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Dynamics of an Interacting Particle System: Evidence of Critical Slowing Down
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The dynamics of a magnetic particle system consisting of ultrafine Fe-C particles of monodisperse
nature has been investigated in a large time windbdv,’—10* s, using Mdssbauer spectroscopy, ac
susceptibility, and zero field cooled magnetic relaxation measurements. By studying two samples from
the same dilution series, with concentrations of 5 and 1073 vol %, respectively, it has been found
that dipole-dipole interaction increases the characteristic relaxation time of the particle system at all
temperatures investigated. The results for the most concentrated particle assembly are indicative of
collective magnetic dynamics and critical slowing down at a finite temperafyres 40 K. Close
to and below the transition temperature, an aging phenomenon is observed, another manifestation of
collective magnetic dynamics. [S0031-9007(97)04826-6]

PACS numbers: 75.50.Tt, 75.50.Lk, 75.50.Mm

The dynamics of magnetic nanoparticle systems ishe effects of dipole-dipole interaction on the magnetic
currently a subject of considerable interest. In a noninterdynamics have been scrutinized. For the first time, it is
acting particle assembly the superparamagnetic relaxatidiound that the dynamics of a concentrated nanoparticle
time essentially follows the predictions of the Néel-Brownsample displays critical slowing down at a finite tem-
theory [1,2], implying relaxation times from picosecondsperature, reminiscent of the critical behavior observed in
to geological time scales depending on the magnetispin-glass materials [15]. Close to and below the criti-
anisotropy, the particle volume, temperature, and appliedal temperature, the magnetic relaxation displays an aging
magnetic field. Different approximate expressions for thgphenomenon, giving further support for a low temperature
relaxation time of noninteracting-particle systems [2,3]super spin-glass phase in the concentrated particle system.
have been derived. Several experimental studies support The experiments were performed on two samples
the validity of the theoretical models [4—6]. consisting of nanosized particles of amorphous-E€,

In particle assemblies with significant dipole-dipole with x = 0.22. The particle system was prepared as
interaction the magnetic relaxation is known to be affectedh ferrofluid by thermal decomposition of @&D)s in
by the interaction. Ac susceptibility and dc magnetizationdecalin using oleic acid as a surfactant. The details
measurements indicate an increase in the characteristid the preparation technique are described in Ref. [16].
relaxation time with increasing interaction strength [7—After preparation, the ferrofluid was up-concentrated and
10], while Mdssbauer results in some cases indicatdifferent concentrations were prepared by dilution of the
the opposite behavior [11,12]. Different and conflicting concentrated product. The nominal concentrations of the
models have been proposed to explain the experimentaamples used in this study weee= 5 and € = 6 X
results [7,11,13,14]. In most cases, these models addre$8—> vol %, respectively.
the question of what happens to the energy barrier of the The concentrated sample was studied by transmission
individual particle magnetic moment as the interactionelectron microscopy (TEM). These studies [17] showed
strength increases and less attention is given to tha close to spherical particle shape and that there is
more complex problem of having collective dynamicsno significant tendency of particle agglomeration. The
contributing to the observed magnetic relaxation. Ifvolume weighted particle size distribution as seen in TEM
collective particle behavior is an essential ingredient irfitted well to a log-normal distribution with a remarkably
an interacting particle assembly, it may be possible thatarrow width of oy = 0.22 and a median volume of
a phase transition to a super spin-glass phase occurs &, = 5.3 X 1072 m? (d,, = 4.7 nm) [17].

a finite temperature, since such a system exhibits both All measurements were performed at low temperatures
random and frustrated magnetic interactions. with the carrier liquid frozen, implying that the particles

In this Letter, Mdssbauer, ac susceptibility, and zerowere fixed randomly in the sample. Since the frozen car-
field cooled (ZFC) magnetic relaxation measurementsier liquid provides an insulating matrix for the magnetic
have been performed to study the dynamics of a nanopaparticles and since the particles are coated with a sur-
ticle system of nearly monodisperse nature. By studyfactant layer preventing the particles from agglomerating,
ing two samples with different concentrations of magnetiche interparticle magnetic interaction is of dipole-dipole
particles, both taken from the same batch of ferrofluidtype. Assuming a homogeneous dispersion, the mean
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interaction energy between two neighboring particles 0,012
can be estimated fronk,_,/kp = (no/4mkp)M?V,,€,

where M, is the saturation magnetization of the; EeC, L
particles. Using the low temperature value of the satu-
ration magnetizationM, =~ 1.5 X 10°® A/m, this expres-
sion givesE,_4/kg = 44 K and E;_,/kz = 0.05 K for

the concentrated and dilute samples, respectively.

A specially designed SQUID magnetometer [18] was
used for the ac susceptibility and the magnetic relaxa-
tion measurements. The magnitude of the ac fields were
hae = 5 mOe andh,. = 0.1 Oe for the concentrated and
dilute samples, respectively. The covered ac frequency
ranges werd7 mHz = w /27 =< 51 kHz for the concen-
trated sample and7 mHz = /27 = 5.1 kHz for the
dilute sample.

The dynamics of the particle assemblies was also stud-
ied by ZFC magnetic relaxation measurements. In the
ZFC experiments the sample was cooled in zero field from
a high temperature where the sample showed a superpara-
magnetic behavior. When reaching the measurement tem- )
perature,T, the sample was equilibrated a wait timg A 40 50 80 100
before a weak magnetic field was applied and the magneti- T (K)
zation,M (T, t), recorded in the time windo® X 107! < ) o
1 < 10* s after the field application. The fields used were"!G: 1. (@) x'(T' ) (solid lines) andy(Z.,r) (symbols) vs

. temperature for the 5 vol% sample. The different curves
h =1 Oe andh = 10 Oe for th_e concentrated and dilute correspond to different observation times= 1/w (top to
samples, respectively. The Mossbauer data were collectefttom): 10, 3 x 10°, 103 3 x 10%, 10 30, 10, 3, 1,
using a%’Co source in a Rh matrix. 3x 1071, 1071,3 X 1072, 1072, 3 X 1073, 1073, 3 X 1074,

The ac susceptibility measurements cover observatiof0 *, 3 X 1072, andﬂlofs s. (b) x"(w) vs temperature

times (I/w) ranging from3 X 107¢ to 10 s. By use for the 5 and6 X 107 vol % samples. The results of the

. - . noninteracting sample has been multiplied by the ratio between
of ZFC rglaxanon measur_ements itis _posglble t(? extenthe concentrations of the two samples. The different curves
the experimentally accessible observation time window t@orrespond to different observation times 10,10;!, 1072,
longer time scales. The results from ac susceptibility and0~3, 107%, and 107> s for the 5 vol% sample, and 10, 1,
ZFC relaxation measurements are related by [19] 107,107,107, and10™* s for the6 X 1077 vol % sample.

M(T,0)/h = x(T,1) = x'(T, ») )

with ¢+ = 1/w. In Fig. 1(a), x(T,r) and x'(T,w) are batch of magnetic nanoparticles, has not been reported
plotted for the concentrated sample. The low temperapreviously.

ture behavior of the equilibrium susceptibilitygeq(7), A method, which aims at studying the temperature
is drawn, extrapolating the high temperature behaviodependence of the longest relaxation time of the magnetic
of the y(T) curves which in the temperature region system, focuses on small departures of {{&, r) curves

48 to 100 K obey a Curie-Weiss lawy = 0.62/(T +  from the equilibrium susceptibility curve. The relaxation
11.40) [emy/Oe€]. The out-of-phase component of the actime r equals and the corresponding temperature is found
susceptibility, y"(T, ), is shown in Fig. 1(b). The cor- from the ratiox (7, 1)/ x.q, Which should be set to a fixed
responding results for the dilute sample has, for comparivalue close to 1 [20]. In Fig. 2, the relaxation time, as
son, been included in this figure. In accordance withdefined from the conditio (T, )/ x.q = 0.98, is plotted
observations made on other systems [7-10], the chakersus temperature for the concentrated sample. The
acteristic frequency dependence of the ac susceptibilitgorresponding results of the Méssbauer experiments are
is shifted toward higher temperatures for the interactinglso plotted. The latter results were obtained by measuring
sample. It is obvious from this figure that at tempera-the count rate at zero velocity as a function of tem-
tures near the peaks gf/(T) for the concentrated sample perature. In this way one can estimate a temperature at
the corresponding out-of-phase components of the diluterhich essentially all particles have a relaxation time faster
sample remain virtually zero, indicating that the characterthan abous X 10~'° s [21]. This time scale corresponds
istic relaxation timesr, of the dilute sample at these tem- to the onset of a broadening of the superparamagnetic
peratures are much shorter than the time scale of the aomponent. The relaxation times for the dilute sample
susceptibility experimentr < 1/w. Such a clear sepa- have been included for comparison. The dashed line
ration between the characteristic relaxation times of aorresponds to the result of fitting a Vogel-Fulcher law to
concentrated and a dilute sample, taken from the sanmthe temperature dependence of the relaxation time of the
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10 ‘ - ; tion time of the dilute sample indicates some influence of
5| A 10 T interparticle interaction even for this sample. This effect,
o . 10°} i h hould not, in the temperature range used for the
L. A i owever, shou , p g
10°0 “Lb Y 210 zv=1123 . scaling analysis, significantly change the relaxation times
— 1o g TR K i of the dilute sample from that of a perfectly noninteract-
< L o flek)=ree , ing sample. Neglecting the temperature dependenee of
e 10 %, 00 TT-1) 17 in the dynamic scaling analysis probably yields slightly
i AN ‘. ? ] too large a value for the exponent. The error intro-
o Tl . duced by this is, however, smaller than the margins of
107 Te- ] error given above for extracted value of the critical expo-
100l . . , LT nent. Also, it is worth noting that using the maxima in
20 40 60 TS(OK) 100 120 140 the x/(T, w) curves to determine the temperatures corre-

sponding to different observation timégw, yield, within

FIG. 2. Relaxation time vs temperature for the 5 vol % (filled the experimental uncertainty, the same valuegofand
symbols) andé X 1073 vol% (open symbols) samples. The 7, as those given above.

dhashed l"”e fw?]s ?ﬁtained byl fittin% a VogeIhFuIch%r law 10 - The temperature dependence of the characteristic re-
the results of the dilute sample. The inset shows the C”t'ciﬁxation time of a spin glass can also be obtained from

slowing down analysis made for the concentrated sample usin ;
relaxation time data corresponding to the temperature intervall€ frequency_dependgncepf/(wx ). It can be shown
that the following relation holds [22,23]

45-65 K.
" / 1-B8/zv _ 1\—zv+B
: x'fox < «(T/Ty = 1) :
dilute sampley = 1.4 X 107! X ex420/(T — 10.2)] s. ¢
Fitting an Arrhenius law to the same experimental data (3)

yields too small a value for the microscopic relaxation timewhereﬁ is the order parameter critical exponent, which
7o, which indicates that even this sample displays somgyr spin-glass materials typically takes a value in the
interparticle interactions. This suggests that the dllut%lnge 0.6—0.8 [20]. In the zero frequency limit, the
sample is not completely homogeneous and that therft-hand side of Eq. (3), for each temperature, attains a
exists small agglomerates of particles in this sample.  frequency independent value related to the characteristic
To investigate if the dynamics of the concentratedre|axation time of the magnetic system. Figure 3 shows
sample shows critical slowing down, one can make use oj,///(wX/) vs w /27 for the concentrated sample. In the
the dynamic scaling hypothesis, which states that the chafgy frequency limit and at a given temperature it can be
acteristic relaxation time close to the transition temperaseen thaty”/(w ') approaches a frequency independent
ture is related to the particle-particle correlation length,ajye. Fitting the values thus extracted to the power-law
&, according tor « £%. Since the correlation length di- divergence in Eq. (3) gives, usifiy = 40 K, zv — B =
verges at the transition temperature, the relaxation time ig 4. Assuming the critical exponeyt for the interacting
expected to obey the temperature dependence [22] particle system to take a value close to that of archetypal
T =1.(T/Tg — 1)%, T>T,, (2) spin glasses, this result is in good agreement with the

where T, is the transition temperature,. is related to re§ruhlteo;|t:h§ fé;ﬁgﬁznsii'gg Enf/lis'i' aM /3 In(r), for

the relaxation time of the individual particle magnetic,[h trated le is disolaved in Fi 4 for th
moments, and;v is a critical exponent. The result of € concentrated sampie IS displayed in Fig. 4 for the
the analysis, using data corresponding to the temperature
range 45-65 K, is shown in the inset of Fig. 2. The value
of zv = 11 = 3isin good agreement with values derived
for spin-glass materials [15]. The value of = 107° s

may seem too large when compared to values derived B
for spin glasses. However, in spin glassesis deter-

wr— 0,

10 ———— 11—

mined by the spin flip time of the atomic magnetic mo-
ments & 10713 s), while 7. in a magnetic particle system

is determined by the flip time of the noninteracting par-
ticle magnetic moments, which essentially should follow
a temperature dependence as that shown in Fig. 2 for the
relaxation time of the dilute sample. Consulting this fig-
ure, it is seen that the value extracted foifrom the criti-

cal scaling analysis is in accordance with the relaxation
times of the dilute system in the temperature region used
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for the scaling analysis. The success of fitting a Vogel¥|G. 3. y"/wy' vs w/27 at different temperatures for the

Fulcher law to the temperature dependence of the relax&-vol % sample.
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