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Magnetic field effects on tactoids of plate-like colloids
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We investigate the effect of a magnetic field on the shape and director field of nematic droplets in
dispersions of sterically stabilized and charge-stabilized colloidal gibbsite platelets with a negative
diamagnetic anisotropy. Depending on the magnetic field strength and tactoid size, we observe with
polarized light microscopy several interesting structures, with different shapes and director fields
both with and without defects. In particular, our findings provide the first experimental evidence for
the existence of the split-core defect structure predicted ten years ago by Mkaddem and Gartland
[Phys. Rev. E 62, 6694 (2000)]. The split-core structure is a metastable director-field configura-
tion that can be stabilized by a sufficiently strong externally applied magnetic field but only if the
diamagnetic anisotropy of the particles is negative. To account for our observations, we present a
calculation of the stability regions of different shapes and director-field structures as a function of
tactoid size, anchoring conditions, surface tension, elastic constants, and magnetic field strength. By
fitting the experimental data to the theoretically predicted structures, we are able to extract values for
the splay elastic constant, interfacial tension, and anchoring strength. Remarkably, we find signifi-
cant differences between the two systems studied: for sterically stabilized gibbsite in bromotoluene
the anchoring strength is one order of magnitude larger than that of aqueous gibbsite, with the latter
exhibiting weak and the former strong anchoring of the director field to the interface. The splay elas-
tic constants that we obtain are in agreement with earlier experiments, simulations, and theory, while
the interfacial tension and anchoring strength are considerably larger than what was found in earlier
experiments. © 2011 American Institute of Physics. [doi:10.1063/1.3520389]

I. INTRODUCTION

Tactoids are nematic droplets formed in the early stages
of the emergence of a nematic liquid-crystalline phase in sus-
pensions of sufficiently anisometric colloidal particles. They
are an interesting object of study because their shape and
director-field configuration are determined by a competition
between elastic and interfacial forces, the balance of which
is a function of their size.1–3 This implies that the anchoring
strength, surface tension, and elastic constants can, at least in
principle, be deduced from the size dependence of the shape
and internal structure of tactoids.

Tactoids formed in suspensions of “elongated” (rod-like)
colloidal particles have been studied for quite some time
in a variety of systems, ranging from suspensions of vana-
dium pentoxide,4, 5 tobacco mosaic virus,6 and fd virus,7 to
F-actin.8 Very recently, tactoids in systems of rods have also
been investigated by means of computer simulation.9–12 These
nematic droplets have an unusual, elongated (spindle-like)
shape and are characterized by a bipolar director field as is
evidenced by polarization microscopy, a consequence of the
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planar anchoring of the nematic director field to the isotropic-
nematic interface observed in this kind of system.5, 13–15

By fitting theoretical predictions to shape characteristics
such as the aspect ratio and the tip angle for tactoids in the
range of sizes from 10 to 100 s of μm typically found in
experiments, estimates for the ratio of some average of the
elastic constants and the surface tension as well as the ra-
tio of the surface anchoring strength and the surface tension
were obtained.8, 13, 15, 16 The latter was consistently found to
be significantly larger than predicted by theory and computer
simulations.10, 17–21 This has been attributed to the effects of
curvature, but this is by no means certain.22

Additional information on the material properties of tac-
toids can be obtained by means of an externally applied elec-
trical or magnetic field because these couple to their shape and
director field.5, 23, 24 Recently, we showed that tactoids formed
in suspensions of sterically stabilized “plate-like” gibbsite
particles in bromotoluene respond to an increasing magnetic
field not by a continuous deformation but by a sudden rear-
rangement of the director field if the field strength exceeds a
critical value, a phenomenon reminiscent of a Frederiks tran-
sition. Free floating tactoids of elongated particles do not ex-
hibit a Frederiks transition in a magnetic field: rather they
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reorient and at sufficiently high field strength become slightly
stretched along the field direction.5

The difference in the behavior of rod- and plate-like col-
loidal particles is due to different anchoring conditions to the
interface between co-existing isotropic and nematic phases.
While colloidal rods favor parallel anchoring to the interface,
colloidal plates prefer homeotropic anchoring, resulting in
spherical tactoids with a radial director field and a hedgehog
defect in the center of the droplet. Not surprisingly, the spher-
ical symmetry of these tactoids leads to fundamentally differ-
ent behavior in an external field. For instance, radial tactoids
of particles with a positive magnetic anisotropy should trans-
form to an axial field with ring defect according to theoretical
calculations25, 26 and Monte Carlo simulations.11

Interestingly, about ten years ago, Mkaddem and
Gartland27 investigated defects in radial tactoids within
Landau-de Gennes theory and, apart from the familiar radial
hedgehog and the (small) ring disclination, reported on the
existence of what they termed the split-core defect structure.
This configuration, in essence a radial point defect extended to
a straight disclination line defect, was found to be metastable.
However, the authors suggested that it could be stabilized in
a magnetic field, provided the particles have a negative mag-
netic anisotropy. In this paper, we confirm that tactoids in dis-
persions of gibbsite platelets, which have a negative magnetic
anisotropy, do indeed exhibit this remarkable defect structure
at sufficiently high magnetic-field strengths. The associated
Frederiks-like transition is caused by a tension characteristic
of a disclination line, a tension that has to be overcome by the
action of the magnetic field.

Here, we extend our earlier work on tactoids of steri-
cally stabilized gibbsite platelets in an apolar solvent (bromo-
toluene) to charge-stabilized ones in the polar solvent water.23

As we shall see, the sterically and charge-stabilized gibbsite
systems represent fundamentally different systems governed
by a strong versus a weak surface anchoring of the director
field. In the former, the formation of the split-core defect is
associated with an elongation of the tactoids, while for the
latter this is not so. A macroscopic model accounting for the
Frank elastic energy, magnetic energy, and surface and an-
choring energies rationalizes our findings and allows us to ex-
tract from our measurements the splay-elastic constant and
the ratio of the anchoring strength and surface tension.

Analysis of the data from our earlier experiments on tac-
toids of sterically stabilized gibbsite in terms of the present
model produces values for the splay-elastic constant and sur-
face tension that are in agreement with those obtained from
a much cruder model.23 This reconfirms our earlier conclu-
sion that the isotropic-nematic surface tension obtained from
the tactoid shape considerably differs from that found from
capillary rise experiments.28 We have no explanation for this
discrepancy.

II. MATERIALS AND METHODS

A. Particle preparation and characterization

Colloidal gibbsite (γ -Al(OH)3) platelets were synthe-
sized by hydrothermal treatment of aluminum alkoxides in

an acidic environment by the method developed in our
laboratory.29 For the experiments in apolar solvent, the
obtained particles were coated with a modified poly-iso-
butylene (Shell, SAP 230) (Ref. 30) according to the pro-
cedure of Van der Kooij et al.,31 and were dispersed in
2-bromotoluene. The gibbsite system in water was prepared
by coating the bare particles with Al13 polycations, by addi-
tion of aluminum chloro hydrate (ACH or Locron P, Hoechst,
Germany), to enhance the particle stability by an increase of
the surface charge.32 Subsequently, the particles were redis-
persed in a 10−2 M sodium chloride solution. Both systems
were characterized with transmission electron microscopy
(TEM, Tecnai 10), which resulted in a particle diameter of
220 nm (±22%) for the sterically stabilized gibbsite and
207 nm (±35%) for the charged gibbsite platelets.

B. Sample preparation

Both gibbsite systems were concentrated by centrifuga-
tion and subsequent redispersion to attain a concentration in
the range where the isotropic and nematic phases coexist,
which was 21 v/v% for the sterically stabilized gibbsite and
24 v/v% for the charged gibbsite. The particle number den-
sity in the nematic phase, ρ, was estimated to be around
4 · 1020/m3 in both systems. Samples of the homogenized
dispersions were prepared in flat glass capillaries (VitroCom,
NJ) with internal dimensions of 200 μm × 4 mm × 4 cm.
The capillaries were filled by capillary action, subsequently
flame-sealed, and glued to avoid evaporation of the solvent.
In a few hours tactoids appeared and coalesced to form the
nematic phase. Measurements were performed near the end
of the phase separation process, typically after a few days
to weeks, to minimize the effect of flow fields on the tactoid
shape and director field.

C. Magnetic field experiments

A magnetic field was applied to the samples by means of
a Bruker Electromagnet, equipped with large flat pole shoes
to ensure a homogeneous field. Field strengths ranged from
B = 0 − 2 Tesla (T) and were monitored with a LakeShore
421 Gaussmeter. Previous optical and small angle x ray scat-
tering experiments on suspensions of sterically stabilized
gibbsite in toluene resulted in a diamagnetic susceptibil-
ity anisotropy �χ of −10−22 J/T2.33 This means that the
platelets prefer alignment with the director perpendicular to
the magnetic field. The diamagnetic anisotropy has only been
measured in systems of sterically stabilized gibbsite, but we
expect that the charge-stabilized gibbsite system used here
will have the same value, because the platelets are of com-
parable size.

D. Polarized light microscopy

Tactoid shape and director field were directly observed
in the magnetic field with a polarized light microscopy setup,
assembled from the head of a Zeiss Axiolab microscope,
equipped with crossed polarizers, a 10× and 20× Nikon CFI
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200 µm

FIG. 1. Polarization light micrograph showing nematic tactoids of vari-
ous sizes and director-field configurations in an aqueous suspension of
charge-stabilized gibbsite platelets. Arrows indicate the orientation of the
polarizers.

Plan Fluor ELWD objective, and a Nikon Coolpix 995 CCD
camera. The microscope had its focal plane along gravity,
with the magnetic field applied in the horizontal direction
parallel to the focal plane. A full wave retardation plate (λ
= 530 nm) was used to determine the orientation of the di-
rector. The nematic phase of gibbsite platelets in water has
a negative birefringence, which means that the largest re-
fractive index is perpendicular to the director.34 As a conse-
quence, insertion of the full wave retardation plate will lead
to a color shift to orange if the director is parallel to the slow
axis of the plate and to blue in the case of a perpendicular
orientation.

III. EXPERIMENTAL RESULTS

A typical polarized light micrograph of tactoids in an
aqueous suspension of our gibbsite platelets is given in
Fig. 1, showing a group of tactoids of different size and
director-field configuration. From groups like the one shown

in Fig. 1, we investigated the response of representative
droplets of different size to the application of a magnetic field.

Figure 2 shows how two large tactoids with a radius of
≈19 and 30 μm are perturbed by an externally applied mag-
netic field. At zero field, the tactoids are spherical and the
extinction pattern corresponds to that of a 3D radial director
field emanating from a hedgehog point defect in the center
of the tactoid,23, 35 also see the schematic representation of
Fig. 7(e). This follows from the observation that the diagonal
extinction cross, associated with the region where the platelets
are aligned parallel to the polarizers, co-rotates with the
polarizers.

However, if the magnetic field strength is larger than
some critical value that according to our observations seems
to depend on the radius of the tactoid, the dark diagonal cross
transforms into a horizontal band. The fact that the dark band
is aligned along the magnetic field direction, itself inclined at
45◦ relative to the polarizers, implies that in that region we
must be viewing the gibbsite platelets face on. In this config-
uration, the particles do not exhibit any birefringence. Such a
configuration makes sense, of course, once we realize that the
negative magnetic diamagnetic susceptibility tends to align
the platelets perpendicular to the magnetic field direction.
With this in mind, we can now interpret the transformation
of extinction patterns in terms of a transformation of the point
defect into a disclination line, ending in what must be the two
halves of a point defect, in the direction of the magnetic field.

This implies that from this line defect the director-field
lines must run radially to the droplet’s interface, resulting in a
2D radial director field in the middle part of the droplet, while
the director field on both sides of this structure remains radial
in 3D. A schematic of the envisaged director-field structure is
given in Fig. 7(f). So, the emergence of the dark horizontal
band in the direction of the magnetic field must be due to
the alignment of the platelets perpendicular to the magnetic
field: directly looking at the core of the disclination line the
director field points into the focal plane and in this orientation
the particles do not display any birefringence.

FIG. 2. Polarization microscopic images, showing tactoids of approximately 30 μm (top row) and 19 μm (bottom row) radius in a dispersion of charge-
stabilized gibbsite platelets in water for a series of increasing magnetic field strengths indicated. The orientations of the polarizers and the magnetic field are
indicated by arrows in the upper-left corner, and the magnetic field with the horizontal arrow in the lower-left corner. The extinction pattern changes fairly
abruptly with increasing field strength. As discussed in the main text, we attribute this to the transformation of a radial director field characterized by a point
defect at low magnetic field strength to a so-called split-core line defect that increases in length with increasing magnetic field strength.
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FIG. 3. Length of the line defect as a function of magnetic field strength, for tactoids of charge-stabilized gibbsite in water (crosses and pluses) and sterically
stabilized gibbsite in bromotoluene (circles). Indicated in the box are the (initial) radii of the tactoids. The length of the split-core defect, deduced from the
length of the extinction band along the magnetic field shown in Fig. 2, is scaled in the aqueous system to the tactoid radius and in bromotoluene with half the
tactoid length in the direction of the line defect. See the main text for an explanation of how the line-defect length was exactly measured. We note here that
tactoids in bromotoluene do not remain spherical but elongate in the field direction.

It is of some interest to point out that this director-field
structure corresponds to that associated with the so-called
split-core defect, the existence of which in nematic drops was
predicted ten years ago by Mkaddem and Gartland albeit only
as a metastable state.27 These authors also suggested, how-
ever, that the split-core defect could be stabilized by the ap-
plication of a magnetic field but only if the nematogens have a
negative diamagnetic susceptibility. This exactly corresponds
to the situation that we have investigated. So, our measure-
ments confirm that the spit-core defect structure, which as far
as we are aware has never previously been observed, can in-
deed be made stable in a magnetic field, in agreement with
theoretical prediction.

Upon a further increase of the magnetic field, the length
of the line defect increases until its length spans the entire tac-
toid width. For the two tactoids of different radii of Fig. 2, this
happens at a field strength of approximately 1 T. If we now
rotate the polarizers to a vertical-horizontal orientation (not
shown), the horizontal band remains dark while the birefrin-
gence of the regions above and below this band completely
disappears, indeed corresponding to a 2D radial director field
configuration in the entire droplet.

The length of the line defect relative to the radius of the
tactoid is shown in Fig. 3, as a function of the magnetic field
strength. In contrast to thermotropic liquid crystals where line
defects can actually be observed, in this system the line-defect
length has to be deduced from the extinction pattern, which is
not trivial. We have determined the length of line defect by
extending the diagonal extinction bands shown in Fig. 2 until
they cross the horizontal extinction band along the magnetic
field and then measured the distance between these crossing
points. The indicated error bars were determined from the

distance of these points to the ends of the horizontal dark
band. Although the size of these tactoids differs by a factor
of 1.6, the transition from a radial to a split-core type direc-
tor field seems to take place in the same admittedly some-
what broad range of about 0.3 to 0.6 T. On the other hand,
the director-field structures observed at 1.1 T, where for both
drops the defect lines seem to traverse the entire drop, are
slightly different. The dark horizontal band of the largest tac-
toid of the two seems slightly wider in the middle, while it is
much more uniform in the smaller tactoid. This might indicate
that the director field of the largest tactoid is not a purely 2D
splay field but may exhibit a slight bend deformation as well.

B = 0 T 0.72 T40 µm

FIG. 4. Polarization micrographs of a nematic tactoid of approximately
31 μm radius of sterically stabilized gibbsite platelets suspended in the apolar
solvent bromotoluene. Indicated are the orientations of the polarizers (arrows
at right angles in the top left-hand corner) and the magnetic field direction
(lower left-hand corner). Left: at zero magnetic field the extinction pattern is
consistent with a radial director field and a point defect in the center. Right:
an applied magnetic field of 0.72 T transforms the point defect into a line
defect and the tactoid becomes elongated in the field direction.
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B=0.2T 0.4T

0.8T 1.8T 150 µm

FIG. 5. Polarization microscopic images showing tactoids of charge-
stabilized gibbsite in water with a uniform director field in a magnetic field.
Indicated are the orientations of the polarizers (arrows at right angles in the
top left-hand corner), retardation plate (dashed arrow), and the magnetic field
direction (horizontal arrow). Different colors represent different director ori-
entations, as explained in the main text. The isotropic background aligns in
the magnetic field and the tactoids rotate with increasing field strength to
orient their director perpendicular to the field direction.

Previous experiments have shown that tactoids of steri-
cally stabilized gibbsite in the apolar solvent bromotoluene
display a similar transformation with increasing magnetic
field observed in the aqueous system23 (see Fig. 4). For
comparison, we have plotted in Fig. 3 the length of the split-
core defect in tactoids of sterically stabilized gibbsite as a
function of magnetic field strength, in this case scaled with
half the length of the droplet in the direction of the line
defect.

It is important to stress that there is a significant differ-
ence between the behavior of tactoids in the two types of
solvent. For the sterically stabilized gibbsite platelets in bro-
motoluene, the formation of the split-core defect is accom-
panied by an elongation of the droplet in the field direction
[see Fig. 7(g) for a schematic representation]. This elonga-
tion starts at a slightly higher magnetic field strength than
the “stretching” of the point defect into the line defect that
we believe to be the split-core defect. In Ref. 23, the tactoid
elongation was explained by presuming a rigid anchoring of
the director field to the interface of the tactoids. The fact that
tactoids of the present system of charge-stabilized gibbsite in
water remain spherical, despite the emergence of a growing
split-core defect with increasing field strength, implies that
in this case the anchoring of the director field to the interface
must be much weaker. We return to this important issue in our
discussion below.

Interestingly, we find that very small tactoids behave
rather differently from the larger ones, and in fact do not ex-
hibit the typical Maltese cross extinction pattern typical of
a radial director field. This is shown in Fig. 5 , presenting
a micrograph series of tactoids up to approximately 40 μm
in diameter in a magnetic field of increasing strength. A re-
tardation plate was used here indicated by the dashed arrow,
pointing along the magnetic field direction. At zero field (not
shown), these tactoids have different but otherwise uniform
colors (orange and blue tints). This means that the tactoids
have a uniform director field and different orientations with

50 µmB = 0 T        0.28T           0.46T

0.58 T        0.88T           1.1T

FIG. 6. Polarization micrograph of an intermediate-sized tactoid with in-
creasing magnetic field strength. Arrows in the upper-left corner indicate the
orientation of the polarizers, and the magnetic field direction is indicated
by the horizontal arrow. At zero field, the extinction pattern is consistent
with an axial director field and a ring defect close to the top of the droplet,
where we note that gravitational force points downward along the vertical
[see Fig. 7(c)]. The central part of the tactoid, where the director is more or
less uniform and oriented along the vertical direction, becomes larger with
increasing field strength until the entire tactoid has a uniform director field.

respect to the retardation plate. For orange ones, the nematic
director is oriented parallel and for the blue ones, perpendic-
ular to the retardation plate. With increasing magnetic field
strength several changes can be observed.

First, the color of the isotropic background shifts from
the magenta-red of the retardation plate to a blue tint. This
indicates that the isotropic background phase aligns in the
magnetic field and forms a para-nematic phase with the di-
rector perpendicular to the retardation plate and the field di-
rection. Second, the color of some of the tactoids turns from
orange into blue, indicating that the nematic director rotates
from an orientation parallel to the field to that perpendicular to
it. Some of the orange-colored tactoids seem to (almost) dis-
appear from view, which is plausibly due to their alignment
perpendicular to the focal plane in which case they do not
exhibit any birefringence. Blue tactoids display a color shift
toward green/yellow, plausibly caused by a slight rotation of
the director to a more vertical orientation and possibly also to
an increase of the nematic order parameter. Note that tactoids
also appear blue if the orientation is not completely perpen-
dicular to the retardation plate. Finally, some of the tactoids
seem to become slightly elongated in the field direction.

As we shall show in Sec. IV, these observations can be
rationalized from the standard continuum theory of nematics.
Before we turn to that, we end this section with a brief dis-
cussion of how different director fields transform themselves
from one to the other.

To this end, we present in Fig. 6 a tactoid with a director-
field structure in between the radial and uniform director
fields typical of large and small tactoids, respectively. The
transition from a radial tactoid to that with a uniform director
field, we imagine, can proceed via two different routes. Plau-
sibly, this may happen either via the continuous displacement
of the point defect from the center of the drop to a position
outside it where it becomes virtual and eventually move to
infinity, or via a transition of the point defect to a ring defect
with increasing radius that also becomes virtual if it leaves the
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Tactoid size
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B

FIG. 7. Schematic overview of tactoid shapes and director-field configurations observed in dispersions of gibbsite in water (a–f) and in bromotoluene (e–g),
as a function of the tactoid size and the magnetic field strength. The arrow indicates the direction of the magnetic field. Note that the main body axis of the
platelets (the surface normal) points in the mean along the director (see Fig. 8).

droplet. This shall be discussed more extensively in a forth-
coming paper.35

The director field of the particular tactoid studied here is
schematically depicted in Fig. 7(c) and represents the route
where the point defect opens up to become a ring defect with
a radius that increases as the drop size decreases. Note that
the tactoid sediments toward the nematic phase and that pre-
sumably due to the flow fields this ring defect we always find
to be on the rear of the drop with respect to the direction of
translation.36 If a magnetic field is applied to this tactoid, the
size of the birefringent part in the center of the tactoid in-
creases with increasing magnetic field strength, which implies
that the radius of the ring defect must increase accordingly.
This continues until the director field becomes uniformly ori-
ented at a right angle to the magnetic field at a magnetic
field strength of 1.1 T. So, the transformation from a nonuni-
form to a uniform director field with increasing magnetic field
strength seems to proceed in a similar way to that in the ab-
sence of an external field with decreasing tactoid size.

To summarize our findings, we refer to the overview of
the observed director-field structures in Fig. 7. Different tran-
sitions or crossovers can be distinguished as a function of tac-
toid size, magnetic-field strength and solvent type. With in-
creasing magnetic field we find for: (1) small tactoids with
uniform director field (a) a reorientation to have their di-
rectors perpendicularly positioned to the magnetic field (b);
(2) intermediate sized tactoids with a ring defect (c) a transfor-
mation to a uniform director field (d); (3) large radial tactoids
with a hedgehog defect (e) a transformation to a split-core de-
fect with the drops remaining spherical in a polar solvent (f),
or adopting an ellipsoidal shape in an apolar solvent (g).

In Sec. IV we put forward an approximate theory that ex-
plains our observations. As we shall see, the theory in fact
enables us to extract from the experiments useful physical pa-
rameters of the system in hand.

IV. THEORY

It appears that the director field of nematic tactoids in dis-
persions of gibbsite particles is not fixed but responds to both

their size and the strength of the magnetic field. In addition,
tactoids of sterically stabilized gibbsite in bromotoluene be-
come elongated in a sufficiently strong magnetic field, while
those in dispersions of charge-stabilized gibbsite in water
remain spherical. In order to rationalize these observations,
summarized in Fig. 7, we present a macroscopic theory based
on a competition between the elastic, surface, and magnetic
properties of drops of a nematic phase freely floating in an
isotropic phase.

Our free energy F = FE + FS + FM of a nematic drop
of given volume V consists of three contributions:

(1) The Oseen–Frank free energy of a deformed director
field −→n (−→r ) that in the one-constant approximation reads

FE = 1
2 K

∫
d3−→r [(

−→∇ · −→n )2 + (
−→∇ × −→n )2], (1)

where K is some average of the elastic constants. In our
calculations we shall presume only pure splay deforma-
tions, in which case K = K1, i.e., the splay-elastic con-
stant. The integration over the spatial co-ordinate −→r is
implied to be taken over the entire volume V of the drop.

(2) For the interfacial energy we presume a form of the
Rapini–Papoular type,37

FS =
∫

d2−→r [γ + w − w(−→q · −→n )2], (2)

where the integration is now implied over the entire sur-
face of the drop. Here, γ is the bare surface tension
of the drop, w an anchoring free energy per unit area,−→q = −→q (−→r ) the surface normal, and −→n the director
field at the interface. Platelets for entropic reasons pre-
fer homeotropic alignment,28 so w > 0.

(3) The magnetic energy of a nematic drop obeys38

FM = − 1
2ρ�χ

∫
d3−→r (−→n · −→

B )2, (3)

where ρ is the particle number density, �χ the diamag-
netic susceptibility anisotropy, and

−→
B the magnetic field

vector. Our gibbsite platelets have a negative magnetic
susceptibility, so �χ < 0.33, 39
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FIG. 8. Schematic representation of the main droplet shapes and director
fields, indicated by dashed lines, consistent with our observations. The com-
petition between homeotropic surface anchoring, surface tension, elastic de-
formation, and the magnetic field B gives rise to transitions between at least
four types of tactoid, indicated by the Roman numerals I–V. The radial direc-
tor field of the spherical tactoid with a hedgehog defect (top left) has perfect
anchoring and minimal surface tension but has a suboptimal magnetic en-
ergy. Replacing the point defect by split-core line defect (top right) lowers
the magnetic energy but increases the anchoring energy. Elongating the split-
core droplet lowers the magnetic and anchoring energy at the expense of the
surface energy. The lowest magnetic energy has a tactoid with a uniform field
(bottom left). Its shape minimizes the sum of the anchoring and surface en-
ergies, for homeotropic anchoring producing a lens-shaped object. The disks
are not drawn to scale and serve to indicate the platelet orientations in the
various drops.

In principle, we would need to minimize the free energy with
respect to the director field and shape of the interface, given
the fixed volume of the drop and given that the norm of the
director is by definition equal to unity. This produces a con-
strained free boundary value problem that is very hard to
solve, even numerically. So, we choose to simplify the prob-
lem by presuming the director field either to be uniform or to
consist of a pure splay type. For a uniform field we apply the
well-known Wulff construction40 to find the optimal shape.
For the pure splay field we presume a line defect of given
length to be in the center of the drop that in turn we presume
to be of prolate shape, i.e., to be an ellipsoid of revolution. The
director field over the entire length of the disclination line is
presumed to be a 2D radial splay field, while in the remainder
of the drop we presume a 3D splay field emanating from the
split-core defect at the ends of the disclination line. We op-
timize both the length of the line defect and the aspect ratio
of the drop. We perturbatively do this for aspect ratios near
unity, i.e., for drops that are not very elongated, in line with
our observations. Stability diagrams are calculated by com-
paring free energies of various types of drop (schematically
presented in Fig. 8).

In the following, only an outline of the main results of
our model are presented. A detailed account of our calcula-
tions, which are quite nontrivial, shall be given elsewhere.41

We summarize our results in stability diagrams in Fig. 10 that

show the optimal tactoid shape and director field as a function
of the three for the problem relevant dimensionless groups
associated with the tactoid size, the anchoring strength of
the director field the tactoid’s surface, and the magnetic-field
strength. These dimensionless groups are � ≡ Rγ /K1, where
R is the radius of the equivalent spherical drop, ω ≡ w/γ a di-
mensionless anchoring strength, and β2 ≡ −ρ�χ B2 K1/γ

2,
with B the strength of the magnetic field. There is also a
fourth dimensionless group, ℵ ≡ bγ /K1, associated with the
core of the line defect the radius of which is presumed to be
of order b. As b must be a microscopic length in lyotropic
nematics,42, 43 i.e., on the scale of the diameter of the platelets,
its magnitude can only be estimated.23 Fortunately, ℵ enters
our equations only logarithmically so our results depend only
very weakly on its value.

Before discussing our phase diagrams in more detail, it
is useful to explicitly consider the driving forces for the tran-
sitions between the different tactoid shapes and director-field
configurations presented in Sec. III and schematically shown
in Fig. 8. We can distinguish between droplets with perfect
and imperfect planar alignment of the platelets to the surface,
corresponding to perfect and imperfect homeotropic anchor-
ing (see Fig. 8). Clearly, a drop with a uniform director field
has an imperfect anchoring. In this case, there is no defor-
mation of the director field but also the magnetic energy is
minimal because the drop is able to orient and align itself in
the magnetic field. The alignment of the director field is per-
pendicular to the magnetic field on account of the negative
diamagnetic susceptibility of the particles.

We conclude that for a drop with a uniform field the only
free-energy cost is that associated with the imperfect surface
anchoring, which incidentally can be minimized further by
deforming the shape of the drop. Because of the preferred
homeotropic surface anchoring the tactoids tend to become
oblate shaped and flatter the larger dimensionless anchoring
strength ω ≡ w/γ > 0, the sole parameter that dictates the
shape of a drop with a uniform director field. Invoking the
Wulff construction,40 we find that for ω ≥ 1 the oblate in fact
transforms to a lens with a sharp rim. Interestingly, the differ-
ence in free energy between the exact Wulff shape and a lens
constructed from two cut spheres and optimized with respect
to the cutting angle is minute (less than 0.5 %) for all values
of ω, so for simplicity we used this lens shape for constructing
our stability diagrams.

For spherical tactoids, perfect or “strong” anchoring con-
ditions are fulfilled by a three-dimensional radial director field
that radiates outward from a hedgehog point defect in the cen-
ter of the drop (see Fig. 8). For this configuration, anchor-
ing is ideal but the director field is distorted and the orien-
tation of a part of the particles is suboptimal relative to the
magnetic field that, again, prefers to align them perpendicu-
lar to it. The hedgehog director-field configuration wins out
over the uniform one if the product � × ω = Rw/K1 is large
enough by an amount that is set by the dimensionless group
β2 ≡ −ρ�χ B2 K1/γ

2. In zero magnetic field this happens if
�ω > 3 for spherical drops and a slightly higher value for the
transition from the lens to a spherical hedgehog (see Fig. 9).
This implies that if we observe the transition for a given tac-
toid size and if we establish the value of the elastic constant
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(a) (b)

FIG. 9. (a) The critical value of the dimensionless tactoid size � ≡ Rγ /K1
for the transition from a uniform to a radial director field as a function of
the dimensionless anchoring strength ω ≡ w/γ . Indicated by the dashed line
is the critical value at zero magnetic field with β2 ≡ −ρ�χ B2 K1/γ

2 = 0,
and the solid line shows the limit for a very strong magnetic field where the
defect is stretched through the entire tactoid (L/R = 2), which is the vertical
asymptote (dotted line) in the phase diagram in Fig. 11. (b) The aspect ratio
a of the lens shape, i.e., the ratio of its thickness to its diameter, is completely
determined by ω, and for the values in the phase diagram, i.e., ω ∈ (0.25, 2),
it ranges from 0.84 to 0.36.

independently, this inequality produces a lower bound for w .
We return to this in Sec. VI.

It follows that the hedgehog configuration is not favor-
able for a sufficiently small tactoid.2, 3 For a strong enough
magnetic field it cannot be maintained either, because then the
magnetic energy penalty becomes prohibitively large. To al-
low more particles to comply with the preference imposed by
the magnetic field, the drop can either adopt a uniform direc-
tor field at the expense of imperfect anchoring or stretch the
point defect to a line defect of topological charge +1 in the
direction of the magnetic field (see Fig. 8). In this split-core
defect structure discussed in the preceding sections, perfect
surface anchoring cannot be maintained albeit that it can be
reduced by elongating the drop. This can obviously only hap-
pen at the expense of a surface energy. In comparison with
the hedgehog configuration, the split-core configuration has a
lower magnetic energy penalty, which may even become zero
if the defect line runs through the entire tactoid but it does
have a higher elastic deformation energy, a nonzero anchor-
ing penalty, and potentially a higher surface energy.

In our numerical calculations summarized in Fig. 10 ,
we set the value of the dimensionless anchoring strength
equal to ω = 0.25, 0.5, 1, and 2, where we note that a value
around ω = 0.5 was deduced from capillary-rise experiments
for sterically stabilized gibbsite platelets in toluene.28 In the
limit of ω → 0 the free-energy cost of increasing of the sur-
face area is infinite, implying that the tactoids remain spheri-
cal. The stability diagrams presented in Fig. 10 show that, as
expected, a sufficiently small tactoid has a homogeneous di-
rector field for any magnetic field strength because of the pre-
dominance of the Frank elastic energy. Larger tactoids adopt
a hedgehog configuration for weak magnetic fields and a line
defect that runs through the entire drop for very large mag-
netic fields, on account of the predominance of the anchoring
energy. As advertised, the cross-over size in the absence and
presence of a strong magnetic field can provide information
on the anchoring strength and its dependence on ω is shown
in Fig. 9.

How the transition between a uniform and a hedgehog
configuration proceeds we do not know for certain but it may

involve either a hedgehog defect or a small ring defect that
moves in from outside of the drop, where it is virtual. Indeed,
in Sec. III we have seen configurations with a defect that is
close to the tactoid’s surface. However, if we model a 3D ra-
dial director field emanating from a point defect that is off
center, then it turns out that this configuration is always ener-
getically more expensive than the central hedgehog or the lens
with a uniform field.35 Therefore, we conclude that the tac-
toid with boundary defect must be a metastable configuration
and because of its relatively high free energy is absent in our
phase diagram. We speculate that the observed configuration
is stabilized by the flow field caused by the sedimentation.36

The second transition we find in the diagrams is that of
spherical drops with a central hedgehog to those with a split
core. This transition happens for a sufficiently strong mag-
netic field and allows more particles to adopt the magnetically
preferred orientation. The critical magnetic field strength Bc

associated with this Frederiks-type of transition obeys

B2
c = 4K1

ρ�χ R2

(
log

(
b

R

)
+ 2

)
, (4)

where b is the diameter of the core of the line defect that we
expect to be of the order of the plate diameter. This expres-
sion differs by a factor of two thirds from our earlier, more
approximate theory based on the presumption of perfect an-
choring requiring the drop to stretch with increasing length of
the split-core defect.23 Equation (4) is independent of ω be-
cause at the onset of the transition from hedgehog to split-core
defect, the anchoring is still perfectly homeotropic. Given that
we now allow for imperfect anchoring, the length of the de-
fect increases with the magnetic field strength without stretch-
ing the drop. For very strong fields the line defect stretches
throughout the entire tactoid to eliminate the magnetic energy
cost altogether.

We find that for all four values of ω of Fig. 10, there is a
region of sizes and magnetic field strengths where tactoids are
not spherical or lens shaped, but elongated. These elongated
tactoids have a split-core defect along their main axis, and
their region of stability is larger for larger values of ω. The
reason for this is that the ellipsoid has a lower anchoring en-
ergy than the equivalent sphere with line defect. For increas-
ing magnetic field strength a sufficiently large spherical drop
with a split-core defect stretches to an ellipsoid. This transi-
tion takes place at a magnetic field strength that we denote by
B∗ and is a very complicated expression that we present in a
separate publication.41 At this critical point the length of the
defect line is about half the radius of the drop, L ≈ 0.5R. The
length of the line defect increases with increasing magnetic
field strength (see Fig. 11). The length of the line defect in
the elongated drop is larger than that in equivalent spherical
tactoid, as follows from the slight downward deflection of the
lines of constant L/R in the ellipsoid region.

Interestingly, the aspect ratio of the drops at some point
decreases again with increasing magnetic field strength, i.e.,
depends nonmonotonically on the magnetic field strength. For
high enough fields the drops become spherical again (see
Fig. 11). This is caused by the change in the line-defect length
that affects the balance between the magnetic and anchor-
ing energy. For large enough anchoring energies, elongated
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FIG. 10. Phase diagram with a lens-shaped tactoid with uniform field, a spherical hedgehog, a spherical and prolate tactoid, both with split-core defect, for
ω = 0.25 (top left), ω = 0.5 (top right), ω = 1 (bottom left), and ω = 2 (bottom right). The axes indicate dimensionless measures β2 ≡ −ρ�χ B2 K1/γ

2 of
the magnetic field strength B and � ≡ Rγ /K1 of the size of the tactoids (see the main text). The radius R of the spherical drops defines the volume of the
tactoids, which for a given R is equal for all configurations. The Roman numerals correspond to the transitions as indicated in Fig. 8. The transitions I, II, III,
and IV occur in every diagram, and transition V only occurs for ω = 2.

tactoid structures push out spherical hedgehog and split-core
tactoids from the phase diagram. The maximum value of the
aspect ratio observed is dictated by ω, allowing us to estimate
this quantity from experiments.

L R 2/ =

a 0.70=
split-core

defect
prolate

split-core
defect
sphere

FIG. 11. The phase diagram from Fig. 10 for ω = 0.5 with the structural
details of the line-defect length and the aspect ratio. The dashed lines indicate
a constant defect length L , relative to the sphere radius R. The dotted line
shows the limit of L/R = 2, i.e., a split-core defect through the entire tactoid.
The dashed-dotted lines in the prolate ellipsoid region have a constant aspect
ratio a, where a = 1 at the transition from sphere to ellipsoid. The exact shape
of the lens depends only on ω and its aspect ratio is 0.70 for ω = 0.5.

In Secs. V and VI we apply the theory to our experimen-
tal data on charge-stabilized gibbsite in water. We also re-
evaluate our previous findings on sterically stabilized gibbsite
in bromotoluene. These two cases correspond to very different
values of ω and are examples of weak and strong anchoring.

V. FITTING PROCEDURE

If we compare the experimentally observed shape and
director-field transitions with those of the theory developed
in Sec. IV, we find that all of those shown in Fig. 7 are found
in the predicted phase diagrams, except for the transitional
structures associated with the point or ring defect near the sur-
face of the tactoid. We believe on theoretical grounds that this
configuration is not stable in a quiescent tactoid and may be
caused by the flow field resulting from the sedimentation pro-
cess, because those that we find have them always located on
the far side of the moving drop. It is well established that flow
fields influence director-field structures in nematic drops.36

In fact, we are able to directly apply the theoretical model
described in Sec. IV to the experimental data, and extract ma-
terial parameters relating to our liquid crystal droplets. Of par-
ticular use here are the degree of tactoid elongation and length
of the split-core defect, obtained as a function of the mag-
netic field strength and the size of the drops. Because of the
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numerous ways in which the parameters can be determined,
we first give an outline of the approach that we have taken,
and present the resulting curve fits and parameter values in
Sec. VI. Readers not interested in the technicalities of our fit-
ting procedures may wish to move on to Sec. VI.

The two types of systems investigated, i.e., the sterically
stabilized gibbsite in the apolar solvent bromotoluene and the
charged-stabilized gibbsite in the polar solvent water, turn out
to provide us with examples of two limiting cases in terms
of the dimensionless anchoring strength ω ≡ w/γ . The drops
found in the aqueous gibbsite dispersions exhibit no discern-
able deviation from the spherical shape, implying a high sur-
face tension relative to the anchoring energy, so ω → 0. So,
in this limit the model is independent of the surface tension
γ and this necessitates a slight modification of the state dia-
grams such as plotted in Fig. 10, where on both the horizontal
and vertical axes we replace γ by w , so with the dimension-
less groups −ρ�χ B2 K1/w2 ≡ β2/ω2 and Rw/K1 = �ω on
the axes. For the drops found in dispersions of sterically sta-
bilized gibbsite, the energetic penalty for an increase in the
surface area is not that large because they do become vis-
ibly elongated at high field strengths albeit not hugely so,
implying ω ≈ 1.

There are a number of ways to determine the value of
the parameters K1, γ , and w from fitting the model to the
experimental data. The data of both the length of the split-
core defect and the tactoid elongation are a function of the
magnetic field strength, which means that for the curve fits
we have to vertically traverse the phase diagrams for a cho-
sen scaled drop size � ≡ Rγ /K1 (for the sterically stabilized
system) or �ω (for the charge-stabilized system) that has the
best match with the data points of the line-defect length or tac-
toid aspect ratio. The quality of this match is then determined
by choosing the value of the dimension-bearing quantities
B2/β2 = γ 2/(−ρ�χ K1) or ω2 B2/β2 = w2/(−ρ�χ K1) de-
pending on the type of system; and the curve fitting amounts
to finding a compromise between the best fit to the critical
magnetic field strengths where the aspect ratio (B∗) or split-
core defect (Bc) starts to grow, and the best fit to the data
beyond those critical field strengths. These two choices then
produce a value for γ /K1 and one for γ 2/K1 for the sterically
stabilized system and for w/K1 and w2/K1 for the charge-
stabilized gibbsite, from which both individual parameter val-
ues can be deduced.

The fact that in this way we find two slightly different
values for Bc despite the fact that Bc in Eq. (4) is indepen-
dent of ω, is caused by the choice of ℵ = bγ /K1, associ-
ated with the core of the line defect. We take it as a con-
stant, which is not exactly true for the different values of γ

and K1 in both fits, but the logarithmic dependence makes
the difference in Bc quite small. We also remark that even
though in both systems we did observe a line defect running
throughout the entire tactoid at very high field strengths (as
shown in Fig. 3), we omit these last few data points from
our curve-fitting procedure. The reason is that including these
points would make the general fit to the other points very
poor indeed, e.g., with a critical magnetic field strength that
almost completely vanishes and, more worryingly, give the
fitted curve the wrong curvature. On the other hand and in

support of this choice, it is also true that the experimen-
tal points at high magnetic field strength have a large de-
gree of uncertainty because the contrast strongly diminishes
as the “isotropic” (or rather, paranematic) background also
aligns in the magnetic field. By way of consistency check,
we use the analytic Eq. (4) for Bc in combination with the
experimental data of Fig. 3 to derive a value for K1 that
we compare with the values found from our curve-fitting
procedure.

For the curve fitting to the tactoid elongation data that we
have obtained for the sterically stabilized system, there is an
additional constraint that we require a minimum value of ω

for the observed aspect ratios to occur in the phase diagram.
This value turns out to be higher than expected from previous
experiments in gibbsite platelets,28 which, in fact, is an im-
portant observation that we return to later. A value of ω = 1.5
turns out not to suffice, but ω = 2 does and gives a good fit,
so we choose to take this value, which agrees with density
functional simulations on hard rectangular platelets.44 Here,
it must be noted that a value that is, say, 10% smaller or larger
presumably also allows for an acceptable fit.

Finally, as already alluded to in Sec. IV, the emergence
of a radial hedgehog director field in the absence of a mag-
netic field produces a lower bound for the anchoring strength,
because this happens according to our theory only if w
> 3K1/R. Strictly speaking this is true only for the transition
from a spherical drop with a uniform field to a radial field; a
slightly sharper, i.e., higher, lower bound can be found if we
allow for the equilibrium lens shape (shown in Fig. 9). For
convenience we use the simple but very accurate result that
follows from the spherical drops, so then the choice for ω, and
� then requires that �ω > 3. The values for ω, γ , and w that
follow from these choices and lower bound mentioned above
should then all be internally consistent. Because we have ob-
served uniform tactoids in the aqueous gibbsite system, we
have yet another check for the obtained values for K1 and w ,
because we can independently determine the ratio of K1/w
from the tactoid size where the cross-over from a uniform to
a radial director field takes place.

Results of our curve-fitting efforts are discussed in
Sec. VI.

VI. ANALYSIS AND DISCUSSION

Let us first deal with the droplets consisting of the ster-
ically stabilized platelets in bromotoluene, where we rely
on the same data for the tactoid elongation as in our previ-
ous paper, where we presumed perfect homeotropic surface
anchoring.23 Hence, we reanalyze these data in the light of
our more accurate model described in this work, allowing us
to assess the effect of imperfect anchoring on the value of the
obtained surface tension, γ .

We begin with a curve fit of our model to the mea-
sured length of the split-core defect (Fig. 3) of a tactoid with
an initial radius of 32 μm in this system. As we noticed
in Sec. V, we omit the data points at high magnetic field
strength. The value of � that produces the best fit to the criti-
cal magnetic field strength turns out to be � = 100, which is
rather large, as we will see later. We obtain lower and upper
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FIG. 12. Ratio of the length of the split-core defect and the radius of the
drop, L/R, as a function of the square of the magnetic field strength B2 for a
tactoid in a suspension of sterically stabilized gibbsite in bromotoluene. Tac-
toid radius: R = 32 μm. Experimental data: dots; theoretical fits to the data:
curves. In order to get good agreement for both the critical magnetic field
strength and the ratio L/R, we derive a lower and upper bound for B2/β2

= γ 2/(−ρ�χ K1). We find B2/β2 = 25 T2 (left curve) and B2/β2 = 35 T2

(right curve), respectively (see the main text).

bounds for the interfacial tension γ and the elastic con-
stant K1, of γ = 2.1 · 10−7 N/m and γ = 2.8 · 10−7 N/m,
and K1 = 0.4 · 10−13 N and K1 = 0.6 · 10−13 N, respec-
tively, with Bc = 0.16 T and Bc = 0.18 T (see Fig. 12).
From Eq. (4) we can obtain another value for K1 by deter-
mining Bc from the data for the defect length in Fig. 3. We
determine Bc = 0.18 ± 0.2 T, which results in a value for
K1 = 1.1 ± 0.5 · 10−13 N. These values agree reassuringly
well, implying that we believe them to be robust.

Next, we attempt to confirm the previous analysis by a
curve fit of our model this time to the aspect ratio of two elon-
gated tactoids with an initial radius of 28 and 31 μm, respec-
tively, again for the system of sterically stabilized gibbsite. In
order to obtain the correct aspect ratio of a ≈ 1.3 for the tac-
toids, we have to take ω = 2 as described above. The value
of � that produces the best fit to the critical magnetic field
strength is smaller than in our curve fitting to the length of
the split-core line defect, because the critical field strength Bc

needed to elongate a tactoid is larger. For the tactoid of 28 μm
we take � = 25, and the condition that �ω > 3 is then also

satisfied (see Fig. 13). From the fit we find B∗ = 0.47 T and
a value of γ = 0.9 · 10−7 N/m with a lower and upper bound
of γ = 0.6 · 10−7 N/m and γ = 1.2 · 10−7 N/m. The same
fit gives K1 = 1.0 · 10−13 N, with bounds K1 = 0.7 · 10−13 N
and K1 = 1.3 · 10−13 N. For the drop with a radius of 31 μm
we take � = 23 and the best fit then produces B∗ = 0.30
T and values of γ and K1 of γ = 0.4 · 10−7 N/m with
a lower and upper bound of γ = 0.2 · 10−7 N/m and
γ = 0.7 · 10−7 N/m, and K1 = 0.5 · 10−13 N with bounds
K1 = 0.3 · 10−13 N and K1 = 1.0 · 10−13 N. Again, these val-
ues are quite consistent with those obtained for the smaller
drop.

Comparison of the found values for Bc (the critical field
strength at which the line defect starts to grow) and B∗ (the
critical field strength at which the tactoid elongation starts)
shows that Bc < B∗, in agreement with what was found in
the theoretical model: upon an increase of the magnetic field
first the point defect stretches to a line defect and subse-
quently at higher magnetic field strength the tactoid is elon-
gated in the field direction. The theory also predicts that the
tactoid should become spherical again at even higher mag-
netic field strength but this was not confirmed in our exper-
iments. It must be noted, though, that at high magnetic field
strength a precise measurement of the tactoid properties be-
comes increasingly difficult, due to alignment of the isotropic
background.

All the obtained values for γ and K1 are summarized
in Table I, which also shows the values from the cited ear-
lier work, obtained with a model that assumed complete
anchoring.23 If we compare the values for γ obtained from
the tactoid elongation with both models, it is clear that sig-
nificantly lower values are obtained when incomplete an-
choring is taken into account, (0.4 − 0.9) · 10−7 N/m versus
(2 − 5) · 10−7 N/m, in agreement with the expectation put
forward in the previous work.23 However, the value we ob-
tained with the new model by the fitting of the length of the
line defect as a function of magnetic field strength is some-
what larger, namely 2.5 ± 0.4 · 10−7 N/m, which results in an
average value for the interfacial tension of sterically gibbsite
in bromotoluene of γ = 1.3 · 10−7 N/m. So, all of the values

FIG. 13. The aspect ratio a of two tactoids in the sterically stabilized gibbsite dispersion as a function of the square of the magnetic field strength B2, where
both the critical magnetic field strength B∗ and the values of a are fitted. The points represent experimental data and the solid lines are fits to our model. For both
fits ω = 2 has been taken to reach the desired aspect ratios. The fit gives a value for B2/β2 = γ 2/(−ρ�χ K1) and the dashed lines indicate a lower and upper
bound (see the main text). (a) Tactoid with R = 28 μm with B2/β2 = 1.9 T2, giving γ = 0.9 · 10−7 N/m and K1 = 1.0 · 10−13 N. (b) Tactoid with R = 31 μm
with B2/β2 = 0.7 T2 (solid line), giving γ = 0.4 · 10−7 N/m and K1 = 0.5 · 10−13 N.
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FIG. 14. Ratio of the length of the split-core defect relative to the tactoid radius, L/R, as a function of the square of the magnetic field strength B2 for the case
of charge-stabilized gibbsite in water. Experimental data: dots, the left and right curves: theoretical curves, optimized with respect to the critical magnetic field
strength Bc and to the experimental values of L/R at larger field strengths. (a) Tactoid of R = 30 μm with ω2 B2/β2 = 0.4 T2 and Bc = 0.34 T (left curve)
and ω2 B2/β2 = 0.5 T2 and Bc = 0.38 T (right curve). (b) Tactoid of R = 19 μm with ω2 B2/β2 = 0.18 T2 and ω2 B2/β2 = 0.24 T2, giving Bc = 0.35 T and
Bc = 0.40 T, respectively (see the main text).

of the surface tension we extract from the tactoid experiments
are much larger than the value of γ = 3 · 10−9 N/m ob-
tained from capillary-rise experiments, in the comparable sys-
tem of sterically stabilized gibbsite in toluene as opposed to
bromotoluene.28 We come back on some of the drawbacks of
our tactoid model below, although we do not believe these
drawbacks can actually explain this discrepancy. The val-
ues for the elastic splay constant K1 of both the fits to the
line-defect length and the aspect ratio and Bc produce an
average of 0.8 ± 0.3 · 10−13 N, which is somewhat smaller
than the values that we established in our previous work of
K1 = 0.9 − 2.6 · 10−13 N, yet still consistent.

Now we turn to the spherical tactoids in dispersions of
charge-stabilized gibbsite in water, tactoids that do not de-
form even for the highest magnetic field strengths tested. As
explained in Sec. V, the fitting procedure for the length of
the split-core defect in the charge-stabilized system is equal
to that in the sterically stabilized system, apart from the fact
that γ is now replaced by w . We have to find the value of
�ω that gives the best agreement with the critical magnetic
field strength Bc, where we again disregard the points at very
high field strengths where L/R ≈ 2. The fits give a lower and
upper bound for ω2 B2/β2 = w2/(−ρ�χ K1).

We use the measured length of the split-core defect of
two tactoids of radius 30 and 19 μm, respectively, as de-
picted in Fig. 3. For the drop with R = 30 μm we take the
value �ω = 10, and the fits with the best curvature and the
best fit to the data give a lower and upper bound for w of
w = 4.8 · 10−8 N/m and w = 6.0 · 10−8 N/m, and K1 be-
tween 1.4 · 10−13 N and 1.8 · 10−13 N, where the critical
magnetic field strengths vary between Bc = 0.34 T and Bc

= 0.38 T (see Fig. 14). If we use Eq. (4) with the data in Fig.
3 we find Bc = 0.34 ± 0.2 T, which results in a value for K1

= 3.5 ± 0.4 · 10−13 N. For the smaller drop with R = 19 μm
we take the proportional value �ω = 6.3, and we find from
the best fit to the data bounds of w of w = 2.2 · 10−8 N/m
and w = 2.9 · 10−8 N/m, and K1 between 6.5 · 10−14 N and
8.7 · 10−14 N, and Bc between 0.35 T and 0.40 T. From Eq. (4)
and Fig. 3 we find Bc = 0.32 ± 0.2 T and K1 = 1.4 ± 0.2
· 10−13 N. These values for K1 are again reasonably consistent
with each other.

The values for the elastic constant K1 and the anchor-
ing strength w in aqueous gibbsite that we obtained from the
fits of the theoretical model to the experimental data are sum-
marized in Table II. If we average the obtained values, we
find for K1 a value of 2 ± 1 · 10−13 N and for w a value of

TABLE I. Results of the fitting procedure for sterically stabilized gibbsite in bromotoluene. The first three columns of the table
give values for K1 from Eq. (4) for Bc and average values for K1 and γ that follow from the upper and lower bound fits of the
model to the relative split-core-defect length L/R, as depicted in Fig. 12. The next two columns give the best fit values for for
K1 and γ that follow from the fits of the model to the elongation of the tactoid, i.e., the aspect ratio a, as depicted in Fig. 13.
The last column presents results obtained with the old model involving complete anchoring (ω → ∞).

ω = 2 ω → ∞
Line defect Elongation Elongation

K1 [10−13 N] K1 [10−13 N] γ [10−7 N/m] K1 [10−13 N] γ [10−7 N/m] γ [10−7 N/m]
Bc Fit L/R Fit a Fit a

R = 32 μm 1.1 ± 0.5 0.5 ± 0.1 2.5 ± 0.4 – – –
R = 28 μm – – – 1.0 ± 0.3 0.9 ± 0.3 5 ± 2
R = 31 μm – – – 0.5 ± 0.5 a 0.4 ± 0.3 3 ± 2

aThis rather large value of the error is a consequence of the fact that the upper and lower bounds are asymmetrically deviating from the best fit,
thus the lower bound is in fact not zero, but 0.3 · 10−13 N.
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TABLE II. Values for the splay elastic constant K1 and the anchoring
strength w of the charge-stabilized gibbsite, obtained by fitting our theory
to the experimental data for droplets of radius 30 and 19 μm. Values for
K1 are obtained individually from the critical magnetic field strength, Bc ,
and together with values for w from fit to the magnetic-field dependence
of the dimensionless length of the line defect L/R in Fig. 14, i.e., from the
choice of � as well as from the curvature fits. The values from the fits of L/R
are averaged over the values obtained from the upper and lower bound fits.
See also the main text.

K1 [10−13 N] w [10−8 N/m]

Bc Fit L/R Fit L/R

Tactoid R = 30 μm 3.5 ± 0.4 1.6 ± 0.2 5.4 ± 0.6
Tactoid R = 19 μm 1.4 ± 0.2 0.8 ± 0.1 2.5 ± 0.4

4 ± 2 · 10−8 N/m. As explained in Sec. V, we can also inde-
pendently determine a value for the ratio of K1/w from the
cross-over tactoid size of the transition from a uniform to a
radial director field with increasing tactoid size. We have ob-
served tactoids with a uniform director field with size up to
about 40 μm, while the smallest tactoid with a radial director
field measured 38 μm in diameter. As the cross-over tactoid
radius is determined by R = 3K1/w , this provides us with a
value of K1/w of 6.5 μm. The value for K1/w that follows
from our curve fitting is 5 μm, which is surprisingly close.
It is, we repeat, not possible to extract a value for γ in aque-
ous gibbsite suspensions because the tactoids remain spher-
ical, at least to within the measurement error. What we can
say, though, is that ω must be at least smaller than 1 and γ

therefore larger than 4 · 10−8 N/m, because if this would not
have been the case, it would have led to a tactoid elongation of
10%, which should have been perceptible in the experiments.

It is of interest to compare the anchoring strengths for the
two cases discussed in this paper, i.e., tactoids in sterically
and charge-stabilized dispersions of gibbsite of very compa-
rable dimensions. For the sterically stabilized gibbsite sys-
tem, we can calculate the anchoring strength from the defi-
nition ω ≡ w/γ . We use the value of ω = 2 that we obtained
to be able to get a good fit to the experimental data on the
magnetic-field dependence of the aspect ratio of an elongated
tactoid. For γ we take an average of what we found from the
various fitting procedures, γ = 1.3 · 10−7 N/m, resulting in
a value for the anchoring strength of w = 2.6 · 10−7 N/m.
This is almost one order of magnitude larger than the anchor-
ing strength of the charge-stabilized gibbsite system in water
(w = 4 · 10−8 N/m). It is not clear what the origin is of this
difference, where we note that other properties, such as the
splay-elastic constant K1, are quite similar for the two types
of system. The values we find for K1, 0.8 ± 0.3 · 10−13 N for
sterically stabilized gibbsite and 2 ± 1 · 10−13 N for aqueous
gibbsite, are in good agreement with computer simulations.45

Furthermore, they are about a factor of 2 larger than was pre-
viously found by Van der Beek et al.39 for the bend-elastic
constant K3 in the comparable system of sterically stabilized
gibbsite in toluene, which qualitatively agrees with theoretical
predictions.46

We end this section by a brief discussion of the caveats
of the theoretical model that we advance in this paper. For
instance, we assume that all the model parameters, including

the splay-elastic constant K1, the anchoring strength w , and
the surface tension γ are independent of the magnetic-field
strength. However, with increasing magnetic field strength the
order parameter S of the nematic phase increases, which plau-
sibly will also affect K1 and w . While elastic constants are
generally accepted to be proportional to the square of the ne-
matic order parameter, S2, the anchoring strength is linear in
this order parameter.38 Because both the elastic constant and
the anchoring strength counterbalance the deformation by the
magnetic field, an underestimation of K1 could lead to a value
too high for the anchoring strength and interfacial tension.
Furthermore, the anchoring strength might also depend on the
magnetic field strength due to alignment of the isotropic phase
in the field. However, correction for the latter would lead to
an even higher value for the anchoring strength in zero field.

A contribution that is missing in our free-energy analysis
is bend deformation, which might be present at high mag-
netic field where the line defect spans the entire tactoid. Al-
though difficult to infer from the polarized light microscopy
experiments, the curvature in the dark horizontal band
(Fig. 2) might point in that direction. Indeed, for plate-like
particles, the bend-elastic constant is thought to be smaller
than the splay constant,45 so some elastic energy can be
gained. An appropriate bend deformation also makes the an-
choring less unfavorable, producing an additional reduction
of the free energy. At this point, it is difficult to judge in what
way that this should influence the results of our curve fitting.

In any event, it seems quite unlikely that these caveats
could be responsible for a difference of almost two orders of
magnitude between the interfacial tension that we find here
and that obtained from capillary rise experiments. The origin
of this discrepancy remains a mystery. We intend to discuss
in a forthcoming publication a detailed investigation of tac-
toid properties as a function of tactoid size in both gibbsite
systems that results in comparable values for K1/w that we
find here.35

VII. CONCLUSION

We find that nematic tactoids that form in dispersions of
plate-like colloids exhibit an interesting response to an ex-
ternally applied magnetic field due to the homeotropic sur-
face anchoring of the platelets. As the director-field config-
uration is a function of the tactoid size, we have been able
to observe a number of transitions between different kinds
of director-field structure and droplet shape with increasing
magnetic field strength. Perhaps the most remarkable obser-
vation is that large tactoids that tend to be spherical and have
a radial director field emanating from a hedgehog point de-
fect in their center develop a split-core defect in a sufficiently
strong field. The split-core defect develops only provided the
diamagnetic susceptibility anisotropy is negative – a predic-
tion made ten years ago by Mkaddem and Gartland27 that we
have been able to confirm.

We focused our experiments on two types of system:
charged gibbsite dispersed in water and sterically stabilized
gibbsite in bromotoluene. We found these systems to behave
very differently. In a magnetic field the latter not only develop
the the split-core defect structure but also become elongated
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in the field direction. This is not so for the former, these re-
main spherical. The difference in behavior of the two types of
dispersion is caused by the relative magnitude of the anchor-
ing strength and the surface tension, which for the former is
small and for the latter large.

We have been able to account for the observed transitions
by invoking a macroscopic description that balances elastic,
surface, and magnetic free energies and predicts the structure
of the tactoids as a function of their size, the splay elastic con-
stant, surface tension and anchoring strength, and the mag-
netic field strength. Our idealized theory allowed us to extract
values for the splay-elastic constant (K1), interfacial tension
(γ ), and anchoring strength (w) from our observations. Not
surprisingly, we found remarkable differences between the
sterically stabilized gibbsite in bromotoluene and the aqueous
gibbsite system.

The anchoring strength is much larger in the sterically
stabilized system, with a dimensionless anchoring strength ω

of about 2, while that of the charge-stabilized system must ap-
proach zero, implying that they represent the strong and weak
anchoring limit respectively. The values for the splay elastic
constant K1 for the two systems are actually quite close, vary-
ing by no more than a factor of two. The value for the surface
tension γ that we find here for the sterically stabilized gibb-
site is still larger by two orders of magnitude than was previ-
ously found from capillary rise experiments,28 a discrepancy
for which we have no explanation.
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