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Two Mechanisms and a Scaling Relation for Dynamics in Ferrofluids
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Two relaxation peaks were found in the complex susceptibility of ferrofluids. Both can be desc
by the Vogel-Fulcher lawt ­ t0fsT d expfEyksT 2 T0dg. Nevertheless, the physical origins for thes
two relaxations are quite different. We found that Néel relaxation strongly depends on the d
dipole interaction. The dramatic dependence can be described by a surprisingly simple scaling re
t ­ t0 expfEyksT 2 af0.8dg, wheref is the volume fraction of the dipoles. In contrast, Brownia
relaxation is much less sensitive to the concentration of magnetic moments because the inter
force is mainly hydrodynamic in nature. [S0031-9007(96)00634-5]

PACS numbers: 75.50.Mm, 61.20.Lc, 75.40.Gb, 82.70.Dd
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Slow relaxation is a common feature in disordered m
terials such as glasses, spin glasses, and other com
systems [1]. Despite extensive effort a complete und
standing of the mechanisms governing the dynamic
still lacking. Instead, phenomenological formulas such
the Vogel-Fulcher law have been used to describe rela
tions in many different materials. So far, there is hard
any experiment available to provide the mechanism
the Vogel-Fulcher relation.

In this Letter, we report the observation of two relax
tion mechanisms in the same ferrofluid and, more imp
tantly, their dissimilar dependence on interaction betwe
magnetic dipoles. We found that although both rela
tions can be described by the Vogel-Fulcher law, N
relaxation—the motion of a magnetic moment relative
the particle—is much more sensitive to the interparti
force than Brownian relaxation—the rotation of the m
ment through the particle’s movement. We will repo
that, for the first time, the strong dependence of Néel
laxation on the dipole-dipole interaction can be charac
ized by an amazingly simple scaling relation. With t
scaling law, all the data for Néel relaxation from samp
with different concentrations of magnetic particles can
superimposed onto a master curve. This result prov
an intimate relation between the relaxation time and
dipole force. For Brownian relaxation, on the other han
the hydrodynamic interaction dominates the dipole int
action. Distinguishing these two mechanisms not o
can help one to understand the complex dynamics in
loidal systems but also can provide some insight into
laxation phenomena of disordered systems in general.

Experiments were performed on ferrofluid [2] samp
consisting of magnetite particles suspended in keros
abbreviated as KBF. Each particle has a mean dia
ter of 90 6 20 Å. Particles are coated with surfacta
to avoid agglomeration. The average moment is2.5 3

104mB. Particles interact with each other through the lo
range dipole force [3]. The sample was sealed insid
small quartz tube. All the data have been corrected
the demagnetizing effect. The ac susceptibility measu
0031-9007y96y77(2)y390(4)$10.00
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ments were performed with a SQUID ac susceptome
Although some work has been done on susceptibility
ferrofluids, the distinction between the effect of polyd
persity and that of interaction is not clear [4]. To addre
the problem, we made samples with different concen
tions by changing the amount of the solvent, thus the s
distribution is unchanged. To check the universality
the scaling law, we also performed a similar experim
on samples with different solvent, particle size, and s
distribution. We found that the scaling relation holds
long as we are in the weak interaction regime, indep
dent of materials and the size distribution. Therefore o
of the important consequences of our experiments is
we are able to separate the physical effect of interparti
force from the effect of the polydispersity.

Figure 1 shows the imaginary part of susceptibili
x 00sT d, for frequenciesf ­ 0.01 and 100 Hz. For each
frequency, two peaks were observed [5]:Tp1 and Tp2.
Both maxima shift to higher temperatures with increa
ing frequency. In order to understand the mechanis

FIG. 1. x 00 vs T (volume fractionf ­ 6%) for f ­ 0.01 and
100 Hz for sample KBF. The amplitude of the ac field is 1 O
The inset is the phase diagram for the same sample determ
from DSC experiment.Tp2 andTp1 are in the solid and mixed
phases, respectively.
© 1996 The American Physical Society



VOLUME 77, NUMBER 2 P H Y S I C A L R E V I E W L E T T E R S 8 JULY 1996

ti
u
e
e

c
r

e
o

r

ti
é
e

e

r
d

aw
h

i

r

te
o
e
to
r
a

s
e

)

y
us

ag-
F.

r

ize
of
ical

-
t

le
e of
-
aks
by

f-
-

at
ius

nt
re
for these two relaxation peaks, we performed differen
scanning calorimetry (DSC) measurements on both p
kerosene and the ferrofluid. Three distinct phases w
found as shown in the inset of Fig. 1 for the same f
rofluid: a liquid phase forT . Tpour , whereTpour is the
pour point, the temperature above which the system
flow like a fluid; a solid phase in the lowest temperatu
region, and a “mixed” state in the range ofTs-m , T ,

Tpour , whereTs-m is the transition temperature from th
solid to the mixed phase. In the mixed phase, the visc
ity is high. For pure kerosene,Tpour ­ 233 K andTs-m ­
145 K. For a ferrofluid withf ­ 6%, Tpour ­ 238 K and
Ts-m ­ 151 K, as shown in the inset of Fig. 1 [6].

Because the system is a rigid solid at low temperatu
particles cannot move forT , Ts-m. Therefore, the peak
at Tp2 must be due to the relaxation of the magne
moment relative to the particle—the Néel relaxation. N
pointed out [7] that the moment of a single-domain
magnetic particle relaxes via an activated processt ­
t0 expsEykT d, i.e., the Arrhenius law, whereE is the
barrier due to the anisotropy energy,t is the relaxation
time, andt0 is the characteristic time of the system. At th
temperature where the relaxation timet is comparable with
the experimental time scale, a spin will look “frozen” o
“blocked.” Apparently, the blocking temperature depen
on the observation time 1yf, f is the frequency of the
experiment. If we takeTp2 in Fig. 1 as the blocking
temperature,1y2pf as the timet, we get a relation
betweenTp2 and the frequencyf. We found thatTp2s fd
can be described reasonably well by the Arrhenius l
However, parameters for the fit are unphysical: T
characteristic timet0 ­ 1y2pf0 ­ 4.6 3 10224 sec for
f ­ 6%. The shortest time scale in magnetism is the sp
flip time of a single atom,ts , 10213 sec. No time scale
should be shorter thants. Therefore, the Arrhenius law
does not describe the physics of the relaxation peak atTp2.

This conclusion leads to the speculation thatTp2 might
not be attributed to single particle relaxation. To ve
ify this, we investigated the frequency dependence
Tp2 for samples with differentf as plotted in Fig. 2(a).
The concentration dependence, thus the effect of in
particle force on the dynamics, is very clear. We n
tice that different curves are nearly parallel to each oth
suggesting that all the data can be superimposed on
master curve by simply shifting them along the tempe
ture axis to the curve for the most dilute sample
illustrated in Fig. 2(b). We found that for the mo
diluted sample (f ­ 0.12%) t can be described by th
Vogel-Fulcher (VF) law:t ­ t0 expfEyksT 2 T0dg with
t0 ­ s2 6 1d 3 1029 sec,Eyk ­ s5.9 6 0.4d 3 102 K,
and T0 ­ 3 6 1 K. Then the master curve in Fig. 2(b
can be described byt ­ t0 expsEykT 0d, with the same
t0 and Eyk, while T 0 ­ Tp2 2 T0, T0 ­ 3, 12, 50, 82 K,
for f ­ 0.12%, 0.6%, 3%, and6%, respectively, with an
error of 61 K for T0. To verify the universality of the
scaling curve, we performed a similar experiment on
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FIG. 2. (a) lnf vs Tp2 for four different concentrations of
KBF. (b) Scaling of data from all concentrations of KBF b
shifting the curves in (a) along the temperature axis by vario
amounts. Inset: Scaling curve for ABF samples.

completely different system—alkylnathalene based m
netic fluid, “Marpomagna FV-42,” abbreviated as AB
The particles are magnetites. The mean diameter is70 Å
with standard deviation of10 Å [8]. We found that the
scaling is still valid as shown in the inset of Fig. 2(b) fo
f ­ 0.07%, 0.8%, 4.9%, and10%. The fact that dissim-
ilar systems, with different carrier, particle size, and s
distribution, obey the same relation for a wide range
concentration and frequency indicates a universal phys
origin.

In Fig. 3 we plotT0 obtained in Fig. 2 versus the vol
ume fractionf for KBF. The line is the least squares fi
of the data to a power law off and we getT0 ~ f0.860.1.
Because the volume fraction is proportional to the dipo
interaction between particles, the sublinear dependenc
T0 on f suggests thatT0 is directly related to this interac
tion. Now the frequency dependence of relaxation pe
for various concentrations in Fig. 2(a) can be described
a universal relationt ­ t0 expfEyksT 2 af0.8dg, with
a ­ 8 3 102 K. This result clearly indicates that the e
fect of interparticle force is simply to introduce a tem
perature scaleT0 so that the relaxation time diverges
T ­ T0 instead of zero temperature as in the Arrhen
law. From Fig. 3 we realize that whenf ­ 0, we get
T0 ­ 0. Then the activated dynamics for independe
dipoles, i.e., the Arrhenius law, is recovered. Therefo
the physical meaning ofT0 in the VF law describing Néel
relaxation is that for temperatureT aboveT0 the thermal
391
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FIG. 3. T0 obtained from the Vogel-Fulcher fit as a functio
of f. T0 ~ f0.860.1.

energy dominates, while belowT0, the interaction energy
wins. Becauset0 and E were obtained from fitting the
data for the most diluted sample, they should be very cl
to values for single particle dynamics. We found thatt0

agrees with Néel’s prediction [7] and the value from t
Mössbauer [9] experiment, i.e.,1029 sec. We want to
point out that the scaling relation works for the conce
tration range discussed here. For higher volume fracti
the energy barrier is no longer independent of the c
centration of the particles. Then the scaling law brea
down (slight deviation from the scaling can be seen
f ­ 10% of ABF as shown in the inset of Fig. 2). From
our preliminary data, it is possible that we start to s
the formation of structures [10] and possibly the onset
magnetic ordering for higher volume fractions [11,12].

The VF law has been found to describe the temperat
dependence of the relaxation times for many gla
forming liquids and some spin glasses [1,13]. Howev
the transition temperature of glass-forming liquids usua
shows a linear concentration dependence [14]. In fa
the power law dependence ofT0 on the concentration is
similar to that in spin glasses with similar exponents [1
Additional similarities between frozen ferrofluids and sp
glasses have been reported recently [3,16]. This sugg
that the Néel dynamics in ferrofluids might relate mo
closely to a spin glass more than to a glass-forming liqu
The divergence of the relaxation timet at T0 indicates
that the system enters a glassy state atT0. Therefore,
T0 here may have a similar significance as the spin gl
transition temperatureTg. Further experiments are neede
to explore this similarity.

The high temperature peak atTp1 in Fig. 1 is in the
mixed state where the system is no longer a rigid so
Consequently, it is possible for particles to move local
Brownian relaxation, in which a moment responds to t
external field through the particle movement, plays
important role. Since both Néel and Brownian relaxatio
can exist in this region, the maximum atTp1 in Fig. 1
does not represent a single relaxation. To separate t
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two channels, we plot both the real and the imaginary p
of susceptibility,x 0 and x 00, versus frequency for fixed
temperature in the mixed state in Fig. 4(a). The main pe
of x 00 in Fig. 4(a) comes from particle rotation and th
rising of x 00 at the high frequency part is due to the Né
relaxation since Néel dynamics is faster than Browni
relaxation when both channels coexist [17]. We can sin
out the Brownian contribution by studying the main pe
of x 00 in Fig. 4(a). We found that Brownian susceptibilit
can be described by the generalized Debye [18] formul

xsvd ­ x` 1 sx0 2 x`dyf1 1 sivtBd12ag , (1)

where 0 , a , 1, x` and x0 represent high frequency
and dc susceptibility, respectively.tB is the Brownian
relaxation time. By fitting the real and imaginary par
of Eq. (1) to the experimentalx 0 and x 00 independently
for different temperatures we can obtaintBsT d. The
solid lines in Fig. 4(a) are the fits to only the Brown
ian relaxation (lower frequency part). AtT ­ 178 K,
tB ­ 0.1 s and a ­ 0.7 for fits from both real and
imaginary parts.

FIG. 4. Brownian relaxation in the “mixed” phase for KBF
(a) x 0 andx 00 vs log f. The high frequency tail is due to Née
relaxation. The solid lines are the fits to Eq. (1) for Brownia
relaxation only; (b)tBsT d, for two concentrations. The solid
line is the VF fit. The inset shows thatTp1s fd vs lnf. In both
plots the filled symbols are forf ­ 6% and the empty symbols
are forf ­ 3%.
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In Fig. 4(b) we plot logtB vs T for two KBF samples.
We found again that the relation obeys the VF law
indicated by the solid lines in Fig. 4(b) forf ­ 6%.
In this case, however, the VF law has a quite differe
origin. Frenkel pointed out that Brownian rotation
diffusion time tB depends on the viscosity of the flui
h as: tB ­ 3VhykT , where V is the particle volume
[19]. The exponential temperature dependence oftB is
attributed to the divergence of the viscosity at the te
peratureT0 as found in many glassy systems [1]. Usin
the relation h ­ h0 expfE0yksT 2 T 0

0dg we get tB ­
t

0
0fsT d expfE0yksT 2 T 0

0dg, wherefsTd ­ E0ykT , t
0
0 ­

3Vh0yE0 ­ s2.8 6 0.1d 3 1027 sec, E0yk ­ s4.2 6

0.2d 3 102 K, and T 0
0 ­ s144 6 3d K for the sample

with f ­ 6%. BecauseT 0
0 is the same asTs-m, the tran-

sition temperature from the mixed to the solid phase,
believe that the transition is the origin of the divergen
in the viscosity, similar to the glass-transition temperat
for the glass-forming liquids [1]. In contrast to the Né
peak,Tp1 is much less sensitive to the volume fractio
of the magnetic particles as demonstrated in Fig. 4
and the inset in it—the differences between the res
for different concentrations are much smaller than t
in Fig. 2(a). Because Brownian relaxation dominates
Tp1, it is not hard to understand this difference when o
realizes that the effect of dipole interaction on Browni
relaxation occurs indirectly through the viscosity of t
fluid. As a consequence, the hydrodynamic interact
dominates the magnetic dipole interaction which on
contributes a small correction in the viscosity of the flu
[2,20].

In conclusion, two relaxations were found in th
same ferrofluid, both of them can be described
the VF law. The dipole interaction has a drama
consequence on Néel relaxation. The scaling rela
for various concentrations suggests that as a resul
the dipole interaction the relaxation time diverges a
finite temperature which has a power law dependence
the concentration of dipoles. For Brownian relaxatio
the VF law originates from the temperature depende
of the viscosity, thus the magnetic dipole interaction
secondary to the hydrodynamic interaction. We fou
that, regardless of the relaxation channels, the Arrhen
law cannot apply to our system as long as the interac
between magnetic moments is not negligible. We wan
mention that although the generalized Arrhenius lawt ­
t0 expsEykTad has been used to describe relaxations
other materials [21], it does not give physical paramet
for our systems.
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