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Field-induced structures in miscible ferrofluid suspensions with and without latex spheres
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We explore magnetic-field-induced ordering and microphase separation of aqueous ferrofluid and of aqueous
mixtures of ferrofluid with nonmagnetic latex spheres. The ferrofluid is a surfactant stabilized aqueous sus-
pension of magnetite (5©,) particles with average diameter 20 rimcluding the~2.5-nm thick surfactant
layen; the nonmagnetic latex spheres are charge stabilized polymethylmetha¢BAdk¢A) particles with
diameters of 42 nm, 108 nm, and 220 nm. In the presence of a uniform magnetic field, needlelike ferrofluid
droplets formed that eventually grew to sample-traversing columns at field$600 G; the two-dimensional
structure of these columns was, however, glassy rather than hexagonal. In higherf@§, G, the columns
stretched and coalesced into sheetlike striped liquids, but a true lamellar phase was not observed. The addition
of nonmagnetic latex spheres to the ferrofluid suspension lowered substantially the critical field for the forma-
tion of columns, and induced lamelléstripe) phases at relatively low applied fields. Image analysis was used
to determine the spatial correlation functions, the average needle or column spacing, and the average lamellae
spacing of these samples as a function of latex sphere size and concentration.
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[. INTRODUCTION the present study, nonmagnetic particles with relatively large
diameter were mixed in ferrofluids having very large mag-
Ferrofluids(FF) are suspensions of small, single domainnetic particle volume fractiongi.e., volume fractions of
magnetizable particles with diameters of order of 10 nm. If=0.2) [1,24—28. The nonmagnetic latex spheres in these
the ferrofluid is immersed in a magnetic field, a magnetizasystems behaved as magnetic hgte24—-264, whose inter-
tion is induced in the sample, and dipolar interactions beactions induced the formation of chains and two-dimensional
tween oriented ferrofluid particles become important. Wher(2D) crystals dependent on field direction and sample geom-
dipolar interactions are sufficiently strong, ferrofluids exhibitetry. In another limit, small nonmagnetic particles were
a rich phase behavigi] as a function of external field and mixed in low volume-fraction ferrofluids27,28. The phase
volume fraction. The high-field solidlike phases have rheo-behavior of these systems was not reported, but neutron scat-
logical properties that differ significantly from those of the tering experiments suggested that some anisotropy in the
low-field homogeneous phase, and large changes in systespatial distribution of the nonmagnetic particles was pro-
response and rigidity can be produced with relatively modestluced through its interaction with the ferrofluid particles. It
changes in magnetic field. This switching property has led tavas further suggested that the ferrofluids might be used to
useful applications of ferrofluids, from sealants in the rotaryalign anisotropic macromolecules.
shafts of computer disk drives to heat dissipaters in speaker In this paper, we report experiments on thiout still
coils [1]. These demonstrated applications and fundamentdhree-dimensional samples of aqueous ferrofluid and of
questions about dipolar liquids and solids have driven extenaqueous mixtures of ferrofluid and nonmagnetic particles in
sive theoretical and experimental investigations of the phasmagnetic fields. We have studied the phase behavior of these
behavior of ferrofluidg1-22]. systems directly with optical microscopy. We used image
In this paper we focus on the behavior of aqueous misanalysis and cycling to determine when the samples reached
cible ferrofluids and miscible mixtures of ferrofluid and non- equilibrium (or at least steady stateand we used image
magnetic spheres; our suspending fluid is water, and both thenalysis to study long-range order and periodicity in these
magnetic and nonmagnetic particles are stabilized in watesystems. In very low fields, the pure ferrofluid was isotropic.
More commonly, the ferrofluid is composed of magnetic par-With increasing field, elongated droplets consisting of re-
ticles suspended in one solveetg., oi) that is then mixed gions of increased ferrofluid particle density formed. We re-
with a second immiscible fluide.g., water. An interfacial  fer to these droplets as needles hereafter. Their long axes
tension between the two components of the mixture arisewere parallel to the field. With a further increase in field, the
naturally in the immiscible samples. This interfacial tensionneedles grew and eventually stretched from the top to the
plays a critical role in the energy balance of the system andyottom of the sample. We will call these sample spanning
ergo in the formation of columnar, lamellar, and labyrinthineneedle columns, and we refer to the transition from predomi-
phases in magnetic field2—15,23. nantly needles to predominantly columns as the isotropic-to-
Even less attention has been afforded to miscible mixcolumnar transition. The two-dimensional structure of the
tures; the combination of ferrofluid and added nonmagneticolumns was glassy rather than hexagonal. At higher fields a
particles represents an important variant upon simple dipolagisordered striped-liquid pha$29] rather than a true stripe
fluids. To our knowledge, there are no theoretical treatmentphase formed. The addition of nonmagnetic spheres, with
of this system. There are, however, a few interesting experidiameters two to ten times the size of the magnetic particles,
ments on mixtures. In one limit, which we do not explore ininduced significant new behaviors and structures. The field
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strength required for the isotropic-to-columnar transition was
reduced substantially relative to that of the pure ferrofluid. In
addition, true lamellarstriped phases formed at a lower
field than that required to produce the striped-liquid phase in
the pure ferrofluid. This consequence of added partigles
lowering of the transition fieldsis qualitatively new and
potentially useful. We studied the spatial correlation func-
tions of the columnar and lamellar phases as a function of
particle diameter and volume fraction.
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II. EXPERIMENT

Our ferrofluid solution was a commercially available
product under the trade name EMG 705 from Ferrofluidics FIG. 1. Magnetization measurement for ferroflufF) alone,
Corporations, Nashua, NH. The ferrofluid solution consistedor honmagnetiq100 nm) spheresNM), and a mixture of ferro-
of Fe&;0, particles dispersed in water. The ferrofluid particlesftid (¢#s=0.5%) and nonmagnetic spherety(,=220 nmgyy
were stabilized against aggregation by surfactants. We pro= 20%). Iq the fer_roflyld and the mixture cases, we _sub_tracted the
cessed the commercial ferrofluid solution to remove exces@iamagnetic contribution from the measured magnetization.
surfactants without destabilizing the ferrofluid particles and
to reduce size polydispersity of the ferrofluid particles. We
removed excess surfactants from ferrofluid solution so thainagnetization using the expressiovi(H)=M (H) neasured
excess surfactants could not stabilize any of the structures y . ,H. These recalculated curves are plotted in Fig. 1. The
formed by ferrofluid under magnetic field. For the removaleffective saturation magnetizatidviy was determined from
of excess surfactants from the commercial ferrofluid samplethe plateau values of the resultant magnetization curve. The
we employed repeated dialysis and redispersion using éffective saturation magnetization for ferrofluid alone and
stock solution of surfactants obtained from Ferrofluidics. Athe mixtures are shown in Fig. 2. The effective saturation
combination of centrifugation and magnetic size sorting wasnagnetization of the ferrofluid particles is 4840°+4.7
used to reduce the size polydispersity of the ferrofluid parx 10° Am~*. Assuming a magnetic core diameter of 15 nm,
ticles[30]. The average ferrofluid particle diametki-inthe  our ferrofluid particles have a magnetic moment of 8.48
processed sample was 20 nm, and the sample polydispersify10~1® Am?. Our measurements show that the effective
was 15%; both numbers were deduced from dynamic lightaturation magnetization of ferrofluid particles increases by
scattering measurements. The nonmagnetic latex spheres7o, as the volume fraction of the added 42-nm nonmag-
were polymethylmethacrylattPMMA) beads. The average netic beads increases from 0% to 20%. A substantially
diameter €lyy) and polydispersity of the PMMA beads were \weaker increase was also observed as a function of the di-
measured by dynamic light scattering to be 42 nm and 7%ameter of the nonmagnetic spheres. These effects were rela-
108 nm and 6%, and 220 nm and 4%, respectively. The 48vely small, but repeatable. We do not as yet have an expla-
nm PMMA beads were stabilized by 5—84ndodecyl trim-  nation for why the nonmagnetic spheres appear to increase
ethyl ammonium bromide surfactants; the 108 nm and 22@he saturation magnetization of the ferrofluid particles in
nm PMMA beads were stabilized by embedded amine
groups.

In order to determine the magnetic moments of the par- = 5'4;
ticles, a dc magnetometéPhysical Property Measurement 5 1 i
Systems, Quantum Design, San Diego,)@4s employed to o, 521 []
measure the magnetization curves for the ferrofluid, the non- < 1
magnetic spheres, and the mixtures of ferrofluid and non- = - !
magnetic spheres. The samples were housed in 1.3-mm- g 507 §
diameteik 1-mm-long cylindrical plastic tubes sealed by = ]
parafilm over the open ends. Magnetization measurements ('g 4.8 I
were performed from-5 T to 5 T for the nonmagnetic latex ]
spheres, and from9 T to 9 T for the pure ferrofluid and the 00 o4 o2

mixtures. The samples were kept at room temperature. The

diamagnetic susceptibilityy(,) of the nonmagnetic spheres
75 76 .

was calculated to be-7.19<10 °+0.2<10°", using the  pig 2. The saturation magnetization of the ferrofiuid for the

slope of a fitted straight line through the measured magnetirofiuid alone, and for the mixtures of ferrofiuid and nonmagnetic

zation curve. A magnet|zat|0n curve fOI’ nonmagnetIC Sphere§pheres(.) denotes ferrofluid alone(.) denotes 42-nm NM

is shown in Fig. 1. _ _ beads,(A) denotes 100-nm NM beads, ai¥) denotes 200-nm
In our measurements of ferrofluid alone and the mixturesnm beads. The saturation magnetization increased slightly with in-

we calculatedy i, from the slope of a fitted straight line at creasing volume fraction of the nonmagnetic spheres. The ferrofluid
high fields (i.e., above*4.5 T). We then recalculated the particle volume fraction was fixed at 0.5% for all samples.

Vol. fraction of nonmagnetic beads, ¢,
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FIG. 3. A schematic of our experimental setup. A water-cooled 0 20 40 r6(0 m)80 100 120
solenoid and a permanent magnet were used to create the magnetic H

field. The sample was placed on the top of the solenoid. FIG. 4. The pair correlation function of the columnar phase

these measurements. althouah we suspect the reason ma Qé)éained from digitized real space images of 0.5% by volume pure
! 9 P yferrofluid sample at 600 G. After the 11th cycle, the separation

corjl_r;]ecteq with the gt()aometr_y of our sam[()jle h_olhder. ._between the columns did not change significantly with further cy-
e microscope observations were made wit suspensmr&ﬁng of the field. We thus accepted the induced structure as an

loaded into a sam_ple cell formed _by parallel glass plate%qui”brium(or steady-stafestructure.
separated by parafilm spacers of thickness A#h A sche-

matic of our experimental setup and the placement of the]c the nonmaanetic particl was varied from 102 to
sample is shown in Fig. 3. The magnetic field was generatelge8>< 101 ngd v\? v er?’\cliMfr 42 nm to 220 nm
using a water-cooled solenoid and a permanent magnet. T We uség a c%'\lﬂnbiisz:\tign eof tvc\)/o methodso to ensu.re the
maximum field strength of the solenoigermanent magnet A I

d strength of the solenoi gne magnetic-field-induced structures reflected equilibrigon

was 500 G(670 G. By keeping the sample surface areasteady-stal)ebehaviors. First, the magnetic field was changed

small, i.e.,~3 mmx3 mm, the applied magnetic field was lowlv in all . ts at te of 0.083 G/s. S
measured to vary less than 2% across the sample. We plac¥8ry slowly In all experiments, at a rate of U. S. Sec
nd, when we reached a field wherein it was desirable to

the sample just above the entrance to the solenoid, and visq! “equilibri h Y led th tem b
alized the structures within the sample using a Leica DMIRBTEASUre an “equilibrium phase, we anneaied the system by
inverted optical microscope with a X NA=0.25 air objec- slowly cycling the field down by~100 G and then back up

tive again. We cycled the sample many times. The magnetic-field

The samples were imaged using a CCD cani@4@x 480 induced structure was determined to be an equilibrium or
pixels; Hitachi, model KP-M1Wand recorded on a S-VHS steady-state structure when the pair correlation function of

computer controlled video deck. The video tapes were theHje image ceased to vary significantly with cycle number. As

digitized and analyzed. To study the ordering of the columns?” example, Fig. 4 shows th_e two-dlmen_s,lonal pair correla-
on function for pure ferrofluid as a function of cycle num-

?;goz ecgl Ig&%z_gye%agg;gogin;? : :j;hp?r:aor?ggi;psggvgvs’ ber in its columnar phase at 600 G. The field was cycled 13
gnes in order to induce an equilibrium or steady-state struc-

the sample surface. To obtain better statistics, we used t fter | . “equilibri h . icall

low magnification objectivé10x) so that a large number of Iure. Alfter m_ducmg an “equi |br|um phase,” we typically

columns or lamellar layers were within our field of viéie., _0\_/\_/ered the field to zero again in order to confirm the revers-

between 2000—6000 columns &50 lamellar layers We lbility of the ohserved siructures.

determined the position of the columf(w the lamellar lay-

ers in each image using a centroid technid@4], and then [ll. RESULTS AND DISCUSSION

calculated angular averaged pair correlation functitsese . .

Fig. 4. The average column or lamellar spacings were cal- A. Miscible ferrofiuid

culated from the position of the first peak of the pair corre- In this section we discuss observations of the aqueous

lation functions. We took four images at different locations atferrofluid without added nonmagnetic spheres. Figure 5 is a

the same depth within the sample to improve the averaginggchematic summarizing the observations. Two sets of images

and then calculated the average column or lamellar spacingre shown as a function of applied magnetic field. The left-
In order to assess the completeness of needle and colurmost set are two-dimensional cross sections of the sample

nar structures, we recorded a series of 2D images of théop view, the magnetic field is perpendicular to the image

columns(every 1um) throughout the sample depth, and thenplang; these images, taken at a depth~660 um into the

constructed a 3D cube image by stacking these 2D imagesample, enable us to visualize ordering of the needles, col-

Cross sectiongside views through the 3D images parallel to umns, and sheets in two dimensions. The image set on the

the direction of the applied magnetic field helped us distinright provide side views of the samples, enabling us to de-

guish ferrofluid needles from columns. Note, the needle ditermine the needle length. As a group, the data enable us to

ameters ranged from 50 to more than 100 particles across.map out a phase behavior for the pure ferrofluid system as a
In the pure ferrofluid experiments, the volume fraction of function of field.

ferrofluid ¢ was maintained at 810 3. In the mixture In zero field, no phase separation was observed. We began

experimentsger was fixed at 5 10~ 3; the volume fraction to observe aggregates at fields 80 G. At 100 G these
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FIG. 6. The average separation between the needles or the col-
400 - Columns and umns(D) as a function field strengttH) for ferrofluid alone.
short needles
[32] diagram from the center of mass of the coluntas600
G). The average number of edges in the polygon surrounding
300 7 each column was between 5 and 6, and approached 6 with
increasing magnetic field. The bond-angle order parameter is
useful for assessing the degree of long-range order in the
200 sample. It is defined a§f6=|1/N225212;\':11[e6‘ %1|, where
0; is the angle that the vector between two neighboring col-
umns makes with a fixed axis in the plane, the first summa-
100 4 Short tion is over the verticesN;) in each Voronoi cell, the second
needles summation is over all of the Voronoi cellfg) in the image
[33]. Although the bond-angle order parameter increases
. with increasing magnetic field, it never exceeded 0.1 at any
Isotropic field. This very low value suggests that ferrofluid columns do
not possess long-range orientational order. Since the mean-

@ square displacement of the columns was very small, the co-
Top-view H Side-view TH

lumnar state is most likely a glassy state of pinned columns,
rather than the hexagonal phase predicted by theory.

FIG. 5. Optical microscope images of the structures formed by At the highest-field probed~1100 G, the columns
ferrofluid alone in water. A sectioning of a 3D image parallel to themerged to form abbreviated sheetlike substructures, which
applied magnetic field show an isotropic to needles to columnacollectively resemble a disconnected labyrinthinelike struc-
progression with increasing field strength. We do not observe stripe

and lamellar phases even Ht=1100 G, but observe a discon- ~ 45
nected labyrinthindstriped-liquid[29]) phase at this field. E
S 40

aggregates are needles, parallel to the applied field and dis- §
ordered in two-dimensions when viewed from the top down; g 351
from the side view it is clear that these needles do not as yet ®
extend fully across the sample. Some of the needles are con- 2 20 -
verted to columns, extending from the top of the sample to °
the bottom, at 400 G. Almost all needles have been con- 5
verted to these sample traversing columns by 600 G. E 257

We carried out a battery of image diagnostics in order to i’
ascertain whether the columnar structures were hexagonal or 20 . . . . .
glassy. From the column positions we computed both the pair 01 012 014 016 018 02
correlation function[g(r)] and the structure factdrS(q)] O

for the two-dimensional structure. An example gffr) for FIG. 7. Assuming a stronger dipolar interaction between the
the columnar phas¢s00 G is shown in Fig. 4(C_yC|e 13).  ferrofluid particles(A=3), the theoretical phase diagram presented
The average needle and/or column separatidnis plotted  in Ref.[17] (based on the Carnahan-Starling fluid modekdicts

as a function of magnetic field in Fig. 6. Above 300 B, no phase transitions aprr=0.005. The theory does not predict
increased with increasing magnetic field, indicating an eX-any instability of uniform phase for ferrofluid with weaker dipolar
pected increase in the needle or column repulsion with ininteraction either(A\<2.68, which is our caseA is 2.2 for our
creasing field strength. We next constructed a 2D-Voronoferrofluid).
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ture and the striped liquid of Ref29]. The formation of H (Gauss)
sheetlike structures is somewhat similar to theoretical expec
tations, although striped and lamellar phases were not obggg |
served.

Our observations exhibit qualitative agreement with theo-
ries [5,6,16,17 of two-dimensional phase behavior of thin
cells that predict transitions from isotropic to hexagonal co-
lumnar to stripe phases with increasing field strength at fixed
ferrofluid concentration. There are, however, significant
qualitative and quantitative discrepancies between our ex-400 -
periments and these theories arising, we believe at least il
part from the three-dimensional nature of the experimental
system. As in much previous studies on two-dimensional di-; |

) . . 100 -
polar systems, including ferromagnetic garngt,35, - - -
type-I superconductof86], Langmuir films[29,37-39, and

ferrofluids[40,41], the two-dimensional patterns we observe Side-vieWTH 0_61 0'_1 ol_z 0
are disordered. The columnébubble”) phases were glassy e
rather than hexagonal, and the striped-liquid phase at high FiG. 9. Cross-sectional images through the samfiles side-
fields was labyrinthine rather than ordered. The origin of thisjiews) of pure ferrofluid and the mixtures exhibit the existence of
disorder is not entirely clear, though there are indications thateedles and columns at different fields for the mixtures of ferro-
it may have to do with the three-dimensional nature of thefluid and dyy=42 nm beads. We also exhibit similar images of
sample. As the magnetic field increased, elongated needlésrofluid alone, to contrast with the effect of added nonmagnetic
that do not traverse the sample increased in length to forrheads. Note, the vertical axis for ferrofluid alone is different from
the sample-traversing columns. Once these columns fornthe mixtures. The mixtures exhibit a similar needles-to-columnar
progression. The most surprising difference is that the mixtures
H (Gauss) formed almost all columns at a much lower figkDO G than the
4 i ferrofluid (600 G.

H (Gauss)

1100 [£& the dynamics slow down considerably. It is possible that the
random needle structure at low fields becomes frozen over
some time scale when the needles become columns and, as a
result, the system has trouble reaching equilibrium even un-
der the conditions of our experiment.

The theory of Lacoste and LubenskiL) adds long-
range dipolar forces to a realistic treatment of dilute hard-
core colloidal fluids[17]. It makes quantitative predictions
about the phase behavior of ferrofluids which are not in nu-
merical agreement with our experiments. The dipolar inter-
action parameter)\zm2/(47-r,u0d,3:FkBT), where m is the

Lamellar magnetic moment of ferrofluid particleg,, is the magnetic
precursor permeability of vacuumkg is Boltzmann’s constant antis
____________________________ the temperature, in our experiments~+2.2. The LL theory,
on the other hand, does not predict phase transitions for
%008 : columnar \<2.68 (see Fig. 7. It is thus clear that our experiments
____________________________ cannot be interpreted completely in terms of such a two-
Columns and dimensi_onal mean-field thgory. A more comple_t_e theory
needles should include both fluctuations and inhomogeneities in the
------------- direction parallel to the fields.

600

500

400

300

100

B. Miscible mixtures of ferrofluid and nonmagnetic
. T | T latex spheres
NM

In this section we discuss our observations of miscible

FIG. 8. Optical microscope images of how the structures formednixtures of ferrofluid and nonmagnetic latex spheres. The
by ferrofluid evolve when nonmagnetic latex spheres of comparabl@10st significant new qualitative effects observed in the mix-
or larger diameter are added to ferrofiuid suspensions. When norures was that very small amounts of added nonmagnetic
magnetic latex spheres are added to ferrofluid, the mixtures exhibparticles (i.e., ¢yy=102%) reduce the magnetic-field
lamellar and stripe phases. These phases are predicted for ferroflusdrengths reqwred for the formation of columnar and lamel-
alone system but have not been observed. The images shown hdeg phases by-60%—-70%, compared to analogous phases in
are for nonmagnetic spheres of diameter 42 nm. ferrofluid alone.
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FIG. 11. D and L vs dyy at different ¢y and field strength

42 nm 100 nm 200m 4 normalized their value apyy=1%. (@) denotespyy=1%, (M)
hibt denotesgyy=10%, (A) denotesgyy=20%. Do, (L1g) is the

. . . . . . column (lamella)) separation atpyy=1%. D and L decrease by
FIG. 10. Optical microscope images illustrating how the diam —2506—60% ashyy increases to 20%.

eter of the added nonmagnetic latex spheres affects structures
formed by aqueous ferrofluid suspension. Images are for nonma
netic beads withper=20% and diameter 42 nm, 100 nm, and 220
nm, respectively.

ul analysis of the images suggests that the large particle-
diameter samples enter into their new phases a bit more com-
pletely than the small particle-diameter samples at the same
Figure 8 summarizes the primary features of our observafield strength. For example, in the glassy columnar phase of
tions. These data were taken for mixtures of ferrofluid andhe 220 nm particles one can readily observe the prealigning
dyw=42-nm nonmagnetic particles. The images shown aref columns prior to the formation of the lamellar phase; its
top views taken~60 um below the cell surface. No phase lamellar precursor phase is also more complete. The average
instabilities were observed in zero field at any volume frac-column (D) and lamellar layer(L) spacings decrease with
tion. Side views of the sample reveal the ferrofluid to beincreasing¢yy anddyy - In Fig. 11 we plotD andL nor-
composed mainly of needles at 100(&ke Fig. 9 the mix-  malized by their value apyy=1% in the columnaf200 G
tures exhibit an isotropic-to-columnar transition-a200 G.  and lamellar(500 G phasesD andL decrease by-25%—
The average column spacin@3) were smaller for all of the 60% asgyy increases to 20%. Similarly, we pl@ andL
mixtures compared to pure ferrofluid at 600 G. Using thenormalized by their value aiyy, =42 nm in Fig. 12 to illus-
same set of image analysis tests as for ferrofluid alone, werate the effect of nonmagnetic sphere sReandL decrease
deduced that the columnar phase was not positionally owith an increase iy, albeit relatively weak.
dered. The value forPg for the mixture at 200 G was The theories of Cebefd 6], Halsey[5], and Lacoste and
slightly larger than that of pure FF at 600 G, but still too low Lubensky[17] predict an isotropic-to-hexagonal/columnar-
to suggest long-range positional order. The columns weréo-stripe phase sequence for pure ferrofluid. Interestingly,
pinned and the phase appeared to be glassy. Ferrofluid lamehis phase sequence is observed in our miscible mixtures,
lae began forming between 250 G and 300 G. At the highestlthough the columnar phase is a glassy rather than hexago-
fields (500 G a pure stripe phase evolved. The phase wa®al. To our knowledge there are no theoretical predictions of
more robust in samples with the higher concentrations ophase diagrams of miscible mixtures in the literature. Our
nonmagnetic particles. experiments show that the addition of nonmagnetic particles
The magnetic-field-induced structures had a weak, buinduces a perturbation capable of lowering the transition
systematic morphological dependence on the diameter arféklds and of inducing stripe phases in this system. The origin
volume fraction of the added nonmagnetic spheres. The e®f these qualitatively new effects is unclear.
sential features of our size-dependent observations are sum- The mean-field theorj17] writes the total free energy of
marized for ¢\y=20% in Fig. 10. The images reveal the the ferrofluid as a sum of four terms: an entropic energy
same sets of phases at roughly the same field strengths. Cafeither in the lattice gas or the Carnahan-Starling fluid fiorm

021402-6



FIELD-INDUCED STRUCTURES IN MISCIBE . . . PHYSICAL REVIEW E 67, 021402 (2003

1.1 7 : - the sample magnetization found a small increase in the local
{columnar: fixed H = 200G moment of the ferrofluid particles with increasing nonmag-
1.07¢ t ) netic particle concentration. In principle, this effect will in-
] crease the dipolar interactions; however the change is small

g 0-9; (of order five percent so it is unlikely to dramatically lower
o ] ] the transition fields. There might also be attractive interac-
a 0-8} tions between magnetic and nonmagnetic beads, because the

13 nonmagnetic spheres have a small diamagnetic susceptibility
0.7 L (~—7.19x10°). We computed the attractive interaction
0 6: between a ferrofluid particle and diamagnetic particle of di-
L ameter 200 nm for our geomet(sit contack, and this effect
was less than 210 # kgT. Finally, the nonmagnetic beads
127 lamellar: fixed H = 500G can act as magnetic holes in a ferrofluid; we computed the
] interaction between holes of diameter 200 nm and found the
1.0 § 3 s largest of these energies to be0.14 kgT. None of these
] effects are large enough to alter the energetics in significant

£ . .

§ ] ways. It is possmle. that the.re are other unaccounted attrac-
= 0.8 tive interactions. It is most likely, however, that phenomena
- ] embedded in the local fields or in the energy costs associated

1% X with density variations of the particle volume fractions are
0.6 ] x necessary to understand in order to elucidate the role of non-
T ———— magnetic particles.
000 005 010 0.15 020 025
Oum IV. CONCLUSION
FIG. 12. D and L vs ¢y at differentdy, and field strength We have studied field induced phase transitions in aque-

normalized their value fordyy=42-nm. @) denotesdy,  Ous ferrofluid and in aqueous mixtures of ferrofluid and non-
=42-nm, (@) denotes dyy=100-nm, (A) denotes dyy magnetic latex spheres. For ferrofluid systems, we observe
=200-nm NM beadsD 4nm (Laznm is the column(lamellay sepa-  the isotropic to columnar phase transition. The columns did
ration atdyy, =42 nm.D andL decrease with an increasedg,, . not form a hexagonal structure, however, rather they re-
mained in a glassy state. We do not observe any phase tran-
gition to lamellar phase, but did observe the onset of a laby-
field, a dipolar interaction energy between magnetic par—rlnthlne structure. When honmagnetic  particles O.f
ticles, and an energy cost associated with deviations of paf;_omparabl_e and .Iarger d|amgt¢r were aqded to.the ferrofluid,
ticle volume fraction from uniformity. This latter term is cru- the resulting mixtures exhibited the isotropic-columnar-
cial for the prediction of phase transitions. It depends on théamellar phase transm_on at much 'OW.e' flelds. '!'he column
square of the gradient of the particle volume fraction, and it@nd_ the Iamellar spacing Qecrease \.N'th Increasing nonmag-
sign can be positive or negative. A related theory of mixtured'€tic partl_cle v<_)lume fraction an(_j W.'th increasing nonmag-
petic particle diameter. The qualitative and quantitative de-

depend on the square of the gradient of the nonmagneti\@ations between theory and experiment are still not well

volume fraction and on the product of the gradients of theunderstood.

magnetic and nonmagnetic particle volume fractions. In ad-
dition, some interactiorfe.g., hard sphejemust be assumed
for nonmagnetic particles among themselves and for non- We thank R.D. Kamien, A. Cebers, M. Widom, P. Heiney,
magnetic particles with magnetic particles. These additionadnd R. Perzynski for valuable discussions. We would also
interactions can, in principle, lower the transition fields bylike to thank Jay Kikkawa for help in measuring magnetiza-
shifting the curves in Fig. 7. tion of our samples. This work was generously supported by

Last, we have quantitatively considered some measurabliae NSF through the MRSEC Grant Nos. DMR 00-79909
effects that might be missing from the theory, but wereand DMR-0203378 and partially supported by NASA, Grant
present in the experiments. Recall that our measurements dfo. NAG8-2172.
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