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Calorimetric study of magnetic fluids under a magnetic field
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In our past study, it was found that the strong magneto-optical effect of a magnetidM&dunder a
magnetic field is due to the second-order phase transition from colloidal particles’ monodispersed phase to the
particles’ anisotropically agglomerated microclusters phase. These results, however, contradicted the Landau
criterion. In the present study, in order to clarify whether the transition is of first order or second order, we
performed differential scanning calorimetiSC) experiments on three different MFs to look for the existence
of a phase transition latent heat. The DSC measurement was performed in the temperature range 22—150 °C
with zero magnetic field and under10 kA/m magnetic field, respectively. No phase transition heat was
observed within an experimental error of 0.03 kJ/kg for all the samples whether or not the field was applied.
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[. INTRODUCTION under no magnetic fieli11,12. A recent discovery of the
difference in normalized initial magnetic susceptibility of the
MFs and their highly diluted solution also supports the above
speculation13]. Here, the normalized initial magnetic sus-
A magnetic fluid(MF) is a colloidal solution containing ceptibility is the initial susceptibility divided by the colloid
ferromagnetic or ferrimagnetic colloidal particles stably dis-volume fraction. Cluster formation, even with zero field,
persed in a solvent with special surface active agents or suf2uses a difference in the normalized initial magnetic suscep-
factants[1,2]. Conventionally, it has been believed that thet!bIIIty bgtween the moth'er MF and its highly dllgted fSOIU'
tion. This cluster formation under the external field is the

individual magnetic colloidal particles are monodispersed in_". : . ; .
.origin of the peculiar macroscopic law of the magnetic flu-

the solvent, the interaction between the particles is neghid,S magnetic birefringence, which is described in the next
gible; and, accordingly, each particle’s permanent magnetif)aragraph. '
moment rotates freely in the solvents and macroscopically The typical phenomenon caused by cluster formation of

the MFs show a typical superparamagnetic behavior. But thghe colloidal particles in the MFs is magnetic birefringence.
MFs’ several contradictory experimental results under mag-

netic fields, such as their strong magneto-optical effggts

anisotropic propagation of soufid], and spin-glass-like be- 2000
havior of the complex magnetic susceptibilfy|, indicated

an interaction between the colloidal particles or an instanta-

neous generation of anisotropic agglomerates of the colloidal 1500
particles under the magnetic field. Under an external mag-

netic field, the interaction between the colloidal particles in- ~

duces coupling of particles, which forms clusters which,

however, instantaneously break up due to the weakness of 1000

A. Interaction between colloidal particles in magnetic fluid
and cluster formation

Ifllllllllllll‘l_flll—lfll
|

interaction. In fact, some MFs of less dispersivity of the col- (Ta, 1/(Ano)) “ 7
loidal particles show needlelike clusters of micron size scale -
generation under the magnetic field, as observed by an opti- 500 & ]
cal microscopg6], and the clusters’ various properties were 1
studied[7-9]. Recently, Donselaegt al. revealed that even (// N
under no field there exist the colloids’ clusters of submicron ]0 200 300 400
scale[10]. Quenching the MFs they obtained a frozen MF

thin film. They observed this frozen film with an electron Temperature T(K)

microscope and found these clusters. It is consistent with the
experimental fact that there is a weak birefringence even rig 1. Temperature dependence of magnetic fluid's birefrin-

gence under several constant fields. Marks in the figure denote the

following constant fields strength®, H=31.8 kA/m; O, H
*Present Address: Natl. Inst. Stand. Tech., Gaithersburg=39.8 kA/m: A, H=47.7kA/m: A, H=557kA/m; V¥, H
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1063-651X/2003/6€)/0215018)/$20.00 68 021501-1 ©2003 The American Physical Society



TAKETOMI, SORENSEN, AND KLABUNDE PHYSICAL REVIEW E68, 021501 (2003

We have already found a peculiar temperature dependence where we also assumed that the clusters consisting dk the
the birefringence\n [14—17. Figure 1 is one such example colloidal particles have the same shape. Then, the birefrin-
[17]. The inverse of the birefringence is a linear function ofgenceAn is expressed by

temperaturd under a constant external magnetic fieldin

addition, lines corresponding to constant field intersect at one An=(Ang)(1-3(N)), ()

point on a (1An)—T graph. This relation is expressed by whereAng,is a positive constarjti4,16. If an order param-

Angf(H) eterA, defined as
An= ——, ()
= 1+1(H) A=1-3(N), 4
2 is introduced, Eq(3) is rewritten as
whereT, andAn, are positive constants denoting the coor- An=(AngyA, ®)

d_mates of _the crossing point of I|r_1es in Fig. 1, and the funC'i.e., the birefringencén is proportional to the order param-
tion f(H) is an increasing function of. The termT,1
—f(H ds to the Curie t wre of the M-

(. )] corresponds to the Lune temperaiute of the The MF’s free energyG is expressed using the Landau
Curie-Weiss law. Hereafter in this paper, we will refer to Eq'formalism by
(1) as the generalized Curie-Weiss law. This peculiar law
was experimentally confirmed by other research&8519.

T
——1+f(H)|A%+ eA3+bA*

Ta
B. Colloidal partlglgs cluster formation — yf(H)A, (6)
as phase transition of second order

The colloidal particles in the MFs coagulate under an exVheréa, b, y, and e are constants possessing the same di-
ternal magnetic field and make clusters of elongated shape fRension ofG(T,H,A) (\J./m”)'and Go(T,H) is the free en-
the field direction. This formation of anisotropic clusters is €rgy of the magnetic fluid witd =0 or without agglomera-
the origin of magnetic dichroisms and the magnetic birefrin-tion [16,17. (a, b, and y are positive. We neglect other
gence of the MF3.The formation of these clusters, however, Variables such as pressure in this paper because they are
instantaneous and the clusters decompose in the next miLelevant to the present subject. We assumed the phase tran-
ment as generation and annihilation of bubbles in boilingSition with respect ta\ to be of second order; accordingly,
water. Accordingly, the generation and annihilation of the =0 @
clusters in the MF correspond to a certain critical state. In
fact, there exist several scaling relations among the physicgjas assumefil4,16,17. From the equilibrium condition,
variables related to the MF propertigist —16. Now we con-
sider the change from the colloidal particles’ monodispersed JdG(T,H,A)
state to the state in which the clusters are formed, as phase oA 8
transition, and an order parameters introduced as follows.
For convenience, let all the colloid particles be assumed teve obtain
be spheres of the same radius. The clusters’ averaged electric
depolarization factoKN) in the magnetic field direction is
expressed byl4]

G(T,H,A)=GO(T,H)+2

Y f(H)
aT ©)
T—a—1+f(H)

1 o0
(N)= _gl kv N @ Now Eqg. (9) is equivalent to Eq(1) from Eq. (5). Conse-

quently, the peculiar law of MF’s magnetic birefringence, or
the generalized Curie-Weiss law, is obtained from Landau’s
Here, ¢ is the volume fraction of the colloidal particlas, is ~ phase transition theory of second order.
the volume of each particle, ang is the number of clusters After some similar research, we found that almost all the
consisting ofk colloidal particles per unit volume of the MF, clusters in the magnetic fluids under the field had a needle-
like shape. AccordinglyN, in Eq. (2) should be 0, except for
k=1. Consequently, Eq2) is simply expressed by
Y1 the MF is highly diluted, the cluster formation of the colloidal
particles no longer occurs due to the weakening of the mutual in- (N)= 1 Pmon (10)
teraction between the colloidal particles. It still shows a very weak 3 ¢’
birefringence under the magnetic fiel20,21]. It is, however, not
due to the elongated cluster formation but due to the shape aniso?Nere ¢, is the volume fraction of the colloidal particles
ropy of the colloidal particles. This kind of weak magnetic birefrin- Which are monodispersed in the MF. Note that ELD) is
gence was known as the Majorana effect a long time[agp Itis, ~ Obtained without artificial assumptions, such as all the col-
however, different from what we are discussing in the present papetoidal particles are spheres of the same radius. ¢gf; de-
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note the volume fraction of the colloidal particles which ag- Sample furnace Reference furnace
gregate, and using the relation
Paggt Pmon= P, (11 (a)
Eq. (4) is expressed by Magnet
Sample Empty
A %gg. 12 holder h ] sample holder
r
S\Hea‘[ flow -
Accordingly, the order parameteér denotes the fraction of
the aggregated particles over all the particles. This theory Sample furnace Reference furnace

tropic cluster formation cannot be a transition of second or-
der[24]. As a matter of fact, the isotropic-nematic transition
of the liquid crystal of rodlike molecules is a transition of
first order[25]. Therefore, the coefficiert of the third-order - .
term in Eq.(6) should not be 0 and, consequently, E) R FIG. 2. DSC measurement principle under a magnetic figld

interpreted not only the MF's magnetic birefringence but
also its magnetic dichroism correctl§4,23.
There was a strong objection against the above argument.  (b)
According to the Landau theory, the transition of the aniso-
Magnetic thuid

Hermetically sealed

Magnet sample holder

. _pase line measurement atid DSC measurement of MF. The mag-
cannot be denved.. In 1970s, however, Aleander and Ami etic field was applied by a magnet fragment.
proved that even in such a case, the transition can be o

second ordef26]. They showed that if the energy barrier ; Figs. 2a) and 2b). A sample holder with a sample is left

betw_e_en the ne|ghbor|ng energy minima 15 S_"_‘a”’ the phaszrl a sample furnace and a similar sample holder alone is left

transition of f|rs_t order change_s to the transition of secon n a reference furnace. The sample furnace and the reference

order if fluctuations are taken into account. . furnace were similar and they were adiabatically isolated
Consequently, we have to conduct concrete experiment om each other. Heat flows, (J/se¢ andg, (J/se¢, which

d(raée:m%r;]e vrglhettheritorblnot)Ehlsrifnhistef t:amisn:;)nt Ifmc:II sg:cr?ri] owed to the sample furnace and the reference furnace, re-
order. ihe most suitable experiment for this determinatio Sspectively, from the electric heaters were controlled so that
a calorimetric experiment. If the transition is of first order,

. . > both furnace temperatures were equal and rose at the same
there should be heat discharge or absorption accompanying - rate8 (K/sed. The measured physical quantity was

the transition. We can determine whether or not it is &he heat flow differenca=q.— q, at temperatur@ (K). The
second-order transition by measuring the heat discharge OLjation betweem and the s;mprle's specific haaEJ/(kQ K)]

absorption. is expressed bj28]

II. EXPERIMENTAL METHODS g=,mc, (13

A. Principle of differential scanning calorimeter wherem is the sample mastg). If the g-T graph has an
Differential scanning calorimetéDSC) is suitable for the upward or a downward peak, it shows endothermic or exo-
MF’s calorimetric measurement because it is not necessayiermic heat, respectively, and the heat amount is obtained
to leave the sample in a vacuum chamber to get the precideom the peak area. In the real experiment, there is a heat
measuremenl7]. We performed the MFs’ calorimetric mea- flow difference even if there is no sample due to the differ-
surement from the room temperature up to 150 °C with zer@nce between the two furnaces in heat leakage, furnace struc-
field and under an applied magnetic field. We left a permature, and sample holder.
nent magnet fragment together with the MF in the sample For the zero magnetic field measurement, we performed
holder so that the MF is under a magnetic field. Accordingly,the experiment as follows. We first measured the background
the MF was not under a uniform magnetic field when theheat flow differenceg,, when the sample did not exiffig.
calorimetric measurement was made. However, the primarg(a) without a magnet fragmehtThen we measured the heat
purpose of the present experiment was to determine if therlow differenceqe, when the sample holder was filled with
was heat discharge or absorption accompanying the phasiee samplgFig. 2(b) without a magnet fragmehtFinally,
transformation under the magnetic field. Neither the precis¢he real heat flow differencg was obtained by
phase transition temperature nor the precise heat measure-
ment for the phase transition was necessary for the present 0=0ex— Ubg- (14
experiment. Accordingly, the field’s nonuniformity was irrel-
evant for the present experiment. A schematic structure of\ differential scanning calorimeter, Pyris |, purchased from
the DSC experiment under a magnetic field is shown in Figsthe Perkin EImer Co. was used for the present experiment.
2(a) and 2b). However, when the DSC measurement wasThe sample holder consisted of an aluminum pan and lid
made with zero magnetic field, no magnet fragment existedvhich were also purchased from the Perkin Elmer. The pan
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TABLE |. Characteristics of samples. Saturation magnetization is, for convenience, the magnetizhtiei 28 kA/m.

Sample A A, B, B, C, C,
Commercial name of MF FW-40 FW-40 FNC-50 FNC-50 FV-42 FV-42
Colloidal particle Magnetite ~ Magnetite ~ Mnzn ferrite  MnZn ferrite  Magnetite Magnetite
Solvent Water Water Paraffine oil Paraffine oil Alkylnaphthalene  Alkylnaphthalene
Specific gravity(kg/m®) 1.37x10° 1.37x10° 1.35x10° 1.35x 10° 1.36x 1C° 1.36x 10°
Colloid volume fraction 0.091 0.091 0.125 0.125 0.104 0.104
Saturation magneterizatiqghA/m)  35.3 35.3 36.4 36.4 26.4 26.4

MF mass(mg) 12.4 16.4 9.4 9.2 11.9 12.6
Magnet massmg) 4.6 3.0 111

Max field (kA/m) 19 16 18

Average field(kA/m) 9.5 8.0 8.0

was 4 mm in diameter and 2 mm in depth. After putting the B. MF samples

MF in the pan, the lid was covered on the pan and they were 1.0 different MFs: Marpomagna FW-40, FNC-50, and
hermetically sealed by a press machine. FV-42 prepared by Matsumoto Yushi-Seiyaku Co. were used.

The measurement under a magnetic field was performegle have already made an optical microscope observation

as follows. First, we measured the background heat flow dify ¢ the visible light scattering experiment of these VES.

ferencedyg when the permanent magnet fragment alone exyp EN.50 in Ref.[29] is the same as MF FNC-50 of the
isted in the sample holder of the sample fumgielg. 2a)].  resent paper. MF FW-40 is a magnetite colloidal particle,
Then filling the sample holder with MF together with the ater solvent MF in which the clusters were most easily

permanent magnetl fragment followed by hermetical sealingyrmed under the magnetic field amongst the three MFs. We
we measuredie, [Fig. 2b)]. By subtractingdyg from dex,  opserved by the optical microscope that macroclusters were
we removed the magnet's calorimetric contribution and actqrmed under the field as weak as 1 kA/m at room tempera-
cordingly q=(ex— Qpq cONtained the MF's calorimetric con- y,re Here, the macrocluster is a cluster of the colloidal par-
tribution alone. _ _ ticles, the scale of which amounts to as large as a few mi-

We used magnetized samarium cobalt as the permanegfsmeters and which can be easily observed by the optical
magnet. For each experiment, a different magnet fragmenficroscope. On the other hand, we denote the cluster, the
was used. The size of the fragments was a few millimetegcale of which is less than a submicron order and which
and their Welght was tabulated in Table |. Before the eXperi'Cannot be observed by the Optica| microscope, as a micro-
ment, we removed the magnet's thermal demagnetization etjuster. MF FNC-50 was MnZn ferrite colloidal particle, par-
fect by exposing it under heat cycles several times betweesffin oil solvent MF in which the macroclusters were gener-
room temperature and 200 °C. After this treatment, no furtheated under a magnetic field as weak as 10 kA/m at room
thermal demagnetization was observed. The magnetic fielttmperature. The clusters disappeared at temperatures as low
strength was estimated by measuring the field strength on thes 60 °C. MF FV-42 is magnetite colloidal particle, alkyl-
magnet surface with a Hall probe magnetometer. The maxinaphthalene solvent MF, in which no macroclusters were
mum and average magnetic fiell on the magnet surface generated under a field as high as 100 kA/m. This MF is the
were tabulated in Table I. In the present paper, we use Snost stable MF among the three MFs. It, however, shows
units and the magnetizatioM is defined byB= u,(H birefringence under the field. Accordingly, it is conceivable
+M), whereB is the magnetic flux density and,=4m that the micr_oclusters are formed in MF FV-42 in the pres-
X 10" 7 H/m is the magnetic permeability in vacuum. ence of the field. _

Instead of spreading on the bottom of the sample holder, S@mplesA; andA, contained the MF FW-40. In the same

the MF was attracted to the magnet fragment and covered i@gnr&erhsampleal and B, a(;‘d sample<C, ar!d (|:2 con- |
surface. Accordingly, it is conceivable that the field strengthta'ne the MFs, FNC-50 and FV-42, respectively. Samples

that the MF experienced was distributed in the considerablg‘ér’o%ilél dangfnllp\?(’;re USEd;r?; éhe \?vﬁghrgii?;ifggje:qta\évlth
. 2 21 2 -

narrow region. The change of the magnetic field strength onet fragments, were used for the DSC measurement under a

f'(.eld d|str|t,>ut|on by.addmg the. MF was'neghglble. The or- magnetic field. The sample characteristics are tabulated in
dinary MF’s saturation magnetizatidvi, is of the order of Table |

40 kA/m, while the present permanent magnet's residual
magnetizationM, was of the order of 600 kA/m. Accord-
ingly, the introduction of the MF into the sample holder did
not make a significant difference in the magnetic field The sample®,, B,, C;, andC, were measured at tem-
strength distribution in the sample furnace region. Thereforeperatures from 22 °C up to temperatures as high as 150 °C,
Eq. (14) holds to a good approximation in the present experi-while the sampleé\; andA, were measured at temperatures
ment. from 22 °C up to temperatures as high as 95 °C due the water

IIl. EXPERIMENTAL RESULTS
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FIG. 3. Normalized heat flowg as a function of temperature
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FNC-50, andc) samplesC; andC, or MF FV-42. Thin solid lines
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solvent. The temperature rise rgewas 1/30 °C/sec for all
the measurements.

Figures 3a)—3(c) show the experimental results of the
samplesA;, B;, andC,, respectively[i=1 (no magnetic
field) and 2(under a magnetic fie)dl The normalized heat
flow qis shown as a function of temperaturén each figure.
Here, the normalized heat flowis defined by

q
Bm’ (15
From Eq.(13), if there is no heat discharge or absorption, the
normalized heat flovq is equivalent to the specific heat. If
there is a peak in thg-T curve, the peak area is the heat
discharge or absorption per unit mass of the sample. Thin
solid lines in Figs. 8)—3(c) denoteq as a function of tem-
peratureT with zero field, while thick solid lines denote the
g-T curves under a magnetic field or with the magnet frag-
ment. The small peaks arourid=22 °C were due to over-
shoots accompanying the beginning of the temperature rise,
and they did not imply the heat absorption.

The MF phase at room temperature under the field is the
phase having clusters. The existing clusters decomposed with
the temperature rise and the MF phase changed to colloid-
monodispersed phase. If this phase transition is of first order,
a peak of the heat discharge or absorption should appear in
theq-T curve. The peak should be rather broad due to the
nonuniformity of the magnetic field. Even if we take this
broadening into account, the experimental results, however,
showed no peaks in Figs(8—3(c). The fluctuation of the
g-T curves is due to the fluctuation in the controlled tem-
perature. For convenience, virtual triangular peaks are shown
in Figs. 3a)—3(c). The triangle area is 0.334 kJ/kg, which is
equivalent to 1/1000 of water latent heat from solid to liquid.
The fluctuation area due to temperature fluctuatios@03
kJ/kg. Accordingly, it is concluded that the present transition
is not a first-order transition with the experimental precision
of 0.03 kJ/kg.

In Fig. 3(b), the normalizedy of sampleB, or under the
magnetic field was less than that Bf or with zero field in
the all-temperature region. In addition, they are almost equal
at the maximum temperature. An opposite relation was ob-
tained for sample couples;-A, in Fig. 3@ andC;-C, in
Fig. 3(c). These experimental relations were, however, not
significant. The MF sample quantity was so snfabout 10
mg in order of magnitudethat the effective digit of the
sample mass was only 2 in measurement. In addition, as the
MF was liquid, some amount of solvent in the MF evapo-
rated before the sample holder was hermetically sealed. In
the present experiment, we sealed the sample holder as soon
as the MF mass in the holder pan was measured. But the
evaporating mass ratio might not be negligible due to the

denote with zero magnetic field and thick solid lines denote under mallness of the MF’'s mass itself. A considerable experimen-

magnetic field. Broken lines denote renormalized curves with
zero field so that the renormalizegdcoincide withq under the field

tal error in the absolute value @f is caused by the uncer-
tainty of m. In addition, the thermal contact between the

at the maximum experimental temperature. Horizontal line with asample holder and the bottom of the sample furnace influ-
small triangle peak is a virtual line to compare the peak area. Thenced theq’s absolute value. The purpose of the present
triangle peak area is 334 J/kg which is 1/1000 of the latent heat ofxperiment is, however, not the determination of the absolute

water from liquid to ice.

value of the MF’s specific heat but the relative change of
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as a function of temperature, especially whether or not the B. MF’s heat capacity taking cluster formation into account
peak existed. The MF's mass uncertainty did not influence

the determination of the latter properties. We multiglyith
zero field by suitable constants for sampkesandC,, re-
spectively, so that the individua] be equal to those oA,

1. Rough estimation

Let us estimate the mixing entrogyS,,x and the mixing
enthalpyAH ., of the ordinary MF. Let the solvent be water,

andC,, respectively, at the maximum temperature. Brokerthe colloidal volume fractios) be 0.1, and, for convenience,

lines in Figs. 8a) and 3c) denote the renormalizegl with
zero field. The common feature in FiggaB-3(c) is that the
inclination ofq as a function off under a field is greater than
that with zero field. We discuss this in Sec. IV B.

IV. DISCUSSION

A. MF’s heat capacity without taking cluster formation
into account

MF’s heat capacityC(T,H) under the magnetic field is
expressed by

M

du
C(T,H)=( T (16)

—=| —moH
e

H

whereU andM are MF’s internal energy and magnetization,

respectively. In this paper we denote the MF'’s specific hea

and heat capacity as and C, respectively. If the colloidal

particles in the MF do not make clusters, i.e., if they are in a

monodispersed stat®] is expressed bj30]

Mg H

M<H>=MscﬁjomfdiSw)L(“"kT)dv, (17)

where My is the saturation magnetization of the colloidal
particles,p is the colloidal particles volumé 44(v) is a nor-
malized distribution function of the colloidal particles with
respect to the particle’s volumeg kg is the Boltzmann con-
stant, and_(x) is the Langevin function defined by

L(x)=cothx— ; (18

In the temperature range of the present experimdntcan

be considered as constant to a good approximation. Accord-

ingly, the magnetic fluid’s magnetizatidvl is a function of
H/T. In such a case, the internal enetdys independent of
M leading U=U(T) [31]. It follows that Eq.(16) is ex-

pressed by

M
C(T,H)=C(T,O)—,uoH( (19

.

Here, C(T,0)=dU(T)/dT is the MF's heat capacity with
zero field.

On the other hand, the typical value of the MF's
(oM/aT)y is —2%x10 2 KA/(Km) in order of magnitude
[32]. Assume thatH is 80 kA/m, the second term on the
right-hand side of Eq(19) is 2 J(m*K) in order of magni-

tude, which is negligible to the MF’s typical heat capacity

1x10° J/(n? K). In conclusion, if the MF is in a monodis-
persed phase, the magnetic effect to the MF’s heat capacity
negligible within the precision of the present experiment.

all the colloidal particles be spheres of the same radius 5 nm.
In such a case, the number of colloidal particles pérnm,

is 1.9x 107 m~2 and the number of solvent molecules per
m3, ng, is 3.0< 107 m~2. The mixing entropyA S, iS ex-
pressed by

(Nt ny)!

r-1C
7 1-In—
ne! ng! n

S

ASmix: kB In %anC y (20)

wheren,<ng, was used. AccordinghA S, is estimated to

be 34 JK m®). If we assume a temperature 300 K, a
mixing enthalpy AH.,,=TAS,x IS estimated to be

10* J/n?. Comparing the lower limit of the experimental
precision, 30 J/kg, it is the same in order of magnitudée

MF’s specific gravity is 18 kg/m® in order of magnitudg.In
addition, the real enthalpy change accompanying the phase
T[ransition,AH, is expressed by
AH=AH;+TASq i, (21
whereAH;, is the interaction energy by mixing. ASH;; is
usually much larger thalmAS,,x, AH should be detectable

with the present experiment if the phase transition is really of

first order.

2. Heat capacity estimation from the Landau formalism

From Eq.(6) we obtain a heat capaci(T,H) of the MF
with agglomerate state as

H
aA

—+a
Ta

9°G
JT?

G,

aA JA
IT? T,

C(T,H)=T =
(T.H) Y Ta dT

dA

¥ Fid

Ta

aT

1+f(H)

P?A

972
(22

+|—yf(H)+a

T
T—a—1+f(H))A

From Eq.(9)
JdA

P

~ yf(H) 1

aTa

(23)

Ta

2
1+f(H)>

is obtained. Inserting Eq$9) and(23) into formula(22), we
obtain

Y?f2(H) T

aTs (T

C(T,H)=C(T,00— (24

3
T 1+f(|—|))

is

whereC(T,0) is expressed by
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d’G, perature dependence of the magnetic birefringence obeys a
C(T,0=T W) (25  generalized Curie-Weiss law, which shows that the phase

transition is of second order. The order parameter is the ratio
or the heat capacity of the magnetic fluid with zero field. of the agglomerated colloidal particles over all the particles.
We cannot say anything of significance with respect to thdt, however, involved controversy. The monodispersed phase
absolute value of the heat capacity due to the experimentand the anisotropically agglomerated phase belong to differ-
error. However, we can say something of significance withent space groups, respectively, and such a transition should
respect to the temperature dependence of the heat capacie of first order according to the Landau criterion. On the
Accordingly, let us discuss the temperature dependence @fther hand, if fluctuation is taken into account, the transition
the heat capacity. Differentiating the heat capaCi{ff.H)  can be of second order after the Alexander and Amit theory.
with respect toT, we obtain In the present study, in order to clarify the transition nature,
oT we performed a differential scanning calorimetry experiment
peo (_+1_f(H)) on the magnetic fluids to examine an existence of its phase
JC(T.H) _ dC(T,00 ¥ f°(H) | Ta transition heat and to determine whether or not this transition
JT daT aT§ T 4 is of first order or second order. We used three different
T, 1+1(H) magpnetic fluids. The first one is the magnetic fluid of an easy
(26) cluster formation, i.e., in it large clusters were observed by
an optical microscope under a weak magnetic field. The sec-
. . ) ' ond one was hard to find the clusters and the third one is the
respectively, in order of magnitudé], the second term on medium between the former two with respect to the cluster

the nght-hanq side of Eq(26) is a'W?‘VS positive In . .Lormation. We performed DSC measurement on these three
present experimental temperature region. It is consistent wit ; N .
stamples in the temperature range from 22 to 150 °C with

the experimental results of all the six samples, i.e., the hea

capacity increase rate with temperature under the field is aEero magnetic f|teld and \tN'th the flgldlefll\(l) kAi]m api)lled ii
ways greater than those with zero field. y a permanent magnet, respectively. No phase transition
heat was observed within an experimental error of 0.03 kJ/kg

for all the samples whether or not the field was applied.
Accordingly, the present phase transition is concluded to be
In our past study, it was found that the strong magnetoof second order. The specific heat’s increase rate with respect
optical effect of MF under a magnetic field is due to theto the temperature under the magnetic field was larger than
phase transition from colloidal particles’ monodispersedthose with zero field for all the three magnetic fluids. It
phase to a phase in which the colloid particles coagulate tagrees with the result of the second-order transition theory
anisotropic microclusters. Also, it was found that the tem-which was derived from the generalized Curie-Weiss law.

As the valuesl, andf for the present MF are 170 K and 0.1

V. CONCLUSION
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