples decreases with in-
tell from the results presented in Fig. 3 and Fig&)44(c) creasing temperature. This behavior is here proposed to arise
whether or not also this system exhibits critical behavior. Infrom the superparamagnetic particles in the immediate sur-
a recent study, though, using a particle system consisting abunding of the relaxing particles.
nearly monodispersed amorphous FeC particles, it has been For the noninteracting sample, a temperature of 45 K cor-
shown that critical dynamics according to E8) indeed can responds to a probed energy barrier of the order éfKlin
be observed in an interacting particle systénue to the the experimental time window of the ZFC measurements.
narrowness of the volume distribution of the FeC particleComparing with the previously extracted energy barrier dis-
system, the characteristic time scale associated with colledribution for these particle$this implies that 95% by vol-
tive dynamics exceeds the single-particle relaxation times imme of particles give a superparamagnetic response. Even if
the experimental time window. the energy barriers of the particles in the interacting sample
Comparing now to higher temperatures, it is seen that thare disturbed by an interaction field, this gives a hint about
aging behavior disappears in the experimental time windovhow large a part of the particle system is in a superparamag-
(cf. Fig. 3, while the slow magnetic relaxation remains. netic state at these temperatures. In the simplest possible
Moreover, it is seen from Fig.(B) that with increasing tem- model, reminiscent of the model proposed in Ref. 9, it is
perature x"(T) of the interacting sample gradually ap- assumed that in the close surrounding of a relaxing magnetic
proaches the out-of-phase component of the noninteractingarticle the superparamagnetic particles are polarized by the
sample. One may therefore hypothesise that at such larg#ipole field due to the larger relaxing particle. The polarized
temperatures and in the investigated time window, the magsurrounding will in turn create a fieldH,) at the site of the
netic relaxation is best described using a single-particle rerelaxing particle having a direction approximately in parallel
laxation model. This can be understood as follows. At highwith the direction of the magnetic moment of this particle.
temperature§>45 K, the correlation length describing the The consequence of such a field can be evaluated by consid-
size of dynamically correlated particles is comparably smallering the potential energy for a uniaxial single-domain mag-
implying that collective dynamics is only expected to be ob-netic particle in the fieldd,,
served at short time scales. Moreover, in this temperature
range the density of relaxing particles is an almost exponen-
tially decreasing function of the logarithm of observation E=KV sir?(6) — uoMsVH, cog ), (4)
time (particle volumeé? implying that the relaxation ob-
served at long time scales is due to a low density of largevhere§ is the angle between the easy direction of magneti-
particles. A low density of such particles implies a largerzation and the magnetization vector afds the angle be-
distance between relaxing particles and hence a comparabtyeen the field direction and the magnetization vector. In the
small interparticle interaction energy and the relaxation mayase of the magnetic field due to the superparamagnetic sur-
therefore be described using single-particle dynamics. Theounding pointing either along or in a direction opposite to
relaxation of these comparably large particles may still, howthe direction of the particle magnetization, the angles can be
ever, be influenced by an interaction field originating fromset equaly= 6. The transition rates from one energy mini-

B. High-temperature region



57 DYNAMIC STUDY OF DIPOLE-DIPOLE INTERACTION . .. 503

ture. At T=45 K, the relaxation rate at short observation
times is slightly suppressed, which suggests a crossover from
collective behavior to single-particle dynamics occurring in
the experimental time window. This is also in agreement
with the ZFC aging results, where a waiting time dependence
cannot be resolved at experimental time scales and at tem-
peraturesT =45 K.

Itis difficult to construct an accurate model fog, but by
comparing the results of the interacting and noninteracting
particle systemgcf. Fig. 5 and Fig. t)], it is clear that
temperature is an important parameter. With increasing tem-
perature the effect of the polarized surrounding decreases
which seems reasonable for a collection of superparamag-
netic particles with a magnetic state following the Langevin
function. Other effects to account for are the volumes of the

FIG. 5. Relaxation rate data, obtained from magnetic noise an¢e|axing partides as well as the number of superparamag-
ZFC relaxation measurements at the temperatures 45 K, 50 K, 55 Hr‘etlc partlcles Surroundlng each relax|ng par“cle One thus
and 70 K, plotted vsTXIn(tops/ 7). The thick solid line corre-  hag to consider the actual shape of the volume distribution of
sponds td5 vs TX In(tons/ 7o) for the noninteracting particle system. narticles, which implies that also the time scale of the experi-

ment becomes an important parameter. Moreover, it is quite
likely that quasistatic fields, originating from even larger
. blocked particles, will contribute and distort the simple pic-
mum to_ the other ‘?'epe”d on the ener_gsy barrier seen by th[%re of ogly having a field due to the polarized surrgunging
magnetic moment in the following way: pointing in the same direction as the direction of the relaxing
_KV 2 particle magnetic moment. It is worth noting that the effect
IR (1xhp) BN ) o
=1 exp{ —) , (5)  ofaquasistatic field will be to decrease the relaxation time of
kgT the relaxing particles. Provided that such fields exist, it is
possible to envisage that at sufficiently high temperatures the
relaxation times of the interacting sample will be smaller
an the relaxation times of the noninteracting sample. That
is can be the case for the present nanoparticle system is
upported by Mesbauer results obtained on samples from
the same batch of ferrofluid as used in the present work,

the polarized surrounding can be considered as constant d —h'c_h clearl_y Show that the_charactensnc rela_xat|on time of
the interacting sample at high temperatures is smaller than

ing the reversal of the relaxing magnetic moment, but will . . . .

; ; ; : o for the noninteracting sampfd.These results give evidence
change its orientation according to the new condition set b){hat at temperature'Ei 100“;’( the effect of intgerparticle in
the field from the switched particle magnetic moment. Thus ) ! ’

" . L L teractions is reversed. Another model, capable of explainin
the_ on_ly tr_ansmon rate Whlch remains |mpo_rtant s, the Mossbauer results, was proposed irl? Ref. 10 pIn thisg,J
which |mp.I|es that the relaxation time according to ES) model, which was devéloped for high temperatures, the in-
can be written as teraction field due to the superparamagnetic surrounding is

allowed to fluctuate both in size and in direction. The latter
ex;{ KV(1+hp)? assumption leads to a decrease of the relaxation time as the
T=1Tp = | .
kgT

S [ST]

1024

0 400 800 1200 1600

T Infvz,) [K]

where hy=uoMsHy/2K and 7, (7_) corresponds to the
field being parallelantiparalle] to the magnetization vector.
A reasonable assumption is that the reorientation time of th&E
field due to the polarized surrounding is longer than the timé
needed for the reversal of the particle magnetic moment b
considerably shorter than_ . In other words, the field due to

©) interaction strength increases, thereby giving an explanation
for the high-temperature results.

The effect of the field due to the polarized surrounding is
thus to increase the relaxation times of the individual par-
ticles. In Fig. 5, the logarithms of the relaxation rates for the
temperatures 45 K, 50 K, 55 K, and 70 K are plotted vs
TXIn(typs/ 7o) together with the relaxation rates for the non- It has been shown that the magnetic relaxation of an in-
interacting particles. It can be shown that such a plot, in théeracting nanosized magnetic particle system at low tempera-
case of a noninteracting particle system, mirrors the distributures is extended towards longer time scales as compared to
tion of energy barrier8.The description including a small the relaxation of a noninteracting particle system. Although a
perturbation field that increases the effective energy barrier isonsiderable part of the particles are blocked at these low
supported by the similar appearances of the relaxation ratéemperatures, the magnetic relaxation shows the distinctive
of the interacting and non-interacting samples. Except for thenark of collective particle dynamics as evidenced by the
lowest temperature shown in Fig. 5, basically a shift of thechaotic character of the magnetic state of the particle system
relaxation rate curves of the interacting sample towarddeading to the observation of magnetic aging. At tempera-
longer time scales is observed. The difference between thigires higher than 45 K the magnetic relaxation is best de-
relaxation rate curves of the interacting and the noninteractscribed using a model based on single-particle dynamics.
ing samples decreases, however, with increasing temper&iill, there exists an interaction between relaxing magnetic

V. CONCLUSION
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particles and their immediate surroundings—a relaxing par- ACKNOWLEDGMENT
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