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Spin-glass-like complex susceptibility of frozen magnetic fluids
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Department of Physics, University of Central Florida, Orlando, Florida 32816
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The complex magnetic susceptibilige= x' —ix” of different kinds of magnetic fluidéMFs) was measured
as a function of temperatufiefrom 6 to 300 K in a weak ac field of 1 Oe for frequencies ranging ffeaD.1
to 1000 Hz. A prominent peak appears in bgthand y” as a function ofT in the frozen state of the MF in
which cluster formation of the colloidal particles is difficult, whereas no peak appears in the frozen state of
other MFs in which clusters form easily. The peak temperafiseof x” depends orf following the Vogel-
Fulcher (VF) law, i.e., f=Tfoexd —Esy/ks(To—To)], Where fy and E¢4 are positive constants anf, is a
function of the particles’ volume fractiog#h. The VF law only holds for 0.000% ¢=<0.104, where an empirical
power law of Tox %4 holds. There is another kind of peak in the loss factobtag’/y’ as a function ofT,
which means the existence of a magnetic aftereffect. This peak tempeFgjlisefar less tharT,, and shown
as an Arrhenius-type dependence dn with the exception of a MnzZn ferrite particle MF.
[S1063-651%97)10111-9

PACS numbes): 82.70.Dd, 75.50.Mm, 75.40.Gb, 75.50.Lk

[. INTRODUCTION et al. discussed the magnetization and the magnetic suscep-
tibility of the MFs [11].

In magnetic fluiddMFs), every colloidal particle consists The relaxation time of the magnetic dipole of colloidal
of a single magnetic domain. The magnetic moment of theparticles in MFs has been studied in the ga&-15. Wohl-
domainm, behaves as the permanent magnetic dipole of darth[13], and Chantrell and WohlfartfL4] pointed out the
paramagnetic molecule which has a magnetic moment of aimilarity among metallic alloys diluted with ferrous ions,
few ug, whereas the magnetic domain has abodh(ug magnetic rocks, and the MFs, and suggested a Vogel-
is a Bohr magnetor{1-3]. If a colloidal particle has uniaxial Fulcher—type relaxation in the MFs.
magnetic anisotropy, the direction af is confined to the An ac complex magnetic susceptibility measurement of
direction of the easy axis of the particle, which is also fixedMF is a suitable method to study the relaxation process of
in a frozen MF at low temperatures. With an increase in thehe magnetic dipoles of colloidal particles in MFs. With re-
temperatureT the thermal energkgT overcomes the barri- gard to the liquid MF, Fanniret al. measured ac complex
ers of the magnetic anisotropy enerngy enhancing the re- magnetic susceptibilityy=x'—ix” at room temperature
laxation of m. Herekg, K, andv are the Boltzmann con- [16]. Here ' and x”" are real and imaginary parts of,
stant, magnetic anisotropy constant, and the particle volumeespectively. In their early papelr$6], after Scaife’s analysis
respectively. These rotational relaxations are callédiXe-  [15] which is based on Brown’s theory of single domain
laxations[4]. In addition, when the MF solvent becomes particles[17], Fanninet al. reported that the experimental
liquid with a further increase i, the colloidal particles results were explained by the Debye mofiE8]. Recently,
begin Brownian rotation, which also causesto undergo however, they reported that the results must be interpreted by
rotational Brownian relaxation. It is believed that an MF is the magnetic aftereffe¢fl9], which we think must be due to
an example of a superparamagnetic material, and many efhe mutual interaction of the particles. Hanson and Johansson
periments have supported this physical pic{e There are, reported that the relation between the peak frequency’of
however, a considerable number of studies which throwand particle concentration suggests that the Vogel-Fulcher
some doubt on this picture. These experiments include prdaw holds[20].
cise magnetization measurements of MF as a function of With regard to the frozen MF, Tast al. measured the ac
temperaturg6,7] and magneto-optical experiments on MFs. susceptibility of a MF as a function of temperature and found
[8]. Precise magnetization data for the MFs indicate that the peak near 100 K21]. Minakov et al. interpreted the
Curie-Weiss behavior is obeyed slightly. The magnetic birechange iny of the frozen magnetic fluid in terms of some
fringence of magnetic fluids shows generalized Curie-Weisgphase transition, something similar to a spin glass transition
behavior. Theoretically, Cebef8], and Sano and Ddil0] [22]. Abu-Aljarayeshet al. measured the temperature depen-
discussed the phase separation of the MFs by introducing dence ofy’ of a MF from 80 K to room temperature and
mean field induced by the mutual dipole-dipole interaction offound that the peak temperature pf and the ac field fre-
the particles. Using the mean spherical model, Morozowuency qualitatively obeys the Vogel-Fulcher 1&§28]. Jon-

ssonet al. measured the complexof a y-Fe,O; particle MF

and found a prominent magnetic aftereff¢é2é]. Recently
*Present address: Dept. of Materials Science and Engineering;hanget al. reported that the peak temperature of the imagi-
University of Washington, Seattle, WA 98195. Permanent addresaiary part xy” obeys the Vogel-Fulcher law and that some
Matsumoto Yushi-Seiyaku Co. Ltd., Osaka 581, Japan. scaling relation exists in this law. This suggests that this
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phenomenon is related to some phase transition phenomemgak signal. The linear relation between the magnetization

[25]. and the field was confirmed in this field region.
In this paper, we measure the ac complex magnetic sus-
ceptibilities of various kinds of MFs as a function of tem- IIl. RESULTS

peratureT and frequencyf of the ac field. While signals of

X" in the present experiment are weak, we are able to obtain The values ofy depends on the number of colloidal par-
quite precise data using a superconducting quantum interfeticles per unit volume of the fluid. Therefore dividing and
ence devicéSQUID) susceptometer, the result of which will x” by the volume fractiong of the colloidal particles, re-
be discussed from the view point of magnetic aftereffectspectively, we obtain the normalized susceptibilite’d ¢
including disaccommodation and spin-glass phenomena. and x”/¢ which are proportional to the susceptibility per
particle. Hereafter we call these normalized susceptibilities
as merely susceptibilitieg’ and x”, respectively. The unit

of x is the cgs nonrational Gauss unit, G/Oe.

A. Magnetic fluid samples The temperature dependence of and x” for field fre-

The physical properties of the MFs used in the presenfiuéncies f=0.1 and 1000 Hz for samples iA-(i
experiment are tabulated in Table I. All the specimens weré"1.2:3,4,5), B, C, and D are shown in Figgajland 1b),
provided by Matsumoto Yushi- Seiyaku Co. Ltéarpoma- respectively[30]. Here we denote the temperature of the
gna FV-42, FW-40, FNC-50, and MA-4Q0The colloidal ~ Peak ofx” in the liquid state and that in the frozen state as
particles are magnetite and MnZn ferrite. The solvents ard 1 and Ty,, respectively, after Ref[25]. The pouring
alkylnaphthalenes, water, and paraffin. Though the solveripoints of MF are shown in Table I.
for sample D is alkylnaphthalene, the numipeof the alkyl Samples A-1 through A-5 have large peaks in the frozen
group [ CH5(CH,),-] is slightly different from that of the state for bothy’ and x”, while small or no peaks in the
solvent for sample A-(i=1 to 7). Therefore, we denote the liquid state. On the contrary, sample B has large peaks in the
solvent of sample A-as alkylnaphthalene | and that of liquid state for bothy’ and x”. In the frozen state, there is
sample D as alkylnaphthalene Il to distinguish these twanly a small peak iny”. Samples C and D also show large
different alkylnaphthalenes. peaks iny” in the liquid state while there is no peak j

To study the effect of the volume fraction of the colloidal gng x" in the frozen state(Only a small shoulder iny”
particles on the magnetic susceptibility, several diluted MF%ppears in sample D.

were prepared from the mothe_r MF of sample A-  The peak values ofy’ and x" decrease withg for
1(Marpomagna FV-4R The magnetic fluid of sample A-6 samples A-1 through A-5Note thaty’ and x” are normal-

was prepared by the following method. The Marpomagn ; - .
FV-42 was placed on a flat glass dish and be held in a Veg_zed values with respect té.) These dilution effects coin

tilator at a temperature of 353 K for 4 days until the liquid cide with those of Jonssoat al. [24] F|gur$s 23)-2(0),
became a gel. By assuming the decrease in weight was ts-hOW the temperature dependenceybfand x” of samples

; . A-1, A-6, and D, respectively, for the five different ac field
tally due to solvent evaporation, we get the volume fractio e )
of the colloidal particlesh=0.129. This is an approximate reduencies=0.1,1,10, 100, and 1000 Hz. In Figa, the

value because some of the surfactant also evaporated. ~ Peak value of’ decreases while that af' Incréases withf.

In the magneto-optical experiments, we found that MF<BOth the peak temperatures gf and ”that ofx" increase
which were under vacuum showed different magneto-opticayVith . The peak temperaturg,, of x" at f=1000 Hz is
effects compared to MFs which were not held under vacuunisted in Table I. In addition there are small shouldersgfn
[26]. We speculate that vacuum state changed some dispedl @boutT=30 K. The samples A-2 through A-5 show the
sion state of the colloidal particles in the MF. Therefore, inSame characteristics. On the contrary, in Fit) 2f sample
the present experiment, we prepared a MF of Marpomagn&-6. the shoulder around=30K in x" disappears com-
FV-42 which was under a vacuum of 19torr for 20 min. _ Pletely while the rest of the characteristics are the same as
Using this MF we prepared sample A-7. Fig. 2(a@). Here the nominal value/b=0.129 was useq for

The sample is a cylindrical shape of 3 mm diameter and §2Mple A-6. In Fig. &) of sample D, there is no peak jf
mm length. The magnetic and magneto-optical characters df the frozen state while a prominent peak exists in the liquid

these magnetic fluids have been shown elsewf#fe 29. state. The peak values of bogti and x” in the liquid state
decreases witli, while the peak temperatures pf and y”

increase withf. The peak temperaturd,; of " at
f=1000 Hz is listed in Table I.

Il. EXPERIMENT

B. Experimental procedure

The ac complex magnetic susceptibiljpyof the MFs was
measured by Quantum Design Inc.’s SQUID susceptometer
“MPMS2.” Each MF sample was first rapidly cooled from
room temperature to 4.5 K with zero field. The cooling rate
was approximately 100°/min. Then the susceptibijjtyvas Many authors who studied the complex magnetic suscep-
measured at temperatufen intervals of 4° from 6 to 300 K tibility of frozen MFs, took for granted that the peakyfi as
for five different frequencies=0.1, 1, 10, 100, and 1000 a function of the temperature is due to the resonant effect of
Hz, respectively. Neel relaxation of the dipoles. In this paper, however, we

The ac field amplituded . was 1 Oe except for sample discuss the same phenomenon from a different viewpoint,
A-5. For sample A-5 the ac amplitude was 5 Oe due to the.e., the view of phenomenological magnetic aftereffect.

IV. DISCUSSION
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TABLE I. Characteristics of samples. AN | and AN Il are alkylnaphthalene I and alkylnaphthalene 11, respedjyellyroughT, are values foff

a’'=4 nm anda’ =5 nm, respectively.

Mean
particle

Volume
fraction
of particles¢

volume v /nm?®

7'410/ 1+ é’
/(107 sec)

Pouring Activation
energyE/eV

Colloidal
particle

ToolK  TpalK TpalK Ty /K Tyg/K

T /K

point/K

Solvent

Sample

204

104

30

93

328

0.041 2.12

<263

AN 1 Magnetite 0.104

A-1

96

49

30

80

328

2.12
2.

0.041

AN 1 Magnetite 0.0484

A-2

8.0 16.0

30
30

57

328
282

12

0.041

AN 1 Magnetite 0.00792

A-3

1.3

0.66

51

18.7

0.035

AN 1 Magnetite 0.00066

A-4
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g A. Magnetic aftereffect
o
S 935 Q 1. Phenomenological approach
S 4 = 2 2 -
SHCECE Generally speaking, if magnetic material has a magnetic
aftereffect, the time dependence of the magnetizalibiis
L o phenomenologically expressed [84]
@ @2 8t E
2 2 2 £ 5 E
@ o © 2w @ d(M—xsH) 1
555 9¢c c =~ [M=xsH(1+ )], 1)
T & © g N N dt T4
===235¢
whereH is an external magnetic fieldys, 7,, and ¢ are
Ga a5 & positive constants corresponding to the so-called adiabatic or
> > > © O ; instantaneous susceptibility, relaxation time constant, and ra-
<< <=8 < tio of the change in magnetization by the after effect over the
initial magnetization, respectively. The meaning of the sub-
script 4 in 7, will be clarified later. _
When an ac external magnetic figtd=Hye'“!, is applied
L < <m0 N0 to the material, the magnetizatioM has a phase lag



3076 SUSAMU TAKETOMI 57

IIIIIIIIIIIIIIIIIIIIIIIIIIII

0 100 200 300

@) Temperature T(K)

XI
IIIIIIIIIIIIIII
IIIIIIIII

o

0.061 % 8
0.021-f AN

¥ ] ]
;2 S 1 T T I T I A

0 100 200 300
(b) Temperature T(K)

IIIIIIIIIIIIIIIIIIIIIIIIIIIIT

IIIIIlIIIIIIIIIIIIlIIIlIIl

0 100 200 300
© Temperature T(K)

FIG. 2. ¥’ and x” of samples A-1, A-6, and D as a function of
temperaturd for ac field frequencie$. (a) A-1, (b) A-6, (c) D, O:

0.1 Hz,A: 1 Hz, V: 10 Hz,[O: 100 Hz, ¢: 1000 Hz.
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FIG. 3. x"/x' as a function of temperature for an ac fidlaf
0.1 and 1000 Hz(a) f=0.1 Hz, (b) f=1000 Hz,O: A-1, A: A-2,
V:A-3, 0 A4, O: A5 @: B, A: C,V:D.

M=Mgqe'“'"% wherew is an angular frequency of the ex-
ternal ac fieldH, and M, are amplitudes, and is the so-
called loss angled is expressed bj31]

_ {wTy
= T )+ (w07a)?
X @
X

We plot x"/x' vs T in Figs. 3a), 3(b) for samples A-
(i=1,2,3,4,5), B, C, and D at=0.1 and 1000 Hz, respec-
tively. Let us denote the peak temperaturextfy’ peak in
the liquid state and the frozen states andT,, respec-
tively. The peak af ,, correspond to the shoulders gf—T
curves in Fig. 2a). The main peaks in the frozen state in
Figs. 1, on the contrary, disappear in Fig. 3. The peak tem-
peratureT 4 in x"/x' is independent of the colloidal volume
fraction ¢ with $=<0.104, while those of samples A-6, B,
and D differ from one another. The valuesTgf; and T, at
f=1000 Hz are listed in Table I.

Figures 4a), 4(b) showy”/x’ vs T curves of samples A-1
and A-6, respectively, for five different values fof Both the
X"Ix" peak value and 4 increases with increase &ffor
both samples. There is, however, a bend in slope in the
former curves after passing the peak while there is not for the



57 SPIN-GLASS-LIKE COMPLEX SUSCEPTIBILITY ® . .. 3077

0.1 e 2. Two-state model of dipoles in frozen MF

For zero field cool frozen MFs, the easy axes of the mag-
netic moment of the colloidal particles are oriented randomly
in direction. When a weak external fiekdl is applied to this
frozen MF, Eq.(1) is derived microscopically, if we assume
the following two-state model. The two-state model assumes
that the magnetic dipole in the colloidal particle of the frozen
MF orients almost in the two opposite directions of energy
minimum states near the easy axis direction, and that the
dipole changes directions by thermal fluctuation going over
the energy barrier(In Appendix A, it is clarified that the
dipole does not need to rotate and go over the barrier. Other
type of transition of the dipole such as electron hopping is
possible if the potential satisfies condition¥he derivation
is shown in Appendix A. From this derivation, the following

N T i : relations are obtained:
0 100 200 300
Temperature T(K) S OeXF{IZ_UT | ©

FIG. 4. x'/ x’ of samples A-1 and A-6 as a function of tempera-
ture for ac field frequenciet. (a) upper: A-1,(b) lower: A-6,O:  whereK andv are magnetic anisotropy constant and volume

0.1 Hz,A: 1 Hz, V: 10 Hz, [: 100 Hz, ¢: 1000 Hz. of the colloidal particle, respectively, o is given by
latter. Figure 5 shows th&,, vs logf for sample A-1. It 1
shows that the relaxation tims, expressed by 740~ g¢° (6)
V1+¢ wherec is the rate coefficient of the rate EGAL6) in Ap-
Ly () pendix A. xs,{ are also derived in Appendix A as
. ) M2
precisely obeys the Arrhenius law Xs= 3 (7)
4= T4,oeXF{£}a (4) where Mg is the saturation magnetization of the colloidal
kgT particles.
where 7,4 is a constant and is an activation energy. The XT
Tpa vs logf relation of all other samples also satisfy Arrhen- (= Xs' ®)

ius law. The values of, o/ Y1+ ¢ andE obtained from the
experimental data of ,, vs logf straight lines are shown in

Table | where yt is the static or isothermal susceptibility expressed

by
10 M5¢?
—_S7 (9)
10° XT™3NkgT
N
% 102 See Eqs(A22), (A30), and(A31) in Appendix A.
o The anisotropy constari€ is due to both the magneto-
q% 10! crystalline anisotropy and the shape anisotropy of the par-
= ticles. If we assumé& =2x10° erg/cc which is the magne-
é 10° tocrystalline anisotropy constant of bulk magnetite in the
vicinity of T=30 K[32], the mean particle volume can be
10! obtained fromE and is listed in Table I.

' | It is well known that the distribution functiofiy(v) of
L the colloidal particles of volume in the MF is a log-normal

0.03 0.04 0.05 function expressed bj33]

[l/szd (K_l)

FIG. 5. Arrhenius plot of the peak temperaturg, vs the fre-

fais(v)= (10
quencyf for sample A-1. o V2mov

20°

1 F{—[In(v/vo)]T
ex f
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10* 3vy
BT (12
10°
i~ 102 yvheren is a viscosity of the solvent. Ag obeys the Arrhen-
= ius law[36]
= 10"
B
% n=m ex;{% (13
=7 ,
= 10° keT
= _ .
10" 7g approximately obeys the Arrhenius law
. ! |
10° 50035 0.004 3070 ,{Evis
. . Th= exp-—|, 14
B kgT kT 4

[1/Tp3] (K_l)

FIG. 6. Arrhenius plot of the peak temperatdrg; vs the fre-
quencyf for sample D.

where E,;s is an activation energy for the viscosity of the
solvent. Unfortunately we do not have the data By of
alkylnaphthalene Il of sample D. The value 6§ of alkyl-
where v, and o are positive constants. The values of N@phthalene I which is almost similar to alkylnaphthalene II
vo=157 nnt and o= 1.35 for the MF used for sample A-1 i known to be 0.516 e\36]. The value ofE,;s obtained
were already obtained by magnetization curve measuremeffom 1/T,3 vs logf line is 1.016 eV. The agreement of these

[34]. Therefore the mean volumeof the colloidal particles  tWo Eyis values are good in order of magnitude. Therefore it
is concluded that this peak is assigned to the rotational

are given by ( A s
Brownian relaxation of the particles.
v= jo vfgs(v)dv B. Spin-glass-like behavior
o2 In this subsection, we discuss the temperature dependence
:erxr{_ of x" in frozen MFs, the dipole-dipole interaction of colloi-
2 dal particles and spin-glass-like behavior of the frozen MF.

=391 nnt. 1D 1. Contradiction of neglect of dipole-dipole interaction
(See Appendix B.The agreement of this value and the val- We adopt the following Debye-type formula of the sus-
ues of the volume obtained in Table | is fairly well if we take ceptibility x(w,T) as functions of external ac magnetic field
the ambiguity ofK into account. The disagreementwfof ~ of the angular frequency, and the temperatur@ after
sample A-6 from those of other samples ‘A4s attributed to ~ Lundgrenet al.[37] expressed by
the growth of the particles during preparation heat treatment.
The difference oy of sample B in Table | is also attributed _
to the difference of the colloidal size distribution due to dif- X’(w'T):Xs"‘f '
ferent fabrications condition of the particles. But as is to be Tmin
clarified in the following section, the physical picture should -
be once again examined in Sec. IV C. o, T) = jrmax [x7—xslem9(72) dinry).  (16)
Using the same value df=2x10° erg/cc and Eq(7), XA 1+ (wrp)? 20
the normalized adiabatic susceptibilifys=xs/¢ is esti-
mated to be 0.43, wheré =509 G atT=0 is used. Com- \yhere y; and s are normalized isothermal and adiabatic
paring this value withy" in Figs. 1 and 2xs is larger than  sysceptibilities with respect t, respectively, and(,) is a
the real value. This leads to the relvalue being much gistribution function of the relaxation time constant 7,
larger, andK might not be due to the magnetocrystalline and -, are the lower and upper limits of the integral vari-
anisotropy of the particles. We also discuss it again in Secyp)e 7,. (Debye-type formulas are derived through linear
IvVC. approximation of a relaxation equation. Therefore if the
o dipole-dipole interaction effect of the colloidal particles are
3. Liquid state included in the nonlinear term of the relaxation equation,
Figure 6 shows the T vs logf relation of sample D in adoption of Deby formula.itself means an implicit approxi-
the melted state. It shows the same Arrhenius law of(Bg. mation of neglect of the dipole-dipole interactipn.
holds for this peak. The physical mechanism, however, is Now, in the following we take the non-dipole-dipole in-
completely different. In this case, the particle itself can rotatderaction approximation and derive the contradiction with the
in the solvent and particles are subjected to so-called rote&xperimental results. We assume that the relaxation time
tional Brownian relaxation. The relaxation time constant,constantr, obeys Nel relaxation expressed by
g, Of the rotational Brownian relaxation is expressed by
[35] Ty= TOeXn:BKU], (17)

mmax [ X1~ Xs19(72)
W d(|n’7'2), (15)

Tmin
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where 75 is a constant,8=1/(kgT). This assumption is
equivalent to neglecting dipole-dipole interactions. In addi-
tion, we assume thag; is expressed, as usual, using the
initial susceptibility formula of paramagnetic materials, by
[38]
— N(Mg)?
XT™ " 3keT o
MZv?

" 3KgTv’ (18)

where the expression af is already obtained in Eq11).

Here we used the facts that the log-normal distribution of the

colloidal particles expressed by EQ.0) and xs is negligibly
small compared withyr. As a matter of fact, in our experi-
ment, ' seems to converge to 0 withand it is speculated
the above assumption is valid.
From these assumptions, E¢$5) and(16) are expressed
by
2

(0,T)= 75— F : 2f gv)d
X' D)= 50357 )0 T (orgexg gRo])2Y Hdsv)dv,
(19
2
" _ s *© (,L)ToeXF[BKU]
X (w!T)_BkBTv_fO 1+((UToeX[.{,BKU])zv2fdi5(v)dv.
(20)

Ordinarily, the upper limit of the integral variable* is
given by
Kov* 1
keT

(21)

In this case the integrands themselves converge to zero, rap-

idly with v. We spread formally the upper limit of integra-
tion v to infinity.
Now we will show that Eqs(19) and (20) contradict the

experimental results. The first contradiction is a dilution ef-
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-10

Ing-1

FIG. 7. Peak value of” at T=T, vs (In¢—1) relation.O: 0.1
Hz, A: 1 Hz,V: 10 Hz,: 100 Hz, $: 1000 Hz. The samples are
A-1, A-2, A-3, A-4, and A-5.

A-1. Therefore neithef 4s(v) nor 7,(T) are influenced by
the dilution and neither the peak value @f nor shouldT ,

be influenced by the dilution from E@0) for samples A-2
through A-5. The experimental results show, on the contrary,
that not only the peak temperatufig, but also the peak
values ofy” change from one sample to another. Figure 7
shows the peak values gf' as a function of

Ingp—1.

The experimental data falls approximately on a straight lines
except for the lowest concentration sample. g5 is the
normalizedy”, the realy” is proportional to

¢ Ingp—¢.

Therefore the peak value gf' is approximately proportional
to the mixing entropy

Smix=k(¢ Ingp— ).

This means the configuration of all the particles in the sol-
vent is closely connected to th¢ value.
The second contradiction is with regard to the ratio of

(22

fect. Samples A-2 through A-5 are the diluted MFs of sampley”/ x’ expressed by

o

)

wTOeXF{ﬂKU]
1+ (wreexd BKv])

X'(0,T)

oT) 502 gi(v)d

|

The experimental results show that both of the peakg'of
and x” disappear iny"/x' curve, which cannot be explained
by Eq. (23).

The third contradiction is with respect to the function

W Ty

R(sz)E m

(24

The functionR(w7,) is an increasing function in the region
w7,<1 and after passing the maximum at,=1, it be-
comes a decreasing function in the regionar,. If we fix

1

1+(wTOquﬁKv])zvzfdis(v)dv . (23)

v

Al

the temperaturd far less thanT,, for «=27Xx0.1, then
x"(w,T) should be a decreasing function with respeabto
the region 2rX 0.1<w<<27X 1000 because

2mX0.17y(Tpo) <o Tpo) <w7p(T).

If we fix the temperatureT much higher thanT, for
w=2mX1000, theny”"(w,T) should be an increasing func-
tion with respect taw in the region 2rX 0.1< w<27X 1000
because

(,U’Tz(T)< sz(sz) <2wX 1000T2(Tp2) .
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Frequency f(Hz) FIG. 9. Optical micrograph of clusters in MF. The external field
H=270 Oe is applied to tangential direction ame-295 K. The
FIG. 8. x" dependence ohfor sample A-1 at fixed temperature bar in the graph is 1m. MF is the MF of sample C.
T. O: T=66 K, A: T=102 K.
. . . Eqd a'’¢
Figure 8 shows experimental results of sample A-1. In this ﬁ:15.7><?, (28
case Ty, of w=2wx0.1 is 74 K, while Ty, of B
w=2mX1000 is 93 K. Therefore we take two temperatures
66 K and 102 K. Both curves of=66 K andT=102 Kin  wherea’ is the same aa but is scaled in units of nm.
Fig. 10 are increasing functions with respectdp which Let us define a threshold dipole-dipole interaction tem-
contradict the previous prediction. peratureT 44 as
In conclusion even if we take the relaxation time distribu-
tion into account, the experimental resultsTolependence
on y does not agree with the formula gfwithout the dipole- Edd — (29)
dipole interaction. Therefore the dipole-dipole interaction of ksTga
the colloidal particles is essential for the magnetic suscepti-
bility of the frozen MF.

The values ofTyy, Tgqq,» and Tyg for a’=4nm and
a’'=5 nm, respectively, are tabulated in Table I. The values
of Tyq for samples A-3, A-4, and A-5 are so low that the
In this subsection it is shown that if the particles are dis-particles for these samples should behave with non-dipole-
persed uniformly in the MF, the calculated dipole-dipole in-dipole interaction in the temperature range of the present
teraction energy is negligible and contradicts with Secexperiment. The experimental results are contrary. Therefore

IVB 1. Let us estimate a dipole-dipole interaction energythe uniform dispersion assumption should be rejected.
Eqq between two particles. For convenience, let us assume

that all the particles are the sphere of the same raaliasd
are arranged in cubic lattice of length Ignoring the sign, ) ) . )
Eqq Of the neighboring two particles whose dipoles are N Sec. VB2 we rejected the uniform dispersion as-

2. Estimation of dipole-dipole interaction

3. Cluster formation or phase separation

aligned in the same direction are expressed by sumption of the particles from the evaluation of the dipole-

dipole interaction energy. The rejection of the uniform dis-

2% (47M <a3/3)2 persion was also conflrmed_ by dlre_ct optlca! microscope
Edd:(ﬂ-l—ss)- (25)  observation of MF439,4(. Figure 9 is the optical micro-

graph of the MF(MF of sample @ in the presence of an
_ _ _ external field of 270 Oe af =295 K [39]. Needlelike clus-
The lattice length is expressed with respect to the volumeters or particle-dense phase appears with the external field.

fraction ¢ of the colloidal particles by The clusters also appear in the MF of sample B while no
clusters were observed for the MF of sample f£38)]. (This
3 47ad does not mean the phase separation did not occur in the MF
I°= 3¢ (26) of the sample A-1. Since this was the optical microscope

observation, the generated clusters might be less than micron
dimension or the difference of concentration between the
two phases was so small that the clusters were not identified
1 in the micrograph.The cluster generation was also observed
Egq=—(47Mg)2a¢. (27) with decreasing temperatufé1].
6w The cluster generation means the phase separation of the
MF; the clusters are the dense phase and the rest of the
For magnetite, as #M 3=6400 G, the ratio oE44/kgT is  region is the diluted phag®,10]. The number density of the
expressed by colloidal particles in dense phase or the clusters increases

Eq. (25) is transformed to
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dramatically while that of the diluted phase decreases dra- T T T T T e ]
matically when compared with before phase separation. 150 f%% _
Therefore the dipole-dipole interaction in the dense phase or - 't 7
the clusters also increases dramatically compared with i /e,/“’m 6% ]
prephase separation. Even in the dense phase, the dipole- o // 5
dipole interaction strength differs from sample to sample be- A 100 P ///—_
cause the number density of the particles in the dense phase X /’/ 8% .
is a function of the initial particles concentration, tempera- B i
ture, applied field, and dispersing ability of the surfactant of 50k
every sample. -

It is naturally speculated that a strong enough interaction -
causes the ferromagnetic like state, i.e., the dipoles of all the 0
particles in one cluster orient in the same direction. In this 0 0.02 0.04 0.06 0.08
case the relaxation time in the frozen state is so long that 1
there is no peak iy” —T curves in the present experimental [In fo - 1n /]

temperature and frequency region. The experimental results
O e e o e abdsa s, sl n 1 110 e
int di t, t th th | fi pb havior i ithel N O: A-1 ¢=0.104, A: A-2 ¢=0.0484,V: A-3 $=0.00792,:
intermediate strength, the relaxation behavior 1S neftheiive fi-4 $=0.00066, 01 A5 p=0.000049,@: A-6 $=0.129.
relaxation nor the ferromagneticlike one. The experimenta

results of the samples A{i=1,2,3,4,5,6) correspond to this where fo=1/(27,9. The experimental data of samples

case. We will discuss it in Sec. IV B 4. i P - 1 ]
Even in the liquid state, when a transverse magnetic fiel(fé ; it:rFC};ggéA Sé’:’g?hrg?};?j;t%pi lg,”;‘éc,l?g a degstgjo;o

[ljllz]ISTiFi)spl;)ehdeLOomgﬁ)f) ﬁhﬁggzsisifsastgdatigol;ggggﬁ; I\?v?th re'_[he experimental data falls most suitably on a straight line.
gard to cluster formatiofi43]. Here the direction of, is The experimental data of samples A-1 trough A-4 fall on the

) S straight line, while samples A-5 and A-6 do not. This sup-
perpendicular to the ac measuring field of ports the Vogel Fulcher law’s validity within the volume
fraction range 0.00066 ¢<0.104. Comparing ,, values of
f=1000 Hz with the threshold dipole-dipole interaction tem-

It is well known that if the interaction of the magnetic peratureT4y defined by Eq(29) in Table I, it is concluded
dipoles of atoms are not strong enough to create a ferromaghat there is no close connection between them, which leads
netic state or antiferromagnetic state, but strong enough conhe Vogel-Fulcher law is not simple result of the dipole-
pared with that of paramagnetic atoms, the material shows gipole interaction of two particles but cooperative effect of
spin-glass state. Some metallic alloys diluted with ferrousg|| the particles. The crossing points of the straight lines
ions show a typical spin-glass state. This susceptibjfity acrossT,, axis in Fig. 10 give theT, values. Figure 11
shows a cusp as a function of temperature and the peak terghows theT, vs ¢ relation for the samples of A-1 through

perature obeys the Vogel-Fulcher 1§44]. A-4. From these figuresT, is expressed empirically with
Zhanget al. proposed that the peak temperatlifgg of x”  respect tog by

in the frozen state is connected to the relaxation time con-
stantr, with Vogel-Fulcher law[25] T oo 6041 (32

FIG. 10. T, vs (Info—Inf)~* relations. (If—Inf) " is scaled in

4. Vogel-Fulcher law

T)=T Oex;{—Esg
202 Ke(Tp2—To)

where, o, Egg, andT, are positive constants. 5
Some objections might be raised about this peak. Physical 10
properties of magnetite change greatly in the vicinity of the
Verwey temperature of about 120[R1]. That is due to the
x" peak. In fact, the magnetocrystalline anisotropy constant
K changes in value around the Verwey temperaft@ig The
v-F&0; particle MF, however, shows the same kind xdf 1
peak in the range of 20 to 40 R4], and recently Mamiya 10
and Nakatani reported that FeN particle MFs also shows the N
x" peak in the same temperature range as that of magnetite B
MFs [45]. Therefore they” peak in the frozen state of the
MF is the characteristic feature of the MF irrespective of
particles’ material characteristics. obuwl v vl vl
As 1,=1/27f, Eq.(30) is transformed to 10 10°8 102 10!

1 Volume fraction ¢

E
el (3D .
kg Info—Inf FIG. 11. Ty vs ¢ relations.

, (30) for the samples of A-1 through A-4. Zharet al. already
found thatT, satisfieq25]

u

Ty (K)

sz_ Toz
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Tooe 80 (33 0.03

for the kerosene base magnetite particle MFs. Since expo- =

nent values of the empirical formula given by Fig. 11 remain =\

considerably arbitrary, it is not determined whether or not <

the exponent differs from one MF to another or it is univer-

sal, at this stage. 0.02
Shtrikman and Wohlfarth discussed the spin glass of

metal alloys diluted with ferrous atonj46]. Introducing the

mean field, they interpreted Vogel-Fulcher law. In their

theory T, in Eq. (30) is proportional tox?> whenx is small

wherex is the atomic concentration of magnetic atoms. In

|IIIIIIIIIIIIIIIIIIIIIIIIIIII||IIIII|II|IIIIIIIII
our caseg corresponds tx. The essence of their theory is 00 10 20 30 40 50
that the probability of finding a magnetic atom in the vicinity
of a certain magnetic atom is proportionalto If we take Temperature T(K)

the clusters’ generation in the MF into account, exponent
values of Eqs(32) and(33) can be obtained.

Let us denote the total volume of the clusters in the uni
volume of the MF a% . which is naturally a function of the
initial volume fraction of the colloidal particleg. Suppose
the dominant term of the functiar, is proportional tog in
a certain range value a@p then particles’ volume fraction in
the cluster is expressed by

FIG. 12. "I x' of samples C as a function of temperature ffor
in the low-temperature regio: 0.1 Hz, A: 1 Hz, V: 10 Hz,[:
Y00 Hz, ¢ 1000 Hz.

tic of the colloidal particles. Two theories of disaccommoda-
tion have been proposed.

The first one is that electron hopping betweerf'Fand
Fe* is due to the disaccommodatidd7]. The activation
energy of this is 0.1 eV which coincides well with that ob-
iocd)l—b, (34) tained fromy”/x’, 0.04 to 0.1 eV of the present experiment
Ve shown in Table I. In addition, there is no peak in MnzZn

_ ferrite particle MFs. There is no electron hopping between
whereb is a constant. Here we assumed an extreme case thag2+ and F&* in Mnzn ferrite, no peak or very small one in

all particles are in clusters and no particles are in the diluteinzn ferrite MF is consistent with this theory.

phase. After the Shtrikman and Wohlfarth discussibnde- The second one is that vacancies in the ferrite are due to
pends ong as the disaccommodatiof48]. The activation energy in this
) case is 0.5 eV which is a slightly greater than the activation
T M[f} o g2 20 (35) energy ofy”"/x'. Jeyadevaret al. examined the magnetite
o ' particles in the MFs and found a considerable fraction of

them changes from magnetite to- Fe,0O; [49]. Here the
For example, ifb=3/4, T, is proportional tog’® and it  octahedral site in magnetite is vacant. If this fact is a general

explains the result of Fig. 11, qualitatively. characteristic of ultrafine ferrite, the vacancy theory is still a
candidate to explain thg"/x' peaks.
C. Origin of magnetic aftereffect Finally, we mention the small but peculiar shoulder or

. ' peak of y"/x’' as a function of temperature at 18 K for

Up to the present, it is made clear that gfepeak and the  sample C or Mnzn Ferrite particles MF. As is shown in Fig.
x"Ix' peak are completely different peaks; the former isq5 this shoulder does not show a temperature shift with the
closely connected to the spin-glass-like state and the latter Requencyf, which means this relaxation process is not the
the magnetic aftereffect. In Sec IV A, we partially discussedinermal activation type. Tejadzt al. measured the magnetic
the origin of the peak of"/x’, but since the Nel relaxation \jscosityS, of MFs as a function of temperature under 10 K
is something dubious, we have to seek the real relaxatlo[\50]_ They found that there remains a residuaSjn even as
mechanism of¢"/x". _ , _ T decreases to 0. They attributed it to the quantum tunneling

The first candidate is most of the particles interact Witheftect of dipoles. Since the present shoulder is not the ther-
each other but there is a small portion of particles which are,5| activation type, there is a possibility of a quantum tun-

completely isolated from other particles, and are subject tQgjing effect for this shoulder. But at this stage, the origin of
Neel relaxation. The fact that all the samples from A-1inis shoulder is also open to question.

through A-5 show almost the same peak temperalye
regardless of dilution, contradicts this picture because dilu-
tion should alter the noninteracting particles’ distribution
with respect to the particle volume, and naturallyT,, We measured the complex magnetic susceptibilitpf
should change with the dilution. the MF (magnetic fluid as a function of temperature in a

It is well known that bulk ferrite shows a decrease ofweak ac field of 1 Oe amplitude from 0.1 to 1000 Hz by a
magnetic permeability with time, which is called disaccom-SQUID magnetometer. It is clarified from the present experi-
modation[31]. It is possible that the peak qf'/x’ is due to  ment that the temperature dependencg @ due to mainly
this effect. Especially the fact that,, does not change with two effects: one is the magnetic aftereffect and the other one
the dilution suggests this relaxation is a material characteriss the generation of spin-glass-like state when some kinds of

V. CONCLUSION
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MFs are frozen. The former phenomenon appears when we z
plot the ratio of the imaginary and the real pgf¥x’ as a

function of temperature. There appears a peak in the vicinity

of 30 K and the peak temperature dependence on ac field

frequency is of Arrhenius or thermal activation type except bo
for a small shoulder for MnZn ferrite particle MFs. The ori- easy axis

gin of the magnetic after effect is not identified at present T
stage, but the Na# relaxation of noninteracting particles, meo H
electron-electron hopping between?Feand Fé" in the

magnetite particles, and the vacanciesyifre,O5 particles
are a possible cause of this magnetic aftereffect. The quan- \

tum tunneling effect is a possible candidate of the nonther-

mal activation-type relaxation in MnZn ferrite particle MFs. y
When a MF is cooled down a phase separation occurs in

the MF and small droplets of dense phase or clusters and

diluted phase are generated. In the clusters the number den- z

sity of the colloidal particles increases dramatically, and it

leads the dramatic increase in the dipole-dipole interactio nd polar coordinate system, §,¢) with respect to the easy axis

among the particles in the cluster. If this dipole-dipole inter-y . dipolem, and the external field. '

action strength gets strong enough, the dipoles in the cluster

order in the same direction and achieve a ferromagneticlike Let us consider a colloidal particle of volurpewith mag-

state. The magnetic susceptibilipas a function of tempera- C . SN .

ture does not show any peaks in the frozen state of MFs fo et|<_: dlpoler_n having an unla_X|aI _magnenc property_. AS the

a few samples in the present experiment. It corresponds t F is zero field cooled, the direction of the easy axis in each

the strong interaction strength. On the otHer hand, if the in_partlclg IS dlstnbyted .randomly. Le_t us assume that the di-

teraction reaches intermediate strength, the dipoles form plemis almost f|>§ed in the easy axis of the particles. There-
re the problem is reduced to a two-state model problem,

spin-glass-like state, which leads to the appearance of a cu i.e., the dipoles are fixed in one direction of the easy axis or

in the magnetic susceptibility of the MF as a function of N . Lo
temperature in the frozen state and the peak temperature dll- the_ opposite direction. The probabllllty of directing to the
o direction is the same when there is no external field.

pendence on the relaxation time obeys the Vogel—FuIcheﬁW ) . A

law for the MF of the particles volume fractiof satisfying We |.ntro'duce a Cartesian and polar coqrdlnate system as

0.0007 $<0.104. The parametdi, of temperature dimen- shown in Fig. 13. Now we look at one particle. Let the easy
g N : - . axis of it lie in thexz plane without breaking the generality.

sion in Eq.(30), which corresponds to the dipole-dipole in Let the angle between this axis and thexis bef, and let

teraction strength, is empirically proportional ¢8-4% If we : > o o .
take the cluster generation into account, this exponent is d he external fielH be applied in thg d|rect|on.' Letm be in
he xz plane and make an angfwith the z axis.

rived from theory of Shtrikman and Wohlfar{d6].

FIG. 13. Configuration of Cartesian coordinate systeny (z)

ACKNOWLEDGMENTS 1. Uniaxial easy axis model

) . The magnetic energl is expressed by
The author expresses his thanks to Dr. W. Luo for critical

discussions on the present study and J. Zhang for helping E=—Kv cog(6— 6y)— mH cosh, (A1)
perform the experiment. The author also acknowledges them

for showing him their experimental results of the kerosengerek is the anisotropy constant. Whemgets off thexz
base magnetite particle MF before publicatj@s]. The MFs  j1ane E increases. Therefore we need not consider the case

were provided by Matsumoto Yushi-Seiyaku Co. Ltd. This,\nenm s off the xz plane. We consider the weak external
work was partly supported by NSF DMR and the N8F. ¢4 case ie. P '

Luo).

mH
APPENDIX A Ko <1. (A2)

The dynamics of magnetic spins are usually predicted by
the Landau-Lifshitz equatiof30]. Actually, Raikher and The presence of the external field, changes the energy
Stepanov derived their theory of ferromagnetic resonance ahinimum and maximum positions ah direction slightly.
MFs from the Landau-Lifshitz equatid®1]. The magnetic Let the angled of the new minimum position bé= 6,+t; .
dipole of the colloidal particle in MFs is, however, the com- (t;<1). ThenE is expressed by
posite of the spins of all the ferromagnetic or ferrimagnetic
atoms in the colloidal particle and the relaxation frequency 2 mH mH
decreases by less than 1000 Hz in the low temperature. It E=—Kp|lo——— sinfpt; + —— coy|. (A3)
leads to the dipole’s direction being almost localized in the 2 Ko Ko
two opposite directions of minimum energy. Therefore it is
more suitable to adopt the following two-state model. Using
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atx=0 andx= /2, respectively, and in the vicinity of=0,
andx= /2, V can be expressed by

1
V(X)=V,y+ Elez’ (A10)

1 a2
V(x)=Vg— Evi X— AR (A11)

whereV, and V|, are constants, and, andV; are positive

FIG. 14. Schematic figure of energy minima and maxima withconstants, respectively, the same conclusions as in the previ-

respect to the anglé between the external field and the dipole
m.

JE
— =mH sindy+ 2Kvt,; =0, (Ad)
aty
1mH A5
t1=— 3 15 Sinfo. (A5)
the minimum energy valuk 1,
mH
Emin1: —Kovl1l+ E COS&Q , (AG)

ous section are obtained. Therefore the anisotropy energy is
not only due to the shape anisotropy and the magnetocrys-
talline anisotropy energy but also to other potential energies
such as electron hopping if it satisfies the above conditions.

3. Derivation of Eq. (1)

The left-hand and right-hand side barrier heights; and
AE, at the lowest energy point A in Fig. 14 are expressed by
AE;=Kv—mH sinfy+mH cos,, (A12)
AE,=Kuv+mH sindy+mH cos, . (A13)

In the same way, the left-hand and right-hand side barrier

is obtained. Here we neglected the higher power terms df€IGNtSAE; andAE, at the next lowest energy point B in

mH/Kuv.

In the same way, the maximum energy vakig,,, in the
vicinity of 6= 6o+ w/2, another energy minimurk,, in
the vicinity of §=6y+m, and another energy maximum
Emaxe in the vicinity of 6= 65+ 3w/2, are expressed, respec-
tively, by

) = 1mH
Emaxa=Kv K_U sinfy| at 6= 0q+ E"‘ E E coYg,
(A7)
mH
Emin2: Kol -1+ E C0390
B I1mH | A8
at 6= 6y+ 77+§Esm00, (A8)
Emax2: —Kv K_U Sin00
_ 37 1mH "
at 0—004‘7—5@00390. (A9)

Figure 14 shows schematically the eneigys the angles.

2. General anisotropy potential

In the previous section we assumed the anisotropy energy
as —Kv cog(6— 6), but as shown in the derivation process
of the minimum and the maximum energy positions, a more
general form of the anisotropy potential is possible. We de-

note it asvV (60— 6,). If V(x) satisfies the conditiond) V(x)
is a fourfold, mirror symmetric and periodic function ofr2
with respect tax. (2) V(x) has a minimum and a maximum

Fig. 14 are expressed by

AE;=Kuv+mH sindp—mH cosd,, (Al4)

AE,=Kv—mH sind,—mH cos,. (A15)

Let the probabilities of the dipolm existing at energy mini-
mum points A and B in Fig. 14 ap_.(v) andp_(v), re-
spectively. Here we denofe. (v) because we will take the
particles volume distribution into account afterwards. Then
the rate equation is expressed by

dp.(v) _ F{ AEl) p( AE2>
g - ¢ pi(v) exp — KaT +expg — kT
AE, AE,
p-0loed 7 ol - 7 |
(A16)

wherec is a constant. Inserting Eq6A12)—(A15) into Eq.
(A16) and expanding in powers ohH/kgT, we obtain

dp.(v) ) 1 mH cosdy Kv
dt =—C p+(v) —kB—T ex —kB—T
9 1 mH cosd, Kv
p_(v) +kB—T ex kB_T
mH cosd,
=-2c [D+(v)—P—(v)]—kB—T

Kov

T (A17)

cod -

Here we neglected the terms of the higher powers of
mH/kgT than the first and the relation
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P+(v)+p-(v)=1 (A18)

was used.

Taking the particles’ volume distribution into account, the

magnetizatiorM is expressed by

i dQ
M:Nfo dvfdis(U)J Em(v)[p+(v)COS{00+t1)

+ p_(U)COS 00+ 7T+t3)]

m2H dQ

~NJ'0 dovfgg(v) anm o

><[p+(v)—p(v)]cosﬁo], (A19)

whereN is the number density of the particles(v) is ex-
pressed by

m(v)=Mg, (A20)

dQ is the differential steric angle, and the integration is done

over the upper hemisphere. Finaly is expressed by

* dQ
M—)(SHZNMSIo dvvfgg(v) py
X[p+(v)—p-(v)]costy. (A21)
Here xs is the adiabatic susceptibility defined by
M3
Xs= —3SK . (A22)

Using Egs.(A17) and (A21)
d o0
m(M_XSH):NMsf dvvfygv)e VeT
0

dQ
X f Z“’*(“)_ p_(v)]cosdy

4cMENH [=
2 2f — KvlkgT
3kgT JO dvvfgg(v)e B

(A23)

is obtained. Now we adopt propef andv, which are in the
vicinity of vq in Eqg. (10) and satisfy the equations

* dQ
| avotgme e[ Soip.w)-p () 1cowy

© dQ
:evalkaTfo dvvfg(v) 27

X[p+(v)—p-(v)]coshy, (A24)

3085

o] o0
JO dvv?fgqv)e” KelkeT=¢g~ szkaTfO dvv?fgo(v).

(A25)
Then Eq.(A23) is transformed to
d —Kuvq /kgT
a(M—XsH):—4ce 178 (M = xsH)
4cM2aN
—Kuy IkgT 2|
+ 3KaT e v°H, (A26)
wherev? is defined by
v?= f dov?fggv). (A27)
0
Finally assuming
V1= vy=0%, (A28)

wherev* is approximately the same ag in Eq. (10), and
defining 7, and the isothermal susceptibilifyy as

T4= g &, (A29)
~ MENv? (A30)
XT= 7 3KeT
The equation
4 M= yeH)=— — M 1+ X | (a3
a( xsH)= T_4 Xs X_s ( )

is obtained, and is equivalent to Eq).

APPENDIX B

Let us assume that the colloidal particle is a sphere of
radiusr. Then the volume is expressed by

4qr3
3

v= (B1)

Next let us denote the log-normal distribution function with
respect to the radius asfg(r) which is expressed by

_ 2
[In(r/ry)] } 2)

2
207

— 1
fdis(r)= \/EO' r eXF{
1

By definition,
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Fadr)dr="fg(v)do, (B3)  01=0.45 from Ref[34], vo=157 nn? and o =1.35 are ob-
tained from Eqgs(B4) and(B5). Using the formulas
holds. From Eqs(10) and(B1)—(B3),

Agr3 — *
vo="73 : (B4) v"= fo v"fgig(v)dv
2 2
and =v8exp{n20 : (B6)
o=30, (B5)
are derived. In the present case, singe=3.35 nm and Eg. (11) is also obtained.
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