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Frustrated nematic order in spherical geometries
T. Lopez-Leon1, V. Koning2, K. B. S. Devaiah1, V. Vitelli2 and A. Fernandez-Nieves1*

The prospect of mimicking molecular chemistry with colloidal
rather than molecular building blocks could enable un-
precedented control over the properties of microstructured
materials1. The usual absence of directionality to the interac-
tion between colloids has limited the complexity of the struc-
tures they can spontaneously form. One way to address this is
to coat spherical colloid particles with a thin layer of nematic
liquid crystal2 and functionalize3 the unavoidable defects or
bold spots that arise when nematic order is established on
the surface of a sphere4,5. The number and arrangement of
these defects can vary2,6–16, providing flexibility for tuning
directional interactions that are more difficult to achieve by
other methods17–26. Yet, many theoretically predicted struc-
tures have not been observed and control over defect lo-
cation remains elusive. In this work, we show that varying
the thickness of a nematic liquid crystal shell enables us to
systematically control the number and orientation of defects
formed. For thin shells, these defects can be engineered to
emulate the linear, trigonal and tetrahedral geometries of sp,
sp2 and sp3 carbon bonds, respectively. Such control opens up
the possibility to engineer particles with tunable-valence and
directional-binding capabilities.

To fabricate spherical nematic shells, we generate double
emulsions with a microcapillary device27; these consist of a nematic
drop that contains a smaller aqueous drop, all inside an aqueous
continuous phase. Both the inner and outer water phases contain
1wt% polyvinyl alcohol, which stabilizes the emulsion against
coalescence and enforces tangential anchoring of the rod-like
molecules of the nematic liquid crystal, pentylcyanobiphenyl. The
resulting double-emulsion drops are characterized by an outer
radius, R, of around 50 µm and an inner radius, a, that are varied
to produce shells of different average thicknesses, h̄ = R− a, as
schematically shown in Fig. 1a. With this microfluidic method the
thinnest shells that we can generate have h̄≈ 1 µm. However, it is
possible to significantly reduce this value by increasing the volume
of the inner drop once the double emulsion is formed. We achieve
this by inducing a difference in osmotic pressure between the inner
and outer water phases through the addition of a salt, CaCl2. As
pentylcyanobiphenyl has a finite permeability towater, an incoming
flow of water from the outer phase can be established if the inner
drop contains a higher salt concentration than the outer phase. By
controlling this difference, we can control the kinetics of the process
and ultimately the thickness of the shells.

The thinnest shells have four defects, each with a topological
charge s= 1/2, reflecting the π rotation experienced by the local
nematic direction along a path encircling each defect. As a result,
the total topological charge on the sphere is equal to 4× 1/2= 2;
this is consistent with a mathematical theorem due to Poincaré and
Hopf, which establishes that for nematic fields the total topological
charge on a spherical surface must be equal to 2. We image these
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shells using optical microscopy and change the focal plane of our
microscope to precisely locate the position of the four defects;
they are distributed throughout the shell, as shown by the images
in Fig. 1b,c and by the schematic diagram in Fig. 1d. To obtain
a meaningful value of the angular positions, we determine the
position of all defects in a large number of shells with similar inner
and outer drop sizes and plot the distribution for the central angle,
θ , which is the angle subtended by two defects with respect to
the centre of the drop, and the distribution for the surface angle,
α, which is the angle subtended by two defects with respect to
another defect. The resulting distributions are both Gaussian; they
are centred at 〈θ〉=109◦ and 〈α〉=60◦ and have awidth of∆θ=20◦
and∆α= 12◦, as shown in Fig. 1e,f. The defects are thus located on
the vertices of a tetrahedron.

Although this tetrahedral structure is predicted to be the ground
state for nematic order on the surface of a sphere6, we observe
two other coexisting configurations, which incorporate defects of
charge s= 1 (ref. 13). One of these structures is characterized by
three defects, as shown in Fig. 1g,h and by the schematic diagram
in Fig. 1i; two of them have s= 1/2 and the other has s= 1, adding
up to a total of 2, consistent with the Poincaré–Hopf theorem4,5.
The three defects form an isosceles triangle, where the unequal
angle originates from the single s=1 defect, as schematically shown
in Fig. 1j. The distribution for the two equal angles is centred at
〈α1〉 = 68◦ and has a width of ∆α1 = 15◦, as shown in Fig. 1k,
whereas the distribution of the unequal angle is centred at 〈α2〉=46◦
and has a width of ∆α2= 12◦, as shown in Fig. 1l. The other defect
structure only possesses two s= 1 defects, as shown in the images
in Fig. 1m,n. The defects maximize their distance and align, on
average, along the diameter of the drop, as schematically shown in
Fig. 1o, and by the central angle distribution in Fig. 1p.

The defect arrangement in these very thin shells reflects the
maximization of the mutual distance between defects expected for
nematics on spherical surfaces. Indeed, the observed tetrahedral
arrangement of four s = 1/2 defects confirms the theoretical
expectations for this situation6. The isosceles arrangement of the
two s= 1/2 defects and the s= 1 defect is also consistent with our
calculation of the equilibrium configuration for these three defects
on a spherical surface, which corresponds to α1= 66◦ and α2= 48◦
(V. Koning & V. Vitelli, unpublished results). For shells with two
s= 1 defects, the observed defect arrangement corresponds to the
expected bipolar configuration, as any other configuration would
lead to a smaller distance between defects. These results are the first
experimental observations of these defect structures, expected for
two-dimensional spherical nematics.

To address how these defect structures are affected by thickness,
we minimize the elastic free energy:

F =
1
2
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Figure 1 |Virtually two-dimensional shells. Defect configurations for very thin shells. a, Schematic diagram of a double emulsion drop with an inner drop
of radius a and a larger drop of radius R, displaced along the gravitational direction. b,c, Cross-polarized images of a very thin shell with four s= 1/2 defects.
In b, two of the four defects are in focus, whereas in c we focus on the upper defect. d, Schematic diagram of the observed arrangement of the four defects.
e,f, Histograms for the central angle, θ , and the surface angle, α, between defects. g,h, Cross-polarized images of a very thin shell with three defects, two
s= 1/2 and an s= 1. In g, one of the three defects is clearly in focus, with another defect slightly below this one. In h the third defect is in focus. i, Schematic
diagram of the three-dimensional arrangement of the three defects. j, Isosceles triangle formed by the three defects, with α2 the unequal surface angle.
k,l, Histograms of the surface angles, α1 and α2. m,n, Cross-polarized images of a very thin shell with two s= 1 defects. o, Schematic diagram of the
observed arrangement of the two defects. p, Histogram of the central angle, θ .
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Figure 2 | Theoretical calculations. a, Equipotential (solid) and field (dashed) lines of an infinitely long charged wire, indicated with a cross, running along
the z direction, parallel to a conducting plate and at a distance d. The two equipotential circles, drawn in bold, correspond to two non-concentric drops
whose centres, indicated by dots, are displaced by ∆. b, Slice of the nematic director in the thinner part of an inhomogeneous shell. c, Free energy of a shell
of uniform thickness with u=0.2, as a function of the angular perturbation of one of the two pairs of defects, δθ . When ∆=0 the inner and outer drops
are concentric and θ =πminimizes the free energy irrespective of thickness. d, Free energy of a shell with ∆/h̄=0.83, as a function of δθ . In this case, the
θ =π arrangement no longer minimizes the free energy. e, Free energy as a function of the angular perturbation from the elastic-energy minimum, which is
located at θ = 30◦ for the shell in d.

expressed in terms of a single elastic constant, K , for the two-defect
shell. We obtain an ansatz for the nematic director, n, providing
the local orientation of the rod-like molecules inside the shell, by
analogy with the equipotential lines of an infinitely long charged
wire located at a distance d from a conducting plate. By choosing
d and two equipotential lines, we can fix the radii of the drops
and their relative displacement from the concentric position, ∆,
as shown in Fig. 2a. Once the geometry of the boundary is fixed, we
rotate the equipotential lines around the y axis and independently
position the line defects by choosing two electric-field lines, shown
by dashed lines in Fig. 2a. We then carry out several rounds of
numerical minimizations to ensure that each of the two line defects
escapes in the third dimension, giving rise to two pairs of point
defects on the bounding surfaces, as schematically shown in Fig. 2b.

Using this director field, we can determine the central angle
that minimizes the elastic free energy for different values of the
relative thickness, u= h̄/R, and of the normalized displacement,
∆/h̄. For concentric shells, ∆/h̄ = 0, and the energy minimum
occurs for θ = 180◦, as shown in Fig. 2c, irrespective of thickness.
By contrast, our analysis suggests that as ∆/h̄ is increased the
antipodal arrangement of the pairs of defects can undergo an
abrupt confinement transition to the thinnest part of the shell.
In this case, the energy minimum at θ = 180◦ is lost, as shown
in Fig. 2d, and pushed to much lower θ . We confirm that this
confined state corresponds to an elastic energy minimum by
perturbing the angular separation between defects and seeing
that the energy increases for larger and smaller angles, as
shown in Fig. 2e.

392 NATURE PHYSICS | VOL 7 | MAY 2011 | www.nature.com/naturephysics

http://www.nature.com/doifinder/10.1038/nphys1920
http://www.nature.com/naturephysics


NATURE PHYSICS DOI: 10.1038/NPHYS1920 LETTERS

u/u0 u/u0

/π

0

1.0

0.8

0.6

0.4

0.2

1 10 100 1 10 100
0

1.0

0.8

0.6

0.4

0.2

a b

θ /π θ

Figure 3 |Defect location versus thickness inhomogeneity. a, Experimental measurements of the central angle between two nearby 1/2 defects (triangles)
for the four-defect shells, a 1 and a 1/2 defect (squares) for the three-defect shells, and the two 1 defects (circles) for the two-defect shell, as a function of
the normalized relative thickness, u/u0, with u= h̄/R and u0 the relative average thickness corresponding to the tetrahedral, isosceles and bipolar
configurations characteristic of very thin shells. Open and filled circles illustrate the hysteresis of the discontinuous transition undergone by the defects in
these shells. b, Theoretical estimate of the central angle between two 1 defects at local free-energy minima as a function of u/u0, while keeping h1 constant.
The confinement and deconfinement transitions occur at u/u0∼ 30 and u/u0∼ 50, respectively.
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Figure 4 |Defect evolution with thickness inhomogeneity. a–i, Cross-polarized images illustrating the various angular configurations of the defects in
shells with four defects (a–c), shells with three defects (d–f) and shells with two defects (g–i). a, u/u0= 1.6; b, u/u0= 7.8; c, u/u0= 23.9; d, u/u0= 1.2;
e, u/u0=4.6; f, u/u0=6.8; g, u/u0= 7.1; h, u/u0= 13.3; i, u/u0= 53.7.

The rich behaviour resulting from the thickness inhomogeneity
can naturally be tested in our experiments by virtue of the density
difference between the inner drop and the liquid crystal. Buoyancy
displaces the inner drop out of the centre of the larger drop along
the gravitational direction, as shown schematically in Fig. 1a. As a
result, our shells have a thinnest region at the top, of thickness h1,
and a thickest region at the bottom, of thickness h2. The value of h1
remains essentially constant in our experiments, as it is determined
by the steric repulsion between the two spherical interfaces in this
region, which results from the presence of polyvinyl alcohol and the

alignment of the pentylcyanobiphenyl molecules at these interfaces.
As a result, by changing a to change the average thickness of the
shell, we change the value of h2. This allows for controlled tuning of
the shell-thickness inhomogeneity, whichwe achieve using osmosis.
We note that the dynamic nature of the defects, which jiggle around
their equilibrium position (see Supplementary Video), does not
play a role in our experiments, because the timescale associated
with this jiggling is many orders of magnitude smaller than the
timescale associated with our osmotic experiments, which can thus
be considered quasistatic.
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To quantify the shell thickness, we normalize u with the relative
shell thickness of the thickest shells where we observe the defect
arrangements of Fig. 1; we denote this relative average thickness as
u0. For u/u0 ≤ 1, the shells always exhibit the tetrahedral, isosceles
or bipolar arrangement typical of nematics on spherical surfaces,
as shown in Fig. 3, where we plot the central angle between two
s= 1/2 defects (triangles), an s= 1/2 and the s= 1 defect (squares)
and the two s= 1 defects (solid circles). Interestingly, for u/u0> 1,
we observe a continuous change in the defect arrangement towards
the thinnest part of the shell. As u increases above u0, the shells are
made thicker and the thickness inhomogeneity increases, driving
the spatial relocation of the defects, as shown in Fig. 4a–c for a
shell with four s = 1/2 defects, in Fig. 4d–f for a shell with two
s = 1/2 defects and a s = 1 defect and in Fig. 4g,h for a shell
with two s = 1 defects. In these cases, the s = 1/2 defects are
disclination lines spanning the shell, whereas each of the s=1 defect
configurations is composed of two boojums, one residing on the
inner surface and the other on the outer one13. For sufficiently
large u/u0, the defects are essentially confined to the thinnest
part of the shell, with central angles that are much smaller than
180◦, as shown in Fig. 3a.

Remarkably, for even larger u/u0, we observe an abrupt
transition in the defect location for two-defect shells. For u/u0 ∼
80, the defects rearrange themselves to maximize their separation,
as shown in Fig. 3a with solid circles and in Fig. 4i, where we image
the upper s = 1 defect of a shell with the two pairs of boojums
aligned vertically along the gravitational direction. The increased
repulsion between defects can no longer be sustained and the shell
transitions to a defect-deconfined state that maximizes the distance
between them.A similarly abrupt transition happens if the process is
reversed. In this case, we make double emulsions with a small drop
containing a high salt concentration and allow the osmotic-pressure
difference between the inner and continuous phases to drive solvent
into the drop, which, as a result, progressively swells, making
the shell thinner. We observe that the deconfined configuration
of defects, with θ = 180◦, remains down to u/u0 ∼ 20, where
the defects abruptly become confined again to the thinnest part
of the shell, as shown with open circles in Fig. 3a. For even
lower u/u0, the defects progressively spread through the shell
to eventually maximize their separation when u/u0 = 1. This
scenario is in marked agreement with the results obtained from
minimizing the elastic free energy for this geometry, as shown in
Fig. 3b, where the angular separation of the two defects at the
free-energy minima is plotted as a function of u/u0 while keeping
h1 constant. Our elastic calculations suggest that the hysteresis in
the abrupt transitions arises from the coexistence of confined and
deconfined energy minima at large u/u0 (V. Koning & V. Vitelli,
unpublished results).

Our results highlight the fascinating range of defect structures
and defect arrangements that result from the interplay between the
topological constraints imposed by the spherical geometry and the
nematic order of liquid crystals. Although the tetrahedral structure
originally predicted for nematics on spherical surfaces is indeed
observed, it represents but one of a large number of other structures
and configurations that arise from the thickness variation of the
shells. This opens up a large spectrum of possibilities for inducing
directional interactions between particles that are mediated by
functionalized defects on their surfaces. Although this has been
achieved for bipolar particles to create one-dimensional chains3,
our results suggest that a wider range of structures, including the
diamond structure, could emerge if the thickness inhomogeneity of
the nematic coating is suitably tuned.
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