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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(intermediaté structural regimes are observé:randomly distributed chains and particles and
(i) 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 fieldg, versus particle volume fractiong, 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 relatidfig, as
xp™ M2 Hepoc ™ Y4 and Hegoc (7 G2 exp@Gl¢t”'?), where y=0.39 andG=0.29 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.
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I. INTRODUCTION ture of a body-centered-tetragond@CT) lattice has been
mapped out beautifully15], only the initial stage of the

Colloids exhibit a rich and highly varied phase and struc-phase transition, that of random particles to single chains,
tural behavior. Depending on the interaction between the colhas been studied experimentdl6].
loidal particles, the colloid can exhibit liquid, crystal, and In MR fluids, two groups have studied the same polydis-
glass phases. Many studies have been done in the past on therse, density-mismatched system—polystyrene magnetic
phase behavior of colloids with isotropic interactions, suchcolloids—and they find different relationships between the
as hard-sphere and Coulomb interactiphs4]. These stud- magnetic field,H, and particle volume fractiong: Hwang
ies have led to the understanding of many macroscopic proget al. found a two-transition process involving two critical
erties of the colloidal system, such as shear thinning anfields Heyo ¢~ Y4 andH e, ¢~ Y2 for a thin sample cell but
thickening. In the case of anisotropic interaction betweemo current theory can explain the resylis]; Lemaireet al.
colloidal particles, for example in a dipolar interaction, thefound a liquid-solid phase transition with a single critical
phase behavior has received much less attention. field He1c @ [9]. A recent work from the second gro(ip8]

Two types of dipolar interactions in colloids have beenshows that two critical fields exist for the transition classified
studied so far: electric and magnetic. When an ele¢tmica  as gas to liquid, where the first critical field is independent of
magnetig field is applied to a colloid in which the electric ¢ and the second critical field shows a “well”-like curve
(or magneti¢ permeability of the particle is mismatched with that cannot be explained by a simple first-order phase-
the fluid, an electri¢or a magnetigdipole is induced in each transition model. As already noted, a complete picture of the
particle. The induced dipoles interact with one anotherfield-induced phase and structural behavior in dipolar col-
changing the structure of the colloids and causing a gas-solibids has yet to be understood.
or liquid-solid structural transition. These induced structures In this paper, we report a systematic study of the detailed
dramatically change the rheological properties of the fluidsdbehavior of magnetic-field-induced structural transitions in a
from liquid to solid, leading to many technological applica- model MR fluid, ferrofluid emulsion where the particle den-
tions, hence these fluids are called electrorheolodie&) sity is closely matched with the suspending liquid to prevent
[or magnetorheologicalMR)] fluids. While ER fluids have quick sedimentation and the particle size has a much nar-
been studied for more than four decades and MR fluids forower distribution than polystyrene magnetic colloids. Mea-
some year$5,6], the interaction mechanisms and the result-surements of light transmission through the emulsion as a
ing equilibrium solid structures have only recently been ex{unction of an externally applied magnetic field are used as
plored in detail and are only beginning to be understoodhe primary means of studying the structural transitions. Ex-
[7-11]. The complete phase and structural behavior and degerimentally, we find four structural regime§) randomly
tailed transition process are still not fully understood. distributed particleggas; (ii) coexistence of particles and

A few studies have dealt with the field-induced phase andandomly distributed short chains with random chain length
structural behavior in dipolar colloids, but different results (“nematic-liquid-crystal-like™); (iii ) coexistence of particles,
have been reported. Sano and Doi theoretically predict thathains, and columngliquid); and (iv) separated columns
in ferrofluids the magnetic field induces a gas-liquid phasdsolid). The entire structural transition process is divided by
transition, with a single critical fielfl12]. Recent numerical three structural transition magnetic fields, each one deter-
simulations of ER fluids by Tao suggest that an electric fieldnined by identifying where a significant structural change
induces gas-liquid and liquid-solid phase transitions with twooccurs as determined by changes in the light transmission. A
critical fields[13,14. In ER fluids, although the final struc- structural diagram of the structural transition magnetic fields,
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Hc, versus particle volume fractiong, is constructed ex- emulsion droplet concentration is kept low5%) to en-
perimentally. Theoretical models of scaling calculations,hance a long shelf lif€greater than three monthsOther
based upon the dominant magnetic interaction in each strueoncentrations were generated by adding or removing an ap-
tural regime, successfully explain all of the data, giving thepropriate amount of the water/SDS solution from the ex-
three structural transition magnetic-field relations Hg; tracted base emulsion.

1% Heomp ¥ and Heg (/G exp@Glgt?),

where y=0.39 andG=0.29 for our sampleHc; shows a B. Magnetic properties of ferrofluid emulsions
complicated behavior where two particle volume fraction de- ) L )

pendences are seen for the same structural transition mag- Each FeO, magnetite grain inside an emulsion droplet
netic field andy andG are constants that reflect the detailed corresponds to a single magnetic domain and will, therefore,
structure inside a column. have a permanent dipole moment. In the absence of an ex-

The long-range dipole-dipole interaction is responsible forternally applied magnetic field, the magnetic dipoles of the
the first structural transition: particles forming dimers or Fe;0, magnetite grains are randomly oriented in each droplet
short chains. In the second structural transition, in which thelue to thermal motion at room temperature, thereby giving
center of each column is formed when long chains reach theach ferrofluid droplet a zero net magnetic dipole moment.
boundaries of the sample cell acting as nuclei for shortThe ferrofluid droplets behave as hard spheres for droplet
chains to coalesce, the monopole repulsion between ends eéparation distances of 50 A or largé2,24. This distance
neighboring long chains sets the positions of the columnajs set by the screened Coulomb interaction between charged
structures. The short-range direct interaction between chainsps modules on the surface of droplets when they overlap.
is I’eSpOI’ISib|e for the third structural transition: tlghter"ng OfSDS is a surfactant with each molecule being approximate|y
each loosely bound column. The final shape of the ends ofp A in radius and consisting of a polar sulfate h¢aytiro-
the columns and the relative position between columns showhilic) and a nonpolar hydrocarbon téfilydrophobi¢. When
that the end-end repulsion between chains is important in thgissolved into water, the SDS molecules disassociate causing
structural formation. the polar sulfate head to become negatively char@sd.

It should be noted that parts of this paper—the transmisThe SDS molecules then arrange themselves both on the
sion measurements and the main part of the structural trargyrface of oil droplets and into micelles so that exposure of
sition theory—were previously presented in an earlier publithe tail to the water is minimized, thereby minimizing the
cation[5,19] as conference proceedings. In this paper, Wefree energy[25]. If two droplets come near to one another,
have expanded the data, the discussion, and the theory aggch droplet coated by charged SDS will experience a repul-
have revised thédc; andHcs data based upon improved sjve force due to static Coulomb interactid¥]. This repul-
criteria. These revisions can be seen most notably in thejon will prevent the coalescence of the ferrofluid droplets
structural transition diagram that is presented later in thisgainst Van der Waal's attractive energy and maintain the

paper. distribution of the droplet sizes. The screening of droplet
surface charges by cations in the water makes the Coulomb
Il. FERROFLUID EMULSION PREPARATION interaction very short-ranged. Because of the large surface

AND PROPERTIES tension and osmotic pressure for this size of droplet, we ex-

pect that the droplets experience no deformation for exter-
nally applied magnetic fields up to 360 G. This was verified
In this study, a kerosene-based ferrofluid is used to makby direct observation, using optical microscopy, of apré-
oil-in-water emulsions obtained by employing techniques esdroplet inside a ferrofluid emulsion of 0/m average drop-
tablished by Bibett¢20,21]. The ferrofluid consists of 6.2% let size, where it was observed that the large droplet experi-
by volume of FgO, grains that have an average diameter ofenced only an 8% deformation. Hence, we may neglect any
approximately 14 nm and are coated by oleic acid. The ferdeformation that might occur in smaller sized droplets, such
rofluid droplets are stabilized with 0.015 mol/l sodium dode-as those in our primary ferrofluid emulsion.
cyl sulfate (SDS surfactant, which is approximately twice ~ When an external magnetic field is applied, a magnetic
the critical micellar concentration of 0.008 mo[21,22. dipole moment is induced in each droplet by aligning the
Once a crude oil-in-water emulsion is prepared, it is highlyFe;O, magnetite grains partially with the magnetic field.
polydisperse, i.e., it contains a wide range of oil dropletThis dipole moment can be very large because each ferrof-
sizes. A fractionated crystallization process involving attrac4uid droplet contains many E©, magnetite graing~1000
tive depletion interaction is used to separate the differenand can be turned on with an externally applied magnetic
sized droplets from one anothf21]. Repeatedly applying field or turned off with removal of an externally applied
this process results in a number of subsets of the originahagnetic field and the effects of thermal motion. These at-
crude emulsion, each with a narrow droplet size distributiontributes make the ferrofluid droplets superparamagnetic, that
which are used for experimentation. is, their magnetic susceptibility is approximately 1.09 in SI
The primary ferrofluid emulsion used in this study, unlessunits, which is five orders of magnitude larger than typical
mentioned otherwise, had a droplet diameter of@8and a paramagnetic materials.
standard deviation of 35%, which were determined by a dy- A single, isolated, magnetizable droplet of spherical shape
namic light-scattering technique through measurement of thwill acquire a magnetic dipole moment, that is propor-
droplet diffusion coefficient in a low concentratip®3]. The tional to the externally applied magnetic field, as given by

A. Emulsion preparation
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the following expression, in Sl units, )
Sensor with
Interference Filter
(1)

m= uo(3ma®) xH,

l
wherew is the magnetic permeability of free spaeds the :
droplet radius, andy is the magnetic susceptibility of the i T“
droplet (as opposed to the bulk matejialwo magnetized ) Magnetic Coil Cross
droplets with their magnetic dipole moments aligned along | IR Section with Sample
the magnetic-field direction will interact with each other L*® @ Cell at Center

A
I
|
I

through a potential energ¥ly.q, as given by the following Power Meter
expression, in Sl units:
, ‘2

- - -——

m? (1-3cos 6 -
Ug.q(r,0)= 4o 3 ) 2 DC Power Supply ® Neutral 10 mw He-Ne Laser
0 Density
wherer is the distance between the centers of the two drop- Ammeter Filter

lets and @ is the angle between the externally applied
magnetic-field vector and the distance vector. The higher-
order terms are negligible for the typical low magnetic field hollow cylindrical mounting positioned inside the magnetic
used in this study. If6 is in the range of 0L 6<55° or coil at the midsection of the coil. The laser beam, of wave-
125°<§<180°, the droplets will attract one another, other-length 632.8 nm and approximate beam diameter 1.0 mm, is
wise they will repel one another. If this dipole-dipole inter- directed at the cell’'s surface along the coil's axis. Transmit-
action energy is sufficiently strong, the droplets can acquirgéed light is collected by a photodetector connected to a power
the unique and interesting property of linking together in ameter. The photodetector has an aperture of approximately
chainlike fashion. The formation of these chainlike structuresl.0 cm in diameter and is positioned 42.5 cm above the
is reversible when the externally applied magnetic field iscenter of the magnetic coil to avoid the first-order diffraction
removed. These chainlike structures, and more complelight and to reduce the small-angle light scattering through
structures, have been studied in our earlier wdrk,26,27.  the sample cell to within a total angle of 1.3°. The power
The effective attraction or linkage of two ferrofluid drop- meter sensor is covered with a 632.8-nm interference filter,
lets can be described by a coupling constantinvolving  allowing only light with the wavelength of the laser beam to
two competing factors: magnetic dipolar energy,.q and  pass.
thermal energkgT. The dipolar magnetic energy aligns the  The incident light,1,, is first measured without the
droplets together while the thermal energy tries to randomizeample in place. After the sample-filled cell is put inside the
the droplets. The coupling constanis defined, in Sl units, magnetic coil, the power supply current is then manually
as increased to generate the magnetic field at an average rate of
0.013 GIs, rising from 0 to 90 G or higher. The magnetic
~Uga muoa’y*H? field specified throughout this paper is always an external
- kgT - 9kgT 3 magnetic field unless otherwise stated. This slow rate of
change in the magnetic field is used so that an equilibrium
where the dipole-dipole interaction energdyy.q4 is calcu-  state can be reached where the droplets have time to move in
lated for two droplets that are nearly touching=2a) and and out of the formed chains many times before the solid
aligned head to tail §=0), kg is the Boltzmann constant, structures are formed. The intensity of the transmitted beam
andT is the temperature. The droplets are expected to fornis then recorded as a function of the magnetic-field strength.

FIG. 1. Experimental setup for light transmission measurements.

N

chains when=1. The transmission is calculated by dividing the transmitted
light intensity, I, by the incident light),, and multiplying
Ill. EXPERIMENTAL SETUP AND PROCEDURES by 100.

In this study, light transmission, static light scattering, and

. ; B. Static light scattering
optical microscopy are used to complement each other.

Static light scattering is used to verify results obtained
from the light transmission measurements. Static light scat-
tering measures the forward scattering pattern by using the

Figure 1 shows the light transmission experimental setupsame experimental setup as the light transmission experiment
which consists of a 10-mW He-Ne laser, a magnetic coilexcept that a white screen is used in place of the photodetec-
connected to a dc power supply, a glass sample cell, andtar to display the scattering pattern. The scattering pattern is
photodetector. The coil produces a magnetic field at a rate ahen observed with the naked eye and recorded by a CCD
60 G/A at the coil’'s midsection along its axis. The sample iscamera, connected to a VCR, positioned directly above the
contained in a rectangular capillary cell of dimensionscreen. Two experimental geometries are used to perform
0.1 mm(inner thickness dimensigr 2 mmx 51 mm and static light scattering. The first geometry has the laser beam
sealed with petroleum jelly. The sample cell sits on top of aperpendicular to the magnetic field by using a pair of mag-

A. Light transmission

011403-3



MARK IVEY, JING LIU, YUN ZHU, AND SERGE CUTILLAS PHYSICAL REVIEW E63 011403

H H, H, ted with an analytical functioicombined linear and hyper-
75 SAAEARRALRAM AARARRAMAAAARARADALI AR AADARI SRRAE bolic tangent functionsand the minimum of the second de-
70 | I :II: III: W I 3 rivative of the fitted function was calculated, via Mathcad, to
: Y ] . e . .
- s D e ] obtain the magnetic field at which the maximum curvature
& 65 2 : : .: . occurs Hey=27.7G). We calH; the first structural tran-
g 60 b P | ] sition magnetic field. Once past the curved region, a mini-
2 E oo o, [ ] mum intensity is reached that is immediately followed by a
'g 55 | : L. ] rapid but continuous increase in the intensity, indicating that
g s oo | ] we have a second significant structural transition. The mag-
& 50 3 le 1o | ] netic field at the minimum intensity is chosen as the measure
as b e e 3 of this second significant structural transitionH {,
: Y S ] =34.8G). As the magnetic field increases further, the inten-
40 FEPITINIS ATETEPS IPUAPS W AVENY FANSN AP PUPS IPSETETS INEPAAT EAETS ENEPI AT I

sity rapidly increases but then enters a region where the in-
tensity rapidly levels off, tracing out another curve in the
process, until the intensity enters a saturation region, as
FIG. 2. Light transmission measurement showing structuraSNOWN in Fig. 2. This second curved region £33=<90G)
transitions for¢=0.9% and cell thickness=100m. Four struc-  indicates that another significant structural transition has oc-
tural regimes are defined by three structural transition magneti€urred in the emulsion. We analyze it in the same way as the
fields: Hep, Heo, andHcs, as indicated by the dashed lines.  first curved region and obtain the third structural transition

magnetic field He.3=44.7 G). The corresponding coupling
netic coils rotated 90° relative to the laser beam. The secongonstants for these three magnetic fiekds,=2.42, ¢,

geometry has the laser beam parallel to the magnetic field= 3,79, and\ .;=6.16.

which is the same as the light transmission experiment, as The transmitted light intensity is an indicator of the struc-
well as our earlier static light-scattering experiments pertyres formed in the emulsion fluid and how they are chang-
formed for equilibrium structure studig¢41,19,26. Instead ing. The three structural transition magnetic fields divide the
of a capillary cell, the sample is held by a flat glass cell,ight transmission curve into four structural regimes. With
covered with a glass slide, sealed with grease, and placagie aid of the optical microscope, we can observe the struc-
into a cell holder clip. The flat glass cell is 4.5 cm long, 1.2tyres formed by the emulsion droplets in real space and thus
cm wide, and 0.1 cm thick with a 1Qom=5 um trough cut  ynderstand the physical characteristics of each of the struc-

0 10 20 30 40 50 60 70 80 90 100
H(G)

into one face of the cell to contain the sample. tural regimes. Figure 3 shows such corresponding structures
for the particle volume fractionp)=0.9% under the same
C. Optical microscopy conditions that were used for obtaining the data shown in

An inverted Nikon microscope is used to directly observer9- 2 . h he dronl domly di
what is physically happening to the emulsion when subjected _bln rzg_lme l, wheren<1, t eh roplets are ran r?””;] IS-
to a magnetic field. A glass capillary cell is used with either!fiPuted in a gas structure as shown in Figa)3o that they
square or rectangular cross-section area with an inner thiciecatter and absorb the incident light, giving rise to the low
ness dimension ranging from 20 to 1@@n. The structures 'elative tolo. Whenk~1, any two droplets in contact may
can be viewed either normal to the magnetic-field directionform @ dimer, a two-droplet chain, that constantly breaks up
where two magnetic coils are attached to the sides of th@nd reforms again. As stated earlier, the coupling constant
sample platform, or parallel to the magnetic-field direction,or the first structural transition fap=0.9% was experimen-
where one coil sits on top of the platform around the samplet@!ly found to bec,=2.42. This is twice the value of the
A CCD camera is connected to the microscope and to goupling constant at which droplets begin to form dimers.
VCR. The power supply current is automatically increased tol NS ¢an be understood by the fact that most individual par-
generate a magnetic field at a rate of 0.014 G/s from 0 tdicles are not in contact. The distance between the particles
60.6 G. As the magnetic field is increased, images are rdor ¢=0.9% requires a larger magnetic field and, hence, a

corded. largerX for particles to attract each other and overcome ther-
mal motion to form dimers.
IV. EXPERIMENTAL RESULTS AND DISCUSSION In regime Il, where\ increases further, both the average

chain length and the number of chains increase while the

A typical measurement of light transmission through thenumber of single particles decreases, as shown in Fig. 3
ferrofluid emulsion as a function of the magnetic figi,is ~ Light transmission is sensitive to the amount of light being
shown in Fig. 2 for particle volume fractioh=0.9%. The scattered by the sample, which is determined by the size,
laser beam is parallel to the direction of the magnetic fieldshape, and number of scatterers in the sample. As more drop-
As the magnetic field is applied and slowly increased, thdets pair up and short chains form, the number of scatterers
transmitted light intensityl;, slowly decreases in intensity decreases but the scattering cross section increases leading to
but then enters a region where the intensity rapidly dea decrease in the transmitted intensity, In particular, a
creases, tracing out a curve in the process, until a minimurghain of particles acts like a cylindrical scatterer. Since the
intensity is reached, as shown in Fig. @ (l/1g) Rayleigh-Gans scattering intensity for a cylindrical scatterer
x100] versusH). The curved region (8H<34G) was fit- is proportional to its length and radiusr asl?r® [28], the
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FIG. 4. Optical microscopic images showing the structural tran-
sitions from regimes II-IV for the experimental conditions &f
=3.0%, particle diameter @=0.2um, and cell thicknessL
=50um: (@) a coexistence of droplets and chains at 361$,a
coexistence of droplets and chains at 42 (@, a coexistence of
droplets, chains, and columns at 48 G, ddil a columnar solid
structure at 300 G. The horizontal width of each image iu6@

2 S e,

FIG. 3. Optical microscopic images showing structures at each | regime 1V, the columns are nearly equally spaced and
of the four structural regimes in Fig. 2:(a) a gas structure at 15 G they become more rigid with the droplets inside of them
(regime ), (b) a coexistence of droplets and chains at 3(r&gime becoming more tightly packed with no single droplets or
Il), (c) & coexistence of droplets, chains, and columns at 42 Gyhort chains remaining outside of the columns, as shown in
(regime 11, and(d) a columnar solid structure at 60@gime IV). g '3q) The light transmission then saturates with minimal
The horizontal width of each image is 40m. change thereafter.

Figure 4 shows a better set of images of the same struc-
scattered light increases strongly as chains form. Furthetural transitions from regimes II-IV near one end of the
more, these chains are not rigid; they vibrate and fluctuateample cell for a different set of experimental conditighs:
due to thermal motioh29]. Therefore, each chain acts as a =3%, particle diameter 2=0.2um, and cell thickness
cylindrical scatterer with an effective scattering radiyg ~ =50um. Since the gaps between columns are generally
~(la/\)Y2, which can be larger thaa; for example, withl  much larger than the column wid{ti1], more light is al-
=20a and A=2, the effective scattering radius is.s  lowed to pass through. As a result, the saturated transmission
~3.2a. The strong scattering due to the growth of each chairntensity is always higher than the zero-field intensity. The
and the vibration of long chains results in the further reducsame general behavior is observed for all of the particle vol-
tion in |, thereby leading to the observed dip in Fig. 2.  ume fractions studied, 0.3%¢<10%, as shown in Fig. 5.

In regime lll, the long chains reach nearly maximum It should be noted that data were also collected for the par-
length and they start to absorb neighboring short chains anticle volume fractions of 12% and 14% but were not in-
single droplets, thereby forming columns as shown in Figcluded in the analysis since our laboratory demonstrated that
3(c). A depletion zone is created around the forming col-high concentrations are susceptible to the effects of multiple
umns, which opens up the gap between the forming columnscattering at the early stage of chain formation, therefore the
and reduces the number of scatterers, thereby increasing th@ansmission may not reflect the structural transition accu-
light transmission. rately. In addition, Fig. 5 shows data up to 90 G, but data
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FIG. 5. Composite light transmission measurements for all par- 0 10 20 30 40 50 60 70 80 90 100
ticle volume fractions studied (0.3%¢<10%). @ H(G)

were collected up to as high as 360 G for some of the particle c
volume fractions. Since these data points occurred in the _ }
saturation region and remained fairly steady, they were not i [
included in the figure. nr :

The structure of droplets in regime | clearly corresponds .

- ]
I on, '5""-..‘..-'-\-'.. .’\..,‘-Nv“'o.;
1 0 -_ ~. () -

|
to a gas structure. The structure of regime Il is similar to that £ | .
of molecular liquid crystals, with all the chains parallel to the = [ ': ]
magnetic-field direction but with random positions and chain © o[ | ]
length. This structure may be called “nematic-liquid-crystal- l
like.” As seen from Fig. 8) and Figs. 4a) and 4b), gas s b : 1

L |

|

and liquid coexist in this regime. As the magnetic field in-
creases, separate thin columns are formed with a few chain: ;
loosely bound within each column, as shown in Figc)4 0 10 20 30 40 50 60 70 80 90 100
Since the particle density inside a thin column is less than the
. ; . (b) H(G)

close-packing density, this structure may be called a colum-
nar liquid. As a result, the structure in regime Ill may be F|G. 6. (a) Peak intensity of scattered light as a function of the
described as a coexistence of gas, “nematic-liquid-crystalmagnetic field for¢=0.9% and cell thicknest =100um. (b)
like,” and columnar liquid. Finally, the rigid columns in re- Static light-scattering measurement showing average column spac-
gime IV correspond to a solid structure. ing as a function of the magnetic field for the same data set @.in

In order to quantitatively understand the characteristidHere the light is parallel to the magnetic-field direction ahds
magnetic fields measured in Fig. 2, we use small-angle lighdefined as 2r/qm.x, Whereqm,y is the first ring peak position. No
scattering to measure the threshold magnetic fields in tweing peak is observed until magnetic field reaches 36.3 G.
geometries forp=0.9%. In the first geometry, the incident " . )
light beam is perpendicular to the magnetic field so that thd'€!d increases further tbic,=36.3 G[Fig. 6b)], a ring ap-
scattering pattern is sensitive to the chaining of the dropletd?€ars in the scattering pattern. The ring becomes sharper as
As H increases, an anisotropic ellipsoidal scattering patterf’® magnetic field increases further and the peak intensity
becomes visible at 27.1 G that evolves into a bright narrovpaturates aklc;=50.0 G[Fig. 6@)]. Figure &b) shows the
band that is perpendicular to both the magnetic field and th&ng peak positiord obtained fromg ., the scattering wave
incident light beam. This band indicates that anisotropic scatvector at the maximum intensity,,.x. The ring peak inten-
terers are forming parallel to the magnetic-field direction.Sity measures the ordering of the columns in g plane
The magnetic field at the onset of the anisotropic pattern i§iormal to the magnetic-field direction, whereas the ring peak
comparable to the magnetic field determined by light transPosition measures the average column separation,
mission for the first structural transition fef=0.9% (Hc;  =27/dmax[11]. At HZ,, the centers of the columns are very
=27.7G). This provides supporting evidence for our use ofvell defined and column separation does not change with
the minimum of the second derivative of the fitted curve infurther increases i, although the column width may still
determining the first structural transition magnetic field. ~ changedecrease when the columns tightand the ordering

In the second geometry, the incident light is parallel to themay still increase. As a result, the structural transition from
magnetic-field direction so that the scattering pattern is sersingle chains to thin columnsH(,) must fall within the
sitive to the structures of the scatterers in the plane perpemangeHc,<Hc,<H¢,. The value forHc, (34.8 G falls
dicular to the magnetic field, that is, it is sensitive to thewithin the expected range confirming that the light transmis-
formation of columns. When the magnetic field increases t@ion measurements provide a good indication of the second
H¢,=33.6 G[Fig. 6(@)], the scattering light intensity starts structural transition. AH¢5, the ordering among columns
to increase beyond the background noise. As the magneti@aches a maximum, giving rise to the saturatioh,@f. The
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TABLE |. Structural transition magnetic field$i¢,,Hc,,Hes), for each particle volume fraction, and
their corresponding coupling constandsc( ,Ac2,Ac3)-

Volume

fraction Hey Heo Hes

(%) (©)] G (©)] Nc1 Aco Acs
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 14.4 315 47.6 0.662 3.12 6.95
8.4 155 30.9 49.2 0.767 3.00 7.40
10.0 13.2 30.9 50.3 0.557 3.00 7.72

magnetic fieldH ¢, is greater than the magnetic field deter- structural transition magnetic fields which are discussed fur-
mined by light transmission for the third structural transitionther in Sec. V.

for $=0.9%, Hc3=44.7G. This is to be expected since Itis interesting to notice that in Fig(d) the end shape of
H¢; measures the end of the solid structural formation witheach column in the solid structure is tapered and the columns
tightened chains within the columns, whit.; measures the are quite regularly separated. The end shape is not limited to
beginning of the solid structural formation with loose chainstapering only. Figure 8 shows that the tapered efifdgs.
within the columns. 8(a) and 8c)], at the low particle volume fraction oé

The light-scattering results are consistent with the light=3% and particle diametera2=0.5um, can be changed to
transmission measurements showing that the light transmisplit ends[Figs. 8b) and &d)] at the higher particle volume
sion measurements can be used to investigate structural tran-
sitions. For particle volume fractions higher than 5% and cell
thickness 10Qum, the light-scattering technique is limited by
the occurrence of multiple light scattering, especially at the
early stage of chain formation. Therefore, light transmission
makes possible the extension of the range of measurements
to higher particle volume fractions as long as the particle
volume fractions are not too high>10%).

We repeated the light transmission measurements for par-
ticle volume fractions,®, ranging from 0.3% to 10% and
obtained similar results, as shown in Fig. 5. We used the
same analysis methods for each of these light transmission
measurements as were used for #we 0.9% light transmis-
sion measuremeriFig. 2) and obtained three corresponding
structural transition magnetic field${., for each ¢, as
shown in Table I.

Table | shows thah ;<1 when $=7.2% for the first
structural transition. This may be due to the polydispersity of
particles in our sample and the definition ®fused. The
values in Table | are based upon the average particle size, but
larger size particles can still form chains since their magnetic . + H -
interaction energy may be larger thkgT even though\ ¢, s Gas } €1
<1. In addition, the local magnetic field inside a particle i 1
within a chain is larger than the magnetic field inside a single o —/——+—FH—————
particle alone due to the reduced demagnetization field from 0 2 4 8 10
the chain geometry, thereby increasing the effective coupling
constant further.

The structural transition magnetic fields in Table | were FIG. 7. Structural transition diagram for the ferrofluid emulsion.
used to construct a structural transition diagram, as shown imhe solid lines are theoretical fits of the three structural transition
Fig. 7. The solid lines in Fig. 7 are theoretical fits of the threemagnetic fields.
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[Fig. 9(d) at ¢=3%] away from the tip. Therefore, the end
shape holds for only a short distance.

These end shapes of solid structure and the regular sepa-
ration between columns are due to the fact that structural
growth within the ferrofluid emulsion is confined by the
walls of the sample cell. The confinement causes the col-
umns to terminate with an effective magnetic charge at both
ends due to the packing of magnetic dipoles in the droplets.
Image dipoles do not exist due to the use of a magnetic coil,
which is different from what is used for ER fluids. All of the
columns have the same signed effective magnetic charges at
the top of the sample cell and the same opposite-signed ef-
fective magnetic charges at the bottom of the sample cell.
This causes the ends of neighboring chains within each col-
umn to repel each other. Minimizing the repulsive energy
results in shifting neighboring chain positions along the
magnetic-field direction as shown in our earlier computer

FIG. 8. Optical microscopic images showing the shapes of thesimulation[30]. If one chain in a thin column reaches the
ends of the columns in the solid structure for ferrofluid emulsion ofboundary of the sample cell, the rest of the chains try to
particle diameter 2=0.5um. Tapered ends are seen fgf¥  move away from the boundary, thereby forming a tapered
=3.0% and(a) L=20um, (c) L=50um. Split ends are seen for column. If a thicker column has a large number of chains, the
¢=10.0% andb) L=20um, (d) L=50um. The horizontal width  shifting of neighboring chains can go in both directions
of each image is 27.zm. (+z or —2) along the radius of the column, where chains

with the same length try to stay away from each other result-
fraction of ¢=10%), while keeping the same cell thicknessing in split end shapes. Since the column width increases
L=20um [Figs. §a) (tapered and 8b) (split)] and L  with both the particle volume fraction and the cell thickness,
=50um [Figs. 8c) (tapered and 8d) (split)] along the as our earlier work has showi1,2€], the tapered ends for
magnetic-field direction. Notice that the shape of split endshin columns change to split ends for thicker columns as both
becomes more connected and bigger when cell thickness ih- and ¢ increase.

creases from 20 to 5@m as shown in Figs.(®) and &d). If The magnetic charges at the ends of the columns also
we keep the cell thickness ht=20uxm and move from the cause neighboring columns to repel one another. This results
tip of the column up toward its center, the split efég.  in local ordering of columns and further coalescence between

9(a) at ¢=10%] and tapered endsig. Ac) at $=3%] at  the columns is not possible. This monopole repulsion be-
the very tip of the column will become disklike with a wider tween columns is important in the equilibrium structure for-
cross section only Gum [Fig. 9b) at ¢=10%] and 5um mation, as our earlier work has shoytl,26|. It is also an
important factor in determininglc,, as shown in our theo-
retical model below.

V. THEORETICAL MODELS

In order to understand the structural transitions and their
associated magnetic fields, theoretical models were derived
to provide the relationships between the three structural tran-
sition magnetic fields and the particle volume fractions. All
the calculations are in Gaussian units.

The first structural transition magnetic fieltc,, de-
creases with the particle volume fractiaf, We believe that
this can be understood simply from the competition between
the dipolar interaction energy of two droplet$,.q, and the
thermal energykgT. The dipole-dipole interaction is a long-
ranged interaction that favors chain formation while the ther-
mal energy favors randomizing chains and droplets. The in-

FIG. 9. Optical microscopic images showing different cross secl€raction energy is built up as the magnetic field increases
tions of the columns for @=0.5um andL=20xm. In(a) and(b), ~ and magnetic dipoles are induced in the dro_plets. W_hen
$=10.0% and images are taken at the very tip of the col@n Yd.a>KsT, two droplets are able to form a dimer chain.
and 6 um up from one end of the colum¢b). In (c) and (d), ¢ These dimers are not permanent. They constantly break up
=3.0% and images are taken at the very tip of the coléoyand  into individual droplets and recombine into dimers. The
5 um up from one end of the colum(). The horizontal width of number and lifetime of dimers increases as the average drop-
each image is 2mm. let separatiord decreases or as the particle volume fraction
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increases. Therefore, the condition for the first structurabets stronger. Therefore, a largemplies that a lower mag-

transition magnetic fieldHd ¢, is netic field is required to form columns.
The repulsive Coulomb interaction energy between two
2(m)? neighboring columns is
% ~keT 4 ,
q
Ug~—. (6)

where m=ga®H is the magnetic dipole momeng= (up P

i)/ (upt2p), with w and u, the permeability of the  The condition for the second structural transition magnetic

solvent and the ferrofluid, respectiveli, is the magnetic  fig|g, H.,, is therefore given by

field, andd is the average droplet separation. Once some of

the larger droplets form chains first, the chains may attract qﬁ1

smaller droplets and grow. —~kgT, (7)
Using ¢~ (4m/3)(a/d)® with a the average droplet ra- P

dius, and assuming a uniform distribution of particles in thewhere qmocﬂaZH and p is the average separation distance

sample cell, we obtain the relationship between the firshetween the columns. This relation is valid if the length of

structural transition magnetic fielddc,, and the particle the columns is much larger than the separation between the

volume fraction,¢, columns, which is the case in our experiment.
If we assume that the columns are very thin at this stage,
H 1[27kgT 1’2¢71/2 5 the particle volume fractiorh can be approximated as
c1~ 5, 3 .
3a
p $(alp)?. ®

Using u,= 2.7 for the ferrofluid ang¢=1 for water(which  Combining Eqs(7) and (8), we obtain the relationship be-
gives $=0.36), a=0.15um, andT=300K, we fitted Eq. tween the second structural transition magnetic field,,
(5) to the experimental data, as shown in Fig. 7. The fitting isand the particle volume fractios,

gualitative rather than quantitative as we have allowed the

fitting to have multiplicative and offset coefficients to ac- 1T\
count for the approximate nature of E&). The theoretical Hco Bl ad ¢ ©

model did capture the decreasing trend of the first structural
transition magnetic field. It can be seen from Fig. 7 that theUsing experimental conditions, we fitted E®) to the ex-
lower particle volume fractions tend to be above the fittingperimental data, as shown in Fig. 7. The fitting is qualitative
while the higher particle volume fractions tend to be belowrather than quantitative as we have allowed the fitting to
the fitting, in particular for¢=7.2%. In the case of the have multiplicative and offset coefficients to account for the
lower particle volume fractions, the average patrticle separaapproximate nature of E@9).
tion is quite large so that the chains end up forming when For a small sample cell thickness, for example 10489
A>1. As ¢ increases, the distances between the particlethe repulsive Coulomb interaction enerdyg. (6)] has to be
become smaller, therefore a smaller magnetic field and aodified by including higher-order terms for the next-nearest
smallern will be required to attract droplets and form chains. neighbors, which leads to the relatibhs,c ¢, where the
Hence, a decreasing function Ef.; is to be expected. exponent should be greater than 0.25 but smaller than 0.75.
The second structural transition magnetic fi¢ligy,, cor-  This scaling analysis is consistent with the experimental data
responds to the formation of long chains that serve as th#om Hwang and Wu thak=0.5 for the second structural
nucleation centers of columns. It is experimentally observedransition magnetic fieldd ¢, [17].
that column formation is initiated by the long chains serving Previously, we used a different condition for the second
as nucleation centers, which attract neighboring short chainstructural transition magnetic field by balancing the attractive
and single droplets to form columf81]. These nucleation energy between long chains with neighboring short chains
centers have an average spacing, but weak local orderingnd the thermal energyl9]. Even though the result also
perpendicular to the direction of the magnetic field. As theshows the sameé dependence, it is not clear that the direct
magnetic field increases, these nucleation columns attract ativteraction can be neglected in the column formation. When
ditional individual droplets and chains causing the columnsonsidering the experimental result from Hwang and Wu for
to grow larger and to develop an increased local orderingshorter chaingd17], the physical picture used here seems
This local ordering is caused by a repulsive Coulomb interimore appropriate.
action,U,, between the effective magnetic charggsat the The third structural transition magnetic field¢s, is dif-
ends of neighboring columns, as indicated by the end shapderent from the first and second structural transition magnetic
shown in Figs. 8 and 9. U, favors the ordering of the long fields in that the corresponding structural transition occurs
chains, whereas the thermal energy tends to destroy the lociiside the individual columns. Specifically, it is a transition
order. We believe that the competition between these twérom liquidlike loosely bound chains to solidlike densely
energies sets the second structural transition magnetic fielpacked columns. In the structural regime just beléws, the
As the particle volume fraction increases, the neighboringstructures consist of single chains and columns where the
long chains become closer and the interaction between thegolumns consist of chains that are liquidlike and fluctuate
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due to thermal motion. In the structural regime abblg;,  where y reflects the sensitivity of the particle volume frac-
the structures are solid columns where the droplets that haibn dependence of the average distance between the chains
comprised the chains have been rearranged to be clos@sthin the columns (6= y<1) andG is a geometric factor
packed and may well have the body-centered-tetragonakflecting the chain structure within the columns.

(BCT) structure[14]. There is no longer a one-dimensional  Using Eq.(15), Eq. (12) becomes

characteristic of chains within the individual columns. In the

transition, the short-range direct interaction energy is a bind-

ing energy for making the columns rigid, while the fluctua- 27mkgT 2/ q 1 &7 =G
tion of chains due to Peierls-Laudau instability has the opHcz~ 3 2 a2 |8XA — oy |-
posite effect. We believe that competition of these two 256 p’]|{codzmla))[ | G ¢
energies sets the third structural transition magnetic field.

The attractive short-range direct interaction energy is (16)
[7.8]

2 1/2
: 13 772(2_a> cos(mr/a)ex;{ _me . (10 In Eqg. (16), we may set(cos(@z/a))|=0.65 based upon
a P a the following argument: for a monodisperse sample, the po-

sition of droplet number in a straight chain isz=(2]j
+1)a, which gives cosfz/a)=—1. Since our sample has
33504 polydispersity, the average position of droplet nunjber
in a chain deviates from its perfect position by 35%, there-

wherez is the distance in the direction of the magnetic field.
The fluctuation energy for a single chain of the droplets in
column[31] is

277\ 12 92} T 12 fore cosfrz/a)=—0.65 and|(cos(mz/a))|=0.65.
U.~ml — cme 11 Using the experimental conditions, we fitted Ef6) to
f 2 5 ( ) . . . - .
128 p the experimental data, as shown in Fig. 7. The fitting is

qualitative rather than quantitative, as we have allowed the
fitting to have a multiplicative coefficient to account for the
approximate nature of Eq16). The fit of Eq.(16) gives us
v=0.39, which falls within our expected range, a@@l
=0.29, which indicates that the particles are not uniformly
distributed throughout the columns. From the agreement be-
tween the calculation and the experimental resultHes,

we see that the short-range direct interaction plays a key role

wherep is the separation between the chains in a column in the formation of the columnar solid structure. This is con-
The fluctuation energy can be attractive especially 'a’sistent with the ground-state calculations of others for dipo-

larger chain separations, where it is proposed to be the ma ﬁ‘r\;\l;;:d [7'81' h | L b

driving force for chain aggregatiof82]. In the case where en ¢ increases, the column separation is constant but

the chain separation is short, the attractive short-range direff€ column width in steady state increases, as was shown in

interaction dominates the fluctuation attractive energyCUr €arlier work'11], therefore the magnetic field required to

Therefore, it is the direct interaction energy that is importanttlghten more chains In a CO'U”.‘” S.hOUId also increase. This
and competes with the repulsive fluctuation energy to set thE'@y account for the rise dfics in Fig. 7.
third structural transition magnetic field.

In the structural regime just beloM 3, if we assume

Equating Eq.(10) and Eq.(11) results in a relation for the
third structural transition magnetic fieldl 3,
2 ;{ p
exp 7=
a

(12)

a
p

27mkeT
C3 25®3

1/2 1 1
(,3772) [(codzm/a))|

uniform liquid-crystal-like structures where the chains within VI. CONCLUSION

the columns form local hexagonal structures, we have A ferrofluid emulsion exhibits complex structures with
a2 o the gpplication of a slowly increasing magnetic field.. The
- ~ . (13)  detailed study shows that structural transition, from initial
p/ (121 gas to final solid, consists of two regimes of coexistence of

. , structures instead of just one, as found in isotropic colloids
In the structural regime abovécs, if we assume BCT sol-  g,ch as hard spheres and charged colloids. As the magnetic
idlike structureq14] such that &/p) is a constant, we have fig|q increases, a total of four structural regimes is ob-
2 #° sgrved: (I) randomly dispers_ed “droplet_SJQS), .(II) indi-
~—. (14) \_/ldual drop!ets(gas) and_ cha}lns( nematlc—llqwd—cryst'al-
(1.73 like”) coexistence,(lll) individual droplets(gas, chains
(“nematic-liquid-crystal-like”), and loosely bound columns
At the structural transition magnetic field, we may assumqliquid) coexistence, andV) tightly bound columngsolid).

a
p

that the following general relationship exists: Three structural transition magnetic fields are measured
) with the light transmission experiment as a function of par-
a ¢)’ . . . . .
4 - (15) ticle volume fraction. A structural transition diagram is con-
p G2 structed. Our theoretical models fit the experimental data
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well for the second and third structural transition magneticat low particle volume fractions and split ends at higher par-
fields and qualitatively show the decreasing trend for the firsticle volume fractions.

structural transition magnetic field. From this, we find the
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