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Shear- and magnetic-field-induced ordering in magnetic nanoparticle dispersion from small-angle
neutron scattering
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Small-angle neutron scattering experiments have been performed to investigate orientational ordering of a
dispersion of rod-shaped ferromagnetic nanoparticles under the influence of shear flow and static magnetic
field. In this experiment, the flow and flow gradient directions are perpendicular to the direction of the applied
magnetic field. The scattering intensity is isotropic in zero-shear-rate or zero-applied-field conditions, indicat-
ing that the particles are randomly oriented. Anisotropic scattering is observed both in a shear flow and in a
static magnetic field, showing that both flow and field induce orientational order in the dispersion. The
anisotropy increases with the increase of field and with the increase of shear rate. Three states of order have
been observed with the application of both shear flow and magnetic field. At low shear rates, the particles are
aligned in the field direction. When increasing shear rate is applied, the particles revert to random orientations
at a characteristic shear rate that depends on the strength of the applied magnetic field. Above the characteristic
shear rate, the particles align along the flow direction. The experimental results agree qualitatively with the
predictions of a mean field model.

DOI: 10.1103/PhysReVvE.67.051406 PACS nunier82.70-y, 75.50.Mm, 83.50.Ax, 28.20.Cz

[. INTRODUCTION tions are reported for a magnetic dispersion of acicular fer-

romagnetic particles under the influence of steady shear flow

Heterogeneous liquids such as dispersions or emulsiorand static magnetic field. The experimental results show that
can exhibit properties unlike those of any of the constitueninitially randomly oriented magnetic particles are oriented in
phases. They also present the possibility of self-assembly dhe flow direction in a shear flow. An applied magnetic field
assisted assembly into materials with ordered structures atients the particles along the field direction. When shear
the microscale or at the nanoscale. This is particularly truglow is applied in a direction perpendicular to the direction of
for dispersions containing magnetic particles. Magnetic parthe static magnetic field, particles retain their alignment

ticle dispersions behave like fluids, but they also respond talong the magnetic field below a characteristic shearyate
magnetic field{1-3|. For example, the mechanical proper- a; ), ' the particles reattain a random state of order, and they

ties (e.g., viscosity of a magnetic particle dispersion change 41’ griented in the flow direction above this shear rate.
drastically under the application of a magnetic fipdd The

unique nature of these liquids as magnetic fluids endows

them with a variety of tgchnological applicatiofts. . Il. EXPERIMENT
For the manufacturing of flexible data storage media
[6,7], submicron sized, aciculdrod-shapejl ferromagnetic The prepared dispersions contained cyclohexanone as a

particles are dispersed in a solvent with a low moleculaisolvent, a commercial antiflocculating polyméNippon
weight polymer to prevent the particles from flocculating. Zeon Co., MR11p[15], and metal particles. The particles
These dispersions are ferrofluids in the sense that the pagsre primarily iron with saturation magnetization of
ticles have permanent magnetic moments; however, the pat750—900) 10° emu/n¥, coercivity 130-220 mT, specific
ticles are about an order of magnitude larger in size thasurface area 42 0004Kg, average length =200 nm, and
ferrofluid particles and have an acicular shape as opposed &verage aspect ratldd=8, whered is the average diameter
conventional ferrofluid particles that are nearly sphericalof the particle. The average density of the particle is
The acicular shape of the particles gives them higher mags700 kg/ni. The particles have a log-normal length distribu-
netic anisotropy for better thermal stability and enables theion with a width of 20%. The MR110 polymer is a polyvinyl
possibility of controlling particle orientation. A variety of chloride—acetate copolymer commonly used for magnetic
experimental and theoretical studies have been performed afispersions. It has 0.7 wt % sulfonic acid groups, 0.6 wt %
ferrofluids [1], but fewer theoretical and simulation studies hydroxyl groups, and 3.0 wt% of an epoxy component. Its
have been conducted on dispersions of acicular magnetiweight average molecular weight is 26 000, and its number
particles[8—14]. In the manufacturing of flexible media, average molecular weight is 12 000. Adsorption of this poly-
both flow and field are applied during the coating process, smer onto the particle surfaces provides steric stabilization
it is desirable to understand the influence of these forces oagainst agglomeration. Cyclohexanone was chosen as the
the orientational order of the particles in dispersion. solvent because of its good solubility for MR110 and for its
Here, small-angle neutron scatterit@ANS) investiga- low volatility.
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FIG. 1. Schematic view of the experimental setup for SANS
with the Couette shear cell and the scattering geometry inxtne FIG. 2. Scattering intensityas a function of scattering vectqr
plane. at zero shear rate and zero applied magnetic field.

The particles, MR110, and part of the cyclohexanonesitivity, scattering from the empty cell, and is scaled to
were mixed in a double planetary mixer to make a doughgpsolute units of cross section per unit volume using a direct
Then the dough was further dispersed with more cyclohexpeam intensity measurement. The scattering asymmetry as a
anone in a sawtooth premixer. Finally, the dispersion wagynction of the azimuthal angles, defined in Fig. 1, was
milled in an Eiger mill. The final dispersion contained 4.4% gptained by integrating the scattering intensity with an annu-
particles by volume21% by weight and 3.34% MR110 by |5 average at the scattering vectpiof 0.18 nni* with a
weight. width of 0.009 nm? using the NIST SANS data analysis

Small-angle neutron scattering experiments were pefprogram[18]. The results are qualitatively the same forgll
formed using the 30-m SANS instrument NG7 at the NISTya1yes. This particulag value was chosen for good azi-

Qenter .for Neutron Re§earch, Gaithersbqrg, Maryland. They,thal resolution with a good signal-to-noise ratio.
dispersion was loaded in a Couette shearing[d#|17] and

the SANS measurements were performed using a wavelength
of 6 A and a sample-to-detector distance of 15.5 m for cov-
ering the horizontat| range of 0.029-0.215 nnt. Figure 1 The neutron scattering intensityq) as a function of the
displays a schematic view of the experimental seftifl.  scattering vectoq at zero shear rate at the start of the scan
The shear flow is along thedirection, and the shear rate  (zero preshearand at the end of the scdafter shearing to

is given asdv,/dy, wherev, is the flow velocity. The neu- 4000 s'1) is given in Fig. 2. These two curves superimpose
trons were incident on the sample along théirection in a  quite well in the entireq range. Figure 3 displays the scat-
radial geometry, which is more suitable for detecting particletering intensity as a function of azimuthal andlég), at(a)
alignment than the tangential geometry. The magnetic field igero shear rate, zero fiel¢h) high shear rate of 40008,
applied along the direction(i.e., perpendicular to the shear zero field, andc) zero shear rate, high applied field 18 mT.
flow). The scattered neutrons were detected by an areat zero shear rate and zero fidlBig. 3(@)] the intensity is
sensitive detector in the-z plane. independent of the azimuthal angfe indicating fully iso-

Small-angle neutron scattering experiments were first pettropic scattering of neutrons from the dispersion, and sug-
formed in zero-applied magnetic field, while the dispersiongesting random particle orientation. Under shear flow with
was subjected to shear flow. Steady shear flow results wergo applied field Fig. 3(b)], the scattering pattern develops an
obtained at shear rates ranging from 0' g0 4000 s* by  angular dependence. Similarly, the scattering pattern also de-
conducting shear rate sweeps wherein the shear rate was ielops an angular dependence in an applied magnetic field of
creased or decreased in stair-step fashion. Most measur&8 mT in the absence of shear fl¢wig. 3(c)]. The maxima
ments were conducted in increasing-shear-rate sweeps with Figs. 3b) and 3c) are 90° out of phase, indicating a
the data collection time for each scan being 15 min. Selectetbtation in the average orientation of the particles.
decreasing-shear-rate sweeps were also examined in order to The scattering of neutrons from a magnetic dispersion can
investigate the hysteresis in alignment and preshearing eftave two contributions; a magnetic contribution due to inter-
fects. In addition, scattering experiments were performedctions between neutron spin and the local fields of spins and
(both with and without shear flomwith a static magnetic a nuclear contribution due to the interaction between the im-
field in thez (i.e., neutral or vorticity direction. pinging neutron and nuclei in the dispersid®]. The mag-

In each case, i.e., at each shear rate, scattering yielded aetic scattering is inherently anisotropic and is strongest in
isointensity plot—a two-dimensional plot of scattering inten-the direction perpendicular to a particle’s magnetization axis.
sity in the x-z plane. As in conventional SANS data reduc- The nuclear scattering is present in all directions, but extends
tion, each dataset is corrected for detector background, sete wider scattering angles in the direction perpendicular to

Ill. RESULTS
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FIG. 3. Intensity as a function of the azimuthal anglén a 4.4 Shear Rate (3-1)

vol % magnetic dispersion fofa) zero-shear rate, zero fieldp)

shear rate of 4000°¢, zero field, andc) zero-shear rate, applied FIG. 4. AnisotropyB/A as a function of shear rate in a 4.4 vol %

field H=18 mT. magnetic dispersion fo(a) increasing shear rate sweep with no
applied field and decreasing shear rate sweep with no applied field,

the long axis of an acicular particle. In the present case, wéb) applied field of 9 mT, andc) applied field of 18 mT. The error

expect the magnetization axis to coincide with the long axigars are of the order of the size of the symbols.

of the particles. Hence both anisotropic contributions give

rise to scattering that is enhanced in the same direction. The Figure 4 displays the anisotrop§/A as a function of

resulting anisotropy can, therefore, be associated directlghear rate for three values of the applied magnetic field. The

with the average orientation of the particles. anisotropy varies strongly with the shear rate both in zero
The angular dependence of the scattering intensity can bgpplied field as well as in an applied figilof 9 and 18 mT.
fitted to In the absence of magnetic field, the anisotropy increases
monotonically with the increase of shear rate, and reaches a
I(¢)=A+Bsir(¢+ ), (1)  value of 0.23 at a shear rate of 4000's Note that a small

anisotropy of 0.01 is observed at zero shear rate in zero-
whereA is the magnitude of the isotropic scatterifis the  applied field; this is probably within the error limits of the
amplitude of the anisotropic scattering, agdis a phase analysis. Also shown in Fig. 4 is the anisotropy for the de-
factor (i.e., the angle between the average direction of thereasing shear rate sweep for zero applied field. The differ-
particle alignment and the direction of shear flohlere we ences in the anisotropy for the increasing and decreasing
refer to ¢ as the tilt angle. The solid lines in Fig. 3 are the shear rate sweeps arise mostly due to preshearing of the dis-
best fits of Eq.(1) to the data. We found thah is nearly  persion along the direction while loading into the cell. The
independent of the shear rate. The r&i@ gives a measure differences may also be a consequence of the flow changing
of the anisotropy of the scatterii@0], which indicates the any flocculation in the dispersion.
degree of orientation of the particles by externally applied At zero shear rate, application of a magnetic field causes a
torques, in this case the shear flow and/or the applied magsharp increase in anisotropy, to 0.13&t9 mT and to 0.23
netic field. For the three cases shown in Fig. 3, we fidd at H=18 mT. This increase suggests that the particles col-
B/A=0.01, 4y=0° (fixed) (b) B/A=0.23, #=1.9(2)°, and lectively undergo an orientational transition in which they
(c) BIA=0.23, y=91.1(12)°. The tilt angle of 0° is found tend to align in the magnetic field. When the dispersion is
to fit the data for the cad@), indicating that the particles are subjected to shear in a direction perpendicular to the mag-
randomly oriented. The value of the tilt angle for the céige netic field (i.e., along thex axis), the anisotropy decreases.
is too small, so one can say that the particles are well aligne@he anisotropy decreases as the shear rate is increased from
along the direction of shear flow. zero. However, at a particular shear rate, the anisotropy
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. B H-9mT 3 sufficient to align a significant fraction of particles along the
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° 30_' ‘. ++++ ”, J=hwma] ] sLnaII at low shear rates and becomes substantial at higher
< 1 10 100 1000 10000 shear rates_
= % I + 106 ] When the magnetic dispersion is subjected to both shear
40 . flow and magnetic field, with the shear in a direction that is
20 [ ++¢ +¢, ] perpendicular to the magnetic field, the magnetic-field-
[ ¥ % Ve L . voo, induced anisotropy in orientation initially decreases with in-
ok & % I_‘?__eX"_X_“_X_Qfgneﬂ_g;lﬂgaﬂ_&w. 4 creasing shear rate. As the shear rate is increased, the anisot-
1 10 100 1000 10000 ropy reaches a minimum and then starts to rise again. The

small value of the anisotropy at the minimum indicates that

the dispersion is in a nearly disordered state at this combina-
FIG. 5. The tilt angley between the direction of shear flow and tion O_f shear and magnetic field. However, t.he tilt a_ngie

the direction of particle alignment as a function of shear rate in a@emains nearly constant below a characteristic shearyate

4.4 vol % magnetic dispersion for increasing shear rate sweep wit\bove y,, the tilt angle decreases with increasing shear rate.

no applied field, decreasing shear rate sweep with no applied fieldfhe observed shear rate dependence of anisotropy and tilt

applied field of 9 mT, and applied field of 18 mT. The inset showsangle demonstrates an orientational transition from a field

the log-log plot of tilt angle vs the shear rate for measurements iBligned state to a shear aligned state.

applied field. The inset to Fig. 5 indicates that the tilt angle as a func-

reaches a minimum and then increases with further increasdi@n of shear rate above the characteristic shear rate follows a
in shear rate. power law of the form

Figure 5 displays the tilt anglés as a function of shear S,
rate for the four cases shown in Fig. 4. Note that at zero p=Cy%, 2

shear rate the anisotropy is effectively zero, so the tilt angle . ) . ) )
is indeterminate. Initiation of shear flow results in an in-WhereC is a proportionality constant arlis the dynamic
crease in the anisotropy, and the tilt angle assumes values @xponent. The best fits, displayed by the solid lines over the
the 0°—15° range. However, the tilt angle is remarkably in-data in the inset, yielde€C=178(26), z=0.57(4) forH
dependent of shear rate. At high shear rates the tilt angle9 mT and C=2426(780), z=0.79(7) for H=18 mT.
obtained for the increasing and decreasing shear rate sweepbese results show that the dynamic exponent depends on
are equal within experimental error. At low shear rates, thehe strength of the magnetic field. The ratio of the exponents
difference becomes noticeable. As discussed above, this mayH=18 mT)/z(H=9 mT)=1.4(2) compares quite well
be a consequence of long term relaxation or shear-induceglith the ratio 1.53 ofB/A values at zero shear rate for the
changes in flocculation. However, the tilt angle becomes inrespective field values, suggesting that the dynamic exponent
determinate in the limit of vanishing shear rate, because thgdepends on the degree of order in the dispersion obtained in
anisotropy vanlshe_s. o o the field at zero shear rate. Below the characteristic shear
When a magnetic field is applied in the absence of shegiyte the tilt angle does not depend on the shear rate.
flow, the tilt angle exhibits a sharp increase from its zero- A mean-field theory describes the orientational order in
field value to 8?1) for H=9 mT, and_to 91.1(12)° for .terms of an order parameter for this type of disper$ibfi.
H=18 mT. This suggests that the particles tend to be Ol This theory uses an orientational distribution function

ented in the direction of the field. In the presence of t.’omf(u,t), defined such that(u,t)du is the probability that a
shear flow and magnetic field transverse to the flow direc, article is within the solid angldu of orientationu at timet.

tion, the tilt angle remains at or near its zero-shear valu h del is based inal ticl field h
until a characteristic shear rate is reached. Above this char- ¢ MOU€l IS based on a single-particle mean-lieid approac

acteristic shear rate, which depends on the magnitude of tHdd treats the particles as rigid dumbbells dispersed in a sol-
applied field (18 5* and 240 5 in magnetic fields of 9 mT vent. It incorporates the effects of Brownian motion, aniso-
and 18 mT, respectivelythe tilt angle decreases rapidly un- oPic hydrodynamic drag, a steri¢faier-Saupg potential,

til it approaches the zero-field value. Comparison of Figs. /1Y €xternal magnetic field, and a mean field for interparticle
and 5 indicates that the anisotroByA reaches its minimum magnetic interactions. The model yields a diffusion equation

at the shear rate where the inflection point occurs in the plotl!1at desc.rlbes the time gvoluhon of the orientation d|str|_bu—
. . tion function. To solve this equation, the distribution function
of ¢ as a function ofy.

is expanded in a series of spherical harmof&is-23 and a
set of evolution equations for the coefficients in the expan-
sion is obtained. The coefficients are then found from the

The sharp rise of anisotropy and the tilt angle with theevolution equations and, finally, the distribution function. An
application of magnetic field suggests that a fraction of parorientational order tensor is defined as

Shear Rate v (s™)

IV. DISCUSSION
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rameter and the results for the anisotropy in Fig. 4 are quite
0.0k similar. At zero applied field, the model correctly predicts the
02l general increase in order with increasing shear rate. In the
04l ] presence of applied transverse magnetic field, the model pre-
0.01 o1 1 10 100 1000 dicts order at low shear rates, a decrease in order with in-
creasing shear rate, and the reattainment of order at higher
shear rates. However, the model predicts a more abrupt in-

FIG. 6. Model predictions of the order parame®as a function  crease in order as the shear rate is increased through the less
of dimensionless shear rate at various values of dimensionless aprdered state. These are most likely a consequence of the
plied field. model not incorporating particle flocculation or a distribution
of particle lengths.

The model also gives predictions of the direction of aver-
age particle orientation through the principal eigenvector of
S, the eigenvector that corresponds to the largest positive
whereé is the second-order unit tensor. The scalar invariangigenvalue. In Fig. 7 we show predictions of the angle be-
13 tween the principal eigenvectdthe directoy and the flow

(4) direction as a function of shear rate for several values of a
transverse magnetic field. The shear rate dependence of this
angle qualitatively reproduces the features of the experimen-
T  vs shear rates curves shown in Fig. 5. However, there
is a notable difference between the experiment and the

Dimensionless Shear Rate G

1
Szf (uu—gé)f(u)du, (3

S=

> S-S S
Etl’( -S-S)

gives a measure of the orientational order. A state of rando
order corresponds t8§=0, and perfect alignment along a

preferred direction corresponds &= 1. NegativeS values : :
denote oblate ordering.e., the states where the particles th_eory. The SANS experiments show thavaries smoothly

tend to align perpendicular to a preferred direction but aréVith ¥, whereas this transition is predicted by the model to

otherwise randomly orientedand positiveS values denote ©OCcur much more abruptly. We attribute this discrepancy
prolate ordering. For prolate ordering, we expStb corre- mainly to the assympnon in the modpl that all the particles
late with the anisotropB/A are of the same size. If particles of different lengths undergo

In Fig. 6 we present the predictions of the model $as the transition at different shear rates, the transition would
appear more smooth for a polydisperse system. The discrep-
ancy is not entirely unexpected. Although we considein

the definition ofH as being the moment of an individual

Note thatH=1 corresponds t¢i~1 mT. In these expres- pariicle, it is more likely that it is the moment of a primary
sions, o is a positive constant describing the degree of anyggregate such as a cluster of particles.

isotropy in the hydrodynamic force acting on a partigleis
the magnetic moment of the particle=/L%/12kT is the
time constantL is the length of a rod{ is the scalar hydro-
dynamic drag coefficient for the particle,, is the perme-
ability of free space, antT is Boltzmann’s constant times Shear- and magnetic-field-induced orientational order in
the temperature. The predictions in Fig. 6 for the order padispersions of acicular ferromagnetic nanoparticles has been

a function of dimensionless shear ra@= 6\ y/ o) for sev-
eral values of transverse magnetic field = upoH/KT).

V. SUMMARY
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detected by small-angle neutron scattering. In the absence tife model not including the effects of flocculation and/or
flow, the magnetic field orients the particles in the field nonuniform particle size.

direction. In the absence of field, the flow orients the

particles in the flow direction. When both flow and field are ACKNOWLEDGMENTS
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