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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.
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I. INTRODUCTION

Heterogeneous liquids such as dispersions or emuls
can exhibit properties unlike those of any of the constitu
phases. They also present the possibility of self-assemb
assisted assembly into materials with ordered structure
the microscale or at the nanoscale. This is particularly t
for dispersions containing magnetic particles. Magnetic p
ticle dispersions behave like fluids, but they also respond
magnetic fields@1–3#. For example, the mechanical prope
ties ~e.g., viscosity! of a magnetic particle dispersion chan
drastically under the application of a magnetic field@4#. The
unique nature of these liquids as magnetic fluids endo
them with a variety of technological applications@5#.

For the manufacturing of flexible data storage me
@6,7#, submicron sized, acicular~rod-shaped! ferromagnetic
particles are dispersed in a solvent with a low molecu
weight polymer to prevent the particles from flocculatin
These dispersions are ferrofluids in the sense that the
ticles have permanent magnetic moments; however, the
ticles are about an order of magnitude larger in size t
ferrofluid particles and have an acicular shape as oppose
conventional ferrofluid particles that are nearly spheric
The acicular shape of the particles gives them higher m
netic anisotropy for better thermal stability and enables
possibility of controlling particle orientation. A variety o
experimental and theoretical studies have been performe
ferrofluids @1#, but fewer theoretical and simulation studi
have been conducted on dispersions of acicular magn
particles @8–14#. In the manufacturing of flexible media
both flow and field are applied during the coating process
it is desirable to understand the influence of these forces
the orientational order of the particles in dispersion.

Here, small-angle neutron scattering~SANS! investiga-
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tions are reported for a magnetic dispersion of acicular
romagnetic particles under the influence of steady shear
and static magnetic field. The experimental results show
initially randomly oriented magnetic particles are oriented
the flow direction in a shear flow. An applied magnetic fie
orients the particles along the field direction. When sh
flow is applied in a direction perpendicular to the direction
the static magnetic field, particles retain their alignme
along the magnetic field below a characteristic shear rateġc .
At ġc , the particles reattain a random state of order, and t
are oriented in the flow direction above this shear rate.

II. EXPERIMENT

The prepared dispersions contained cyclohexanone
solvent, a commercial antiflocculating polymer~Nippon
Zeon Co., MR110! @15#, and metal particles. The particle
are primarily iron with saturation magnetization o
(750–900)3106 emu/m3, coercivity 130–220 mT, specific
surface area 42 000 m2/Kg, average lengthL5200 nm, and
average aspect ratioL/d58, whered is the average diamete
of the particle. The average density of the particle
5700 kg/m3. The particles have a log-normal length distrib
tion with a width of 20%. The MR110 polymer is a polyviny
chloride–acetate copolymer commonly used for magn
dispersions. It has 0.7 wt % sulfonic acid groups, 0.6 w
hydroxyl groups, and 3.0 wt % of an epoxy component.
weight average molecular weight is 26 000, and its num
average molecular weight is 12 000. Adsorption of this po
mer onto the particle surfaces provides steric stabilizat
against agglomeration. Cyclohexanone was chosen as
solvent because of its good solubility for MR110 and for
low volatility.
©2003 The American Physical Society06-1
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The particles, MR110, and part of the cyclohexano
were mixed in a double planetary mixer to make a dou
Then the dough was further dispersed with more cycloh
anone in a sawtooth premixer. Finally, the dispersion w
milled in an Eiger mill. The final dispersion contained 4.4
particles by volume~21% by weight! and 3.34% MR110 by
weight.

Small-angle neutron scattering experiments were p
formed using the 30-m SANS instrument NG7 at the NI
Center for Neutron Research, Gaithersburg, Maryland.
dispersion was loaded in a Couette shearing cell@16,17# and
the SANS measurements were performed using a wavele
of 6 Å and a sample-to-detector distance of 15.5 m for c
ering the horizontalq range of 0.029–0.215 nm21. Figure 1
displays a schematic view of the experimental setup@17#.
The shear flow is along thex direction, and the shear rateġ
is given as]vx /]y, wherevx is the flow velocity. The neu-
trons were incident on the sample along they direction in a
radial geometry, which is more suitable for detecting parti
alignment than the tangential geometry. The magnetic fiel
applied along thez direction~i.e., perpendicular to the shea
flow!. The scattered neutrons were detected by an a
sensitive detector in thex-z plane.

Small-angle neutron scattering experiments were first p
formed in zero-applied magnetic field, while the dispers
was subjected to shear flow. Steady shear flow results w
obtained at shear rates ranging from 0 s21 to 4000 s21 by
conducting shear rate sweeps wherein the shear rate wa
creased or decreased in stair-step fashion. Most meas
ments were conducted in increasing-shear-rate sweeps
the data collection time for each scan being 15 min. Selec
decreasing-shear-rate sweeps were also examined in ord
investigate the hysteresis in alignment and preshearing
fects. In addition, scattering experiments were perform
~both with and without shear flow! with a static magnetic
field in thez ~i.e., neutral or vorticity! direction.

In each case, i.e., at each shear rate, scattering yielde
isointensity plot—a two-dimensional plot of scattering inte
sity in the x-z plane. As in conventional SANS data redu
tion, each dataset is corrected for detector background,

FIG. 1. Schematic view of the experimental setup for SAN
with the Couette shear cell and the scattering geometry in thex-z
plane.
05140
e
.
-
s

r-

e

th
-

e
is

a-

r-
n
re

in-
re-
ith
d

r to
f-
d

an
-

n-

sitivity, scattering from the empty cell, and is scaled
absolute units of cross section per unit volume using a di
beam intensity measurement. The scattering asymmetry
function of the azimuthal anglef, defined in Fig. 1, was
obtained by integrating the scattering intensity with an an
lar average at the scattering vectorq of 0.18 nm21 with a
width of 0.009 nm21 using the NIST SANS data analys
program@18#. The results are qualitatively the same for allq
values. This particularq value was chosen for good az
muthal resolution with a good signal-to-noise ratio.

III. RESULTS

The neutron scattering intensityI (q) as a function of the
scattering vectorq at zero shear rate at the start of the sc
~zero preshear! and at the end of the scan~after shearing to
4000 s21) is given in Fig. 2. These two curves superimpo
quite well in the entireq range. Figure 3 displays the sca
tering intensity as a function of azimuthal angle,I (f), at ~a!
zero shear rate, zero field,~b! high shear rate of 4000 s21,
zero field, and~c! zero shear rate, high applied field 18 m
At zero shear rate and zero field@Fig. 3~a!# the intensity is
independent of the azimuthal anglef, indicating fully iso-
tropic scattering of neutrons from the dispersion, and s
gesting random particle orientation. Under shear flow w
no applied field@Fig. 3~b!#, the scattering pattern develops a
angular dependence. Similarly, the scattering pattern also
velops an angular dependence in an applied magnetic fie
18 mT in the absence of shear flow@Fig. 3~c!#. The maxima
in Figs. 3~b! and 3~c! are 90° out of phase, indicating
rotation in the average orientation of the particles.

The scattering of neutrons from a magnetic dispersion
have two contributions; a magnetic contribution due to int
actions between neutron spin and the local fields of spins
a nuclear contribution due to the interaction between the
pinging neutron and nuclei in the dispersion@19#. The mag-
netic scattering is inherently anisotropic and is stronges
the direction perpendicular to a particle’s magnetization a
The nuclear scattering is present in all directions, but exte
to wider scattering angles in the direction perpendicular

FIG. 2. Scattering intensityI as a function of scattering vectorq
at zero shear rate and zero applied magnetic field.
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the long axis of an acicular particle. In the present case,
expect the magnetization axis to coincide with the long a
of the particles. Hence both anisotropic contributions g
rise to scattering that is enhanced in the same direction.
resulting anisotropy can, therefore, be associated dire
with the average orientation of the particles.

The angular dependence of the scattering intensity ca
fitted to

I ~f!5A1B sin2~f1c!, ~1!

whereA is the magnitude of the isotropic scattering,B is the
amplitude of the anisotropic scattering, andc is a phase
factor ~i.e., the angle between the average direction of
particle alignment and the direction of shear flow!. Here we
refer toc as the tilt angle. The solid lines in Fig. 3 are th
best fits of Eq.~1! to the data. We found thatA is nearly
independent of the shear rate. The ratioB/A gives a measure
of the anisotropy of the scattering@20#, which indicates the
degree of orientation of the particles by externally appl
torques, in this case the shear flow and/or the applied m
netic field. For the three cases shown in Fig. 3, we find~a!
B/A50.01, c50° ~fixed! ~b! B/A50.23, c51.9(2)°, and
~c! B/A50.23, c591.1(12)°. The tilt angle of 0° is found
to fit the data for the case~a!, indicating that the particles ar
randomly oriented. The value of the tilt angle for the case~b!
is too small, so one can say that the particles are well alig
along the direction of shear flow.

FIG. 3. Intensity as a function of the azimuthal anglef in a 4.4
vol % magnetic dispersion for~a! zero-shear rate, zero field,~b!
shear rate of 4000 s21, zero field, and~c! zero-shear rate, applie
field H518 mT.
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Figure 4 displays the anisotropyB/A as a function of
shear rate for three values of the applied magnetic field.
anisotropy varies strongly with the shear rate both in z
applied field as well as in an applied fieldH of 9 and 18 mT.
In the absence of magnetic field, the anisotropy increa
monotonically with the increase of shear rate, and reach
value of 0.23 at a shear rate of 4000 s21. Note that a small
anisotropy of 0.01 is observed at zero shear rate in ze
applied field; this is probably within the error limits of th
analysis. Also shown in Fig. 4 is the anisotropy for the d
creasing shear rate sweep for zero applied field. The dif
ences in the anisotropy for the increasing and decrea
shear rate sweeps arise mostly due to preshearing of the
persion along thez direction while loading into the cell. The
differences may also be a consequence of the flow chan
any flocculation in the dispersion.

At zero shear rate, application of a magnetic field cause
sharp increase in anisotropy, to 0.15 atH59 mT and to 0.23
at H518 mT. This increase suggests that the particles c
lectively undergo an orientational transition in which th
tend to align in the magnetic field. When the dispersion
subjected to shear in a direction perpendicular to the m
netic field ~i.e., along thex axis!, the anisotropy decrease
The anisotropy decreases as the shear rate is increased
zero. However, at a particular shear rate, the anisotr

FIG. 4. AnisotropyB/A as a function of shear rate in a 4.4 vol %
magnetic dispersion for~a! increasing shear rate sweep with n
applied field and decreasing shear rate sweep with no applied fi
~b! applied field of 9 mT, and~c! applied field of 18 mT. The error
bars are of the order of the size of the symbols.
6-3
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reaches a minimum and then increases with further incre
in shear rate.

Figure 5 displays the tilt anglec as a function of shea
rate for the four cases shown in Fig. 4. Note that at z
shear rate the anisotropy is effectively zero, so the tilt an
is indeterminate. Initiation of shear flow results in an i
crease in the anisotropy, and the tilt angle assumes valu
the 0° –15° range. However, the tilt angle is remarkably
dependent of shear rate. At high shear rates the tilt an
obtained for the increasing and decreasing shear rate sw
are equal within experimental error. At low shear rates,
difference becomes noticeable. As discussed above, this
be a consequence of long term relaxation or shear-indu
changes in flocculation. However, the tilt angle becomes
determinate in the limit of vanishing shear rate, because
anisotropy vanishes.

When a magnetic field is applied in the absence of sh
flow, the tilt angle exhibits a sharp increase from its ze
field value to 87(1)° for H59 mT, and to 91.1(12)° for
H518 mT. This suggests that the particles tend to be
ented in the direction of the field. In the presence of b
shear flow and magnetic field transverse to the flow dir
tion, the tilt angle remains at or near its zero-shear va
until a characteristic shear rate is reached. Above this c
acteristic shear rate, which depends on the magnitude o
applied field (18 s21 and 240 s21 in magnetic fields of 9 mT
and 18 mT, respectively!, the tilt angle decreases rapidly un
til it approaches the zero-field value. Comparison of Figs
and 5 indicates that the anisotropyB/A reaches its minimum
at the shear rate where the inflection point occurs in the
of c as a function ofġ.

IV. DISCUSSION

The sharp rise of anisotropy and the tilt angle with t
application of magnetic field suggests that a fraction of p

FIG. 5. The tilt anglec between the direction of shear flow an
the direction of particle alignment as a function of shear rate i
4.4 vol % magnetic dispersion for increasing shear rate sweep
no applied field, decreasing shear rate sweep with no applied fi
applied field of 9 mT, and applied field of 18 mT. The inset sho
the log-log plot of tilt angle vs the shear rate for measurement
applied field.
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ticles collectively undergo an orientational phase transit
in which the particles become aligned along the magn
field. Figure 5 demonstrates that an applied field of 18 mT
sufficient to align a significant fraction of particles along t
field direction. Figures 4 and 5 demonstrate that, in the
sence of magnetic field but under a shear flow, the partic
tend to align in the flow direction. The alignment is ve
small at low shear rates and becomes substantial at hi
shear rates.

When the magnetic dispersion is subjected to both sh
flow and magnetic field, with the shear in a direction that
perpendicular to the magnetic field, the magnetic-fie
induced anisotropy in orientation initially decreases with
creasing shear rate. As the shear rate is increased, the a
ropy reaches a minimum and then starts to rise again.
small value of the anisotropy at the minimum indicates t
the dispersion is in a nearly disordered state at this comb
tion of shear and magnetic field. However, the tilt anglec

remains nearly constant below a characteristic shear rateġc .
Above ġc , the tilt angle decreases with increasing shear r
The observed shear rate dependence of anisotropy an
angle demonstrates an orientational transition from a fi
aligned state to a shear aligned state.

The inset to Fig. 5 indicates that the tilt angle as a fun
tion of shear rate above the characteristic shear rate follow
power law of the form

c5Cġ2z, ~2!

whereC is a proportionality constant andz is the dynamic
exponent. The best fits, displayed by the solid lines over
data in the inset, yieldedC5178(26), z50.57(4) for H
59 mT and C52426(780), z50.79(7) for H518 mT.
These results show that the dynamic exponent depend
the strength of the magnetic field. The ratio of the expone
z(H518 mT)/z(H59 mT)51.4(2) compares quite wel
with the ratio 1.53 ofB/A values at zero shear rate for th
respective field values, suggesting that the dynamic expo
z depends on the degree of order in the dispersion obtaine
the field at zero shear rate. Below the characteristic sh
rate, the tilt angle does not depend on the shear rate.

A mean-field theory describes the orientational order
terms of an order parameter for this type of dispersion@14#.
This theory uses an orientational distribution functi
f (u,t), defined such thatf (u,t)du is the probability that a
particle is within the solid angledu of orientationu at timet.
The model is based on a single-particle mean-field appro
and treats the particles as rigid dumbbells dispersed in a
vent. It incorporates the effects of Brownian motion, anis
tropic hydrodynamic drag, a steric~Maier-Saupe! potential,
any external magnetic field, and a mean field for interparti
magnetic interactions. The model yields a diffusion equat
that describes the time evolution of the orientation distrib
tion function. To solve this equation, the distribution functio
is expanded in a series of spherical harmonics@21–23# and a
set of evolution equations for the coefficients in the exp
sion is obtained. The coefficients are then found from
evolution equations and, finally, the distribution function. A
orientational order tensor is defined as
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S[E S uu2
1

3
d D f ~u!du, ~3!

whered is the second-order unit tensor. The scalar invari

S5F9

2
tr~S•S•S!G1/3

~4!

gives a measure of the orientational order. A state of rand
order corresponds toS50, and perfect alignment along
preferred direction corresponds toS51. NegativeS values
denote oblate ordering~i.e., the states where the particle
tend to align perpendicular to a preferred direction but
otherwise randomly oriented! and positiveS values denote
prolate ordering. For prolate ordering, we expectS to corre-
late with the anisotropyB/A.

In Fig. 6 we present the predictions of the model forS as
a function of dimensionless shear rate (G56lġ/s) for sev-
eral values of transverse magnetic field (H̄5mm0H/kT).
Note thatH̄51 corresponds toH'1 mT. In these expres
sions,s is a positive constant describing the degree of
isotropy in the hydrodynamic force acting on a particle,m is
the magnetic moment of the particle,l5zL2/12kT is the
time constant,L is the length of a rod,z is the scalar hydro-
dynamic drag coefficient for the particle,m0 is the perme-
ability of free space, andkT is Boltzmann’s constant time
the temperature. The predictions in Fig. 6 for the order

FIG. 6. Model predictions of the order parameterSas a function
of dimensionless shear rate at various values of dimensionless
plied field.
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rameter and the results for the anisotropy in Fig. 4 are q
similar. At zero applied field, the model correctly predicts t
general increase in order with increasing shear rate. In
presence of applied transverse magnetic field, the model
dicts order at low shear rates, a decrease in order with
creasing shear rate, and the reattainment of order at hi
shear rates. However, the model predicts a more abrup
crease in order as the shear rate is increased through the
ordered state. These are most likely a consequence of
model not incorporating particle flocculation or a distributio
of particle lengths.

The model also gives predictions of the direction of av
age particle orientation through the principal eigenvector
S, the eigenvector that corresponds to the largest posi
eigenvalue. In Fig. 7 we show predictions of the angle
tween the principal eigenvector~the director! and the flow
direction as a function of shear rate for several values o
transverse magnetic field. The shear rate dependence o
angle qualitatively reproduces the features of the experim
tal c vs shear rateġ curves shown in Fig. 5. However, ther
is a notable difference between the experiment and
theory. The SANS experiments show thatc varies smoothly
with ġ, whereas this transition is predicted by the model
occur much more abruptly. We attribute this discrepan
mainly to the assumption in the model that all the partic
are of the same size. If particles of different lengths unde
the transition at different shear rates, the transition wo
appear more smooth for a polydisperse system. The disc
ancy is not entirely unexpected. Although we considerm in
the definition of H̄ as being the moment of an individua
particle, it is more likely that it is the moment of a primar
aggregate such as a cluster of particles.

V. SUMMARY

Shear- and magnetic-field-induced orientational order
dispersions of acicular ferromagnetic nanoparticles has b

p-

FIG. 7. Model predictions of the angle between the director a
applied field as a function of dimensionless shear rate at var
values of dimensionless applied field.
6-5
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detected by small-angle neutron scattering. In the absenc
flow, the magnetic field orients the particles in the fie
direction. In the absence of field, the flow orients t
particles in the flow direction. When both flow and field a
applied, the particle orientation depends on the rela
magnitudes of the field and shear rate. Below a fie
dependent characteristic shear rate, the field orienta
dominates, and above this shear rate, flow orientation do
nates. The competing effects of flow and magnetic field
particle alignment suggest that they can be used in comb
tion to achieve desired states of nanoscale order in the
persions. Model predictions agree qualitatively with the m
sured particle orientational behavior, with differences due
J

gn

n.
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the model not including the effects of flocculation and/
nonuniform particle size.
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