
Seeing and sculpting nematic liquid 
crystal textures

Bryan Gin-ge Chen
Department of Physics and Astronomy,

University of Pennsylvania

Simulations: Gareth Alexander, Warwick
Experiment: Paul Ackerman, Ivan Smalyukh, CU

Gareth Alexander
Department of Physics,
University of  Warwick

=

1



Seeing and sculpting nematic liquid 
crystal textures

Bryan Gin-ge Chen
Department of Physics and Astronomy,

University of Pennsylvania

Simulations: Gareth Alexander, Warwick
Experiment: Paul Ackerman, Ivan Smalyukh, CU

Gareth Alexander
Department of Physics,
University of  Warwick

ARTICLES NATUREMATERIALS DOI: 10.1038/NMAT2592

jihg

xzxy

0 62

xy xy xyxz

1

zxzx

+– +– +–

         b         a

         f                 e        d

¬1+2

                c

¬1/2 ring

Figure 1 | T3 field configurations generated by Laguerre–Gaussian beams and embedded into a uniform field by defects. a, Toron structure with the
topological charge ‘+2’ owing to the twist-escaped non-singular disclination ring of strength s= +1 shown by the red line. b,c, ‘−1’ hyperbolic point defect

(b) and a ring of s=−1/2 disclination topologically equivalent to a ‘−1’ point defect (c), both showing twist of n̂(r) with the sense of twist shown by the red
arrows. d, T3-1 configuration with the toron accompanied by two hyperbolic point defects. e, T3-2 structure containing a point defect and a disclination

ring. f, T3-3 configuration with two s= −1/2 defect rings. g–j, Light-intensity distributions in the lateral xy (left) and axial xz (right) planes of the
Laguerre–Gaussian beams of topological charge marked for each of the image pairs; the square cross-sections are 4 µmwide.

structures remain to be explored. The CNLCs studied here have

helicoidal ground-state director structure and are of special interest

from this standpoint. In our experiments, the beams of charge

l = 0 − ±10 and intensity distributions in the lateral and axial

planes shown in Fig. 1g–j are focused into the bulk of an unwound

CNLC with the vertical n̂(r) along the beam’s axis and typical

d/p=0.75–1.1.When the laser power is increased above a threshold

value Pth = (30–50)mW, the beam rotates n̂(r) towards the lateral
E(r)⊥ẑ , inducing a distortion, owing to the positive dielectric

anisotropy of the CNLC for the light’s electric field E(r). This initial
distortion (birefringent spot observed in polarizing microscopy)

disappears within 5–10ms after turning off the laser tominimize the

elastic energy
13
. However, if the laser power is increased above the

second threshold P> (1.2–2.2)Pth, this distortion transforms into

one of the T3 structures persisting even after the laser is switched

off (Fig. 2). The generated T3s are embedded in a sea of uniform

n̂(r)�ẑ and have a characteristic size ≈ p in all directions. Three-

dimensional images and cross-sections obtained by fluorescence

confocal polarizing microscopy
23
(FCPM) for different linear and

circular FCPM polarizations, such as those shown in Fig. 3 and

Supplementary Figs S1 and S2, allow reconstruction of n̂(r) for the
three distinct types of T3 observed (Fig. 1d–f).

The structure that emerges is the toron shown in Fig. 1a, a

double-twist cylinder looped on itself around the ẑ axis. In the

toroid’s midplane, the structure is skyrmion-like
24
as the director

at the centre is vertical and twists by 180
◦
in outward radial

directions matching the vertical n̂(r) in the far field around the

structure. The n̂(r) is tangent to the circular axis of the toroid

and rotates in all directions when moving away from it (Figs 1

and 3b). The uniformly twisted field lines of n̂(r) on a family

of nested tori resemble the stereographic projection of the Hopf

fibration
25–27

, while being localized in a finite volume of space

because of the presence of defects embedding the toron into a

uniform field. Mapping the director field at the toroid surfaces into

the order parameter space of the CNLC covers the sphere twice
14

and implies that the topological charge of the toron structure is

+2, suggesting that defects of opposite charge are needed to embed

it into the uniform field
14,28

. Indeed, FCPM imaging (Fig. 3 and

Supplementary Figs S1 and S2) reveals that the orientational order

within the localized T3 structures is locally broken on topological

defect points (Fig. 1b) or ring-shaped lines (Fig. 1c), depending on

the type of T3 structure formed. The line defects (also known as

disclinations) are classified by their strength s defined as a number

of revolutions by 2π that n̂(r) makes around the defect core when

one circumnavigates this core once. CNLC disclinations are often

observed ‘escaping in the third dimension’ through twist to form

non-singular structure with n̂(r) in their core along the defect

line
18
. The toron contains a ‘twist-escaped’ s = +1 disclination

ring shown by the red line in Fig. 1a (the s = +1 defect ring is

equivalent to a +2 point defect; ref. 14). The director field n̂(r)
of the toron is matched to the surrounding uniform alignment by

introducing defects of total charge ‘−2’ such as the ‘−1’ hyperbolic

point defects (Fig. 1b) or s = −1/2 disclination rings (Fig. 1c).

Different defect-proliferated torons are induced next to each other

as shown in Fig. 2a: T3-1 with two hyperbolic −1 point defects

shown by the blue dots in Fig. 1d, T3-3s with two s = −1/2
disclination rings shown by the blue lines in Fig. 1f and T3-2s with

combinations of line and point defects such as the one in Fig. 1e.

As the s = −1/2 disclination rings are equivalent to ‘−1’ point

defects
14
, topological charge of T3s in the uniform field is always

conserved. Remarkably, the defects do not annihilate as commonly

observed
13,14

, but rather are stably unbound to enable the 3D twist
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Nematic liquid crystals:

In displays, obviously, but much more is possible

fluid of rod-shaped molecules

http://en.wikipedia.org/wiki/File:TN-LCD-schematic-MS-208kB.png

http://commons.wikimedia.org/wiki/File:Nematische_Phase_Schlierentextur.jpg

mechanical applications: templates for self-assembly
photonic applications: tunable lasers 
etc.
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Nematic liquid crystals:

In displays, obviously, but much more is possible

requires an understanding of 
molecular orientation fields

fluid of rod-shaped molecules
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Nematics in Two Dimensions: Schlieren texture
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A texture with many topological defects
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Nematics in Two Dimensions: What are we seeing?

“polarizer” “analyzer”
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complicated orientation fields are currently of 
great interest:

Tkalec et al, Science 2011

“Saturn rings”: Defect loops 
are forced by the boundary 
conditions at the colloids

Lubensky et al, PRE 1998
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more ordered blue phase. This concurs with longstanding
experiments [11,12] which showed evidence of a field-
induced transition to a new phase, BPE, whose structure
was not previously identified.

The local order in the BPs can be described by a trace-
less, symmetric, second rank tensor, Q whose equilibrium
thermodynamics is governed by the Landau–de Gennes
free energy functional F , whose form, within the one-
elastic constant approximation (discussed later) is stan-
dard, and specified in [13]. Within that approximation,
the phase behavior of BPs depends on just three dimen-
sionless parameters, a reduced temperature !, a reduced
chirality " and a reduced field strength E [14]. Expressions
for these in terms of K (the elastic constant), q0 (the
cholesteric wave vector) and other parameters in F are
given in [13]. Good agreement between theoretical [15]
and experimental [16] phase boundaries is obtained by
taking ! / !T " TIC# and " linear in the mole-fraction of
a chiral component (with respective proportionality con-
stants ’ 2 K"1 and ’ 2 for one specific mixture [15]).

We employ a 3D hybrid lattice Boltzmann (LB) algo-
rithm [15,17–19] to solve the Beris-Edwards equations.
The evolution of the Q tensor [20] is

DtQ $ !
!"#F

#Q
% 1

3
Tr
!
#F
#Q

"
I
"
: (1)

Here, ! is a collective rotational diffusion constant andDt is
a material derivative for rodlike molecules [20]. The term in
brackets is the molecular field, H, which ensures that Q
evolves towards a minimum of the free energy. The fluid
velocity field obeys the continuity equation and a Navier-
Stokes equation with a stress tensor generalised to describe
liquid crystal hydrodynamics, and discussed elsewhere [17].

Though these equations represent the true dynamics, we
use them here simply to find free energy minima. Thus, as
in previous work we additionally allow a so-called ‘‘red-
shift’’ in which the parameters in F are dynamically
updated at fixed !, ", E [13]. This exploits a scaling among
those parameters to ensure that the system is not frustrated
by periodic boundaries: in particular, for any cubic BP, a
lattice parameter emerges that truly minimizes F . The
accuracies of their computed free energies F & min!F #
are (at least for E $ 0) thus limited only by discretization.
This is chosen to fully resolve the defects [13], whose core
energy is finite, and set by F itself.

In computing the free energy of periodic structures (BPI,
BPII and O5) we apply a perturbation of the appropriate
symmetry to a uniform state and then evolve dynamically
[13]. This delivers an accurate F value in each such phase,
of which the lowest can be chosen, but (in common with all
other methods for computing free energies of ordered
phases) we cannot rule out others of still lower F .
To address BPIII, we also need to generate aperiodic can-
didates. Here our strategy is similar: we start from various
different aperiodic initial conditions, evolve each
dynamically, and choose that of lowest F [13]. As shown

below, this beats all three periodic structures within a
certain parameter window. Because we cannot exhaust all
possible initial conditions, our free energy is an upper
bound on aperiodic states; further exploration can thus
only widen that stability window. In practice, all the aperi-
odic candidates we generated look similar. Our conclusions
about the character of BPIII are thus likely robust.
To minimize finite size effects, we simulate very large

systems (in contrast to [15]). Typically, we used 1283

lattices, which accommodates 8 half pitches in each direc-
tion. Selected simulations with 2563 lattices confirm the
results which we report below. As shown in [19], it is easy
to generate aperiodic structures by placing a localized
nucleus of BPI or II in a cholesteric or isotropic matrix.
However, the lowest F values we have so far found are
instead achieved by initialising the system in the choles-
teric phase in the presence of a low density (typically about
1–2% in volume) of randomly placed doubly twisted drop-
lets. Once initialized, the system is relaxed dynamically
until it reaches a quiescent end-state.
For low chirality ("< 1:5), the initial defects are

washed out to leave a cholesteric phase. However, for a
large regime of intermediate chiralities (1:75 ' " ' 3),
our simulations show an intriguing dynamics, through
which the dilute doubly twisted regions grow and rearrange
dramatically to form a whole network of disclinations,
which very slowly creeps to an amorphous end-state
(Fig. 1, top). Its amorphous character is confirmed by the
structure factor C!k# (Fig. 1, bottom). The ring in C!k# is
set by the average distance between the branch-points in
the defect network, whereas the small residual peaks
(which break spherical symmetry) are likely due to

FIG. 1 (color online). Top: End-state disclination network
at ! $ "0:25, " $ 2:5: The picture shows the isosurface
q!r# $ 0:12, with q the largest eigenvalue of Q. Inside each
tube is a disclination line (on which q takes a minimum value).

Bottom: Structure factor C! ~k# & jq!k#j2, on cuts along ky $ 0
(left) and kx $ 0 (right) with wave vectors kx=q0, kz=q0 2
("4; 4) and ky=q0, kz=q0 2 ("4; 4), respectively.

PRL 106, 107801 (2011) P HY S I CA L R EV I EW LE T T E R S
week ending

11 MARCH 2011

107801-2

Henrich et al, PRL 2011
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Experimental images:  Ackerman and Smalyukh

Reconstructing a complicated texture

Torons: Compact textures induced 
by Laguerre-Gaussian laser beams in 
thin cholesteric LC samples
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Figure 1 | T3 field configurations generated by Laguerre–Gaussian beams and embedded into a uniform field by defects. a, Toron structure with the
topological charge ‘+2’ owing to the twist-escaped non-singular disclination ring of strength s= +1 shown by the red line. b,c, ‘−1’ hyperbolic point defect

(b) and a ring of s=−1/2 disclination topologically equivalent to a ‘−1’ point defect (c), both showing twist of n̂(r) with the sense of twist shown by the red
arrows. d, T3-1 configuration with the toron accompanied by two hyperbolic point defects. e, T3-2 structure containing a point defect and a disclination

ring. f, T3-3 configuration with two s= −1/2 defect rings. g–j, Light-intensity distributions in the lateral xy (left) and axial xz (right) planes of the
Laguerre–Gaussian beams of topological charge marked for each of the image pairs; the square cross-sections are 4 µmwide.

structures remain to be explored. The CNLCs studied here have

helicoidal ground-state director structure and are of special interest

from this standpoint. In our experiments, the beams of charge

l = 0 − ±10 and intensity distributions in the lateral and axial

planes shown in Fig. 1g–j are focused into the bulk of an unwound

CNLC with the vertical n̂(r) along the beam’s axis and typical

d/p=0.75–1.1.When the laser power is increased above a threshold

value Pth = (30–50)mW, the beam rotates n̂(r) towards the lateral
E(r)⊥ẑ , inducing a distortion, owing to the positive dielectric

anisotropy of the CNLC for the light’s electric field E(r). This initial
distortion (birefringent spot observed in polarizing microscopy)

disappears within 5–10ms after turning off the laser tominimize the

elastic energy
13
. However, if the laser power is increased above the

second threshold P> (1.2–2.2)Pth, this distortion transforms into

one of the T3 structures persisting even after the laser is switched

off (Fig. 2). The generated T3s are embedded in a sea of uniform

n̂(r)�ẑ and have a characteristic size ≈ p in all directions. Three-

dimensional images and cross-sections obtained by fluorescence

confocal polarizing microscopy
23
(FCPM) for different linear and

circular FCPM polarizations, such as those shown in Fig. 3 and

Supplementary Figs S1 and S2, allow reconstruction of n̂(r) for the
three distinct types of T3 observed (Fig. 1d–f).

The structure that emerges is the toron shown in Fig. 1a, a

double-twist cylinder looped on itself around the ẑ axis. In the

toroid’s midplane, the structure is skyrmion-like
24
as the director

at the centre is vertical and twists by 180
◦
in outward radial

directions matching the vertical n̂(r) in the far field around the

structure. The n̂(r) is tangent to the circular axis of the toroid

and rotates in all directions when moving away from it (Figs 1

and 3b). The uniformly twisted field lines of n̂(r) on a family

of nested tori resemble the stereographic projection of the Hopf

fibration
25–27

, while being localized in a finite volume of space

because of the presence of defects embedding the toron into a

uniform field. Mapping the director field at the toroid surfaces into

the order parameter space of the CNLC covers the sphere twice
14

and implies that the topological charge of the toron structure is

+2, suggesting that defects of opposite charge are needed to embed

it into the uniform field
14,28

. Indeed, FCPM imaging (Fig. 3 and

Supplementary Figs S1 and S2) reveals that the orientational order

within the localized T3 structures is locally broken on topological

defect points (Fig. 1b) or ring-shaped lines (Fig. 1c), depending on

the type of T3 structure formed. The line defects (also known as

disclinations) are classified by their strength s defined as a number

of revolutions by 2π that n̂(r) makes around the defect core when

one circumnavigates this core once. CNLC disclinations are often

observed ‘escaping in the third dimension’ through twist to form

non-singular structure with n̂(r) in their core along the defect

line
18
. The toron contains a ‘twist-escaped’ s = +1 disclination

ring shown by the red line in Fig. 1a (the s = +1 defect ring is

equivalent to a +2 point defect; ref. 14). The director field n̂(r)
of the toron is matched to the surrounding uniform alignment by

introducing defects of total charge ‘−2’ such as the ‘−1’ hyperbolic

point defects (Fig. 1b) or s = −1/2 disclination rings (Fig. 1c).

Different defect-proliferated torons are induced next to each other

as shown in Fig. 2a: T3-1 with two hyperbolic −1 point defects

shown by the blue dots in Fig. 1d, T3-3s with two s = −1/2
disclination rings shown by the blue lines in Fig. 1f and T3-2s with

combinations of line and point defects such as the one in Fig. 1e.

As the s = −1/2 disclination rings are equivalent to ‘−1’ point

defects
14
, topological charge of T3s in the uniform field is always

conserved. Remarkably, the defects do not annihilate as commonly

observed
13,14

, but rather are stably unbound to enable the 3D twist
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Experimental images:  Ackerman and Smalyukh

Reconstructing a complicated texture

Smalyukh et al, Nature Materials 2010

Torons: Compact textures induced 
by Laguerre-Gaussian laser beams in 
thin cholesteric LC samples

← linearly polarized confocal slices 
(dark where orientation is North/South)

Imaging technique: Trivedi et al, Optics Express 2010
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Is there a better way to see all this data?
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Look at slices of the data ...?
Constant z-slices??
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Look at slices of the data ...?

Key idea: 
We’ve already seen a better way to slice - the 
brushes in the Schlieren texture are slices in 
the target space rather than domain space!

Constant z-slices??
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Outline:

2D nematic as directed lines

3D nematic textures

- Schlieren textures to Pontryagin-Thom

- colored surfaces

- toron versus Hopf fibration
- pulling a point defect through a disclination loop
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Back to the Schlieren texture
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Let’s just look at the “vertical brushes”
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A
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The space of directors:
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The space of directors:

Where do the 
arrows on the red 
lines come from?
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The space of directors:

Where do the 
arrows on the red 
lines come from?

How do the brushes move when we rotate the 
polarizer and analyzer?
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The space of directors:

Director ↕ ➔ Red

Where do the 
arrows on the red 
lines come from?
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The space of directors:

Where do the 
arrows on the red 
lines come from?
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The space of directors:

Where do the 
arrows on the red 
lines come from?

There are + and – sides to the red curve!
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These directed lines carry all of the topology (Pontryagin-Thom)

2D nematic director fields
up to smooth deformations

pictures of directed lines
related by switching moves

→take the inverse image

←fill in neighborhoods

1 to 1
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2D nematic director fields
up to smooth deformations

pictures of directed lines
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←fill in neighborhoods

②

①

③

1 to 1
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branch points and branch cutsphase of a complex function
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Many “line pictures” correspond to the same 
texture - but all are related by these two moves:
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1 to 1

There is a one to one correspondence between:
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←fill in neighborhoods

2D nematic director fields
up to smooth deformations

pictures of directed lines
related by switching moves
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1 to 1

There is a one to one correspondence between:

→take the inverse image

←fill in neighborhoods

?

2D nematic director fields
up to smooth deformations

pictures of directed lines
related by switching moves
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Suppose I shared this cool picture with Gareth:

How does he recover the director field ?

16



Suppose I shared this cool picture with Gareth:

How does he recover the director field ?

First, Gareth knows the director points ↕ on the red lines.
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Next, he reconstructs the signs...
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Next, he reconstructs the signs...
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Next, he reconstructs the signs...

then fills in a small neighborhood of the 
curves, mapping each cross section of the 
neighborhood to the space of directors minus the 
point “↔”
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Now he knows what the director is doing!

This doesn’t look like what I started with...
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Now he knows what the director is doing!

This doesn’t look like what I started with...
But I only wanted to share the texture up to a 
continuous deformation!

18



Gareth has a “squeezed” version of the original 
texture!
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Gareth has a “squeezed” version of the original 
texture!
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Outline:

2D nematic as directed lines

3D nematic textures

- Schlieren textures to Pontryagin-Thom

- colored surfaces

- toron versus Hopf fibration

- pulling a point defect through a 
disclination loop
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instead of considering a single orientation, look at a 
curve of orientations:

BGC and Alexander 2012

y

z

y

z

x

sample space of orientations

21



instead of considering a single orientation, look at a 
curve of orientations:

BGC and Alexander 2012

y

z

y

z

x

sample space of orientations

Lubensky et al, PRE 1998

21



instead of considering a single orientation, look at a 
curve of orientations:

BGC and Alexander 2012

y

z

y

z

x

sample space of orientations

21



instead of considering a single orientation, look at a 
curve of orientations:

BGC and Alexander 2012

y

z

y

z

x

sample space of orientations

21



instead of considering a single orientation, look at a 
curve of orientations:

BGC and Alexander 2012

y

z

y

z

x

sample space of orientations

1) Find the surface in the sample where the 
orientation has no z-component
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instead of considering a single orientation, look at a 
curve of orientations:

BGC and Alexander 2012

2) Color points on the surface according to the angle 
in the xy-plane

y

z

y

z

x

sample space of orientations

1) Find the surface in the sample where the 
orientation has no z-component
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From 2D to 3D: a visual dictionary of defects

Line defects in 3D = boundaries of surfaces

BGC and Alexander 2012

Point defects in 2D = endpoints of lines
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Point defects in 3D = color phase singularity on a surface

BGC and Alexander 2012
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Point defects in 3D = color phase singularity on a surface
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There is a one to one correspondence between:

3D nematic director fields
up to smooth deformation

pictures of colored surfaces
up to surface merging moves

→take the inverse image

←fill in neighborhoods

(Thom construction)
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Figure 1 | T3 field configurations generated by Laguerre–Gaussian beams and embedded into a uniform field by defects. a, Toron structure with the
topological charge ‘+2’ owing to the twist-escaped non-singular disclination ring of strength s= +1 shown by the red line. b,c, ‘−1’ hyperbolic point defect

(b) and a ring of s=−1/2 disclination topologically equivalent to a ‘−1’ point defect (c), both showing twist of n̂(r) with the sense of twist shown by the red
arrows. d, T3-1 configuration with the toron accompanied by two hyperbolic point defects. e, T3-2 structure containing a point defect and a disclination

ring. f, T3-3 configuration with two s= −1/2 defect rings. g–j, Light-intensity distributions in the lateral xy (left) and axial xz (right) planes of the
Laguerre–Gaussian beams of topological charge marked for each of the image pairs; the square cross-sections are 4 µmwide.

structures remain to be explored. The CNLCs studied here have

helicoidal ground-state director structure and are of special interest

from this standpoint. In our experiments, the beams of charge

l = 0 − ±10 and intensity distributions in the lateral and axial

planes shown in Fig. 1g–j are focused into the bulk of an unwound

CNLC with the vertical n̂(r) along the beam’s axis and typical

d/p=0.75–1.1.When the laser power is increased above a threshold

value Pth = (30–50)mW, the beam rotates n̂(r) towards the lateral
E(r)⊥ẑ , inducing a distortion, owing to the positive dielectric

anisotropy of the CNLC for the light’s electric field E(r). This initial
distortion (birefringent spot observed in polarizing microscopy)

disappears within 5–10ms after turning off the laser tominimize the

elastic energy
13
. However, if the laser power is increased above the

second threshold P> (1.2–2.2)Pth, this distortion transforms into

one of the T3 structures persisting even after the laser is switched

off (Fig. 2). The generated T3s are embedded in a sea of uniform

n̂(r)�ẑ and have a characteristic size ≈ p in all directions. Three-

dimensional images and cross-sections obtained by fluorescence

confocal polarizing microscopy
23
(FCPM) for different linear and

circular FCPM polarizations, such as those shown in Fig. 3 and

Supplementary Figs S1 and S2, allow reconstruction of n̂(r) for the
three distinct types of T3 observed (Fig. 1d–f).

The structure that emerges is the toron shown in Fig. 1a, a

double-twist cylinder looped on itself around the ẑ axis. In the

toroid’s midplane, the structure is skyrmion-like
24
as the director

at the centre is vertical and twists by 180
◦
in outward radial

directions matching the vertical n̂(r) in the far field around the

structure. The n̂(r) is tangent to the circular axis of the toroid

and rotates in all directions when moving away from it (Figs 1

and 3b). The uniformly twisted field lines of n̂(r) on a family

of nested tori resemble the stereographic projection of the Hopf

fibration
25–27

, while being localized in a finite volume of space

because of the presence of defects embedding the toron into a

uniform field. Mapping the director field at the toroid surfaces into

the order parameter space of the CNLC covers the sphere twice
14

and implies that the topological charge of the toron structure is

+2, suggesting that defects of opposite charge are needed to embed

it into the uniform field
14,28

. Indeed, FCPM imaging (Fig. 3 and

Supplementary Figs S1 and S2) reveals that the orientational order

within the localized T3 structures is locally broken on topological

defect points (Fig. 1b) or ring-shaped lines (Fig. 1c), depending on

the type of T3 structure formed. The line defects (also known as

disclinations) are classified by their strength s defined as a number

of revolutions by 2π that n̂(r) makes around the defect core when

one circumnavigates this core once. CNLC disclinations are often

observed ‘escaping in the third dimension’ through twist to form

non-singular structure with n̂(r) in their core along the defect

line
18
. The toron contains a ‘twist-escaped’ s = +1 disclination

ring shown by the red line in Fig. 1a (the s = +1 defect ring is

equivalent to a +2 point defect; ref. 14). The director field n̂(r)
of the toron is matched to the surrounding uniform alignment by

introducing defects of total charge ‘−2’ such as the ‘−1’ hyperbolic

point defects (Fig. 1b) or s = −1/2 disclination rings (Fig. 1c).

Different defect-proliferated torons are induced next to each other

as shown in Fig. 2a: T3-1 with two hyperbolic −1 point defects

shown by the blue dots in Fig. 1d, T3-3s with two s = −1/2
disclination rings shown by the blue lines in Fig. 1f and T3-2s with

combinations of line and point defects such as the one in Fig. 1e.

As the s = −1/2 disclination rings are equivalent to ‘−1’ point

defects
14
, topological charge of T3s in the uniform field is always

conserved. Remarkably, the defects do not annihilate as commonly

observed
13,14

, but rather are stably unbound to enable the 3D twist
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Moving a point defect through a disclination loop?
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Moving a point defect through a disclination loop?

BGC and Alexander 2012
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Moving a point defect through a disclination loop?

direction of color 
winding switches!

BGC and Alexander 2012
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Moving a point defect through a disclination loop?

direction of color 
winding switches!
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What’s going on in the texture outside the disclinations?

From simulation of colloids: 

BGC and Alexander 2012

Lubensky et al, PRE 1998
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The “Saturn rings” and “figure 8” textures are related by 
a local rearrangement of disclinations and surrounding 
texture (c.f. Čopar and Žumer, PRL 2011)

From simulation of colloids: 

BGC and Alexander 2012

Lubensky et al, PRE 1998
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Taming the toron: From experimental data...

linearly polarized slices 
x4 (0º, 45º, 90º, 135º)

Experimental images:  Ackerman and Smalyukh

Imaging technique: Trivedi et al, Optics Express 2010
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Figure 1 | T3 field configurations generated by Laguerre–Gaussian beams and embedded into a uniform field by defects. a, Toron structure with the
topological charge ‘+2’ owing to the twist-escaped non-singular disclination ring of strength s= +1 shown by the red line. b,c, ‘−1’ hyperbolic point defect

(b) and a ring of s=−1/2 disclination topologically equivalent to a ‘−1’ point defect (c), both showing twist of n̂(r) with the sense of twist shown by the red
arrows. d, T3-1 configuration with the toron accompanied by two hyperbolic point defects. e, T3-2 structure containing a point defect and a disclination

ring. f, T3-3 configuration with two s= −1/2 defect rings. g–j, Light-intensity distributions in the lateral xy (left) and axial xz (right) planes of the
Laguerre–Gaussian beams of topological charge marked for each of the image pairs; the square cross-sections are 4 µmwide.

structures remain to be explored. The CNLCs studied here have

helicoidal ground-state director structure and are of special interest

from this standpoint. In our experiments, the beams of charge

l = 0 − ±10 and intensity distributions in the lateral and axial

planes shown in Fig. 1g–j are focused into the bulk of an unwound

CNLC with the vertical n̂(r) along the beam’s axis and typical

d/p=0.75–1.1.When the laser power is increased above a threshold

value Pth = (30–50)mW, the beam rotates n̂(r) towards the lateral
E(r)⊥ẑ , inducing a distortion, owing to the positive dielectric

anisotropy of the CNLC for the light’s electric field E(r). This initial
distortion (birefringent spot observed in polarizing microscopy)

disappears within 5–10ms after turning off the laser tominimize the

elastic energy
13
. However, if the laser power is increased above the

second threshold P> (1.2–2.2)Pth, this distortion transforms into

one of the T3 structures persisting even after the laser is switched

off (Fig. 2). The generated T3s are embedded in a sea of uniform

n̂(r)�ẑ and have a characteristic size ≈ p in all directions. Three-

dimensional images and cross-sections obtained by fluorescence

confocal polarizing microscopy
23
(FCPM) for different linear and

circular FCPM polarizations, such as those shown in Fig. 3 and

Supplementary Figs S1 and S2, allow reconstruction of n̂(r) for the
three distinct types of T3 observed (Fig. 1d–f).

The structure that emerges is the toron shown in Fig. 1a, a

double-twist cylinder looped on itself around the ẑ axis. In the

toroid’s midplane, the structure is skyrmion-like
24
as the director

at the centre is vertical and twists by 180
◦
in outward radial

directions matching the vertical n̂(r) in the far field around the

structure. The n̂(r) is tangent to the circular axis of the toroid

and rotates in all directions when moving away from it (Figs 1

and 3b). The uniformly twisted field lines of n̂(r) on a family

of nested tori resemble the stereographic projection of the Hopf

fibration
25–27

, while being localized in a finite volume of space

because of the presence of defects embedding the toron into a

uniform field. Mapping the director field at the toroid surfaces into

the order parameter space of the CNLC covers the sphere twice
14

and implies that the topological charge of the toron structure is

+2, suggesting that defects of opposite charge are needed to embed

it into the uniform field
14,28

. Indeed, FCPM imaging (Fig. 3 and

Supplementary Figs S1 and S2) reveals that the orientational order

within the localized T3 structures is locally broken on topological

defect points (Fig. 1b) or ring-shaped lines (Fig. 1c), depending on

the type of T3 structure formed. The line defects (also known as

disclinations) are classified by their strength s defined as a number

of revolutions by 2π that n̂(r) makes around the defect core when

one circumnavigates this core once. CNLC disclinations are often

observed ‘escaping in the third dimension’ through twist to form

non-singular structure with n̂(r) in their core along the defect

line
18
. The toron contains a ‘twist-escaped’ s = +1 disclination

ring shown by the red line in Fig. 1a (the s = +1 defect ring is

equivalent to a +2 point defect; ref. 14). The director field n̂(r)
of the toron is matched to the surrounding uniform alignment by

introducing defects of total charge ‘−2’ such as the ‘−1’ hyperbolic

point defects (Fig. 1b) or s = −1/2 disclination rings (Fig. 1c).

Different defect-proliferated torons are induced next to each other

as shown in Fig. 2a: T3-1 with two hyperbolic −1 point defects

shown by the blue dots in Fig. 1d, T3-3s with two s = −1/2
disclination rings shown by the blue lines in Fig. 1f and T3-2s with

combinations of line and point defects such as the one in Fig. 1e.

As the s = −1/2 disclination rings are equivalent to ‘−1’ point

defects
14
, topological charge of T3s in the uniform field is always

conserved. Remarkably, the defects do not annihilate as commonly

observed
13,14

, but rather are stably unbound to enable the 3D twist
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Figure 1 | T3 field configurations generated by Laguerre–Gaussian beams and embedded into a uniform field by defects. a, Toron structure with the
topological charge ‘+2’ owing to the twist-escaped non-singular disclination ring of strength s= +1 shown by the red line. b,c, ‘−1’ hyperbolic point defect

(b) and a ring of s=−1/2 disclination topologically equivalent to a ‘−1’ point defect (c), both showing twist of n̂(r) with the sense of twist shown by the red
arrows. d, T3-1 configuration with the toron accompanied by two hyperbolic point defects. e, T3-2 structure containing a point defect and a disclination

ring. f, T3-3 configuration with two s= −1/2 defect rings. g–j, Light-intensity distributions in the lateral xy (left) and axial xz (right) planes of the
Laguerre–Gaussian beams of topological charge marked for each of the image pairs; the square cross-sections are 4 µmwide.

structures remain to be explored. The CNLCs studied here have

helicoidal ground-state director structure and are of special interest

from this standpoint. In our experiments, the beams of charge

l = 0 − ±10 and intensity distributions in the lateral and axial

planes shown in Fig. 1g–j are focused into the bulk of an unwound

CNLC with the vertical n̂(r) along the beam’s axis and typical

d/p=0.75–1.1.When the laser power is increased above a threshold

value Pth = (30–50)mW, the beam rotates n̂(r) towards the lateral
E(r)⊥ẑ , inducing a distortion, owing to the positive dielectric

anisotropy of the CNLC for the light’s electric field E(r). This initial
distortion (birefringent spot observed in polarizing microscopy)

disappears within 5–10ms after turning off the laser tominimize the

elastic energy
13
. However, if the laser power is increased above the

second threshold P> (1.2–2.2)Pth, this distortion transforms into

one of the T3 structures persisting even after the laser is switched

off (Fig. 2). The generated T3s are embedded in a sea of uniform

n̂(r)�ẑ and have a characteristic size ≈ p in all directions. Three-

dimensional images and cross-sections obtained by fluorescence

confocal polarizing microscopy
23
(FCPM) for different linear and

circular FCPM polarizations, such as those shown in Fig. 3 and

Supplementary Figs S1 and S2, allow reconstruction of n̂(r) for the
three distinct types of T3 observed (Fig. 1d–f).

The structure that emerges is the toron shown in Fig. 1a, a

double-twist cylinder looped on itself around the ẑ axis. In the

toroid’s midplane, the structure is skyrmion-like
24
as the director

at the centre is vertical and twists by 180
◦
in outward radial

directions matching the vertical n̂(r) in the far field around the

structure. The n̂(r) is tangent to the circular axis of the toroid

and rotates in all directions when moving away from it (Figs 1

and 3b). The uniformly twisted field lines of n̂(r) on a family

of nested tori resemble the stereographic projection of the Hopf

fibration
25–27

, while being localized in a finite volume of space

because of the presence of defects embedding the toron into a

uniform field. Mapping the director field at the toroid surfaces into

the order parameter space of the CNLC covers the sphere twice
14

and implies that the topological charge of the toron structure is

+2, suggesting that defects of opposite charge are needed to embed

it into the uniform field
14,28

. Indeed, FCPM imaging (Fig. 3 and

Supplementary Figs S1 and S2) reveals that the orientational order

within the localized T3 structures is locally broken on topological

defect points (Fig. 1b) or ring-shaped lines (Fig. 1c), depending on

the type of T3 structure formed. The line defects (also known as

disclinations) are classified by their strength s defined as a number

of revolutions by 2π that n̂(r) makes around the defect core when

one circumnavigates this core once. CNLC disclinations are often

observed ‘escaping in the third dimension’ through twist to form

non-singular structure with n̂(r) in their core along the defect

line
18
. The toron contains a ‘twist-escaped’ s = +1 disclination

ring shown by the red line in Fig. 1a (the s = +1 defect ring is

equivalent to a +2 point defect; ref. 14). The director field n̂(r)
of the toron is matched to the surrounding uniform alignment by

introducing defects of total charge ‘−2’ such as the ‘−1’ hyperbolic

point defects (Fig. 1b) or s = −1/2 disclination rings (Fig. 1c).

Different defect-proliferated torons are induced next to each other

as shown in Fig. 2a: T3-1 with two hyperbolic −1 point defects

shown by the blue dots in Fig. 1d, T3-3s with two s = −1/2
disclination rings shown by the blue lines in Fig. 1f and T3-2s with

combinations of line and point defects such as the one in Fig. 1e.

As the s = −1/2 disclination rings are equivalent to ‘−1’ point

defects
14
, topological charge of T3s in the uniform field is always

conserved. Remarkably, the defects do not annihilate as commonly

observed
13,14

, but rather are stably unbound to enable the 3D twist
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Experimental data:  Ackerman and Smalyukh

What can we sculpt the toron into?

What if we take the two point 
defects and “cancel them”?

BGC and Alexander 2012
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Figure 1 | T3 field configurations generated by Laguerre–Gaussian beams and embedded into a uniform field by defects. a, Toron structure with the
topological charge ‘+2’ owing to the twist-escaped non-singular disclination ring of strength s= +1 shown by the red line. b,c, ‘−1’ hyperbolic point defect

(b) and a ring of s=−1/2 disclination topologically equivalent to a ‘−1’ point defect (c), both showing twist of n̂(r) with the sense of twist shown by the red
arrows. d, T3-1 configuration with the toron accompanied by two hyperbolic point defects. e, T3-2 structure containing a point defect and a disclination

ring. f, T3-3 configuration with two s= −1/2 defect rings. g–j, Light-intensity distributions in the lateral xy (left) and axial xz (right) planes of the
Laguerre–Gaussian beams of topological charge marked for each of the image pairs; the square cross-sections are 4 µmwide.

structures remain to be explored. The CNLCs studied here have

helicoidal ground-state director structure and are of special interest

from this standpoint. In our experiments, the beams of charge

l = 0 − ±10 and intensity distributions in the lateral and axial

planes shown in Fig. 1g–j are focused into the bulk of an unwound

CNLC with the vertical n̂(r) along the beam’s axis and typical

d/p=0.75–1.1.When the laser power is increased above a threshold

value Pth = (30–50)mW, the beam rotates n̂(r) towards the lateral
E(r)⊥ẑ , inducing a distortion, owing to the positive dielectric

anisotropy of the CNLC for the light’s electric field E(r). This initial
distortion (birefringent spot observed in polarizing microscopy)

disappears within 5–10ms after turning off the laser tominimize the

elastic energy
13
. However, if the laser power is increased above the

second threshold P> (1.2–2.2)Pth, this distortion transforms into

one of the T3 structures persisting even after the laser is switched

off (Fig. 2). The generated T3s are embedded in a sea of uniform

n̂(r)�ẑ and have a characteristic size ≈ p in all directions. Three-

dimensional images and cross-sections obtained by fluorescence

confocal polarizing microscopy
23
(FCPM) for different linear and

circular FCPM polarizations, such as those shown in Fig. 3 and

Supplementary Figs S1 and S2, allow reconstruction of n̂(r) for the
three distinct types of T3 observed (Fig. 1d–f).

The structure that emerges is the toron shown in Fig. 1a, a

double-twist cylinder looped on itself around the ẑ axis. In the

toroid’s midplane, the structure is skyrmion-like
24
as the director

at the centre is vertical and twists by 180
◦
in outward radial

directions matching the vertical n̂(r) in the far field around the

structure. The n̂(r) is tangent to the circular axis of the toroid

and rotates in all directions when moving away from it (Figs 1

and 3b). The uniformly twisted field lines of n̂(r) on a family

of nested tori resemble the stereographic projection of the Hopf

fibration
25–27

, while being localized in a finite volume of space

because of the presence of defects embedding the toron into a

uniform field. Mapping the director field at the toroid surfaces into

the order parameter space of the CNLC covers the sphere twice
14

and implies that the topological charge of the toron structure is

+2, suggesting that defects of opposite charge are needed to embed

it into the uniform field
14,28

. Indeed, FCPM imaging (Fig. 3 and

Supplementary Figs S1 and S2) reveals that the orientational order

within the localized T3 structures is locally broken on topological

defect points (Fig. 1b) or ring-shaped lines (Fig. 1c), depending on

the type of T3 structure formed. The line defects (also known as

disclinations) are classified by their strength s defined as a number

of revolutions by 2π that n̂(r) makes around the defect core when

one circumnavigates this core once. CNLC disclinations are often

observed ‘escaping in the third dimension’ through twist to form

non-singular structure with n̂(r) in their core along the defect

line
18
. The toron contains a ‘twist-escaped’ s = +1 disclination

ring shown by the red line in Fig. 1a (the s = +1 defect ring is

equivalent to a +2 point defect; ref. 14). The director field n̂(r)
of the toron is matched to the surrounding uniform alignment by

introducing defects of total charge ‘−2’ such as the ‘−1’ hyperbolic

point defects (Fig. 1b) or s = −1/2 disclination rings (Fig. 1c).

Different defect-proliferated torons are induced next to each other

as shown in Fig. 2a: T3-1 with two hyperbolic −1 point defects

shown by the blue dots in Fig. 1d, T3-3s with two s = −1/2
disclination rings shown by the blue lines in Fig. 1f and T3-2s with

combinations of line and point defects such as the one in Fig. 1e.

As the s = −1/2 disclination rings are equivalent to ‘−1’ point

defects
14
, topological charge of T3s in the uniform field is always

conserved. Remarkably, the defects do not annihilate as commonly

observed
13,14

, but rather are stably unbound to enable the 3D twist
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Figure 1 | T3 field configurations generated by Laguerre–Gaussian beams and embedded into a uniform field by defects. a, Toron structure with the
topological charge ‘+2’ owing to the twist-escaped non-singular disclination ring of strength s= +1 shown by the red line. b,c, ‘−1’ hyperbolic point defect

(b) and a ring of s=−1/2 disclination topologically equivalent to a ‘−1’ point defect (c), both showing twist of n̂(r) with the sense of twist shown by the red
arrows. d, T3-1 configuration with the toron accompanied by two hyperbolic point defects. e, T3-2 structure containing a point defect and a disclination

ring. f, T3-3 configuration with two s= −1/2 defect rings. g–j, Light-intensity distributions in the lateral xy (left) and axial xz (right) planes of the
Laguerre–Gaussian beams of topological charge marked for each of the image pairs; the square cross-sections are 4 µmwide.

structures remain to be explored. The CNLCs studied here have

helicoidal ground-state director structure and are of special interest

from this standpoint. In our experiments, the beams of charge

l = 0 − ±10 and intensity distributions in the lateral and axial

planes shown in Fig. 1g–j are focused into the bulk of an unwound

CNLC with the vertical n̂(r) along the beam’s axis and typical

d/p=0.75–1.1.When the laser power is increased above a threshold

value Pth = (30–50)mW, the beam rotates n̂(r) towards the lateral
E(r)⊥ẑ , inducing a distortion, owing to the positive dielectric

anisotropy of the CNLC for the light’s electric field E(r). This initial
distortion (birefringent spot observed in polarizing microscopy)

disappears within 5–10ms after turning off the laser tominimize the

elastic energy
13
. However, if the laser power is increased above the

second threshold P> (1.2–2.2)Pth, this distortion transforms into

one of the T3 structures persisting even after the laser is switched

off (Fig. 2). The generated T3s are embedded in a sea of uniform

n̂(r)�ẑ and have a characteristic size ≈ p in all directions. Three-

dimensional images and cross-sections obtained by fluorescence

confocal polarizing microscopy
23
(FCPM) for different linear and

circular FCPM polarizations, such as those shown in Fig. 3 and

Supplementary Figs S1 and S2, allow reconstruction of n̂(r) for the
three distinct types of T3 observed (Fig. 1d–f).

The structure that emerges is the toron shown in Fig. 1a, a

double-twist cylinder looped on itself around the ẑ axis. In the

toroid’s midplane, the structure is skyrmion-like
24
as the director

at the centre is vertical and twists by 180
◦
in outward radial

directions matching the vertical n̂(r) in the far field around the

structure. The n̂(r) is tangent to the circular axis of the toroid

and rotates in all directions when moving away from it (Figs 1

and 3b). The uniformly twisted field lines of n̂(r) on a family

of nested tori resemble the stereographic projection of the Hopf

fibration
25–27

, while being localized in a finite volume of space

because of the presence of defects embedding the toron into a

uniform field. Mapping the director field at the toroid surfaces into

the order parameter space of the CNLC covers the sphere twice
14

and implies that the topological charge of the toron structure is

+2, suggesting that defects of opposite charge are needed to embed

it into the uniform field
14,28

. Indeed, FCPM imaging (Fig. 3 and

Supplementary Figs S1 and S2) reveals that the orientational order

within the localized T3 structures is locally broken on topological

defect points (Fig. 1b) or ring-shaped lines (Fig. 1c), depending on

the type of T3 structure formed. The line defects (also known as

disclinations) are classified by their strength s defined as a number

of revolutions by 2π that n̂(r) makes around the defect core when

one circumnavigates this core once. CNLC disclinations are often

observed ‘escaping in the third dimension’ through twist to form

non-singular structure with n̂(r) in their core along the defect

line
18
. The toron contains a ‘twist-escaped’ s = +1 disclination

ring shown by the red line in Fig. 1a (the s = +1 defect ring is

equivalent to a +2 point defect; ref. 14). The director field n̂(r)
of the toron is matched to the surrounding uniform alignment by

introducing defects of total charge ‘−2’ such as the ‘−1’ hyperbolic

point defects (Fig. 1b) or s = −1/2 disclination rings (Fig. 1c).

Different defect-proliferated torons are induced next to each other

as shown in Fig. 2a: T3-1 with two hyperbolic −1 point defects

shown by the blue dots in Fig. 1d, T3-3s with two s = −1/2
disclination rings shown by the blue lines in Fig. 1f and T3-2s with

combinations of line and point defects such as the one in Fig. 1e.

As the s = −1/2 disclination rings are equivalent to ‘−1’ point

defects
14
, topological charge of T3s in the uniform field is always

conserved. Remarkably, the defects do not annihilate as commonly

observed
13,14

, but rather are stably unbound to enable the 3D twist
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Experimental data:  Ackerman and Smalyukh

What can we sculpt the toron into?

Hopf fibration!
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Figure 1 | T3 field configurations generated by Laguerre–Gaussian beams and embedded into a uniform field by defects. a, Toron structure with the
topological charge ‘+2’ owing to the twist-escaped non-singular disclination ring of strength s= +1 shown by the red line. b,c, ‘−1’ hyperbolic point defect

(b) and a ring of s=−1/2 disclination topologically equivalent to a ‘−1’ point defect (c), both showing twist of n̂(r) with the sense of twist shown by the red
arrows. d, T3-1 configuration with the toron accompanied by two hyperbolic point defects. e, T3-2 structure containing a point defect and a disclination

ring. f, T3-3 configuration with two s= −1/2 defect rings. g–j, Light-intensity distributions in the lateral xy (left) and axial xz (right) planes of the
Laguerre–Gaussian beams of topological charge marked for each of the image pairs; the square cross-sections are 4 µmwide.

structures remain to be explored. The CNLCs studied here have

helicoidal ground-state director structure and are of special interest

from this standpoint. In our experiments, the beams of charge

l = 0 − ±10 and intensity distributions in the lateral and axial
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d/p=0.75–1.1.When the laser power is increased above a threshold

value Pth = (30–50)mW, the beam rotates n̂(r) towards the lateral
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distortion (birefringent spot observed in polarizing microscopy)
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elastic energy
13
. However, if the laser power is increased above the

second threshold P> (1.2–2.2)Pth, this distortion transforms into

one of the T3 structures persisting even after the laser is switched

off (Fig. 2). The generated T3s are embedded in a sea of uniform

n̂(r)�ẑ and have a characteristic size ≈ p in all directions. Three-

dimensional images and cross-sections obtained by fluorescence

confocal polarizing microscopy
23
(FCPM) for different linear and

circular FCPM polarizations, such as those shown in Fig. 3 and

Supplementary Figs S1 and S2, allow reconstruction of n̂(r) for the
three distinct types of T3 observed (Fig. 1d–f).
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double-twist cylinder looped on itself around the ẑ axis. In the

toroid’s midplane, the structure is skyrmion-like
24
as the director

at the centre is vertical and twists by 180
◦
in outward radial

directions matching the vertical n̂(r) in the far field around the

structure. The n̂(r) is tangent to the circular axis of the toroid

and rotates in all directions when moving away from it (Figs 1

and 3b). The uniformly twisted field lines of n̂(r) on a family

of nested tori resemble the stereographic projection of the Hopf

fibration
25–27

, while being localized in a finite volume of space

because of the presence of defects embedding the toron into a

uniform field. Mapping the director field at the toroid surfaces into

the order parameter space of the CNLC covers the sphere twice
14

and implies that the topological charge of the toron structure is

+2, suggesting that defects of opposite charge are needed to embed

it into the uniform field
14,28

. Indeed, FCPM imaging (Fig. 3 and

Supplementary Figs S1 and S2) reveals that the orientational order

within the localized T3 structures is locally broken on topological

defect points (Fig. 1b) or ring-shaped lines (Fig. 1c), depending on

the type of T3 structure formed. The line defects (also known as

disclinations) are classified by their strength s defined as a number

of revolutions by 2π that n̂(r) makes around the defect core when

one circumnavigates this core once. CNLC disclinations are often

observed ‘escaping in the third dimension’ through twist to form

non-singular structure with n̂(r) in their core along the defect

line
18
. The toron contains a ‘twist-escaped’ s = +1 disclination

ring shown by the red line in Fig. 1a (the s = +1 defect ring is

equivalent to a +2 point defect; ref. 14). The director field n̂(r)
of the toron is matched to the surrounding uniform alignment by

introducing defects of total charge ‘−2’ such as the ‘−1’ hyperbolic

point defects (Fig. 1b) or s = −1/2 disclination rings (Fig. 1c).

Different defect-proliferated torons are induced next to each other

as shown in Fig. 2a: T3-1 with two hyperbolic −1 point defects

shown by the blue dots in Fig. 1d, T3-3s with two s = −1/2
disclination rings shown by the blue lines in Fig. 1f and T3-2s with

combinations of line and point defects such as the one in Fig. 1e.

As the s = −1/2 disclination rings are equivalent to ‘−1’ point

defects
14
, topological charge of T3s in the uniform field is always

conserved. Remarkably, the defects do not annihilate as commonly

observed
13,14

, but rather are stably unbound to enable the 3D twist
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Blue phase I

Blue phase II

BGC and Alexander 2012

Colored surfaces from the Thom construction provide an 
efficient and natural representation of the topology of 3D 
nematic textures

“Sculpt” the surfaces and their boundaries in lieu of 
the defects and the orientation fields around them

Summary

Future work
Can these surfaces be assigned an energy?

These ideas are applicable to other systems!
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Figure 2 | Predetermined optical generation and switching of the toron structures. a, Polarizing optical microscopy texture showing T3-1 (the smallest),

two T3-2s of opposite winding (intermediate size) and T3-3 (the largest structure) generated next to each other. The inset shows the letters ‘CU’ obtained

by optical generation of four T3-2s per letter at the letters’ vertices and T3-1 elsewhere within the characters. The orientations of the crossed polarizer (P)

and analyser (A) are shown by the white bars. b, Polarizing microscopy image showing that the two T3-2s of opposite spiralling and the T3-1 can be

generated at an arbitrary location in the sample and then moved to the desired position (such as the one shown in c) using optical manipulation by laterally

shifting the generating infrared laser beam. c, After optically moving the T3-1 to the image centre, the new T3-3 structure is generated in the top right

corner of the image. d–g, This T3-3 structure is shown transforming into a T3-2 structure (d,e), then to T3-1 (f) and again to the T3-3 configuration (g) by
using Laguerre–Gaussian beams of appropriate topological charge values lmarked on the images. Note that the T3-3 structures in c,d,g have different

diameters of the disclination rings at the top and bottom surfaces and all T3-2s and T3-3s have lateral dimensions 1.1–1.5 times larger than T3-1s.
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Figure 3 | FCPM imaging and computer simulations of laser-generated torons. a, Three-dimensional image of the T3-1 configuration obtained using

FCPM with circularly polarized probing light. b, Vertical cross-section of the n̂(r) of the corresponding 3D T3-1 structure obtained by numerical

minimization of the elastic free energy; the blue circles denote the hyperbolic point defects and the red circles show the twist-escaped disclination

intersecting the plane of the cross-section. c, In-plane FCPM cross-section passing through the central plane of the T3 structure and containing the circular

axis of the torus; the red bars indicate the location of the vertical cross-section. d,e, Experimental vertical FCPM cross-section (d) and the corresponding

computer-simulated FCPM texture (e) obtained for circularly polarized probing light and the equilibrium director field shown in b. The confinement ratio is

d/p= 1 in both the experiments and the simulations.

of n̂(r). The 3D FCPM images and vertical cross-sections allow us
to visualize and distinguish structural details of different T3s (Fig. 3
and Supplementary Figs S1 and S2). For example, FCPM textures
in Supplementary Fig. S2 not only identify the imaged optically

generated structures as T3-2s, but also show the location of point
and ring defects at the top or bottom glass plates.

By varying l of the generating vortex beams, we can selectively
create (Fig. 2a) and switch (Fig. 2b–g) the toron configurations. For
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Toron and friends part 1
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