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Magnetic-field-induced structural transitions in a ferrofluid emulsion
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A ferrofluid emulsion, subjected to a slowly increasing magnetic field, exhibits a complicated structural
behavior: a gas of Brownian particles changes to columnar solid structures due to induced dipole interaction.
Two transition~intermediate! structural regimes are observed:~i! randomly distributed chains and particles and
~ii ! distinct thin columns and randomly distributed chains and particles. Three structural transition magnetic
fields are found, one marking each structural transition, from the initial to the final structural regime. A
structural diagram of the structural transition magnetic fields,HC , versus particle volume fractions,f, is
constructed experimentally. Theoretical models of scaling calculations, based upon the dominant magnetic
interaction in each structural regime, give the three structural transition magnetic-field relations asHC1

}f21/2, HC2}f21/4, and HC3}(fg/G2)exp(pG/f(g/2)), whereg50.39 andG50.29 for our sample. The
final end shape of columns and the relative position between columns show that the end-end repulsion between
chains is important in the structural formation.

DOI: 10.1103/PhysRevE.63.011403 PACS number~s!: 82.70.Gg, 61.90.1d, 64.90.1b
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I. INTRODUCTION

Colloids exhibit a rich and highly varied phase and stru
tural behavior. Depending on the interaction between the
loidal particles, the colloid can exhibit liquid, crystal, an
glass phases. Many studies have been done in the past o
phase behavior of colloids with isotropic interactions, su
as hard-sphere and Coulomb interactions@1–4#. These stud-
ies have led to the understanding of many macroscopic p
erties of the colloidal system, such as shear thinning
thickening. In the case of anisotropic interaction betwe
colloidal particles, for example in a dipolar interaction, t
phase behavior has received much less attention.

Two types of dipolar interactions in colloids have be
studied so far: electric and magnetic. When an electric~or a
magnetic! field is applied to a colloid in which the electri
~or magnetic! permeability of the particle is mismatched wi
the fluid, an electric~or a magnetic! dipole is induced in each
particle. The induced dipoles interact with one anoth
changing the structure of the colloids and causing a gas-s
or liquid-solid structural transition. These induced structu
dramatically change the rheological properties of the flu
from liquid to solid, leading to many technological applic
tions, hence these fluids are called electrorheological~ER!
@or magnetorheological~MR!# fluids. While ER fluids have
been studied for more than four decades and MR fluids
some years@5,6#, the interaction mechanisms and the resu
ing equilibrium solid structures have only recently been
plored in detail and are only beginning to be understo
@7–11#. The complete phase and structural behavior and
tailed transition process are still not fully understood.

A few studies have dealt with the field-induced phase a
structural behavior in dipolar colloids, but different resu
have been reported. Sano and Doi theoretically predict
in ferrofluids the magnetic field induces a gas-liquid pha
transition, with a single critical field@12#. Recent numerica
simulations of ER fluids by Tao suggest that an electric fi
induces gas-liquid and liquid-solid phase transitions with t
critical fields @13,14#. In ER fluids, although the final struc
1063-651X/2000/63~1!/011403~11!/$15.00 63 0114
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ture of a body-centered-tetragonal~BCT! lattice has been
mapped out beautifully@15#, only the initial stage of the
phase transition, that of random particles to single cha
has been studied experimentally@16#.

In MR fluids, two groups have studied the same polyd
perse, density-mismatched system—polystyrene magn
colloids—and they find different relationships between t
magnetic field,H, and particle volume fraction,f: Hwang
et al. found a two-transition process involving two critica
fieldsHC1}f21/4 andHC2}f21/2 for a thin sample cell but
no current theory can explain the results@17#; Lemaireet al.
found a liquid-solid phase transition with a single critic
field HC1}f @9#. A recent work from the second group@18#
shows that two critical fields exist for the transition classifi
as gas to liquid, where the first critical field is independent
f and the second critical field shows a ‘‘well’’-like curv
that cannot be explained by a simple first-order pha
transition model. As already noted, a complete picture of
field-induced phase and structural behavior in dipolar c
loids has yet to be understood.

In this paper, we report a systematic study of the deta
behavior of magnetic-field-induced structural transitions in
model MR fluid, ferrofluid emulsion where the particle de
sity is closely matched with the suspending liquid to prev
quick sedimentation and the particle size has a much
rower distribution than polystyrene magnetic colloids. Me
surements of light transmission through the emulsion a
function of an externally applied magnetic field are used
the primary means of studying the structural transitions. E
perimentally, we find four structural regimes:~i! randomly
distributed particles~gas!; ~ii ! coexistence of particles an
randomly distributed short chains with random chain len
~‘‘nematic-liquid-crystal-like’’!; ~iii ! coexistence of particles
chains, and columns~liquid!; and ~iv! separated columns
~solid!. The entire structural transition process is divided
three structural transition magnetic fields, each one de
mined by identifying where a significant structural chan
occurs as determined by changes in the light transmissio
structural diagram of the structural transition magnetic fiel
©2000 The American Physical Society03-1
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HC , versus particle volume fractions,f, is constructed ex-
perimentally. Theoretical models of scaling calculatio
based upon the dominant magnetic interaction in each st
tural regime, successfully explain all of the data, giving t
three structural transition magnetic-field relations asHC1

}f21/2, HC2}f21/4, and HC3}(fg/G2)exp(pG/f(g/2)),
whereg50.39 andG50.29 for our sample.HC3 shows a
complicated behavior where two particle volume fraction d
pendences are seen for the same structural transition m
netic field andg andG are constants that reflect the detail
structure inside a column.

The long-range dipole-dipole interaction is responsible
the first structural transition: particles forming dimers
short chains. In the second structural transition, in which
center of each column is formed when long chains reach
boundaries of the sample cell acting as nuclei for sh
chains to coalesce, the monopole repulsion between end
neighboring long chains sets the positions of the colum
structures. The short-range direct interaction between ch
is responsible for the third structural transition: tightening
each loosely bound column. The final shape of the end
the columns and the relative position between columns s
that the end-end repulsion between chains is important in
structural formation.

It should be noted that parts of this paper—the transm
sion measurements and the main part of the structural t
sition theory—were previously presented in an earlier pu
cation @5,19# as conference proceedings. In this paper,
have expanded the data, the discussion, and the theory
have revised theHC1 and HC3 data based upon improve
criteria. These revisions can be seen most notably in
structural transition diagram that is presented later in
paper.

II. FERROFLUID EMULSION PREPARATION
AND PROPERTIES

A. Emulsion preparation

In this study, a kerosene-based ferrofluid is used to m
oil-in-water emulsions obtained by employing techniques
tablished by Bibette@20,21#. The ferrofluid consists of 6.2%
by volume of Fe3O4 grains that have an average diameter
approximately 14 nm and are coated by oleic acid. The
rofluid droplets are stabilized with 0.015 mol/l sodium dod
cyl sulfate ~SDS! surfactant, which is approximately twic
the critical micellar concentration of 0.008 mol/l@21,22#.
Once a crude oil-in-water emulsion is prepared, it is hig
polydisperse, i.e., it contains a wide range of oil drop
sizes. A fractionated crystallization process involving attr
tive depletion interaction is used to separate the differ
sized droplets from one another@21#. Repeatedly applying
this process results in a number of subsets of the orig
crude emulsion, each with a narrow droplet size distributi
which are used for experimentation.

The primary ferrofluid emulsion used in this study, unle
mentioned otherwise, had a droplet diameter of 0.3mm and a
standard deviation of 35%, which were determined by a
namic light-scattering technique through measurement of
droplet diffusion coefficient in a low concentration@23#. The
01140
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emulsion droplet concentration is kept low~,5%! to en-
hance a long shelf life~greater than three months!. Other
concentrations were generated by adding or removing an
propriate amount of the water/SDS solution from the e
tracted base emulsion.

B. Magnetic properties of ferrofluid emulsions

Each Fe3O4 magnetite grain inside an emulsion dropl
corresponds to a single magnetic domain and will, therefo
have a permanent dipole moment. In the absence of an
ternally applied magnetic field, the magnetic dipoles of t
Fe3O4 magnetite grains are randomly oriented in each drop
due to thermal motion at room temperature, thereby giv
each ferrofluid droplet a zero net magnetic dipole mome
The ferrofluid droplets behave as hard spheres for dro
separation distances of 50 Å or larger@22,24#. This distance
is set by the screened Coulomb interaction between cha
SDS modules on the surface of droplets when they over
SDS is a surfactant with each molecule being approxima
20 Å in radius and consisting of a polar sulfate head~hydro-
philic! and a nonpolar hydrocarbon tail~hydrophobic!. When
dissolved into water, the SDS molecules disassociate cau
the polar sulfate head to become negatively charged@25#.
The SDS molecules then arrange themselves both on
surface of oil droplets and into micelles so that exposure
the tail to the water is minimized, thereby minimizing th
free energy@25#. If two droplets come near to one anothe
each droplet coated by charged SDS will experience a re
sive force due to static Coulomb interaction@24#. This repul-
sion will prevent the coalescence of the ferrofluid dropl
against Van der Waal’s attractive energy and maintain
distribution of the droplet sizes. The screening of drop
surface charges by cations in the water makes the Coul
interaction very short-ranged. Because of the large surf
tension and osmotic pressure for this size of droplet, we
pect that the droplets experience no deformation for ex
nally applied magnetic fields up to 360 G. This was verifi
by direct observation, using optical microscopy, of an 8-mm
droplet inside a ferrofluid emulsion of 0.3-mm average drop-
let size, where it was observed that the large droplet exp
enced only an 8% deformation. Hence, we may neglect
deformation that might occur in smaller sized droplets, su
as those in our primary ferrofluid emulsion.

When an external magnetic field is applied, a magne
dipole moment is induced in each droplet by aligning t
Fe3O4 magnetite grains partially with the magnetic fiel
This dipole moment can be very large because each fer
luid droplet contains many Fe3O4 magnetite grains~;1000!
and can be turned on with an externally applied magn
field or turned off with removal of an externally applie
magnetic field and the effects of thermal motion. These
tributes make the ferrofluid droplets superparamagnetic,
is, their magnetic susceptibility is approximately 1.09 in
units, which is five orders of magnitude larger than typic
paramagnetic materials.

A single, isolated, magnetizable droplet of spherical sh
will acquire a magnetic dipole moment,m, that is propor-
tional to the externally applied magnetic field,H, as given by
3-2
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MAGNETIC-FIELD-INDUCED STRUCTURAL . . . PHYSICAL REVIEW E 63 011403
the following expression, in SI units,

m5m0~ 4
3 pa3!xH, ~1!

wherem0 is the magnetic permeability of free space,a is the
droplet radius, andx is the magnetic susceptibility of th
droplet ~as opposed to the bulk material!. Two magnetized
droplets with their magnetic dipole moments aligned alo
the magnetic-field direction will interact with each oth
through a potential energy,Ud-d , as given by the following
expression, in SI units:

Ud-d~r ,u!5
m2

4pm0
S 123 cos2 u

r 3 D , ~2!

wherer is the distance between the centers of the two dr
lets and u is the angle between the externally appli
magnetic-field vector and the distance vector. The high
order terms are negligible for the typical low magnetic fie
used in this study. Ifu is in the range of 0°,u,55° or
125°,u,180°, the droplets will attract one another, othe
wise they will repel one another. If this dipole-dipole inte
action energy is sufficiently strong, the droplets can acqu
the unique and interesting property of linking together in
chainlike fashion. The formation of these chainlike structu
is reversible when the externally applied magnetic field
removed. These chainlike structures, and more comp
structures, have been studied in our earlier work@11,26,27#.

The effective attraction or linkage of two ferrofluid drop
lets can be described by a coupling constant,l, involving
two competing factors: magnetic dipolar energyUd-d and
thermal energykBT. The dipolar magnetic energy aligns th
droplets together while the thermal energy tries to random
the droplets. The coupling constantl is defined, in SI units,
as

l5
Ud-d

kBT
5

pm0a3x2H2

9kBT
, ~3!

where the dipole-dipole interaction energy,Ud-d is calcu-
lated for two droplets that are nearly touching (r 52a) and
aligned head to tail (u50), kB is the Boltzmann constant
andT is the temperature. The droplets are expected to fo
chains whenl>1.

III. EXPERIMENTAL SETUP AND PROCEDURES

In this study, light transmission, static light scattering, a
optical microscopy are used to complement each other.

A. Light transmission

Figure 1 shows the light transmission experimental se
which consists of a 10-mW He-Ne laser, a magnetic c
connected to a dc power supply, a glass sample cell, a
photodetector. The coil produces a magnetic field at a rat
60 G/A at the coil’s midsection along its axis. The sample
contained in a rectangular capillary cell of dimensi
0.1 mm~inner thickness dimension!32 mm351 mm and
sealed with petroleum jelly. The sample cell sits on top o
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hollow cylindrical mounting positioned inside the magne
coil at the midsection of the coil. The laser beam, of wav
length 632.8 nm and approximate beam diameter 1.0 mm
directed at the cell’s surface along the coil’s axis. Transm
ted light is collected by a photodetector connected to a po
meter. The photodetector has an aperture of approxima
1.0 cm in diameter and is positioned 42.5 cm above
center of the magnetic coil to avoid the first-order diffracti
light and to reduce the small-angle light scattering throu
the sample cell to within a total angle of 1.3°. The pow
meter sensor is covered with a 632.8-nm interference fil
allowing only light with the wavelength of the laser beam
pass.

The incident light, I 0 , is first measured without the
sample in place. After the sample-filled cell is put inside t
magnetic coil, the power supply current is then manua
increased to generate the magnetic field at an average ra
0.013 G/s, rising from 0 to 90 G or higher. The magne
field specified throughout this paper is always an exter
magnetic field unless otherwise stated. This slow rate
change in the magnetic field is used so that an equilibri
state can be reached where the droplets have time to mo
and out of the formed chains many times before the so
structures are formed. The intensity of the transmitted be
is then recorded as a function of the magnetic-field stren
The transmission is calculated by dividing the transmit
light intensity, I t , by the incident light,I 0 , and multiplying
by 100.

B. Static light scattering

Static light scattering is used to verify results obtain
from the light transmission measurements. Static light sc
tering measures the forward scattering pattern by using
same experimental setup as the light transmission experim
except that a white screen is used in place of the photode
tor to display the scattering pattern. The scattering patter
then observed with the naked eye and recorded by a C
camera, connected to a VCR, positioned directly above
screen. Two experimental geometries are used to perf
static light scattering. The first geometry has the laser be
perpendicular to the magnetic field by using a pair of ma

FIG. 1. Experimental setup for light transmission measuremen
3-3
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MARK IVEY, JING LIU, YUN ZHU, AND SERGE CUTILLAS PHYSICAL REVIEW E63 011403
netic coils rotated 90° relative to the laser beam. The sec
geometry has the laser beam parallel to the magnetic fi
which is the same as the light transmission experiment
well as our earlier static light-scattering experiments p
formed for equilibrium structure studies@11,19,26#. Instead
of a capillary cell, the sample is held by a flat glass c
covered with a glass slide, sealed with grease, and pla
into a cell holder clip. The flat glass cell is 4.5 cm long, 1
cm wide, and 0.1 cm thick with a 100mm65 mm trough cut
into one face of the cell to contain the sample.

C. Optical microscopy

An inverted Nikon microscope is used to directly obser
what is physically happening to the emulsion when subjec
to a magnetic field. A glass capillary cell is used with eith
square or rectangular cross-section area with an inner th
ness dimension ranging from 20 to 100mm. The structures
can be viewed either normal to the magnetic-field directi
where two magnetic coils are attached to the sides of
sample platform, or parallel to the magnetic-field directio
where one coil sits on top of the platform around the sam
A CCD camera is connected to the microscope and t
VCR. The power supply current is automatically increased
generate a magnetic field at a rate of 0.014 G/s from 0
60.6 G. As the magnetic field is increased, images are
corded.

IV. EXPERIMENTAL RESULTS AND DISCUSSION

A typical measurement of light transmission through t
ferrofluid emulsion as a function of the magnetic field,H, is
shown in Fig. 2 for particle volume fractionf50.9%. The
laser beam is parallel to the direction of the magnetic fie
As the magnetic field is applied and slowly increased,
transmitted light intensity,I t , slowly decreases in intensit
but then enters a region where the intensity rapidly
creases, tracing out a curve in the process, until a minim
intensity is reached, as shown in Fig. 2„@(I t /I 0)
3100# versusH…. The curved region (0<H<34 G) was fit-

FIG. 2. Light transmission measurement showing structu
transitions forf50.9% and cell thicknessL5100mm. Four struc-
tural regimes are defined by three structural transition magn
fields: HC1 , HC2 , andHC3 , as indicated by the dashed lines.
01140
nd
ld,
as
-

,
ed

d
r
k-

,
e
,
e.
a
o
to
e-

.
e

-
m

ted with an analytical function~combined linear and hyper
bolic tangent functions! and the minimum of the second de
rivative of the fitted function was calculated, via Mathcad,
obtain the magnetic field at which the maximum curvatu
occurs (HC1527.7 G). We callHC1 the first structural tran-
sition magnetic field. Once past the curved region, a m
mum intensity is reached that is immediately followed by
rapid but continuous increase in the intensity, indicating t
we have a second significant structural transition. The m
netic field at the minimum intensity is chosen as the meas
of this second significant structural transition (HC2
534.8 G). As the magnetic field increases further, the int
sity rapidly increases but then enters a region where the
tensity rapidly levels off, tracing out another curve in th
process, until the intensity enters a saturation region,
shown in Fig. 2. This second curved region (35<H<90 G)
indicates that another significant structural transition has
curred in the emulsion. We analyze it in the same way as
first curved region and obtain the third structural transiti
magnetic field (HC3544.7 G). The corresponding couplin
constants for these three magnetic fieldslC152.42, lC2
53.79, andlC356.16.

The transmitted light intensity is an indicator of the stru
tures formed in the emulsion fluid and how they are cha
ing. The three structural transition magnetic fields divide
light transmission curve into four structural regimes. W
the aid of the optical microscope, we can observe the st
tures formed by the emulsion droplets in real space and
understand the physical characteristics of each of the st
tural regimes. Figure 3 shows such corresponding struct
for the particle volume fractionf50.9% under the same
conditions that were used for obtaining the data shown
Fig. 2.

In regime I, wherel,1, the droplets are randomly dis
tributed in a gas structure as shown in Fig. 3~a! so that they
scatter and absorb the incident light, giving rise to the lowI t
relative toI 0 . Whenl;1, any two droplets in contact ma
form a dimer, a two-droplet chain, that constantly breaks
and reforms again. As stated earlier, the coupling cons
for the first structural transition forf50.9% was experimen-
tally found to belC152.42. This is twice the value of the
coupling constant at which droplets begin to form dime
This can be understood by the fact that most individual p
ticles are not in contact. The distance between the parti
for f50.9% requires a larger magnetic field and, hence
largerl for particles to attract each other and overcome th
mal motion to form dimers.

In regime II, wherel increases further, both the averag
chain length and the number of chains increase while
number of single particles decreases, as shown in Fig. 3~b!.
Light transmission is sensitive to the amount of light bei
scattered by the sample, which is determined by the s
shape, and number of scatterers in the sample. As more d
lets pair up and short chains form, the number of scatte
decreases but the scattering cross section increases lead
a decrease in the transmitted intensity,I t . In particular, a
chain of particles acts like a cylindrical scatterer. Since
Rayleigh-Gans scattering intensity for a cylindrical scatte
is proportional to its lengthl and radiusr as l 2r 4 @28#, the

l

ic
3-4



he
a
a

a
uc

m
a
ig
ol

g

nd
m
or
n in
al

ruc-
he
:

ally

sion
he
ol-

.
ar-

n-
that
iple
the
cu-
ata

ac

an-
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scattered light increases strongly as chains form. Furt
more, these chains are not rigid; they vibrate and fluctu
due to thermal motion@29#. Therefore, each chain acts as
cylindrical scatterer with an effective scattering radiusr eff
'(la/l)1/2, which can be larger thana; for example, withl
520a and l52, the effective scattering radius isr eff
'3.2a. The strong scattering due to the growth of each ch
and the vibration of long chains results in the further red
tion in I t , thereby leading to the observed dip in Fig. 2.

In regime III, the long chains reach nearly maximu
length and they start to absorb neighboring short chains
single droplets, thereby forming columns as shown in F
3~c!. A depletion zone is created around the forming c
umns, which opens up the gap between the forming colum
and reduces the number of scatterers, thereby increasin
light transmission.

FIG. 3. Optical microscopic images showing structures at e
of the four structural regimes in Fig. 2:~a! a gas structure at 15 G
~regime I!, ~b! a coexistence of droplets and chains at 30 G~regime
II !, ~c! a coexistence of droplets, chains, and columns at 42
~regime III!, and~d! a columnar solid structure at 60 G~regime IV!.
The horizontal width of each image is 40mm.
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In regime IV, the columns are nearly equally spaced a
they become more rigid with the droplets inside of the
becoming more tightly packed with no single droplets
short chains remaining outside of the columns, as show
Fig. 3~d!. The light transmission then saturates with minim
change thereafter.

Figure 4 shows a better set of images of the same st
tural transitions from regimes II–IV near one end of t
sample cell for a different set of experimental conditionsf
53%, particle diameter 2a50.2mm, and cell thicknessL
550mm. Since the gaps between columns are gener
much larger than the column width@11#, more light is al-
lowed to pass through. As a result, the saturated transmis
intensity is always higher than the zero-field intensity. T
same general behavior is observed for all of the particle v
ume fractions studied, 0.3%<f<10%, as shown in Fig. 5
It should be noted that data were also collected for the p
ticle volume fractions of 12% and 14% but were not i
cluded in the analysis since our laboratory demonstrated
high concentrations are susceptible to the effects of mult
scattering at the early stage of chain formation, therefore
transmission may not reflect the structural transition ac
rately. In addition, Fig. 5 shows data up to 90 G, but d

h

G

FIG. 4. Optical microscopic images showing the structural tr
sitions from regimes II–IV for the experimental conditions off
53.0%, particle diameter 2a50.2mm, and cell thicknessL
550mm: ~a! a coexistence of droplets and chains at 36 G,~b! a
coexistence of droplets and chains at 42 G,~c! a coexistence of
droplets, chains, and columns at 48 G, and~d! a columnar solid
structure at 300 G. The horizontal width of each image is 60mm.
3-5
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were collected up to as high as 360 G for some of the part
volume fractions. Since these data points occurred in
saturation region and remained fairly steady, they were
included in the figure.

The structure of droplets in regime I clearly correspon
to a gas structure. The structure of regime II is similar to t
of molecular liquid crystals, with all the chains parallel to t
magnetic-field direction but with random positions and ch
length. This structure may be called ‘‘nematic-liquid-cryst
like.’’ As seen from Fig. 3~b! and Figs. 4~a! and 4~b!, gas
and liquid coexist in this regime. As the magnetic field i
creases, separate thin columns are formed with a few ch
loosely bound within each column, as shown in Fig. 4~c!.
Since the particle density inside a thin column is less than
close-packing density, this structure may be called a colu
nar liquid. As a result, the structure in regime III may
described as a coexistence of gas, ‘‘nematic-liquid-crys
like,’’ and columnar liquid. Finally, the rigid columns in re
gime IV correspond to a solid structure.

In order to quantitatively understand the characteris
magnetic fields measured in Fig. 2, we use small-angle l
scattering to measure the threshold magnetic fields in
geometries forf50.9%. In the first geometry, the inciden
light beam is perpendicular to the magnetic field so that
scattering pattern is sensitive to the chaining of the dropl
As H increases, an anisotropic ellipsoidal scattering patt
becomes visible at 27.1 G that evolves into a bright narr
band that is perpendicular to both the magnetic field and
incident light beam. This band indicates that anisotropic s
terers are forming parallel to the magnetic-field directio
The magnetic field at the onset of the anisotropic patter
comparable to the magnetic field determined by light tra
mission for the first structural transition forf50.9% (HC1
527.7 G). This provides supporting evidence for our use
the minimum of the second derivative of the fitted curve
determining the first structural transition magnetic field.

In the second geometry, the incident light is parallel to
magnetic-field direction so that the scattering pattern is s
sitive to the structures of the scatterers in the plane perp
dicular to the magnetic field, that is, it is sensitive to t
formation of columns. When the magnetic field increases
HC28 533.6 G @Fig. 6~a!#, the scattering light intensity start
to increase beyond the background noise. As the magn

FIG. 5. Composite light transmission measurements for all p
ticle volume fractions studied (0.3%<f<10%).
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field increases further toHC29 536.3 G@Fig. 6~b!#, a ring ap-
pears in the scattering pattern. The ring becomes sharpe
the magnetic field increases further and the peak inten
saturates atHC38 550.0 G @Fig. 6~a!#. Figure 6~b! shows the
ring peak positiond obtained fromqmax, the scattering wave
vector at the maximum intensity,I max. The ring peak inten-
sity measures the ordering of the columns in thex-y plane
normal to the magnetic-field direction, whereas the ring pe
position measures the average column separationd
52p/qmax @11#. At HC29 , the centers of the columns are ve
well defined and column separation does not change w
further increases inH, although the column width may stil
change~decrease when the columns tighten! and the ordering
may still increase. As a result, the structural transition fro
single chains to thin columns (HC2) must fall within the
rangeHC28 ,HC2,HC29 . The value forHC2 ~34.8 G! falls
within the expected range confirming that the light transm
sion measurements provide a good indication of the sec
structural transition. AtHC38 , the ordering among column
reaches a maximum, giving rise to the saturation ofI max. The

r-

FIG. 6. ~a! Peak intensity of scattered light as a function of t
magnetic field forf50.9% and cell thicknessL5100mm. ~b!
Static light-scattering measurement showing average column s
ing as a function of the magnetic field for the same data set as in~a!.
Here the light is parallel to the magnetic-field direction andd is
defined as 2p/qmax, whereqmax is the first ring peak position. No
ring peak is observed until magnetic field reaches 36.3 G.
3-6
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TABLE I. Structural transition magnetic fields (HC1 ,HC2 ,HC3), for each particle volume fraction, an
their corresponding coupling constants (lC1 ,lC2 ,lC3).

Volume
fraction
~%!

HC1

~G!
HC2

~G!
HC3

~G! lC1 lC2 lC3

0.3 29.1 36.9 47.7 2.67 4.25 6.97
0.6 30.1 36.6 48.4 2.85 4.18 7.17
0.9 27.7 34.8 44.7 2.42 3.79 6.16
1.2 27.0 33.9 44.2 2.30 3.60 6.03
2.4 25.4 32.7 43.6 2.04 3.36 5.87
3.6 24.2 32.7 44.6 1.86 3.36 6.13
4.8 20.4 31.8 43.4 1.32 3.18 5.82
6.0 18.8 31.2 46.2 1.13 3.06 6.56
7.2 14.4 31.5 47.6 0.662 3.12 6.95
8.4 15.5 30.9 49.2 0.767 3.00 7.40

10.0 13.2 30.9 50.3 0.557 3.00 7.72
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magnetic fieldHC38 is greater than the magnetic field dete
mined by light transmission for the third structural transiti
for f50.9%, HC3544.7 G. This is to be expected sinc
HC38 measures the end of the solid structural formation w
tightened chains within the columns, whileHC3 measures the
beginning of the solid structural formation with loose cha
within the columns.

The light-scattering results are consistent with the lig
transmission measurements showing that the light trans
sion measurements can be used to investigate structural
sitions. For particle volume fractions higher than 5% and c
thickness 100mm, the light-scattering technique is limited b
the occurrence of multiple light scattering, especially at
early stage of chain formation. Therefore, light transmiss
makes possible the extension of the range of measurem
to higher particle volume fractions as long as the parti
volume fractions are not too high~.10%!.

We repeated the light transmission measurements for
ticle volume fractions,f, ranging from 0.3% to 10% and
obtained similar results, as shown in Fig. 5. We used
same analysis methods for each of these light transmis
measurements as were used for thef50.9% light transmis-
sion measurement~Fig. 2! and obtained three correspondin
structural transition magnetic fields,HC , for each f, as
shown in Table I.

Table I shows thatlC1,1 when f>7.2% for the first
structural transition. This may be due to the polydispersity
particles in our sample and the definition ofl used. The
values in Table I are based upon the average particle size
larger size particles can still form chains since their magn
interaction energy may be larger thankBT even thoughlC1
,1. In addition, the local magnetic field inside a partic
within a chain is larger than the magnetic field inside a sin
particle alone due to the reduced demagnetization field f
the chain geometry, thereby increasing the effective coup
constant further.

The structural transition magnetic fields in Table I we
used to construct a structural transition diagram, as show
Fig. 7. The solid lines in Fig. 7 are theoretical fits of the thr
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structural transition magnetic fields which are discussed
ther in Sec. V.

It is interesting to notice that in Fig. 4~d! the end shape o
each column in the solid structure is tapered and the colu
are quite regularly separated. The end shape is not limite
tapering only. Figure 8 shows that the tapered ends@Figs.
8~a! and 8~c!#, at the low particle volume fraction off
53% and particle diameter 2a50.5mm, can be changed to
split ends@Figs. 8~b! and 8~d!# at the higher particle volume

FIG. 7. Structural transition diagram for the ferrofluid emulsio
The solid lines are theoretical fits of the three structural transit
magnetic fields.
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fraction of f510%, while keeping the same cell thickne
L520mm @Figs. 8~a! ~tapered! and 8~b! ~split!# and L
550mm @Figs. 8~c! ~tapered! and 8~d! ~split!# along the
magnetic-field direction. Notice that the shape of split en
becomes more connected and bigger when cell thicknes
creases from 20 to 50mm as shown in Figs. 8~b! and 8~d!. If
we keep the cell thickness atL520mm and move from the
tip of the column up toward its center, the split ends@Fig.
9~a! at f510%# and tapered ends@Fig. 9~c! at f53%# at
the very tip of the column will become disklike with a wide
cross section only 6mm @Fig. 9~b! at f510%# and 5mm

FIG. 8. Optical microscopic images showing the shapes of
ends of the columns in the solid structure for ferrofluid emulsion
particle diameter 2a50.5mm. Tapered ends are seen forf
53.0% and~a! L520mm, ~c! L550mm. Split ends are seen fo
f510.0% and~b! L520mm, ~d! L550mm. The horizontal width
of each image is 27.5mm.

FIG. 9. Optical microscopic images showing different cross s
tions of the columns for 2a50.5mm andL520mm. In ~a! and~b!,
f510.0% and images are taken at the very tip of the column~a!
and 6mm up from one end of the column~b!. In ~c! and ~d!, f
53.0% and images are taken at the very tip of the column~c! and
5 mm up from one end of the column~d!. The horizontal width of
each image is 25mm.
01140
s
in-

@Fig. 9~d! at f53%# away from the tip. Therefore, the en
shape holds for only a short distance.

These end shapes of solid structure and the regular s
ration between columns are due to the fact that struct
growth within the ferrofluid emulsion is confined by th
walls of the sample cell. The confinement causes the
umns to terminate with an effective magnetic charge at b
ends due to the packing of magnetic dipoles in the dropl
Image dipoles do not exist due to the use of a magnetic c
which is different from what is used for ER fluids. All of th
columns have the same signed effective magnetic charge
the top of the sample cell and the same opposite-signed
fective magnetic charges at the bottom of the sample c
This causes the ends of neighboring chains within each
umn to repel each other. Minimizing the repulsive ener
results in shifting neighboring chain positions along t
magnetic-field direction as shown in our earlier compu
simulation @30#. If one chain in a thin column reaches th
boundary of the sample cell, the rest of the chains try
move away from the boundary, thereby forming a tape
column. If a thicker column has a large number of chains,
shifting of neighboring chains can go in both direction
(1z or 2z) along the radius of the column, where chai
with the same length try to stay away from each other res
ing in split end shapes. Since the column width increa
with both the particle volume fraction and the cell thickne
as our earlier work has shown@11,26#, the tapered ends fo
thin columns change to split ends for thicker columns as b
L andf increase.

The magnetic charges at the ends of the columns
cause neighboring columns to repel one another. This res
in local ordering of columns and further coalescence betw
the columns is not possible. This monopole repulsion
tween columns is important in the equilibrium structure fo
mation, as our earlier work has shown@11,26#. It is also an
important factor in determiningHC2 , as shown in our theo-
retical model below.

V. THEORETICAL MODELS

In order to understand the structural transitions and th
associated magnetic fields, theoretical models were der
to provide the relationships between the three structural t
sition magnetic fields and the particle volume fractions. A
the calculations are in Gaussian units.

The first structural transition magnetic field,HC1 , de-
creases with the particle volume fraction,f. We believe that
this can be understood simply from the competition betwe
the dipolar interaction energy of two droplets,Ud-d , and the
thermal energy,kBT. The dipole-dipole interaction is a long
ranged interaction that favors chain formation while the th
mal energy favors randomizing chains and droplets. The
teraction energy is built up as the magnetic field increa
and magnetic dipoles are induced in the droplets. Wh
Ud-d.kBT, two droplets are able to form a dimer chai
These dimers are not permanent. They constantly break
into individual droplets and recombine into dimers. T
number and lifetime of dimers increases as the average d
let separationd decreases or as the particle volume fracti

e
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increases. Therefore, the condition for the first structu
transition magnetic field,HC1 , is

2~m!2

d3 5kBT, ~4!

where m5ba3H is the magnetic dipole moment,b5(mp
2m f)/(mp12m f), with m f and mp the permeability of the
solvent and the ferrofluid, respectively,H is the magnetic
field, andd is the average droplet separation. Once some
the larger droplets form chains first, the chains may attr
smaller droplets and grow.

Using f'(4p/3)(a/d)3 with a the average droplet ra
dius, and assuming a uniform distribution of particles in t
sample cell, we obtain the relationship between the fi
structural transition magnetic field,HC1 , and the particle
volume fraction,f,

HC1'
1

b S 2pkBT

3a3 D 1/2

f21/2. ~5!

Usingmp52.7 for the ferrofluid andm f51 for water~which
gives b50.36), a50.15mm, andT5300 K, we fitted Eq.
~5! to the experimental data, as shown in Fig. 7. The fitting
qualitative rather than quantitative as we have allowed
fitting to have multiplicative and offset coefficients to a
count for the approximate nature of Eq.~5!. The theoretical
model did capture the decreasing trend of the first struct
transition magnetic field. It can be seen from Fig. 7 that
lower particle volume fractions tend to be above the fitti
while the higher particle volume fractions tend to be bel
the fitting, in particular forf>7.2%. In the case of the
lower particle volume fractions, the average particle sepa
tion is quite large so that the chains end up forming wh
l.1. As f increases, the distances between the parti
become smaller, therefore a smaller magnetic field an
smallerl will be required to attract droplets and form chain
Hence, a decreasing function ofHC1 is to be expected.

The second structural transition magnetic field,HC2 , cor-
responds to the formation of long chains that serve as
nucleation centers of columns. It is experimentally obser
that column formation is initiated by the long chains servi
as nucleation centers, which attract neighboring short ch
and single droplets to form columns@31#. These nucleation
centers have an average spacing, but weak local orde
perpendicular to the direction of the magnetic field. As t
magnetic field increases, these nucleation columns attrac
ditional individual droplets and chains causing the colum
to grow larger and to develop an increased local order
This local ordering is caused by a repulsive Coulomb int
action,Uq , between the effective magnetic chargesqm at the
ends of neighboring columns, as indicated by the end sha
shown in Figs. 8 and 9. Uq favors the ordering of the long
chains, whereas the thermal energy tends to destroy the
order. We believe that the competition between these
energies sets the second structural transition magnetic fi
As the particle volume fraction increases, the neighbor
long chains become closer and the interaction between t
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gets stronger. Therefore, a largef implies that a lower mag-
netic field is required to form columns.

The repulsive Coulomb interaction energy between t
neighboring columns is

Uq'
qm

2

r
. ~6!

The condition for the second structural transition magne
field, HC2 , is therefore given by

qm
2

r
'kBT, ~7!

where qm}ba2H and r is the average separation distan
between the columns. This relation is valid if the length
the columns is much larger than the separation between
columns, which is the case in our experiment.

If we assume that the columns are very thin at this sta
the particle volume fractionf can be approximated as

f}~a/r!2. ~8!

Combining Eqs.~7! and ~8!, we obtain the relationship be
tween the second structural transition magnetic field,HC2 ,
and the particle volume fractionf,

HC2}
1

b S kBT

a3 D 1/2

f21/4. ~9!

Using experimental conditions, we fitted Eq.~9! to the ex-
perimental data, as shown in Fig. 7. The fitting is qualitat
rather than quantitative as we have allowed the fitting
have multiplicative and offset coefficients to account for t
approximate nature of Eq.~9!.

For a small sample cell thickness, for example 10–20mm,
the repulsive Coulomb interaction energy@Eq. ~6!# has to be
modified by including higher-order terms for the next-near
neighbors, which leads to the relationHC2}f2x, where the
exponentx should be greater than 0.25 but smaller than 0.
This scaling analysis is consistent with the experimental d
from Hwang and Wu thatx50.5 for the second structura
transition magnetic field,HC2 @17#.

Previously, we used a different condition for the seco
structural transition magnetic field by balancing the attract
energy between long chains with neighboring short cha
and the thermal energy@19#. Even though the result als
shows the samef dependence, it is not clear that the dire
interaction can be neglected in the column formation. Wh
considering the experimental result from Hwang and Wu
shorter chains@17#, the physical picture used here seem
more appropriate.

The third structural transition magnetic field,HC3 , is dif-
ferent from the first and second structural transition magn
fields in that the corresponding structural transition occ
inside the individual columns. Specifically, it is a transitio
from liquidlike loosely bound chains to solidlike dense
packed columns. In the structural regime just belowHC3 , the
structures consist of single chains and columns where
columns consist of chains that are liquidlike and fluctu
3-9
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due to thermal motion. In the structural regime aboveHC3 ,
the structures are solid columns where the droplets that
comprised the chains have been rearranged to be c
packed and may well have the body-centered-tetrago
~BCT! structure@14#. There is no longer a one-dimension
characteristic of chains within the individual columns. In t
transition, the short-range direct interaction energy is a bi
ing energy for making the columns rigid, while the fluctu
tion of chains due to Peierls-Laudau instability has the
posite effect. We believe that competition of these t
energies sets the third structural transition magnetic field

The attractive short-range direct interaction energy
@7,8#

Ui5S m2

a3 Dp2S 2a

r D 1/2

cos~zp/a!expS 2
pr

a D , ~10!

wherez is the distance in the direction of the magnetic fie
The fluctuation energy for a single chain of the droplets i
column @31# is

U f'mS 27p

128D
1/2S a2kBT

r5 D 1/2

. ~11!

Equating Eq.~10! and Eq.~11! results in a relation for the
third structural transition magnetic field,HC3 ,

HC3'S 27pkBT

256a3 D 1/2S 1

bp2D 1

u^cos~zp/a!&u S a

r D 2

expS p
r

aD ,

~12!

wherer is the separation between the chains in a colum
The fluctuation energy can be attractive especially

larger chain separations, where it is proposed to be the m
driving force for chain aggregation@32#. In the case where
the chain separation is short, the attractive short-range d
interaction dominates the fluctuation attractive ener
Therefore, it is the direct interaction energy that is import
and competes with the repulsive fluctuation energy to set
third structural transition magnetic field.

In the structural regime just belowHC3 , if we assume
uniform liquid-crystal-like structures where the chains with
the columns form local hexagonal structures, we have

S a

r D 2

'
f1

~1.21!2 . ~13!

In the structural regime aboveHC3 , if we assume BCT sol-
idlike structures@14# such that (a/r) is a constant, we have

S a

r D 2

'
f0

~1.73!2 . ~14!

At the structural transition magnetic field, we may assu
that the following general relationship exists:

S a

r D 2

'
fg

G2 , ~15!
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whereg reflects the sensitivity of the particle volume fra
tion dependence of the average distance between the ch
within the columns (0<g<1) andG is a geometric factor
reflecting the chain structure within the columns.

Using Eq.~15!, Eq. ~12! becomes

HC3'S 27pkBT

256a3 D 1/2S 1

bp2D 1

u^cos~zp/a!&u S fg

G2DexpS pG

f~g/2!D .

~16!

In Eq. ~16!, we may setu^cos(pz/a)&u50.65 based upon
the following argument: for a monodisperse sample, the
sition of droplet numberj in a straight chain isz5(2 j
11)a, which gives cos(pz/a)521. Since our sample ha
35% polydispersity, the average position of droplet numbj
in a chain deviates from its perfect position by 35%, the
fore cos(pz/a)520.65 andu^cos(pz/a)&u50.65.

Using the experimental conditions, we fitted Eq.~16! to
the experimental data, as shown in Fig. 7. The fitting
qualitative rather than quantitative, as we have allowed
fitting to have a multiplicative coefficient to account for th
approximate nature of Eq.~16!. The fit of Eq.~16! gives us
g50.39, which falls within our expected range, andG
50.29, which indicates that the particles are not uniform
distributed throughout the columns. From the agreement
tween the calculation and the experimental result forHC3 ,
we see that the short-range direct interaction plays a key
in the formation of the columnar solid structure. This is co
sistent with the ground-state calculations of others for di
lar fluid @7,8#.

Whenf increases, the column separation is constant
the column width in steady state increases, as was show
our earlier work@11#, therefore the magnetic field required
tighten more chains in a column should also increase. T
may account for the rise ofHC3 in Fig. 7.

VI. CONCLUSION

A ferrofluid emulsion exhibits complex structures wi
the application of a slowly increasing magnetic field. T
detailed study shows that structural transition, from init
gas to final solid, consists of two regimes of coexistence
structures instead of just one, as found in isotropic collo
such as hard spheres and charged colloids. As the mag
field increases, a total of four structural regimes is o
served: ~I! randomly dispersed droplets~gas!, ~II ! indi-
vidual droplets~gas! and chains~‘‘nematic-liquid-crystal-
like’’ ! coexistence,~III ! individual droplets ~gas!, chains
~‘‘nematic-liquid-crystal-like’’!, and loosely bound column
~liquid! coexistence, and~IV ! tightly bound columns~solid!.

Three structural transition magnetic fields are measu
with the light transmission experiment as a function of p
ticle volume fraction. A structural transition diagram is co
structed. Our theoretical models fit the experimental d
3-10
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well for the second and third structural transition magne
fields and qualitatively show the decreasing trend for the fi
structural transition magnetic field. From this, we find t
driving force to be the dipole-dipole interaction betwe
droplets in the first structural transition, the repulsion b
tween magnetic charges at the ends of long chains de
the center of columns in the second structural transition,
the direct chain-chain interaction is responsible for the bi
ing of chains to form solid columns in the third structur
transition.

The monopole repulsion between the ends of cha
within a column causes the ends of the column to be tape
ro
A

ro
an

01140
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at low particle volume fractions and split ends at higher p
ticle volume fractions.
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