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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 magnetic fluid~MF! under 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 calorimetry~DSC! 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 under'10 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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I. INTRODUCTION

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

A magnetic fluid~MF! is a colloidal solution containing
ferromagnetic or ferrimagnetic colloidal particles stably d
persed in a solvent with special surface active agents or
factants@1,2#. Conventionally, it has been believed that t
individual magnetic colloidal particles are monodispersed
the solvent, the interaction between the particles is ne
gible; and, accordingly, each particle’s permanent magn
moment rotates freely in the solvents and macroscopic
the MFs show a typical superparamagnetic behavior. But
MFs’ several contradictory experimental results under m
netic fields, such as their strong magneto-optical effects@3#,
anisotropic propagation of sound@4#, and spin-glass-like be
havior of the complex magnetic susceptibility@5#, indicated
an interaction between the colloidal particles or an instan
neous generation of anisotropic agglomerates of the collo
particles under the magnetic field. Under an external m
netic field, the interaction between the colloidal particles
duces coupling of particles, which forms clusters whic
however, instantaneously break up due to the weaknes
interaction. In fact, some MFs of less dispersivity of the c
loidal particles show needlelike clusters of micron size sc
generation under the magnetic field, as observed by an o
cal microscope@6#, and the clusters’ various properties we
studied@7–9#. Recently, Donselaaret al. revealed that even
under no field there exist the colloids’ clusters of submicr
scale@10#. Quenching the MFs they obtained a frozen M
thin film. They observed this frozen film with an electro
microscope and found these clusters. It is consistent with
experimental fact that there is a weak birefringence e
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under no magnetic field@11,12#. A recent discovery of the
difference in normalized initial magnetic susceptibility of th
MFs and their highly diluted solution also supports the abo
speculation@13#. Here, the normalized initial magnetic su
ceptibility is the initial susceptibility divided by the colloid
volume fraction. Cluster formation, even with zero fiel
causes a difference in the normalized initial magnetic susc
tibility between the mother MF and its highly diluted solu
tion. This cluster formation under the external field is t
origin of the peculiar macroscopic law of the magnetic fl
id’s magnetic birefringence, which is described in the ne
paragraph.

The typical phenomenon caused by cluster formation
the colloidal particles in the MFs is magnetic birefringenc
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FIG. 1. Temperature dependence of magnetic fluid’s birefr
gence under several constant fields. Marks in the figure denote
following constant fields strength:d, H531.8 kA/m; s, H
539.8 kA/m; m, H547.7 kA/m; n, H555.7 kA/m; ., H
563.7 kA/m; ,, H571.6 kA/m; j, H579.6 kA/m; h, H
5159 kA/m; l, H5239 kA/m; andL, H5637 kA/m. The mag-
netic fluid was two-times diluted FV-42.
©2003 The American Physical Society01-1
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We have already found a peculiar temperature dependen
the birefringenceDn @14–17#. Figure 1 is one such exampl
@17#. The inverse of the birefringence is a linear function
temperatureT under a constant external magnetic fieldH. In
addition, lines corresponding to constant field intersect at
point on a (1/Dn)2T graph. This relation is expressed by

Dn5
Dnof ~H !

T

Ta
211 f ~H !

, ~1!

whereTa andDno are positive constants denoting the coo
dinates of the crossing point of lines in Fig. 1, and the fu
tion f (H) is an increasing function ofH. The termTa@1
2 f (H)# corresponds to the Curie temperatureTC of the
Curie-Weiss law. Hereafter in this paper, we will refer to E
~1! as the generalized Curie-Weiss law. This peculiar l
was experimentally confirmed by other researchers@18,19#.

B. Colloidal particles’ cluster formation
as phase transition of second order

The colloidal particles in the MFs coagulate under an
ternal magnetic field and make clusters of elongated shap
the field direction. This formation of anisotropic clusters
the origin of magnetic dichroisms and the magnetic birefr
gence of the MFs.1 The formation of these clusters, howeve
instantaneous and the clusters decompose in the next
ment as generation and annihilation of bubbles in boil
water. Accordingly, the generation and annihilation of t
clusters in the MF correspond to a certain critical state.
fact, there exist several scaling relations among the phys
variables related to the MF properties@14–16#. Now we con-
sider the change from the colloidal particles’ monodisper
state to the state in which the clusters are formed, as p
transition, and an order parameterD is introduced as follows.
For convenience, let all the colloid particles be assumed
be spheres of the same radius. The clusters’ averaged ele
depolarization factor̂N& in the magnetic field direction is
expressed by@14#

^N&5
1

f (
k51

`

kvonkNk . ~2!

Here,f is the volume fraction of the colloidal particles,vo is
the volume of each particle, andnk is the number of clusters
consisting ofk colloidal particles per unit volume of the MF

1If the MF is highly diluted, the cluster formation of the colloida
particles no longer occurs due to the weakening of the mutua
teraction between the colloidal particles. It still shows a very we
birefringence under the magnetic field@20,21#. It is, however, not
due to the elongated cluster formation but due to the shape an
ropy of the colloidal particles. This kind of weak magnetic birefri
gence was known as the Majorana effect a long time ago@22#. It is,
however, different from what we are discussing in the present pa
02150
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where we also assumed that the clusters consisting of tk
colloidal particles have the same shape. Then, the biref
genceDn is expressed by

Dn5~Dnsat!~123^N&!, ~3!

whereDnsat is a positive constant@14,16#. If an order param-
eterD, defined as

D[123^N&, ~4!

is introduced, Eq.~3! is rewritten as

Dn5~Dnsat!D, ~5!

i.e., the birefringenceDn is proportional to the order param
eterD.

The MF’s free energyG is expressed using the Landa
formalism by

G~T,H,D!5Go~T,H !1
a

2 S T

Ta
211 f ~H ! DD21eD31bD4

2g f ~H !D, ~6!

wherea, b, g, and e are constants possessing the same
mension ofG(T,H,D) ~J/m3! and Go(T,H) is the free en-
ergy of the magnetic fluid withD50 or without agglomera-
tion @16,17#. ~a, b, and g are positive.! We neglect other
variables such as pressure in this paper because they
irrelevant to the present subject. We assumed the phase
sition with respect toD to be of second order; accordingly

e50 ~7!

was assumed@14,16,17#. From the equilibrium condition,

]G~T,H,D!

]D
50, ~8!

we obtain

D5
g

a
•

f ~H !

T

Ta
211 f ~H !

. ~9!

Now Eq. ~9! is equivalent to Eq.~1! from Eq. ~5!. Conse-
quently, the peculiar law of MF’s magnetic birefringence,
the generalized Curie-Weiss law, is obtained from Landa
phase transition theory of second order.

After some similar research, we found that almost all t
clusters in the magnetic fluids under the field had a nee
like shape. Accordingly,Nk in Eq. ~2! should be 0, except for
k51. Consequently, Eq.~2! is simply expressed by

^N&5
1

3

fmon

f
, ~10!

wherefmon is the volume fraction of the colloidal particle
which are monodispersed in the MF. Note that Eq.~10! is
obtained without artificial assumptions, such as all the c
loidal particles are spheres of the same radius. Letfagg de-
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ot-
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CALORIMETRIC STUDY OF MAGNETIC FLUIDS UNDER . . . PHYSICAL REVIEW E68, 021501 ~2003!
note the volume fraction of the colloidal particles which a
gregate, and using the relation

fagg1fmon5f, ~11!

Eq. ~4! is expressed by

D5
fagg

f
. ~12!

Accordingly, the order parameterD denotes the fraction o
the aggregated particles over all the particles. This the
interpreted not only the MF’s magnetic birefringence b
also its magnetic dichroism correctly@14,23#.

There was a strong objection against the above argum
According to the Landau theory, the transition of the ani
tropic cluster formation cannot be a transition of second
der @24#. As a matter of fact, the isotropic-nematic transiti
of the liquid crystal of rodlike molecules is a transition
first order@25#. Therefore, the coefficiente of the third-order
term in Eq.~6! should not be 0 and, consequently, Eq.~9!
cannot be derived. In 1970s, however, Alexander and A
proved that even in such a case, the transition can b
second order@26#. They showed that if the energy barrie
between the neighboring energy minima is small, the ph
transition of first order changes to the transition of seco
order if fluctuations are taken into account.

Consequently, we have to conduct concrete experimen
determine whether or not this phase transition is of sec
order. The most suitable experiment for this determinatio
a calorimetric experiment. If the transition is of first orde
there should be heat discharge or absorption accompan
the transition. We can determine whether or not it is
second-order transition by measuring the heat discharg
absorption.

II. EXPERIMENTAL METHODS

A. Principle of differential scanning calorimeter

Differential scanning calorimeter~DSC! is suitable for the
MF’s calorimetric measurement because it is not neces
to leave the sample in a vacuum chamber to get the pre
measurement@27#. We performed the MFs’ calorimetric mea
surement from the room temperature up to 150 °C with z
field and under an applied magnetic field. We left a perm
nent magnet fragment together with the MF in the sam
holder so that the MF is under a magnetic field. According
the MF was not under a uniform magnetic field when t
calorimetric measurement was made. However, the prim
purpose of the present experiment was to determine if th
was heat discharge or absorption accompanying the p
transformation under the magnetic field. Neither the prec
phase transition temperature nor the precise heat mea
ment for the phase transition was necessary for the pre
experiment. Accordingly, the field’s nonuniformity was irre
evant for the present experiment. A schematic structure
the DSC experiment under a magnetic field is shown in F
2~a! and 2~b!. However, when the DSC measurement w
made with zero magnetic field, no magnet fragment exis
02150
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in Figs. 2~a! and 2~b!. A sample holder with a sample is le
in a sample furnace and a similar sample holder alone is
in a reference furnace. The sample furnace and the refer
furnace were similar and they were adiabatically isola
from each other. Heat flowsqs ~J/sec! andqr ~J/sec!, which
flowed to the sample furnace and the reference furnace
spectively, from the electric heaters were controlled so t
both furnace temperatures were equal and rose at the s
constant rateb ~K/sec!. The measured physical quantity wa
the heat flow differenceq[qs2qr at temperatureT ~K!. The
relation betweenq and the sample’s specific heatc @J/~kg K!#
is expressed by@28#

q5bmc, ~13!

wherem is the sample mass~kg!. If the q-T graph has an
upward or a downward peak, it shows endothermic or e
thermic heat, respectively, and the heat amount is obta
from the peak area. In the real experiment, there is a h
flow difference even if there is no sample due to the diff
ence between the two furnaces in heat leakage, furnace s
ture, and sample holder.

For the zero magnetic field measurement, we perform
the experiment as follows. We first measured the backgro
heat flow differenceqbg when the sample did not exist@Fig.
2~a! without a magnet fragment#. Then we measured the he
flow differenceqex when the sample holder was filled wit
the sample@Fig. 2~b! without a magnet fragment#. Finally,
the real heat flow differenceq was obtained by

q[qex2qbg. ~14!

A differential scanning calorimeter, Pyris I, purchased fro
the Perkin Elmer Co. was used for the present experim
The sample holder consisted of an aluminum pan and
which were also purchased from the Perkin Elmer. The p

FIG. 2. DSC measurement principle under a magnetic field~a!
base line measurement and~b! DSC measurement of MF. The mag
netic field was applied by a magnet fragment.
1-3
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TABLE I. Characteristics of samples. Saturation magnetization is, for convenience, the magnetization atH5716 kA/m.

Sample A1 A2 B1 B2 C1 C2

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 Alkylnaphthal
Specific gravity~kg/m3! 1.373103 1.373103 1.353103 1.353103 1.363103 1.363103

Colloid volume fraction 0.091 0.091 0.125 0.125 0.104 0.104
Saturation magneterization~kA/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 mass~mg! 4.6 3.0 11.1
Max field ~kA/m! 19 16 18
Average field~kA/m! 9.5 8.0 8.0
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ater
was 4 mm in diameter and 2 mm in depth. After putting t
MF in the pan, the lid was covered on the pan and they w
hermetically sealed by a press machine.

The measurement under a magnetic field was perform
as follows. First, we measured the background heat flow
ferenceqbg when the permanent magnet fragment alone
isted in the sample holder of the sample furnace@Fig. 2~a!#.
Then filling the sample holder with MF together with th
permanent magnet fragment followed by hermetical seal
we measuredqex @Fig. 2~b!#. By subtractingqbg from qex,
we removed the magnet’s calorimetric contribution and
cordingly q[qex2qbg contained the MF’s calorimetric con
tribution alone.

We used magnetized samarium cobalt as the perma
magnet. For each experiment, a different magnet fragm
was used. The size of the fragments was a few millime
and their weight was tabulated in Table I. Before the exp
ment, we removed the magnet’s thermal demagnetization
fect by exposing it under heat cycles several times betw
room temperature and 200 °C. After this treatment, no furt
thermal demagnetization was observed. The magnetic
strength was estimated by measuring the field strength on
magnet surface with a Hall probe magnetometer. The m
mum and average magnetic fieldH on the magnet surfac
were tabulated in Table I. In the present paper, we use
units and the magnetizationM is defined by B5mo(H
1M), where B is the magnetic flux density andmo54p
31027 H/m is the magnetic permeability in vacuum.

Instead of spreading on the bottom of the sample hol
the MF was attracted to the magnet fragment and covere
surface. Accordingly, it is conceivable that the field stren
that the MF experienced was distributed in the considera
narrow region. The change of the magnetic field strength
field distribution by adding the MF was negligible. The o
dinary MF’s saturation magnetizationM sat is of the order of
40 kA/m, while the present permanent magnet’s resid
magnetizationMr was of the order of 600 kA/m. Accord
ingly, the introduction of the MF into the sample holder d
not make a significant difference in the magnetic fie
strength distribution in the sample furnace region. Therefo
Eq. ~14! holds to a good approximation in the present expe
ment.
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B. MF samples

Three different MFs: Marpomagna FW-40, FNC-50, a
FV-42 prepared by Matsumoto Yushi-Seiyaku Co. were us
We have already made an optical microscope observa
and the visible light scattering experiment of these MFs@29#.
MF FN-50 in Ref.@29# is the same as MF FNC-50 of th
present paper. MF FW-40 is a magnetite colloidal partic
water solvent MF in which the clusters were most eas
formed under the magnetic field amongst the three MFs.
observed by the optical microscope that macroclusters w
formed under the field as weak as 1 kA/m at room tempe
ture. Here, the macrocluster is a cluster of the colloidal p
ticles, the scale of which amounts to as large as a few
crometers and which can be easily observed by the op
microscope. On the other hand, we denote the cluster,
scale of which is less than a submicron order and wh
cannot be observed by the optical microscope, as a mi
cluster. MF FNC-50 was MnZn ferrite colloidal particle, pa
affin oil solvent MF in which the macroclusters were gen
ated under a magnetic field as weak as 10 kA/m at ro
temperature. The clusters disappeared at temperatures a
as 60 °C. MF FV-42 is magnetite colloidal particle, alky
naphthalene solvent MF, in which no macroclusters w
generated under a field as high as 100 kA/m. This MF is
most stable MF among the three MFs. It, however, sho
birefringence under the field. Accordingly, it is conceivab
that the microclusters are formed in MF FV-42 in the pre
ence of the field.

SamplesA1 andA2 contained the MF FW-40. In the sam
manner, samplesB1 and B2 and samplesC1 and C2 con-
tained the MFs, FNC-50 and FV-42, respectively. Samp
A1 , B1 , andC1 were used for the DSC measurement w
zero field. SamplesA2 , B2 , andC2 , which contained mag-
net fragments, were used for the DSC measurement und
magnetic field. The sample characteristics are tabulate
Table I.

III. EXPERIMENTAL RESULTS

The samplesB1 , B2 , C1 , andC2 were measured at tem
peratures from 22 °C up to temperatures as high as 150
while the samplesA1 andA2 were measured at temperatur
from 22 °C up to temperatures as high as 95 °C due the w
1-4
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FIG. 3. Normalized heat flowq̄ as a function of temperatureT
~a! samplesA1 andA2 or MF FW-40,~b! samplesB1 andB2 or MF
FNC-50, and~c! samplesC1 andC2 or MF FV-42. Thin solid lines
denote with zero magnetic field and thick solid lines denote und
magnetic field. Broken lines denote renormalizedq̄-T curves with
zero field so that the renormalizedq̄ coincide withq̄ under the field
at the maximum experimental temperature. Horizontal line wit
small triangle peak is a virtual line to compare the peak area.
triangle peak area is 334 J/kg which is 1/1000 of the latent hea
water from liquid to ice.
02150
solvent. The temperature rise rateb was 1/30 °C/sec for all
the measurements.

Figures 3~a!–3~c! show the experimental results of th
samplesAi , Bi , and Ci , respectively@ i 51 ~no magnetic
field! and 2 ~under a magnetic field!#. The normalized hea
flow q̄ is shown as a function of temperatureT in each figure.
Here, the normalized heat flowq̄ is defined by

q̄[
q

bm
. ~15!

From Eq.~13!, if there is no heat discharge or absorption, t
normalized heat flowq̄ is equivalent to the specific heat.
there is a peak in theq̄-T curve, the peak area is the he
discharge or absorption per unit mass of the sample. T
solid lines in Figs. 3~a!–3~c! denoteq̄ as a function of tem-
peratureT with zero field, while thick solid lines denote th
q̄-T curves under a magnetic field or with the magnet fra
ment. The small peaks aroundT522 °C were due to over-
shoots accompanying the beginning of the temperature
and they did not imply the heat absorption.

The MF phase at room temperature under the field is
phase having clusters. The existing clusters decomposed
the temperature rise and the MF phase changed to coll
monodispersed phase. If this phase transition is of first or
a peak of the heat discharge or absorption should appea
the q̄-T curve. The peak should be rather broad due to
nonuniformity of the magnetic field. Even if we take th
broadening into account, the experimental results, howe
showed no peaks in Figs. 3~a!–3~c!. The fluctuation of the
q̄-T curves is due to the fluctuation in the controlled te
perature. For convenience, virtual triangular peaks are sh
in Figs. 3~a!–3~c!. The triangle area is 0.334 kJ/kg, which
equivalent to 1/1000 of water latent heat from solid to liqu
The fluctuation area due to temperature fluctuation is'0.03
kJ/kg. Accordingly, it is concluded that the present transit
is not a first-order transition with the experimental precisi
of 0.03 kJ/kg.

In Fig. 3~b!, the normalizedq̄ of sampleB2 or under the
magnetic field was less than that ofB1 or with zero field in
the all-temperature region. In addition, they are almost eq
at the maximum temperature. An opposite relation was
tained for sample couplesA1-A2 in Fig. 3~a! andC1-C2 in
Fig. 3~c!. These experimental relations were, however,
significant. The MF sample quantity was so small~about 10
mg in order of magnitude! that the effective digit of the
sample mass was only 2 in measurement. In addition, as
MF was liquid, some amount of solvent in the MF evap
rated before the sample holder was hermetically sealed
the present experiment, we sealed the sample holder as
as the MF mass in the holder pan was measured. But
evaporating mass ratio might not be negligible due to
smallness of the MF’s mass itself. A considerable experim
tal error in the absolute value ofq̄ is caused by the uncer
tainty of m. In addition, the thermal contact between t
sample holder and the bottom of the sample furnace in
enced theq̄’s absolute value. The purpose of the prese
experiment is, however, not the determination of the abso
value of the MF’s specific heat but the relative change oq̄

a

a
e
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TAKETOMI, SORENSEN, AND KLABUNDE PHYSICAL REVIEW E68, 021501 ~2003!
as a function of temperature, especially whether or not
peak existed. The MF’s mass uncertainty did not influen
the determination of the latter properties. We multiplyq̄ with
zero field by suitable constants for samplesA1 and C1 , re-
spectively, so that the individualq̄ be equal to those ofA2
and C2 , respectively, at the maximum temperature. Brok
lines in Figs. 3~a! and 3~c! denote the renormalizedq̄ with
zero field. The common feature in Figs. 3~a!–3~c! is that the
inclination ofq̄ as a function ofT under a field is greater tha
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 fieldH is
expressed by

C~T,H !5S ]U

]T D
H

2moHS ]M

]T D
H

, ~16!

whereU andM are MF’s internal energy and magnetizatio
respectively. In this paper we denote the MF’s specific h
and heat capacity asc and C, respectively. If the colloidal
particles in the MF do not make clusters, i.e., if they are i
monodispersed state,M is expressed by@30#

M ~H !5MsfE
0

`

f dis~v !LS moMsvH

kBT Ddv, ~17!

where Ms is the saturation magnetization of the colloid
particles,v is the colloidal particles volume,f dis(v) is a nor-
malized distribution function of the colloidal particles wit
respect to the particle’s volumev, kB is the Boltzmann con-
stant, andL(x) is the Langevin function defined by

L~x!5cothx2
1

x
. ~18!

In the temperature range of the present experiment,Ms can
be considered as constant to a good approximation. Acc
ingly, the magnetic fluid’s magnetizationM is a function of
H/T. In such a case, the internal energyU is independent of
M leading U5U(T) @31#. It follows that Eq. ~16! is ex-
pressed by

C~T,H !5C~T,0!2moHS ]M

]T D
H

. ~19!

Here, C(T,0)5dU(T)/dT is the MF’s heat capacity with
zero field.

On the other hand, the typical value of the MF
(]M /]T)H is 2231022 kA/~K m! in order of magnitude
@32#. Assume thatH is 80 kA/m, the second term on th
right-hand side of Eq.~19! is 2 J/~m3 K! in order of magni-
tude, which is negligible to the MF’s typical heat capac
13106 J/(m3 K). In conclusion, if the MF is in a monodis
persed phase, the magnetic effect to the MF’s heat capac
negligible within the precision of the present experiment.
02150
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B. MF’s heat capacity taking cluster formation into account

1. Rough estimation

Let us estimate the mixing entropyDSmix and the mixing
enthalpyDHmix of the ordinary MF. Let the solvent be wate
the colloidal volume fractionf be 0.1, and, for convenience
all the colloidal particles be spheres of the same radius 5
In such a case, the number of colloidal particles per m3, nc ,
is 1.931023 m23 and the number of solvent molecules p
m3, ns , is 3.031028 m23. The mixing entropyDSmix is ex-
pressed by

DSmix5kB lnF ~nc1ns!!

nc!ns!
G'kBncF12 ln

nc

ns
G , ~20!

wherenc!ns , was used. Accordingly,DSmix is estimated to
be 34 J/~K m3!. If we assume a temperature ofT5300 K, a
mixing enthalpy DHmix5TDSmix is estimated to be
104 J/m3. Comparing the lower limit of the experimenta
precision, 30 J/kg, it is the same in order of magnitude.~The
MF’s specific gravity is 103 kg/m3 in order of magnitude.! In
addition, the real enthalpy change accompanying the ph
transition,DH, is expressed by

DH5DH int1TDSmix , ~21!

whereDH int is the interaction energy by mixing. AsDH int is
usually much larger thanTDSmix , DH should be detectable
with the present experiment if the phase transition is really
first order.

2. Heat capacity estimation from the Landau formalism

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

C~T,H !5TS ]2G

]T2 D
H

5TS ]2Go

]T2 D
H

1
aD

Ta

]D

]T

1FaD

Ta
1aS T

Ta
211 f ~H ! D ]D

]T G ]D

]T

1F2g f ~H !1aS T

Ta
211 f ~H ! DDG ]2D

]T2 .

~22!

From Eq.~9!

]D

]T
52

g f ~H !

aTa
2

1

S T

Ta
211 f ~H ! D 2 ~23!

is obtained. Inserting Eqs.~9! and~23! into formula~22!, we
obtain

C~T,H !5C~T,0!2
g2f 2~H !

aTa
2

T

S T

Ta
211 f ~H ! D 3 , ~24!

whereC(T,0) is expressed by
1-6
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C~T,0![TS d2Go

dT2 D ~25!

or the heat capacity of the magnetic fluid with zero field.
We cannot say anything of significance with respect to

absolute value of the heat capacity due to the experime
error. However, we can say something of significance w
respect to the temperature dependence of the heat cap
Accordingly, let us discuss the temperature dependenc
the heat capacity. Differentiating the heat capacityC(T,H)
with respect toT, we obtain

]C~T,H !

]T
5

dC~T,0!

dT
1

g2f 2~H !

aTa
2

S 2T

Ta
112 f ~H ! D

S T

Ta
211 f ~H ! D 4 .

~26!

As the valuesTa andf for the present MF are 170 K and 0.
respectively, in order of magnitude@17#, the second term on
the right-hand side of Eq.~26! is always positive in the
present experimental temperature region. It is consistent
the experimental results of all the six samples, i.e., the h
capacity increase rate with temperature under the field is
ways greater than those with zero field.

V. CONCLUSION

In our past study, it was found that the strong magne
optical effect of MF under a magnetic field is due to t
phase transition from colloidal particles’ monodispers
phase to a phase in which the colloid particles coagulat
anisotropic microclusters. Also, it was found that the te
gn

.

B

J

nd
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perature dependence of the magnetic birefringence obe
generalized Curie-Weiss law, which shows that the ph
transition is of second order. The order parameter is the r
of the agglomerated colloidal particles over all the particl
It, however, involved controversy. The monodispersed ph
and the anisotropically agglomerated phase belong to dif
ent space groups, respectively, and such a transition sh
be of first order according to the Landau criterion. On t
other hand, if fluctuation is taken into account, the transit
can be of second order after the Alexander and Amit the
In the present study, in order to clarify the transition natu
we performed a differential scanning calorimetry experim
on the magnetic fluids to examine an existence of its ph
transition heat and to determine whether or not this transi
is of first order or second order. We used three differ
magnetic fluids. The first one is the magnetic fluid of an ea
cluster formation, i.e., in it large clusters were observed
an optical microscope under a weak magnetic field. The s
ond one was hard to find the clusters and the third one is
medium between the former two with respect to the clus
formation. We performed DSC measurement on these th
samples in the temperature range from 22 to 150 °C w
zero magnetic field and with the field of'10 kA/m applied
by a permanent magnet, respectively. No phase trans
heat was observed within an experimental error of 0.03 kJ
for all the samples whether or not the field was applie
Accordingly, the present phase transition is concluded to
of second order. The specific heat’s increase rate with res
to the temperature under the magnetic field was larger t
those with zero field for all the three magnetic fluids.
agrees with the result of the second-order transition the
which was derived from the generalized Curie-Weiss law
.
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