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Magnetic-field-induced orientational order in the isotropic phase of hard colloidal platelets
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The magnetic-field-induced orientational order in the isotropic phase of colloidal gibbsite [ AI(OH);] plate-
lets is studied by means of optical birefringence and small-angle x-ray scattering (SAXS) techniques. The
suspensions display field-induced ordering at moderate field strengths (a few Tesla), which increases with
increasing particle concentration. The gibbsite particles align their normals perpendicular to the magnetic field
and hence possess a negative anisotropy of their diamagnetic susceptibility Ay. The results can be described
following a simple, Onsager-like approach. A simplified model is derived that allows one to obtain the orien-
tational distribution function directly from the scattering data. However, it leads to an underestimate of the
diamagnetic susceptibility anisotropy Ay. This accounts for the difference between the Ay values provided by
the two experimental techniques (SAXS and magneto-optics). The order of magnitude Ay ~ 10722 J/T? lies in

between that of goethite suspensions and that of suspensions of organic particles.
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I. INTRODUCTION

Recently, gibbsite proved to be very suitable as a platelike
model colloid. Its plates are quite monodisperse and easy to
synthesize [1,2]. Suspensions of sterically and charge-
stabilized colloidal gibbsite platelets were found to display
for the first time both nematic and columnar liquid crystals
phases [3-7]. In this paper we present a study of the isotropic
phase of colloidal gibbsite [AI(OH);] platelets dispersed in
toluene submitted to a magnetic field. It is found that these
particles display considerable orientational order at moderate
magnetic fields. This in turn makes them highly suitable for
liquid crystal studies in external magnetic fields.

The study of colloidal suspensions submitted to magnetic
fields dates back to the beginning of the 20th century when
John Kerr reported magnetic birefringence in a suspension of
chemically precipitated magnetite [8]. Majorana [9] and Cot-
ton and Mouton [10] studied magnetic birefringence in sus-
pensions of so-called “fer Bravais,” a suspension of iron ox-
ides that was commonly used in pharmacies at that time.
Cotton and Mouton furthermore found that pure liquids also
showed magnetic birefringence [11], a phenomenon that is
nowadays known by the discoverers’ names.

In recent years, Lemaire and co-workers [12—14] have
studied suspensions of colloidal goethite (a-FeOOH) nano-
rods that, as a matter of fact, are closely related to the sus-

*Present address: Laboratoire de Chimie de la Matiere Conden-
sée, Université Pierre et Marie Curie (Paris VI), 4 Place Jussieu,
Case Courrier 174, 75252 Paris Cedex 05, France. Electronic ad-
dress: vdbeek @ccr.jussieu.fr

1539-3755/2006/73(4)/041402(10)/$23.00

041402-1

PACS number(s): 82.70.Dd, 61.30.Gd, 61.10.Eq, 78.20.Fm

pensions studied by Majorana and Cotton and Mouton. Sus-
pensions of these rods, somewhat comparable to ferrofluids,
are very sensitive to an external magnetic field. In their nem-
atic liquid-crystalline phase, these suspensions align in fields
as low as 0.03 T. In addition, they display, in both isotropic
and nematic phases, a very peculiar phenomenon, i.e., the
reorientation of the rods with increasing field strength. Be-
low about 0.35 T, the rods align parallel to the field,
whereas, above this value, they reorient perpendicularly.

As opposed to these suspensions of mineral rods, isotro-
pic suspensions of organic particles, such as virus particles,
need much higher fields (up to 20 T) to display appreciable
magneto-optical effects. Examples include rodlike cellulose
microcrystals [15], tobacco mosaic virus (TMV) [16,17], fd
virus [18,19], and Pf1 virus [20] particles, as well as plate-
like biological membranes [21]. Although the shape of those
particles is highly anisotropic, their intrinsic diamagnetic
susceptibility anisotropy Ay, (i.e., of the bulk material) is
much lower, giving rise to a much lower “effective” diamag-
netic susceptibility anisotropy per particle Ay than, e.g., in-
organic goethite rods.

Here, we measure the linear birefringence as well as the
small-angle x-ray scattering (SAXS) to investigate the
magnetic-field-induced order in the isotropic phase. Mea-
surement of the linear birefringence is a well-known tech-
nique that gives information about the field-induced orienta-
tional order and that has been employed before with various
kinds of liquid crystals. Examples of these include the classic
thermotropic liquid crystals 5CB [22] and MBBA [23].
Among the lyotropic liquid crystals are (bio) polymers such
as DNA [24] and hard rods such as the aforementioned TMV
[17,25], fd [18,19] virus particles, and goethite rods [12,13].
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FIG. 1. Sketch of the magnetic and scattering coordinate system.
The symbols are explained in the text.

Although measurement of the birefringence is a very sen-
sitive technique, it only provides the second moment of the
orientational distribution function, namely the nematic order
parameter S,. The SAXS measurements, however, can be
analyzed with a simplified model that relates the orienta-
tional distribution function directly to the scattering data. In
either way, we finally obtain the diamagnetic susceptibility
anisotropy.

II. THEORY
A. The orientational distribution function

Let us consider a single platelike particle immersed in a
magnetic field with magnitude B directed along the z-axis.
The orientation of the platelet is indicated by the platelet
normal ¢é;, which makes an angle 6 to the magnetic field
direction (the z-axis), see Fig. 1. For a mineral crystal-like
gibbsite, the magnetic susceptibility y, and therefore the
magnetization, will be different along the different axes of
the particle. The magnetic energy can then be written as

1
Winag(0) = = EA)(BZPZ(COS ), (1)

where we have introduced the diamagnetic susceptibility an-
isotropy Ax= x;,—x. and the second order Legendre poly-
nomial Pz(x)=%(3x2—l), and where we have retained the
orientation-dependent term only. In our case, as will be
shown later on, Ay is negative. Hence, in a magnetic field,
the platelets tend to align with their normal é; perpendicular
to the field, as the magnetic energy is lowest in this configu-
ration. The orientational distribution function (ODF) f(6) of
interacting platelets in a magnetic field can be found using an
Onsager-like approach, i.e., by minimizing the free-energy
expression containing the orientational entropy, packing en-
tropy, and magnetic energy. For a weakly perturbed state, the
ODF can be written as f(0)=ﬁ[l+sP2(cos 0)] (with ||
<1) and following Straley [26] it can be shown that
1AxB> 1

3 kT WPZ(COS o) |. (2)

1
flO)=7—11+

Here, k is Boltzmann’s constant, T the temperature, ¢ the
volume fraction, and d)* the so-called spinodal volume frac-
tion above which the isotropic state becomes locally un-
stable. The order parameter, defined as S, =(P,(cos 60)), is
given by
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1 AxB> 1
T T 3)
15 kT 1-¢lp
in agreement with earlier results [17,26]. This result is valid
for both rod- and plate-like particles.

B. Magnetic-field-induced birefringence

A common way to measure the magnetic-field-induced
orientational order, quantified by S,, is by measuring the bi-
refringence An [13,16,18,22-25,27]. Tt has been suggested
that the birefringence of a dilute isotropic colloidal suspen-
sion is given by [13,16,28]

An= Ansatd’sb (4)

where Ang, is the specific birefringence, ¢ the volume frac-
tion, and S, the order parameter. Note that, in this notation,
the specific birefringence does not depend either on the con-
centration, or on the magnitude and direction of alignment of
the particles. Combining Egs. (3) and (4) yields

An_1AngAx_ &

B2 15 kT 1-l” ®)

which relates the observed field-induced birefringence
An/B? to the magnitude of Ang,Ay. Apparently, we may
expect a linear dependence of An/B* vs ¢ at low volume
fractions (¢/¢“<1) when there are only individual interac-
tions of the platelets with the magnetic field, while it should
diverge on approaching the spinodal concentration ¢* due to
the onset of collective interactions between the platelets.

C. Small-angle x-ray scattering

Extracting the nematic order parameter from the aniso-
tropic SAXS patterns of aligned assemblies of anisotropic
particles is a rather difficult matter that was already ad-
dressed in a number of studies dealing with various situa-
tions [29]. In this section, a very simple model is derived in
order to analyze the SAXS results for this purpose. In gen-
eral, the x-ray scattering intensity /(g) of a suspension of
particles is determined not only by the scattering of a single
particle, i.e., the form factor F, but also by the interference
between scattering contributions of neighboring particles,
i.e., the structure factor. Here ¢ is the scattering vector whose
modulus is determined by the scattering angle 20 via ¢
=41 sin @/, where \ is the wavelength of the x-rays. For
anisotropic particles, the scattering is further complicated by
the fact that the interferences depend not only on the posi-
tional but also on the orientational correlations between the
particles. Hence, /() cannot be factorized into a product of
the intra- and interparticle scattering (the form factor F and
structure factor S, respectively). For an isotropic phase of
thin rods or platelets, however, the interparticle correlations
are often weak. Therefore the approximation S(g) =1 gives a
sufficiently reasonable description of the SAXS intensity
[30]. Treating the platelets as flat cylinders enables one to
fully describe the platelets’ orientation using their normal
vector é;. The scattered x-ray intensity can then be written as
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FIG. 2. Transmission electron micrograph showing the hexago-
nal gibbsite platelets used in this study. The average corner-to-
corner diameter of the platelets is 232 nm, with a polydispersity of
about 20%. The polymer layer is not visible on this micrograph; the
scalebar denotes 500 nm.

1(q) < (F(q.é))), (6)

where the angular brackets denote ensemble averaging over
all particles, with all different orientations.

Most of the SAXS data is collected at scattering vectors in
the so-called “intermediate regime” [31], where %’T <g< 27’7
In this domain, the scattering of a single platelet (the form
factor F) is strongly directed along its normal. As shown in
the Appendix, this leads to a simple and elegant approximate
relation between the scattered intensity (as recorded in the
SAXS patterns) and the ODF of the platelets

g%, ™)

where i describes the orientation of ¢, see Fig. 1. This rela-
tion implies that the ODF can be obtained directly from the
scattering data at constant ¢ in the intermediate regime, mak-
ing data analysis quite straightforward. However, as will be
shown below, the approximations used in Eq. (7) can lead to
a significant underestimate of the values of the order param-
eter S,.

III. EXPERIMENT

A. Sample preparation and characterization

We synthesized hexagonal colloidal gibbsite [AI(OH)s]
platelets [1,7] that were subsequently grafted with end-
functionalized polyisobutene and dispersed in toluene. Thus
a model system of hard platelets is obtained, showing the
liquid crystal phase transitions expected for hard-disk fluids
[3,5,32]. Transmission electron microscopy (TEM), see Fig.
2, and atomic force microscopy (AFM) were used to deter-
mine the average diameter (D) and thickness (L) of the dry
particle core. The diameter of a platelet is measured as the
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average of the three corner-to-corner distances and the esti-
mated thickness may contain a contribution of the collapsed
steric stabilizer. We found (D)=232 nm and {L)=13 nm and
a polydispersity of about 20% in both dimensions. In solu-
tion, the thickness of the sterically stabilizing polyisobutene
brush is estimated to be 2 to 3 nm, yielding effective dimen-
sions of D.;=237 nm and L.=18 nm.

The dispersion of gibbsite platelets showed the first-order
isotropic-nematic phase transition, with coexistence of the
two phases at volume fractions ¢;=0.238 and ¢p=0.255.
Volume fractions were calculated [3,4] from the mass con-
centration, determined by drying a known amount of disper-
sion under nitrogen at 85 °C to constant weight, and from
the previously measured particle mass density p,=1.7 g/ml.

B. Magnetic-field-induced birefringence

In order to obtain an isotropic phase at isotropic-nematic
coexistence, we brought the stock dispersion in the /-N bi-
phasic gap by dilution. After phase separation, which took
1 day, the amounts of isotropic and nematic phase were
about 90% and 10%, respectively. Both phases were ex-
tracted. The isotropic phase had a volume fraction of ¢
=0.229, which is slightly lower than ¢;=0.238, probably due
to fractionation effects (i.e., the nematic phase is enriched in
more anisotropic disks, which is known to affect the volume
fractions of both phases). It was used to prepare 11 samples
in spectrophotometric cells with volume fractions ranging
from ¢=0.02 to 0.246, the latter value being just within the
biphasic gap. In addition, a sample of pure solvent (toluene)
was prepared in a 10.00-mm cell for a background measure-
ment. In spite of carefully sealing the suspension-filled cells
with Teflon tape, evaporation of toluene could not be pre-
vented, causing a shift of the samples’ volume fraction to
slightly higher values in time. We kept track of the actual
volume fraction by weighing each sample before performing
the birefringence measurements. The path length of the cells
d was chosen such that it increased from 1.00 to 10.00 mm
with decreasing volume fraction to counterbalance the
smaller birefringence at lower concentration.

The magnetic-field-induced birefringence was measured
using a technique based on the modulation of the state of
polarization of light [33]. This setup is suited to measure the
linear birefringence An very sensitively, as demonstrated by
our measurement of the field-induced birefringence of tolu-
ene (the solvent).

The setup, similar to that described in Ref. [13], was
equipped with (i) a green He-Ne laser (A=543.5 nm), (ii) a
vertical polarizer, (iii) a birefringent photoelastic modulator
with its main optical axis at 45° from the vertical direction
and oscillating at a frequency v=50 kHz to avoid the influ-
ence of mechanical vibrations, (iv) the sample immersed in a
horizontal magnetic field perpendicular to the light beam, (v)
an analyzer at 45° from the vertical direction, and (vi) a
photomultiplier as a detector. A lock-in amplifier measured
the component of the photomultiplier signal /, at the modu-
lation frequency v, which is related to the birefringence An
by I,=1, sin[27wAnd/\], where I, was kept constant and de-
termined by calibration. The alternating magnetic field was
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generated by an electromagnet, sweeping with a triangular
modulation from —0.8 to 0.8 T. In order to ensure orienta-
tional equilibrium of the particles during measurements, the
sweeping period was set to 49 s, which is much larger than
the typical response time of an isotropic solution to the mag-
netic field (measured to be in the range 10—100 ms, depend-
ing on volume fraction).

C. Small-angle x-ray scattering

From the stock dispersion of gibbsite platelets, four
samples were prepared at volume fractions of ¢=0.219,
0,165, 0.109, and 0.050. These samples were put in Linde-
mann glass capillaries (internal diameter 0.7 mm) and subse-
quently flame sealed.

The SAXS setup of the Dutch-Belgian beamline BM-26
DUBBLE at the European Synchrotron Radiation Facility
(ESRF, Grenoble, France) was used [34]. The scattered
x-rays were detected using a photon counting 13 X 13 cm?
multiwire argon-CO,-gas-filled wire-chamber detector, with
a pixel size of about 250 um. An x-ray beam of 17 keV
(wavelength A=0.73 A) and a sample-detector distance
of about 8 m were used. The accessible g-range was
0.05-0.70 nm™! both in the horizontal and vertical direc-
tions. The setup was calibrated using the fiber diffraction of
wet rat-tail collagen, which has strong characteristic peaks at
g=2mn/67.2 nm™! (n=1,3,5).

The beamline was equipped with a superconducting split
coil magnet, giving a horizontally directed magnetic field
and capable of reaching a maximum magnetic field of B,
=7 T that was homogeneous to a level of 1% in a volume of
1 cm®. The magnetic field vector was perpendicular to the
x-ray beam. To avoid the influence of any sedimentation
[35], the measurements were performed within 8 days after
sample preparation. SAXS patterns were acquired at six dif-
ferent field strengths yielding equally spaced values of B>
between 0 and 49 T2, Each pattern was corrected for detector
sensitivity and background scattering.

IV. RESULTS AND DISCUSSION
A. Magnetic-field-induced birefringence

First, we demonstrate the field-induced orientational order
of the colloidal gibbsite platelets by showing the linear mag-
netic birefringence (of a different batch of suspension) as
recorded with a digital camera (Nikon Coolpix 995) in Fig.
3. A biphasic sample, in a spectrophotometric cell with path
length d=2.00 mm, was immersed in a horizontal magnetic
field (perpendicular to the observation direction) and ob-
served between crossed polarizers that made an angle of 45°
with the vertical. The isotropic phase on top, dark in zero-
field, becomes bright under field. Moreover, from the in-
crease of the birefringence of the isotropic phase with mag-
netic field, we can quickly obtain a very crude estimate of
the field-induced birefringence. Using the approximate rela-
tion A=dAn=X\,,/10 [30] for the retardation (A) detection
limit of the naked eye, with Ao, =0.5 um the wavelength of
the orange transmitted light, we obtain |An|/B*~107* T2
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FIG. 3. (Color online) Illustration of the magnetic-field-induced
birefringence in the isotropic top phase of the suspensions of steri-
cally stabilized colloidal gibbsite platelets. An isotropic (/)—
nematic (N) sample with path length d=2.00 mm is placed between
crossed polarizers in a horizontal magnetic field (a) 0, (b) 0.5, (c) 1,
(d) 1.5, and (e) 2.0 T, generated using a Bruker BE25v electromag-
net. The sample is observed between crossed polarizers, making
angles of —45° and 45° with the vertical direction. As can be seen
quite clearly, the birefringence in the isotropic phase increases with
increasing magnetic field. The black patch in the nematic phase,
which increases in size with the field strength, is caused by homeo-
tropic anchoring of the platelets on the front and back glass walls of
the cell. The birefringence gradient observed at the top of the
sample is due to sedimentation of the particles.

With the experimental setup described in Sec. III B we
have measured the field-induced birefringence, yielding An
vs B-curves, of which a typical one is shown in Fig. 4. For
weakly aligned suspensions, the field-induced-birefringence
should be proportional to B? [17], which indeed appears to
be the case: the An vs B-curves are well described by
second-order polynomials. The two samples of highest vol-
ume fractions showed some hysteresis due to the fact that
they were slightly in the /-N biphasic regime. However, this
did not impede an accurate measurement of the field-induced
birefringence at these concentrations.

The field-induced birefringence of toluene was measured
as An/B?=2.5X 10" T™2. From this value the so-called
Cotton-Mouton constant Kcy=An/\B? is obtained, where \
is the wavelength at which it was determined, yielding
Kem=5%10" T2m™". From the literature values [36] of
the Cotton-Mouton constants of benzene (7.84
X107 T2 m™") and p-xylene (8.17 X107 T2m™!), mea-

7x10§
6 ]
54
4]

-An

3]
2]
1]

B(T)

FIG. 4. Typical curve obtained from the measurement of the
field-induced birefringence, in this case for a sample with ¢
=0.219 and d=1.00 mm. The open dots indicate measured data; the
solid curve is a parabolic fit through the data, demonstrating that
—An= B2,
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FIG. 5. The magnetic-field-induced birefringence —An/B> vs
volume fraction (squares), and two-parameter fit (solid line). The
field-induced birefringence diverges near the spinodal volume frac-
tion ¢" indicated by the dashed line. The inset shows the low vol-
ume fraction region, with the dash-dotted line being the tangent to
the fit at ¢=0, indicating ideal behavior (neglecting interparticle
interactions). Apparently, the ODF [Eq. (9)] is able to describe the
collective behavior almost up to ¢* very well.

sured at A\=488 nm, we estimate that of toluene (by interpo-
lation and taking into account the different wavelength) at
7% 1073 T2 m™" for our experimental wavelength and con-
clude that our measured value is slightly lower.

In Fig. 5 we show the magnetic-field-induced birefrin-
gence as a function of platelet volume fraction. For the co-
existing isotropic phase, at ¢=0.24, the field-induced bire-
fringence is about 2 X 107> T~2. This is indeed of the same
order of magnitude as the value we very crudely estimated
above. The behavior observed in Fig. 5 is quite well de-
scribed by Eq. (5), which allows us to extract the values of
¢" and Ang Ay through a two-parameter fit [13], yielding
¢'=0.26+0.03 and Ang, Ax=-3.6+0.1 X103 J/T>

In order to obtain Ay, we need to determine the specific
birefringence Ang, using Eq. (4). In other words, we can
obtain Ang, by measuring the birefringence An of an isotro-
pic or rather a monodomain nematic sample with known
volume fraction and order parameter. We therefore prepared
a biphasic suspension and rotated it in a magnetic field (B
=1.4 T) around its vertical axis, during which it phase sepa-
rated. The nematic phase (¢y=0.25), which initially con-
sisted of numerous domains, coalesced completely to form a
monodomain nematic phase with its director along the verti-
cal axis (due to Ax<<0), see Fig. 6. Using a retardation plate,
we observed the so-called slow axis of the birefringent nem-
atic phase to be oriented vertically. The bright green interfer-
ence color that finally appears is a ‘“second-order” green,
with a retardation A=800+40 nm [37]. The sample thick-
ness was d=2.00 mm; taking S,=0.7+0.2 and using the re-
lation A=dAn, and in Eq. (4) we find Ang,=2.3+0.5
X 1073, This value agrees quite well with a measurement on
a different sample using an optical birefringent compensator,
yielding Ang,=2.4+0.5X 1073
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(a) (b) (c)

FIG. 6. (Color online) Almost completely nematic sample (i.e.,
with a very small amount of isotropic phase at the top) in a mag-
netic field, rotated around its vertical axis at an average rate of six
revolutions per minute (a) just before starting rotation and after
rotating for (b) 1 and (c) 2 min. The magnetic field was directed
horizontally, B=1.4 T, the polarizers made an angle of —45° and
45° with the vertical direction. Due to this specific geometry, a
(uniaxial) nematic phase is prepared with its director along the ver-
tical rotation axis. Using an interference color chart [37], we find
that the green interference color finally emerging is a “second-
order” green, with a retardation A=800+40 nm.

We now obtain the diamagnetic susceptibility anisotropy
of the gibbsite platelets Ay=—1.6+0.6 X 10722 J/T?, as mea-
sured with optical techniques. Using Eq. (3) we can now
calculate the maximum field-induced orientational order in
the isotropic phase, using ¢=0.24, (]5*:0.26, B=0.8 T, and
Ax=-1.6X10722J/T?, as §,=-0.02, which again confirms
that we indeed deal only with weakly aligned states in this
experiment.

B. Small-angle x-ray scattering

A striking feature of the gibbsite platelets, when placed in
high magnetic fields, is the strong anisotropy of the scatter-
ing, shown in Fig. 7. The magnetic field is oriented perpen-
dicular to the x-ray beam in the horizontal plane, see Fig. 1,
hence this figure shows that the particles align with their
normals perpendicular to the field (for platelike particles, the
scattering extends to larger g values in the direction parallel
to the plate normal, see Fig. 14), confirming the negative
value of Ay. In order to obtain this value from the data, we
use the simple relation [Eq. (7)] between the scattered inten-
sity and the ODF, derived in Sec. II C. The dependence with
q of the scattered intensity is shown in Fig. 8, where we
show scattering profiles of an isotropic phase at zero field
and at B>=40 T2. In the intermediate g-regime (which has an
approximate range of 0.03 nm~! <¢<0.4 nm™'), this depen-
dence is reasonably well described by a ¢~2 decay. From Eq.
(7) it follows that—in the intermediate regime—the ODF
f(#) is proportional to the azimuthal profile of the scattered
intensity, at constant g. The ODF is obtained from the SAXS
patterns by integrating over a small range of g-values (Ag
=0.003 nm™') to improve statistics and by making use of the
centrosymmetry of the scattering according to
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FIG. 7. Isointensity lines of a few of the small-angle x-ray scat-
tering patterns recorded in this study, as a function of volume frac-
tion ¢ and field strength squared B2. The magnetic field is oriented
horizontally. Clearly, the ellipticity of the scattering patterns in-
creases with increasing volume fraction and field strength, while it
decreases with increasing wave vector ¢, as more easily observed in
Fig. 8. In the measurement of the ellipticity of the patterns, we have
made use of two points A and B on the isointensity line; an example
is shown in the upper right pattern.

1 (4itha 1 (4itha
I(¢)=EJ I(q,¢)dq+—f I(g,y+ m)dq,

9;~Aq 2 97~Aq
o< y<m. (8)

With appropriate normalization, these data simply represent
the ODF, as shown in Fig. 9. The ODF given in Eq. (2) can
be treated as if it were the result of a Taylor expansion,
yielding

1 1AxB*Py(cos 6) 1
f(H)—Zexp[ 1_¢/¢*}, ©))

3 kT
which can be regarded as a “rescaled Boltzmann factor” and
as the simplest ODF for interacting platelets at nonzero field

_\ A
i 2

Intensity (arb. units)

N
o
2
1

0.1 0.5
g(nm'')

FIG. 8. Scattering profiles of the isotropic phase, ¢=0.05, at
zero field, obtained by radial averaging, and at B>=40 T2, obtained
for a thin slice (width <0.01 rad) with #=0. The dashed line indi-
cates that the scattered intensity approximately follows a ¢~2 decay.
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0.09+

y(rad)

FIG. 9. An example of the ODF f(4) that was obtained from the
SAXS patterns (of the same sample as used in Fig. 8, ¢=0.05, B>
=40 T?, and ¢=0.2 nm™"). The solid line is a fit using Eq. (11),
yielding K,=-0.18 and S,=-0.004. The dashed line indicates the
isotropic ODF [f(z/x):ﬁ].

strengths that correctly reverts to the limiting cases of “low
field strength” [B>< 1, Eq. (2)] and of “noninteracting plate-
lets” (¢p/ " <1, yielding the ordinary Boltzmann factor).

Let us first only use the SAXS patterns at the lowest con-
centration (¢=0.05) to obtain Ay. The ODF (as presented in
Fig. 9) is fitted using a two-parameter fit

() =K, exp[K, cos® ¢, (10)

where K, is a normalization constant, taken such that

Jf()dQ=1 and

1AxB> 1
S st (an
2 kT 1-¢ld
We have performed this procedure for the scattering patterns
of the sample at various magnetic fields, and at three inter-
mediate g values to obtain K, for ¢»=0.05 as a function of ¢
and B2. The resulting data are shown in Fig. 10. These data
have been fitted for each g-value separately, as well as for

0.351

g(nm’™
0.301 o 0.1 e
o 0.2 -
0.254 A 03 I
o 0.20
" 0.151
0.101
0.05
0.001

BT

FIG. 10. Measurement of the ODF at low volume fraction (¢
=0.05) for three g-values in the intermediate regime. K, is related
to the ODF through Eq. (10). The dashed lines indicate linear fits
through the data at different g-values, while the solid line is a fit
through all data points. Ay is obtained from the slope of the solid
line.
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FIG. 11. Measurement of the ODF for the complete range of
volume fractions and field strengths at g=0.2 nm~!. The solid line
is a linear fit, yielding Ay=-3+1X 102 J/T? and ¢=0.24+0.02.
The spread in the data, for different field strengths, is taken as an
estimate of the error in this analysis.

the complete set using two-parameter linear fits, yielding the
dashed lines and the solid one, respectively. From the figure
it appears that the curves have a certain offset, which we
attribute to a systematic experimental error. The effect ap-
pears stronger for lower g-values and for low volume frac-
tions, and hence it is likely due to anisotropic parasitic scat-
tering rather than from the sample itself, which leads us to
ignore it and deliberately perform two-parameter fits. Fur-
thermore, as can be seen in the figure, the data are better
described in this way.

Taking ¢ =0.25+0.02 as an estimate for the spinodal
concentration (it will be shown below that it is indeed a
reasonable estimate) and using Eq. (11) we obtain Ay=
—3+1X 10723 J/T?. The value of Ay obtained here is propor-
tional to the slope of the curves in Fig. 10 and therefore
depends on the g-value where one measures the distribution
function. However, the three g-values used (0.1, 0.2, and
0.3 nm™!) cover the entire intermediate regime and we may
therefore assume that the value of Ay derived is reliable if
we take the spread in the slopes (of the individual g-values)
as an estimate of the error on Ay.

We now turn to an analysis of the complete set of data,
i.e., we use the scattering patterns for all volume fractions
(0.05< < 0.219) and magnetic fields in order to obtain Ay
and ¢". Figure 10 shows that the slope of the solid line (a fit
using all g-values) is close to that of the fit at g=0.2 nm™".
Given the error in the slope, we proceed to perform the cur-
rent complete analysis only for g=0.2 nm~' and treat the
resulting values as representative for the intermediate
g-regime. We have checked that this is the case for ¢
=0.219 as well.

In the same way as described above, the ODFs are ob-
tained from the SAXS patterns and fitted using Eq. (10).
Plotting —B?/K, vs ¢ yields Fig. 11. We take a linear fit
through the data and obtain Ay=-3+1X10"2J/T? and
¢*=0.24+0.02, where the spread in the data gives an esti-
mate of the error on the last two values. The value of Ay
obtained here agrees perfectly with that obtained at low vol-
ume fraction, validating the use of the “rescaled Boltzmann
factor,” Eq. (9). Furthermore, our earlier estimate of the spin-
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FIG. 12. The order parameter S, as calculated from the scatter-
ing patterns using Eq. (12).

odal volume fraction indeed agrees with the value obtained
experimentally.

In order to evaluate the magnitude of the alignment, we
calculate the order parameter from the scattering data, for
each field strength and volume fraction. As we take discrete
data points rather than an analytical form for the ODF, we
use the following expression:

S, = 27TfWP2(cos ) f()sin pdyf
0

=273 Py(cos Y)f()sin . (12)
i=1

The calculated order parameters are shown in Fig. 12. For
the most concentrated sample at highest field strength, S,
=-0.18, which is about one-third of the maximum value
(—%) in this symmetry.

V. GENERAL DISCUSSION AND CONCLUSION

The present study describes two methods by which the
magnetic-field-induced orientation of colloidal platelets in
the isotropic phase was measured. Optical linear birefrin-
gence measurements were performed, and although it is a
very sensitive technique to detect orientational ordering, it is
only possible to obtain the order parameter S, i.e., the sec-
ond moment of the ODF. Furthermore, it requires the knowl-
edge of the saturation birefringence Ang,, for which a sepa-
rate measurement is needed. The SAXS measurements are
not as sensitive to phase anisotropy, however, using a simple
model, they directly provide the orientational distribution
function. Both techniques yield values of the diamagnetic
susceptibility anisotropy Ay, although these values differ by
a factor of about 5. A possible origin of this discrepancy
could be the simplifications involved in the model describing
the SAXS data. As shown in Sec. IV B, the model is able to
qualitatively describe the magnetic-field-induced change of
the SAXS pattern and allows for a straightforward data
analysis. However, at a quantitative level, the approxima-
tions can lead to systematic errors. In particular, as is appar-
ent from the Appendix, the model only accounts for the scat-
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tered intensity along the platelet normal. This very
anisotropic axial intensity can contribute to the scattering
pattern only if the normal of the particle is orthogonal to the
x-ray beam, within the accuracy of order Ay (see the Appen-
dix). For highly anisotropic particles with small aspect ratio
L/D, Ay<<1, therefore most particles do not obey this rela-
tion in a (nearly) isotropic suspension of platelets. This in-
creases the role of the weak transverse scattering of the par-
ticles, which is neglected in the model. This effect should
reduce the anisotropy of the SAXS pattern, which is thus
overestimated in our simple model. As a result, the model
underestimates the value of Ay. One can show that for
L/D=1/18, approximately 20% of the total scattering inten-
sity is not taken into account in the model, in a rather broad
range of g values obeying the relation %T<q< ZT” Even
more severe discrepancies arise if g approaches one of the
limits in the inequality relation, 2377=0.027 nm™' and 2%
=0.48 nm™', respectively. Due to the restriction on the small-
est g-value in our data, the analysis is performed for g in the
range 0.1-0.3 nm~!. While these values obey the 2—’7<q in-
equality reasonably well, the second inequality g << T” is less
secure, especially at the largest analyzed g values. As a re-
sult, the unaccounted component of the SAXS intensity,
which reduces the scattering anisotropy, plays a more impor-
tant role at larger g. This explains the g-dependence illus-
trated in Fig. 10. We have performed a few model calcula-
tions with an explicit expression for the scattering of discotic
particles [Eq. (A2)]. These calculations indicate that the
simple model underestimates Ay by about a factor of 2 to 3
depending on the g value. In view of the above, we are led to
conclude that the diamagnetic susceptibility anisotropy of
our colloidal gibbsite platelets has an order of magnitude
Ax~ 10722 J/T?. This estimate is much lower than the value
reported for goethite nanorods because these latter particles
bear spins due to the Fe(IIl) ions. Nevertheless, the Ay of
gibbsite platelets is at least an order of magnitude larger than
those of suspensions of organic nanoparticles, even though
the AI(IIT) ions do not bear any spins. This point illustrates
the interest of mineral colloidal suspensions of anisotropic
particles over their organic counterparts, as far as electronic
properties are concerned [38]. The influence of a magnetic
field on the nematic phase of the suspensions of gibbsite
platelets is presently under study in our laboratories.
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APPENDIX
Using the xyz Cartesian coordinates introduced
in Fig. 1, the platelet normal ¢, takes the form
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FIG. 13. The two components of the form factor of a cylindrical
disk with aspect ratio L/D=1/18, as defined in Eq. (A2). In the
intermediate regime, I, decays very fast, while F decreases only
slowly with g.

é,=(sin fcos ¢,sin Osin ¢,cos §). In the following, we
evaluate the scattered intensity, Eq. (6), at a given position
on the detector, i.e., for a given value of the scattering vector
q=(q,,0,q,)=qg(sin ,0,cos i), where small-angle ap-
proximation (¢,=0) is used. For an ensemble of platelets
with orientational distribution function f(6), Eq. (6) can be
written as

I(q,l//)“(F(ﬁ,é|)>=fff(0)F(§)Sin 6dbde. (A1)

The form factor of a cylinder can be written as the product of

two components [31]
s 2 q 1\ 5 q.

Flg,q.)=F(q)F (q,)= 0 I ,

—q,L
2¢Iu

—q,D
ZQJ_

(A2)
where J, is the Bessel function of the first kind and

q)=4 Ccos Y,

q,=gsiny (A3)

are two orthogonal components of the scattering vector par-
allel and perpendicular to the platelet normal é, respectively,
which are described by the angle y between the particle nor-
mal é; and the wave vector ¢. Figure 1 illustrates the experi-
mental configuration and the used symbols. v is related to 6
and ¢ (defining the platelet orientation with respect to the
x-axis), and i (that defines the orientation of the scattering
vector in the xz-plane) according to

cos y=cos #cos i+ sin 6 sin i cos ¢. (A4)

Figure 13 depicts the two components F(¢) and F | (g) of the
form factor of a cylindrical disk with aspect ratio L/D
=1/18. (Here, we consider the aspect ratio of the gibbsite
core of the platelets because the electron density contrast
between the steric stabilizer layer and the solvent is negli-
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FIG. 14. The scattering of a platelike particle is strongly di-
rected along its normal, as demonstrated by (a) the form factor F(q)
of a platelike particle with L/D=1/18. As this is a planar cut
through the three-dimensional Fourier space, the central peak is in
fact a three-dimensional ellipsoidlike object rather than a two-
dimensional ellipselike object. For clarity, a disk with the same
aspect ratio and analogous orientation is depicted in the scattering
pattern. For three circles, the corresponding gD-value is given. The
dashed circles give the extremes of the intermediate regime; the
solid circles indicate the azimuthal paths along which we calculate
the scattered intensity that is shown in (b) for gD=41, 10, and
207,

gible.) As can be seen in Fig. 13, for ¢ values obeying the
relation %T<q< ZTW, Fi(g) and F(g) differ substantially in
magnitude. Most of the scattering is contained in this “inter-
mediate regime” [31]. Here Fy(¢) remains nearly constant,
while F | (g) decays to values one to three orders of magni-
tude lower than Fy(g). Thus, for a given value of ¢, scattering
essentially comes only from platelets oriented so that ¢ is
small, i.e., for small angles of . Hence, we have a very
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narrow, ellipsoidlike axial scattering peak where most of the
scattering is found, as illustrated in Fig. 14.

For weakly perturbed orientational distributions, f(6) var-
ies slowly over the narrow scattering peak. This allows us to
take it out of the integral to obtain

I(q’¢)Mf(0=¢)ffFll(q)FL(QL)Sin 6dbde. (AS)

We further approximate F(g,)=1 and

1, g, <qo

(A6)
O’ q. > 40>

Fi(q)= {

where ¢,=3.83 / %D is the position of the first minimum of
F | . This is equivalent to the requirement that y<<A+vy, where
Avy(g)=arctan(qy/q) = qo/ q. An exact evaluation of Eq. (A5)
shows that about 80% of the scattering originates from the
particles with y<<A+y. The remaining 20% (which are ne-
glected within the current model) comes from particles with
v>Ay. For the particles under consideration (with L/D
=1/18), Ay is approximately 8° at g=/L, demonstrating
that we indeed have a very narrow scattering peak. These
approximations allow us to evaluate the integral in Eq. (A5)
to

f f Fy(q)F L(q1)sin 6d0de = (Ay)* o é- (A7)

By substituting this equation into Eq. (A5), the result in the
main text [Eq. (7)] is obtained.
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