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Crossover behavior in dynamics of frozen ferrofluids

Xiaodong Duan, Jinlong Zhang, and Weili Luo?
Department of Physics, University of Central Florida, Orlando, Florida 32816

The imaginary part of susceptibilityy”, in frozen ferrofluids was measured as functions of
temperature, frequency, and concentration of magnetic particles. In a very dilute region, where
magnetic interaction is negligible, the relaxation time is mainly determined by Neel’s relaxation in
isolated particles and the frequency-dependent peak temperatugg (i), T,, obeys the
Arrhenius law. In the moderate concentration rarigghas a Vogel—FulcheivF) relaxation with

the measuring frequency. However, for concentration larger than a certain value, deviation from VF
law occurs. Simulations show that the VF relation could be attributed to Ising spin-glass-like
random and frustrated interaction between magnetic moments of particles. We suggest that particle
configuration before freezing is critical to determine the distribution of pair exchange parameters.
For high concentration, there are more ferromagnetic than antiferromagnetic bonds. The deviation
from VF law at high concentration could be due to short range correlation among spir00®
American Institute of Physic§S0021-897@0)24908-9

The relaxation behavior in frozen ferrofluids has beention. Particles interact with each other through the long range
recently investigated as a disordered system with competindipole force. The sample was sealed inside a small quartz
interactions~® Recently, some results indicate the existencetube. The ac susceptibility measurements were performed
of a spin-glass-like behavior in frozen ferroflf§sThese  with a SQUID ac susceptometer. The samples with very di-
papers have shown a critical slowing down for the averagdéute concentratior{0.0045%, named ABF). moderate con-
relaxation time and a divergence of the nonlinear susceptieentration(10.4%, named ABFN] and high concentration
bility at finite temperatureT,.*® It is also found that the (12.9%, named ABFMare used in the experiments. Each
frequency-dependent peak temperatures in the imaginasample was first rapidly cooled down from room temperature
susceptibility in ferrofluids obey Vogel—Fulcher lawlhe to 4.5 K in zero field. The cooling rate was approximately
aging phenomenon was found at low temperature and it cont00 K/min. Then, the susceptibility’ was measured at tem-
firmed the existence of glass or spin glass pRdséhere-  peratureT in intervals ¢ 4 K from 6 to 300 K for five
fore, it is now accepted that there is cooperative behavior iflifferent frequencie$=0.1, 1, 10, 100, and 1000 Hz, respec-
frozen ferrofluids. However, the relaxation behavior dependévely. The field amplitude was 1 Oe except for sample
on magnetic particle concentration and so far most of worl®BFL, where the amplitude was 5 Oe because of weak sig-
mentioned only study one or a small range of concentration@l. The linear relation between the magnetization and the
In this article, we experimentally study the dynamic suscepfield was confirmed in this field region. In Fig(a, the
tibility for concentration from extreme dilute limit imaginary part of ac susceptibility”, is plotted as function
(0.0045% to concentrated regim@3%). We found that the of temperatureT, at dlfferent_frequenmes for ABFM. In Fig.
peak temperature versus measuring frequency can be di(b). the peak temperature ie’(T) were plotted as a func-
scribed by Arrhenius law in a very dilute limit, crossing over tion of 1/(Inf—In fy), where 1f, is 10" s for all concentra-
to Vogel—Fulcher law at more concentrated regime, and filion (ABFL, ABFM, and ABFH). The straight line represents
nally deviating from VF relation at highest concentration.N® Vogel-Fulcher lawf=1f, exdAk(T—Tg)]. In order to
Comparing with the simulation results suggests that thes@nderstan_d the experiment results, we perform simulation in
crossover behaviors are associated with single moment relaf€ following paragraph. , ,
ation, cooperated relaxation from random, frustrated interac- " & Very dilute region, we can neglect dipole—dipole
tion, to the one originated from nonfrustrated interaction.'meracuon between particles. The relaxation originates from

Since the frozen ferrofluid could be used as a model systerweel mechanism, foIIow!ng acﬂyated Arrhenius Iayv:
to study the effects of dipolar interaction on relaxation, a’_ 7o €XPKv/ksT), whereK is the anisotropy energy coeffi-
complete study of such a system is necessary and could sh&ﬁa
a light on other disordered systems such as glass-forminﬁ
liquids? spin-glasse$? polymers!! dielectric relaxors? and ,
others. ) Mg r=g(7,T)or
Experiments were performed on ferrofluid samples con- X', T)= 3kgTJo 1+ (wT)? T
sisting of magnetic particles dispersed in alkylnaphthalenes,
abbreviated as ABF. Each particle has a mean diameter of i} s the saturation magnetization. The 1/3 factor comes
nm. Particles are coated with surfactant to avoid agglomerag averaging the random angle between a dipole and the
field directionsg(7,T) is the distribution function for relax-
dElectronic mial: luo@pegasus.cc.ucf.edu ation time. For noninteracting systei 7, T) could be due

nt,v the volume of a particle. The general expression of
can be obtained from fluctuation and dissipation thédry,
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FIG. 2. Results from MC simulation: peak temperaturesyifi) vs the
1004 (b) o 1/(In f—In fy) for the dilute(A), moderat¢®), and concentrate(D andA)
80 4 o O____.--—- samples. The temperature is normalized by the distribution widtln (8).
‘8_3,-.-"‘ - In the simulation for concentrated samples, we assumedkad.5AJ (O)
60 - e ‘__,——A‘ andJo=AJ (A) in the drift Gaussian distribution. For simulation of dilute
R aenm T AT concentration, the energy barrier is assurged2AJ. Insert: the easy mag-
40+ __,,A’A netization axis of two particles are in alignmedt. >0, suggesting ferro-
204 "__-—"" magnetic bond in model Hamiltonian. The attractive energy Eis

Pt =— 2,u0M§/d2, whered is the particle diametefb) The easy magnetization
T T , axes of two particles are in paralle); <0 indicating antiferromagnetic
0.04 0.06 0.08 . . . .
1/(Inf,-Inf) bond |n2 the model Hamiltonian. The attractive energy B;;
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FIG. 1. (a) Imaginary part of susceptibilityy’, for ABFM vs temperature

for following measurement frequencies: 0.1 Hz), 1 Hz (@), 10 Hz (l),

100 Hz(Od), and 1000 HZA). (b) Experimental results for peak tempera- . . o .

tures, T, in x (T) vs 1/(Inf—In f,) for ABFL (A), ABFM (®), and ABFH distance of magnetic dipoles, the distributionJgf could be

(O). approximated by a Gaussiﬁﬂ.]ij)xexp{—Jﬁ/Z(AJ)z]. This
is the standard model or Ising spin glass. The imaginary part
of the susceptibility can be calculated by Ef), where the

to the size distribution of particles. If all the particles haverelaxation time distribution functiom(7,T) was found by

the same volume, Eq1) can be simplified as Monte Carlo (MC) simulation, using the above model
M 20 w7oexp(Ku/kgT) Hamiltonian® For a polydispersed system, both dipole inter-
S . . . . . .
" = ) action and the size distribution contribute ,T). We
X0 D)= 3 T TomoexiKolkaT) 2+ 1 @ ! 12€ dISHbUt ibute g¢7,T)

noticed that the intrinsic relaxation time is different for par-
Considering the size distribution effect, one can assume thdicles with different size. Generally, two magnetic particles
M, is proportional to the particle volume, thefi can be with different intrinsic time clock could not synchronize if

written as the dipole—dipole interaction energy is smaller than the en-
—., ergy barrier. In that case, the interaction for long time aver-

(@.T)= Mg f” w7 eXpKu/kgT) v2f(v)dv age will be zero for two particles with different sizes. So we
' 3kgTvJo [wryexpKu/kgT)]?+1 ’ can approximately write down the relaxation time distribu-

(3) tion function asg(7,T)=g;(7,T)g,(7,T), whereg; is the
distribution function for the dipole interaction awgg for the
particle size distribution. The imaginary susceptibility for
polydispersed frozen ferrofluid can be expressed as

where Mg, v are average values(v) is the distribution
function for particle volumef (v) is often represented by the
log-normal function'* In moderate concentration region, the
particles are still randomly distributed. However, the dipole- Mg o

dipole interaction becomes important. Because of the barrier x"(®,T)= _f v?f(v)dv
due to the anisotropy energy, the magnetic moment tends to SkgTv /o

align with the easy axis within the particle and can be treated

! g X ) ; w7 exXpKv/kgT)g,(7,T)
as a point dipole. The interaction between two dipole mo- X > dr. (5)
mentsm; andm, is 0 1+[wrexpKu/kgT)]
~ 3C0Sp; COS@y—COS @1~ @) g; could be obtained from MC simulatidhin a high con-
Jij=— myms, (4) centration region, the dipole—dipole interaction becomes

3
f12 even stronger and can affect the particle configuration in lig-
wherer ;5 is the distance between, andm,, ¢; andg, are  uid state. When the solvent is frozen, the configuration is
the angles betweem;, m,, and the vector fronm,; to m,, frozen as well. We compare two situations shown in the
respectively. In order to make a clear discussion, the magninsert of Fig. 2. When the easy magnetization axes of two
tude and direction ofn, are separated by introducing a quan- particles are in alignmerlt=ig. 2, inset(a)], the exchange

tity S;. When the projection of dipole to the external field is parameted;; is greater than zero, representing ferromagnetic
positive, S, takes+1, otherwise S takes—1. An effective  bond. While for parallel easy axes that are not in alignment
exchange parametdk; is introduced. So the model Hamil- [Fig. 2, inset(b)], J;; is less than zero, representing the an-
tonian isH o= —2i4J;;SS . The effective exchange pa- tiferromagnetic bond. Due to the nature of dipole—dipole in-
rameterJ;; is determined by the random direction and theteraction, the configuration in Fig.[thset(a)] has lower free
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energy than the one in Fig.[thset(b)]. So the system will of alkylnaphthalenes, 263 K, it might be the reason of higher
favor the ferromagnetic bond at high concentration. A simpledeviation concentration in ABF.
model for the high concentration frozen ferrofluid can be  In conclusion, the dynamic susceptibility was studied for
expressed abl g o= —2i+jJijSS and the distribution of ~ABF with different concentrations. We found that in a dilute
the exchange parametelF‘(Jij)ocexp{—(Jij—JO)Z/Z(AJ)Z] region, the relaxation time are mainly determined by Neel's
with Jo>0. The imaginary susceptibility can be calculatedrelaxation in the isolated particles. In the moderate and high
by Eq. (1) or (5) except thatg(7,T) is obtained from MC concentration ranges, the relaxation behavior not only de-
simulation for the model Hamiltonian in which the distribu- pends on the strength of the pair interaction but also depends
tion of exchange interaction follows a shifted Gaussian.  on the distribution of particles. Simulation showed that the
The simulation results for the peak temperatuilgs, in  VF relation could be attributed to Ising spin-glass-like inter-
the imaginary part of the susceptibility,’(T,f), are shown action where the distribution function for exchange param-
in Fig. 2, wheref is the measuring frequency of simulation eters is a Gaussian centered at zero. Shifting the center of the
and 1f is the g, the unit spin-flip time used in MC simu- Gaussian from zero to a nonzero value leads to the deviation
lation. In order to simplify the calculation, we only consider from VF law at high concentration, suggesting correlation in
the monodispersed system. As we can see from Fig. 2, thine system.
simulation results qualitatively agreed with experiments very

well. F_o_r the dilute _Ilmlt, the extrapolated_ line goes throughsamples. This work is supported by the National Science
the origin, suggestlr_19'0=0, the_n Arrhen_|us law IS reCOV- Foundation Young Investigator Awariv.L.).
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