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Transition from Escaped to Decomposed Nematic Defects, and 

vice versa 

Adam L. Sussera, Saša Harkaib, Samo Kraljb, and Charles Rosenblatta 

An escaped radial director profile in a nematic liquid crystal cell can be transformed into a pair of strength m = +½ surface 

defects (and their associated disclination lines) at a threshold electric field.  Analogously, a half-integer defect pair can be 

transformed at a threshold electric field into a director profile that escapes into the third dimension.  These transitions were 

demonstrated experimentally and numerically, and are discussed in terms of topologically discontinuous and continuous 

pathways that  connect the two states.  Additionally, we note that the pair of disclination lines associated with the m = +1/2 

surface defects were observed to co-rotate around a common point for a sufficiently large electric field at a sufficiently low 

frequency.

1 Introduction 

Topological defects (TDs) occur throughout nature, from the 

nanoscopic to the cosmological level1-5.  Because of their large 

optical and mechanical anisotropies, liquid crystals (LCs) have 

become an ideal playground for visualizing TDs and studying 

their physical behaviour6-10.  In particular, LCs have been used 

to understand the energies and transformations associated 

with TDs9,11. 

The energy cost of nematic topological defects of total 

strength m = +1 at each of two opposing substrates, and the 

disclination line connecting them, may be relaxed via various 

mechanisms.  These include i) melting of the core, ii) biaxial 

order reconstruction12,13, iii) director escape along an axis 

perpendicular to the surface (Fig. 1a)14-16, and iv) decomposition 

of an integer defect into a pair of half-integer surface defects 

(Fig. 1b)11,17,18.  In the latter case two disclination lines connect 

the two m = +½ surface defects with the opposing substrate – 

this tends to occur in thinner cells9,11. (Alternatively, an arched 

disclination connects the two m = +½ defects with each other at 

the same surface10,19 – this tends to occur in thicker cells.) 

Mechanisms iii and iv are observed most commonly and have 

garnered the most attention.  Recent studies have focused on 

sample thickness and the operative mechanisms that reduce 

energy cost.9,11 Observations have shown that integer defects 

or escaped radial (ER) configurations can be converted into a 

pair of half-integer defects, and vice versa, by heating the entire 

liquid crystal into the isotropic phase followed by recooling into 

the nematic phase9.  But is there another way to achieve this 

interconversion? 

 Imagine an ER director configuration composed of a 

negative dielectric anisotropy (∆ε < 0) liquid crystal connecting 

top and bottom substrates (Fig. 1a).  Here the director field has 

positive uniaxial symmetry.  An ac electric field E is applied 

perpendicular to the substrates along the z-axis, which has the 

effect of pushing the director field into the xy-plane.  For one 

pathway the defect core must melt so as to convert the director 

field in the core from positive to negative uniaxial symmetry, 

which is a necessary step in transitioning to an m = +1 defect 

that subsequently decomposes into a pair of m = +½ defects.  

This melting would take place at a specific threshold electric 

field Eth. The occurrence of melting suggests that the two end 

states in this process, viz., an ER configuration and a pair of 

decomposed half-integer defects, would be topologically 

distinct, with a discontinuous pathway between the two.  Note 

that the reverse transition also can be driven by an electric field 

for a liquid crystal with a positive dielectric anisotropy (∆ε > 0). 

 An alternative pathway consists of an ER structure in which 

there is strong planar anchoring at the bottom surface that gives 

rise to a proper m = +1 surface defect.  Even at zero field this 

integer defect would split into two m = +½ surface defects, 
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Fig. 1  Cartoons showing a master surface that has been patterned with an m = +1 

defect and an opposing substrate treated for planar degenerate alignment.  a) 

Escaped radial director configuration, and b) Splitting of the m = +1 pattern into two 

daughter m = +½ surface defects, with disclination lines reaching the top planar 

degenerate opposing surface. 



ARTICLE Journal Name 

2 | J. Name., 2012, 00, 1-3 This journal is © The Royal Society of Chemistry 20xx 

Please do not adjust margins 

Please do not adjust margins 

causing the defect to appear elongated under a microscope – or 

even as two discrete half-integer defects. These half-integer 

defects at the same surface are connected by a “charged” 

boojum disclination loop10,19 – actually an arch that becomes 

elongated along the arch’s axis as one transits along the z-axis 

into the cell.  The loop has a strength of m = +½, such that the 

director field around the loop is three-dimensional10.  However, 

with increasing electric field the director field is pushed more 

strongly into the xy-plane, thereby driving the boojum loop 

upward, as shown recently by Ferris, et al.10  At a critical electric 

field the loop would reach the top surface and split, thereby 

connecting each of the m = +½ defects at the top substrate with 

the bottom substrate by means of a disclination line, similar to 

that shown in Fig. 1b. This transition pathway is continuous, 

which suggests that the two terminal configurations need not 

be topologically distinct. 

 In this paper we report on experiments in which an electric 

field is used to convert an ER configuration into a pair of m = +½ 

surface defects and their related disclination lines, and vice 

versa.  The ER to m = +½ defect pair transition is accomplished 

by using a negative dielectric anisotropy liquid crystal, in which 

the electric field drives the director into the xy-plane; the 

opposite transition involves a positive anisotropy liquid crystal 

in which the electric field drives the director toward an ER 

configuration, i.e., toward the z-axis. For the ER to split 

transition, optical microscope observations – both bright field 

and polarized optical microscopy – show only a tightening of the 

defect core(s) as the electric field is increased, with no 

significant change in the director field outside the defect 

core(s).  But at a sufficiently large field – this is the threshold 

field Eth – a transition occurs from ER to decomposed half-

integer defects (or vice versa, as appropriate).  On removal of 

the electric field the new director configuration remains stable.   

2 Experimental 

Two cells were constructed from semi-transparent indium-

tin-oxide (ITO) coated glass slides, with the ITO used as 

electrodes.  One slide was spin-coated with the polymer 

polyvinyl alcohol (PVA, Mw = 31000 – 50000) and baked at 120°C 

for 120 min.  The PVA then was scribed by an atomic force 

microscope with a patterned 3 x 3 array of alternating m = +1 

and -1 defects using the method described in Ref. 17, with 

scribed line spacing ~ 100 nm; this is the bottom “master” 

surface. The opposing top  substrate was spin-coated with a thin 

layer of Glymo ((3-Glycidyloxypropyl)trimethoxysilane), which 

was diluted to a concentration of 0.5 wt-% in isopropyl alcohol 

(89.5 wt-%) and water (10 wt-%). The substrate was spun for 30 

s at 2200 rpm, and then baked at 170oC for 60 min.  The slides 

for each cell were placed together, separated by Mylar spacers, 

and cemented.  The thicknesses h of the various cells were in 

the range 6.4-8.4 µm as determined by optical interferometry.  

This thickness has been shown to produce a mixture of ER 

configurations and split defects, although a priori a mixed set of 

ER and split defects is not guaranteed.  Our experiments 

focused on the m = +1 pattern. 

 For the initially ER configuration, we used the negative 

dielectric anisotropy mixture liquid crystal ZLI-4330 (Merck), 

which has a room temperature nematic phase. Its dielectric 

anisotropy ∆ε = -1.9 and its optical birefringence ∆n = 0.15 

[manufacturer’s specifications] measured at room 

temperature.  The cell of thickness 7.9 < h < 8.4 µm was filled in 

the isotropic phase by capillary action and then cooled into the 

nematic phase, with all subsequent measurements performed 

at room temperature.  In order to ensure an ER configuration, 

even if only split defects appeared on first cooling into the 

nematic phase, the sample was reheated into the isotropic 

phase and cooled more rapidly into the nematic phase.  The 

rapid cooling was found to promote the ER configuration at the 

patterned m = +1 sites. 

For the initially split defect experiments, we used the 

positive dielectric anisotropy liquid crystal pentylcyanobiphenyl 

(5CB, Merck), having a room temperature dielectric anisotropy 

∆ε = +11.0 and optical birefringence ∆n = 0.18 [manufacturer’s 

specifications].  The cell of thickness 6.4 < h < 7.9 µm was filled 

with the LC in the isotropic phase and cooled to room temperature.  

If, by chance, the initial configuration were ER, we found empirically 

that gentle mechanical agitation of the cell could induce a split m = 

+½ defect pair, with two quasi-parallel disclination lines running from 

one substrate to the other. 

3 Experimental Results and Discussion 

 

 Consider first an initially ER configuration in the negative 

dielectric anisotropy ZLI-4330 sample.  An ac voltage at frequency ν 

= 1 kHz was applied between the two substrates, and ramped 

(actually incrementally stepped) up to 243 V at a rate of ~1 V s-1.  

Bright field images (no polarizers) were recorded for one ramping 

(see Electronic Supplementary Information video 1). Transmission 

polarized optical microscopy images were recorded for the 

 

Fig. 2  Progession of ER to split defects at E =  a) 0,  b) 0.9,  c) 2.5,  d) 29.6 V µm-1.  Then e) 29.6,  f) 0 V µm-1.  Scale bar corresponds to 15 µm. 
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subsequent ramping.  We observed the following features seen in 

the bright field images of Fig. 2: 

1. The initial defect core at voltage V = 0, i.e., at field E = 0, 

appeared circularly symmetric for both polarized and 

bright field measurements.  That is, there was no 

elongation or splitting observed within the limits of 

resolution (Fig.   2a)  

2. With increasing voltage, the defect core became more 

sharply focused and less washed out – this was especially 

noticeable in the bright field images (Figs. 2b-2d). The most 

rapid changes in sharpness occurred at low voltage, but the 

circular shape (as opposed to size) of the core did not 

change with voltage up to a threshold voltage Vth of 241 V, 

corresponding to a threshold electric field Eth of 

approximately 29.2 V µm-1  (Fig. 2e).  We remark that these 

values were observed to vary by as much as 20% among 

the patterned defect sites, possibly due to small variations 

in the local anchoring strength, dust, tiny bubbles, etc. (See 

discussion following item 8.)  We also remark that given the 

high resistance of the cell (~ 1010 Ω), the power dissipation 

is of order a few microwatts, and thus has negligible effect 

on the results. 

3. At voltages just before reaching Vth, the brushes near the 

core in the polarized microscope images displayed rapid 

perturbations in shape. 

4. Above this threshold voltage the defect decomposed 

into a pair of half-integer defects over a time scale 

smaller than 1/f, where f is our video frame rate 

corresponding to f = 30 frames s-1. 

5. The split m = +½ defects were not well-defined spots, 

but instead appeared to be nearly collinear bowed line 

segments of length 2 - 3 µm (Fig. 2e).  The segment 

length corresponds to the disclination length 

projected into the xy-plane. 

6. The line segments co-rotated about a common center 

at a time-varying angular velocity ω that depended on 

the applied voltage amplitude and frequency. (See 

Electronic Supplemental Information, video 1.) ω became 

more rapid as the line segments drew inward and 

became shorter; ω became slower as the line 

segments lengthened.  This oscillation between 

shorter and longer segments occurred over a time 

scale of order 1 s, but was not periodic. 

7. The angular rotation frequency ω was found to 

decrease as the voltage was reduced, reaching ω = 0 at 

a non-zero voltage. Here the co-rotation of the defects 

had ceased. 

8. The split m = +½ defects remained present with 

decreasing V, even down to V = 0 (Fig. 2f). 

That the initial defect core did not give the appearance of a 

pair of half-integer surface defects with a disclination loop  

suggests that the transition pathway from ER to a pair of split 

defects is discontinuous. (See discussion in Section 1.) This is 

supported by the absence of any visible change in the circular 

shape of the core region for V < Vth, i.e., there was no indication 

of a boojum disclination loop at V = 0 that would alter in 

appearance as it is pushed toward the opposing substrate by 

the increasing electric field. These features would suggest that 

the alternative continuous pathway described in section 1 is not 

the operative mechanism, at least experimentally.  Rather, the 

likely scenario is the first pathway in which the defect core must 

melt to create negative uniaxial symmetry and a proper m = +1 

defect before splitting can occur.  This would occur rapidly in 

the region around Vth, corresponding to Figs. 2d and 2e.  Why 

might this be the case?  The continuous pathway mechanism 

requires (near) planar alignment of the director at the master 

surface in order to accommodate topologically protected 

surface defects of strength m = +½.  If the polar anchoring 

strength were not sufficient to enforce this planar condition, the 

initial V = 0 configuration at the substrate would be ER with no 

disclination loop present. Here the defect core would appear 

cylindrically symmetric and washed out in bright field images 

due to the spatial variation of the optical retardation α, which 

corresponds to the phase difference between the ordinary and 

extraordinary components of the optical polarization:  𝛼𝛼 =∫𝑘𝑘∆𝑛𝑛𝑛𝑛𝑛𝑛, where k is the wavevector of light (=2π/λ, where λ is 

the wavelength of light) and  ∆n(r) is the effective birefringence 

due to the out-of-plane director component that varies with 

position r from the defect core. This was as observed in Figs. 2a-

c. To be sure, very strong anchoring would facilitate the planar 

alignment at the surface that is necessary for the half-integer 

defects.  Thus, stronger anchoring could provide the 

appropriate continuous pathway, but for our case, at least, the 

experimental results strongly suggest weaker anchoring and a 

discontinuous pathway with a change in topology. 

The bowed line segments represent a projection of the 

“charged” disclination lines that run from the m = +½ defects at 

the patterned (master) surface to their counterpart defects at 

the opposing surface.  As shown by Murray, et al9, the tendency 

for the pair of charged disclination lines to mutually repel 

causes the disclinations to tilt with respect to the surface 

normal, as they are pinned more strongly at the patterned 

master surface than at the opposing surface (Fig. 1b).  This is the 

phenomenon seen in Fig. 2e, although the cause of the bowed 

shape is not immediately apparent. 

As noted in bulleted item 6 of Section 3, the split defects 

underwent rotational motion around a common point. This is 

an example of what might be described as active behaviour in a 

nematic in which the co-rotating disclination motion is driven 

by a possible symmetry-breaking electric field20 and associated 

current, a topic for which the literature is very sparse21,22.  

Alternatively, the observed co-rotation may be due to a 

Lehmann-like effect23. This effect could be triggered by a 

current of free ions present in the sample in the ion conductive 

regime. Relatively strong elastic distortions localised at cores of 

defects might produce a sufficiently strong local polarisation 
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due to the LC piezoelectricity. A coupling between the current 

and defect-generated polarisation thus might generate a 

torque, resulting in the rotation of defects.  Although a full 

investigation of this phenomenon is beyond the scope of the 

current work, we present here several experimental 

observations associated with this phenomenon.   

Figure 3 shows a series of frames from the bright field video 

(Electronic Supplementary Information, video 1) at an applied 

electric field E = 28.5 V µm-1, which is slightly below the 

threshold field Eth when the field was reduced after the ER to 

split defect transition had been reached.  Here we see the m = 

+½ defect pair rotating clockwise.  Other observations include: 

9. When other defect pairs were observed, the rotation 

sometimes had the opposite sense.  The sense of 

rotation likely is a result of symmetry-breaking surface 

imperfections.   

10. The split defects rotated only above a frequency-

dependent critical voltage Vc(ν) in the h = (8.1 ± 0.3) 

µm thick cell, where ν  is the frequency of the applied 

voltage (Fig. 4); for V <  Vc(ν) the defects remained 

fixed.  

11. Vc(ν) appears to be proportional to ν1/2, as witnessed 

by the linear relationship of 𝑉𝑉𝑐𝑐2 vs. ν (Fig. 4). Moreover, 

after the ER to split transition occurred at E = Eth, the 

co-rotation continued even as the field was reduced – 

until the voltage was reduced below  Vc(ν). 

12. The rotation seen in Fig. 3 was highly irregular:  The 

relatively slow rotation was punctuated at irregular 

intervals of 0.5 to 3 s with much more rapid bursts of 

rotation, with angular velocities increasing by a factor 

of 5 to 10 and with the “arms” of the defects drawing 

inward.  (Electronic Supplementary Information, video 

1) 

13. We have not yet determined if the stable-rotating 

critical voltage in Fig. 4 corresponds to a critical field Ec 

= Vc/h; this is beyond the scope of this work and will 

be examined in the future.    

14. The co-rotation occurred only for a negative dielectric 

anisotropy liquid crystal; for the ∆ε > 0 liquid crystal 

5CB, split m = +½ defect pairs were found to be stable 

for all voltages and frequencies ν examined.   

Reference 21 suggests that non-colinearity of the electric 

field and the tilted disclination lines play a role in the active 

behaviour, but this tilt occurs for both positive and negative 

dielectric anisotropy samples. This leads us to suspect that the 

opposite signs of the dielectric and conductivity anisotropies for 

the ∆ε < 0 liquid crystal ZLI-4330 may play a key role, as can 

occur in, e.g., a Carr-Helfrich instability24.  This opposite sign 

behaviour also is not inconsistent with a Lehmann-type effect, 

as noted above.   

Let us now turn to the transition from a pair of m = +½ 

surface defects and their associated disclination lines to an 

escaped radial configuration on application of a sufficiently 

large electric field (See Electronic Supplementary Information, 

video 2).   An ac voltage at frequency ν = 1 kHz was applied across 

the ∆ε > 0 sample of 5CB, and was ramped upward at a rate of ~0.1 

 

Fig. 4  Critical voltage square vs. frequency ν of applied voltage for the onset of co-

rotation of daughter defects in the ∆ε < 0 liquid crystal. Red line is a two parameter 

linear least-squares fit to the data.  Cell thickness is h = 8.1 µm. 

 

Fig. 3  Co-rotation of defect pair slightly below the threshold field after the ER to split 

transition occurred.  Approximately 33 ms separate successive images.  Scale bar 

corresponds to 15 µm. 

 

Fig. 5  Progression of m = +½ defect pair to ER configuration at E =  a) 0,  b) 0.25,  c) 0.28. Then  d) 0.28 , e) 0.21,  and f) 0 V µm-1.  Scale bar corresponds to 15 µm. 
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V s-1 through the transition at approximately V = 2.2 V (corresponding 

to E = 0.28 V µm-1), and then back to V = 0.  As before, bright field 

images (no polarizers) were recorded for one ramping; transmission 

polarized optical microscopy images for the subsequent ramping. A 

series of bright field images is shown in Fig. 5, where we observed 

the following features: 

15. The initially split defects (Fig. 5a) each presented as a line 

segment, which corresponded to the projection in the xy-

plane of the disclination lines running between master and 

opposing surfaces. 

16. On increasing the electric field (Figs. 5b and 5c) the line 

segments became shorter, indicating that the 

disclination lines were becoming more vertical.  The 

spacing between the two defects also appeared to be 

decreasing with increasing field.  We again note that 

the Joule heating due to the electric field was of order 

a few microwatts, thus having negligible impact on the 

results. 

17. At no point did the defects appear to co-rotate, in 

contrast to the behaviour of the negative dielectric 

anisotropy liquid crystal. 

18. Following a sudden transition, which occurred on a 

time scale faster than our ability to image the 

transition details, an ER configuration supplanted the 

defect pair.  On decreasing the voltage to zero the 

width of the ER configuration decreased.  This is seen 

in Figs. 5e and 5f, as well as in Fig. 6. 

19. The ER configuration remained stable on returning to 

zero voltage, i.e., to E = 0. 

20. Although this work focuses on positive strength 

defects, we also obtained videos of the m = -1/2 

configuration (Supplementary Video 3).  The apparent 

discontinuous behaviour of the transition at similar 

threshold fields occurred in this geometry as well. 

The first point to note is that the observed behaviour could 

be viewed in first approximation as the ER to split defect video 

run in reverse (aside from the co-rotating line segments).  For 

the same reasons discussed earlier, the pathway for a 

continuous transition does not seem to be the operative 

mechanism.  Rather, the transition from split to ER occurred 

discontinuously, likely with melting of the core region.  This may 

occur either just after the merger of the two half-integer defects 

into an m = +1 defect, or perhaps without the even temporary 

appearance of the integer defect. 

Second, initially at V = 0 the director is expected to lie mostly 

in the xy-plane, except possibly for some small out-of-plane 

component just around the disclination line.  We note that it is 

possible for the director to be entirely two-dimensional here, as 

recently demonstrated by Ferris, et al10, but our conclusions do 

not require an absolute 2D director profile at V = 0.  

Nevertheless, as the voltage is increased, a z-component of the 

director may develop in the vicinity of the disclination lines, 

especially away from the master substrate.  There are two 

consequences:  i) The repulsive elastic force that tends to 

mutually repel the charged disclination lines is reduced, 

permitting the disclination lines to approach each other and 

thereby become less tilted and more vertical25 (Figs. 5b and 5c, 

and compare with Fig. 1b), and ii) the half-integer defects 

become unstable because their topologically-protected 2D 

director field is being challenged by the electric field’s 

propensity to drive the ∆ε > 0 liquid crystal director along the z-

axis.  The result is that for sufficiently large field the m = +½ 

defect pair no longer is stable, the cores melt, merge, and then 

reappear as an ER configuration with positive director 

anisotropy. 

Figure 6 shows a sequence of polarized optical microscope 

images of the ∆ε > 0 liquid crystal after conversion to the ER 

configuration and as the voltage was reduced back to zero (See 

also Electronic Supplementary Information, video 4).  In these 

images the director was returning to the xy-plane far from the 

ER core, which means that the total optical retardation α was 

increasing over most of the region, except right at the core.  This 

can be seen in the sequence of Figs. 6a through 6d.   Generally, 

the transmitted light is minimum at two types of locations9: i) in 

regions where the director projection in the xy-plane is parallel 

or perpendicular to the polarizer, and ii) in regions where the 

optical retardation α = 2jπ, where j is an integer.  Given the 

thickness h of the cell, this would correspond to α = 2π or 4π 

for the LC cell under consideration; the cell was insufficiently 

thick and the birefringence was insufficiently large for α to 

reach the next level of 6π.  At the highest field shown (Fig. 6a) 

much of the image was dark, indicating that the retardation α = 

4π, as the α = 2π region was already close to the ER core where 

the director possessed a large z-component. As the electric field 

was reduced, in Figs. 6b through 6d, one sees a dark ring that 

corresponds to the α = 4π region moving closer to the ER core9.  

This is the key signature demonstrating the ER configuration, 

and is consistent with the director of a ∆ε > 0 liquid crystal 

collapsing back toward the xy-plane, especially away from the 

core.  At E = 0 the director in the region beyond the α = 4π dark 

ring resided mostly in the xy-plane (where α > 4π), and the dark 

ring corresponded to the region in which the z-component of 

the director was sufficiently large to reduce the retardation α 

to 4π.  Closer to the core the retardation continued to decrease 

with decreasing distance r from the core (as the z-component 

of the director increased), eventually reaching the α = 2π ring 

very close to the ER core.  If the escape were complete, i.e., if 

the director were parallel to the z-axis at the core, the optical 

retardation would reach zero at r = 0.  If escape were only 

partial, as has been observed previously9, the retardation would 

be finite at r = 0.  We remark, however, that incomplete escape 

would mean that the core would be considered a topological 

defect rather than a true escaped radial configuration. 

 

Fig. 6  Polarized optical microscope images using a green bandpass filter of the ER 

configuration in 5CB with decreasing field: a) E = 0.29,  b) 0.28,  c) 0.22, and  d) 0 V 

µm-1.  Scale bar corresponds to 15 µm. 
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4 Numerical Results 

 Wishing to validate our experimental method, we chose to 

perform a numerical simulation of the ER to split defect 

transition. Our numerical procedure was based on a mesoscopic 

Landau-de Gennes model with a parametrized Q tensor, which 

is described in more detail in Appendix A, Section 6.  Previously 

we have used this method successfully to simulate the electric 

field-driven “rewiring” of multistable nematic disclination lines, 

obtaining behaviours virtually identical to the experimental 

results.26  

We minimised the free energy deep inside the nematic 

phase. At the top and bottom surface we enforced weak 

anchoring w(i) (Eq. 3c in the Appendix) of an isolated m = +1 

defect patterned using Eq. 1 in the Appendix, and we used free 

boundary conditions at lateral walls. We note that we did not 

observe any transition from the escaped radial to split structure 

when running the simulations with infinitely strong anchoring 

conditions. Thus, the anchoring strength w(i) was reduced to a 

finite value, where the transition was observed.  This 

immediately suggests that the experimental result, viz., a 

discontinuous ER to split defect transition at a critical field Eth, 

depends critically on the choice of material parameters in the 

problem.  For our calculations, we used the material parameters 

for Merck’s ZLI-4330 specified by the manufacturer,  the usual 

equal elastic constant approximation, as well as a typical value 

for anchoring, viz.,  𝑤𝑤(𝑖𝑖) = 10−5 Jm−2. 

We used the ER structure as the starting configuration and 

increased the applied field (Figs. 7a,b). The increasing electric 

field drove the director toward the xy-plane, except at the 

defect’s core. At some threshold field E = Eth, the entire director 

profile, except for the defect core, continued to realign to 

become planar, i.e., to lie in the xy-plane, with an m = +1 defect 

(Figs. 7c,d).  In our calculations Eth was found to be ~ 20 V µm-1.  

At this same field E = Eth the director in the defect core 

underwent a slower realignment, which can be interpreted as 

melting of the core and conversion from positive to negative 

uniaxial symmetry.  It is important to note that neither 

decomposition of the surface m = +1 defect nor formation of a 

disclination loop was observed for E < Eth, which would have 

been the case for the continuous transition pathway described 

in Section 1.  Ultimately, with the topological protection due to 

the director’s planar orientation, the m = +1 defect split into two 

m = +1/2 defects (Figs. 7e,f) spaced a few micrometers apart, 

consistent with the experimental results. The entire process 

occurred at the fixed electric field E = Eth over a time scale of 

order 1 ms, which is sensitive to, among other parameters, the 

viscosity and is not inconsistent with the rapid transition 

observed experimentally. We note that this time scale was 

determined by using a time step based on the biaxial relaxation 

time. With the number of time steps needed to obtain a stable 

structure, we were able to determine the timescale.  

  In Appendix B we estimate the energy barriers among the 

competing structures using a uniaxial Frank-Oseen-type 

approach in terms of the nematic director field. Accordingly, the 

barriers are larger than 104 𝑘𝑘𝐵𝐵𝑇𝑇. 

 Thus, the numerical simulation was qualitatively consistent 

with the experimental observation and interpretation of a 

discontinuous transition.  We note that co-rotation of the 

defects was not seen in our simulations even though Eth is well 

above the field at which the co-rotations were observed 

experimentally. 

 

5 Conclusions 

 We examined an electric field-driven transition between 

two defect configurations: an m = +1 escaped radial and 

decomposed pair of half-integer defects.  In principle, the 

transition between the two configurations can be along a 

continuous or discontinuous path.  Experiments indicate that 

the transition likely is discontinuous, accompanied by a melting 

of the defect core at a characteristic threshold field. This 

melting is required by topology. Along the ER symmetry axis the 

nematic ordering is positive uniaxial. However, the cores of line 

defect comprising the split-defect structures are negatively 

uniaxial. For this reason the ER-split defect transition exhibits a 

transient melting event27. 

We argue that the discontinuous transition need not be the 

only pathway, as sufficiently strong planar anchoring may 

facilitate a continuous transition: splitting at the surface of an 

m = +1 escaped radial defect into a pair of m = +½ defects 

connected by a disclination loop at V = 0.  But for our liquid 

crystal and (sufficiently weak) anchoring conditions, such 

continuous behaviour was observed neither experimentally nor 

by numerical simulations, and thus the ER to split transition was 

deemed first order.  Our numerical simulation was found to be 

qualitatively consistent with the experimental result for the ER 

to split transition.  Quantitative differences were due largely to 

the precise value of weak anchoring chosen for the numerical 

solution, as the actual experimental value was unknown. 

 Additionally, we note that in bulk a 3D point defect having a 

topological charge 1 is, according to recent experimental 

observations28, expected to exhibit a small loop. This is 

consistent with numerical simulations29, which reveal that this 

loop indeed consists of a torus exhibiting maximal biaxiality, 

which surrounds a ring displaying negative uniaxiality. However, 

our simulations reveal that the detailed structure of enforced  

|𝑚𝑚| = 1 surface defects  (boojums) depend on the surface 

anchoring strength. For strong enough anchoring, the boojum 

exhibits a loop-like structure. In this case, the ER-split defect 

transition is continuous on increasing E in LCs exhibiting a 

negative dielectric anisotropy. However, for sufficiently weak 

anchoring, which is the typical case experimentally,  the boojum 

structure is qualitatively different and in this case, the transition 

is discontinuous. The detailed structure of boojums as a 

function of anchoring strength will be published elsewhere. 
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   An additional observation was the co-rotation of a pair of 

m = +½ defects for a negative dielectric constant liquid crystal 

at sufficiently high applied fields and low frequencies.  The 

mechanism for this phenomenon currently is not understood, 

and will be pursued in future work. 

 

6 Appendix A 

i. Geometry of the problem 

We use controlled boundary conditions, i.e., topology at the 

substrates, to stabilize TDs in the LC17.  The bottom master and 

the top opposing planar-aligning substrates are located at z = 0 

and z = h respectively. The substrate was patterned for a 

topological defect of strength m = +1 (with zero phase, 

corresponding a radial director pattern) defined by the equation  

 

𝝋𝝋(𝒙𝒙,𝒚𝒚) = 𝐚𝐚𝐚𝐚𝐚𝐚𝐚𝐚𝐚𝐚𝐚𝐚 �𝒚𝒚−𝒚𝒚𝒅𝒅𝒙𝒙−𝒙𝒙𝒅𝒅�+𝝋𝝋𝟎𝟎                                                           (𝟏𝟏)                                                                                     

This is the solution to Laplace’s equation in the equal elastic 

constant approximation30. Here ϕ corresponds to the 

azimuthal orientation of the nematic director with respect to 

the x-axis and xd and yd correspond to the x and y location of 

the defect core on the substrate. Furthermore, we apply a 

spatially homogeneous electric field E along the z-axis and 

consider LCs with negative dielectric anisotropy31.  Finally, we 

used a 100x100x100 mesh and chose the scale to match with 

the experiments, so that we could compare the results 

directly. 

 

ii. Modelling 

We used a mesoscopic  Landau-de Gennes approach31  in 

which nematic orientational order is modelled by the 

traceless, symmetric tensor nematic order parameter 𝑸𝑸 =∑ 𝜆𝜆𝑖𝑖(𝒆𝒆𝑖𝑖⊗𝒆𝒆𝑖𝑖)3𝑖𝑖=1 , 𝒆𝒆𝑖𝑖  are the eigenvectors and λi the 

corresponding eigenvalues in the Cartesian (x,y,z) coordinate 

system. We considered LCs that exhibit equilibrium nematic 

uniaxial order, generally given31 as 𝑸𝑸(𝑢𝑢) = 𝑆𝑆 �𝒏𝒏⊗ 𝒏𝒏 − 13 𝑰𝑰�. 

Here S ∈ [-1/2,1] is the uniaxial order parameter, the unit 

vector field n is the nematic director field, and I is the unit 

tensor.  

We assume that the evolution in space and time of the 

nematic order is determined by32 𝛾𝛾 𝑛𝑛𝑸𝑸/𝑛𝑛𝑑𝑑 = −𝛿𝛿𝛿𝛿/𝛿𝛿𝑸𝑸, 

where the LC’s lossy properties can be described by the single 

material parameter γ. The free energy is 

 

𝑭𝑭 = ��𝒇𝒇𝒄𝒄 + 𝒇𝒇𝒆𝒆 + 𝒇𝒇𝒇𝒇�𝒅𝒅𝟑𝟑𝒓𝒓
+��𝒇𝒇𝒔𝒔(𝒊𝒊)𝒅𝒅𝟐𝟐𝒓𝒓𝒊𝒊                                       (𝟐𝟐) 

This corresponds to a volume integral over the nematic cell for 

the condensation (fc), elastic (fe), and external field (ff) 

contributions, and the sum of integrals over all the interfaces 

for the surface �𝑓𝑓𝑠𝑠(𝑖𝑖)� contribution.  These terms correspond 

individually to31 

𝒇𝒇𝒄𝒄 =
𝟏𝟏𝟐𝟐𝑨𝑨𝟎𝟎(𝑻𝑻 − 𝑻𝑻∗)𝑻𝑻𝒓𝒓𝑸𝑸𝟐𝟐 − 𝟏𝟏𝟑𝟑𝑩𝑩 𝑻𝑻𝒓𝒓𝑸𝑸𝟑𝟑 +

𝟏𝟏𝟒𝟒𝑪𝑪�𝑻𝑻𝒓𝒓𝑸𝑸𝟐𝟐�𝟐𝟐,                (𝟑𝟑𝟑𝟑) 

𝒇𝒇𝒆𝒆 =
𝟏𝟏𝟐𝟐 𝑳𝑳|𝛁𝛁𝑸𝑸|𝟐𝟐,                                                                                       (𝟑𝟑𝟑𝟑) 

𝒇𝒇𝒔𝒔(𝒊𝒊) =
𝒘𝒘(𝒊𝒊)𝟐𝟐 𝑻𝑻𝒓𝒓 �𝑸𝑸 − 𝑸𝑸𝒔𝒔(𝒊𝒊)�𝟐𝟐 ,                                                                 (𝟑𝟑𝒄𝒄) 

 

Fig. 7  Numerical results for director fields.  a) E = 0, projection into xy-plane at z = h/2.  

b)  E = 0, projection into the xz-plane at y = 0.  c) E = Eth at an intermediate time as the 

transition is occurring, projection into xy-plane at z = h/2. d) E = Eth at an intermediate 

time as the transition is occurring, projection into xz-plane at y = 0. e) E = Eth, long  after 

the transition has occurred, projection into xy-plane at z = h/2. Note the streamlines 

that highlight the pair of m = +1/2 defects.  f) E = Eth, long after the transition has 

occurred, projection into xz-plane at y = 0. 
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𝒇𝒇𝒇𝒇 = −𝟏𝟏𝟐𝟐𝜺𝜺𝟎𝟎𝚫𝚫𝜺𝜺𝑬𝑬𝟐𝟐 𝒆𝒆𝑬𝑬 ⋅ 𝑸𝑸𝒆𝒆𝑬𝑬 .                                                                (𝟑𝟑𝒅𝒅) 

Here A0, B, C are material parameters, T* is the supercooling 

temperature of the isotropic phase, L is a representative 

characteristic elastic modulus in the single elastic constant 

approximation, the anchoring coefficient 𝒘𝒘(𝒊𝒊)  describes the strength 

of the preferred surface orientation at the i-th surface given by 𝑸𝑸𝒔𝒔(𝒊𝒊), 

where 𝒘𝒘(𝒊𝒊) → ∞ corresponds to the strong anchoring limit, 𝑬𝑬 = 𝑬𝑬𝒆𝒆𝑬𝑬  

is the external electric field pointing along the unit vector 𝒆𝒆𝑬𝑬, 𝛆𝛆𝟎𝟎 is 

the permittivity of free space, and 𝚫𝚫𝛆𝛆 is the anisotropy of the 

dielectric constant. 

We use the parametrisation for Q in Cartesian coordinates 

defined by the unit vectors �𝒆𝒆𝑥𝑥 ,𝒆𝒆𝑦𝑦 ,𝒆𝒆𝑧𝑧�: 

 𝑸𝑸 = �𝒒𝒒𝟏𝟏 + 𝒒𝒒𝟐𝟐 𝒒𝒒𝟑𝟑 𝒒𝒒𝟒𝟒𝒒𝒒𝟑𝟑 𝒒𝒒𝟏𝟏 − 𝒒𝒒𝟐𝟐 𝒒𝒒𝟓𝟓𝒒𝒒𝟒𝟒 𝒒𝒒𝟓𝟓 −𝟐𝟐𝒒𝒒𝟏𝟏�  ,                                                    (𝟒𝟒) 

where q1, q2, q3, q4, and q5 are variational parameters. 

For scaling purposes we introduce31 the dimensionless 

temperature 𝑟𝑟 = (𝑇𝑇 − 𝑇𝑇∗)/(𝑇𝑇∗∗ − 𝑇𝑇∗) and the scaled order 

parameter 𝑸𝑸 = 𝑸𝑸/𝑆𝑆0, where 𝑆𝑆0 = 𝐵𝐵/4𝐶𝐶 and 𝑇𝑇∗∗ = 𝑇𝑇∗ +𝐵𝐵2/(24𝐴𝐴0𝐶𝐶) is the superheating temperature associated with 

the (weakly) first order phase transition. We scale distances 

with respect to ℎ, and the time is measured with respect to the 

characteristic order parameter relaxation time 𝜏𝜏 = 2𝛾𝛾/

[3𝐴𝐴0(𝑇𝑇∗∗ − 𝑇𝑇∗)] expressed at 𝑇𝑇 = 𝑇𝑇∗∗. 
 

The resulting dimensionless free energy densities 𝑓̃𝑓𝑐𝑐, 𝑓𝑓�𝑒𝑒, and  𝑓𝑓�𝑓𝑓  

are 

𝒇𝒇�𝒄𝒄 =
𝒓𝒓𝟔𝟔𝑻𝑻𝒓𝒓𝑸𝑸𝟐𝟐 − 𝟐𝟐𝟑𝟑𝑸𝑸𝟑𝟑 +

𝟏𝟏𝟖𝟖 �𝑸𝑸𝟐𝟐�𝟐𝟐 ,                                                       (𝟓𝟓𝐚𝐚) 

𝒇𝒇�𝒆𝒆 = �𝝃𝝃𝟑𝟑𝒉𝒉 �𝟐𝟐 �𝛁𝛁�𝑸𝑸�𝟐𝟐,                                                                                  (𝟓𝟓𝟑𝟑) 

𝒇𝒇�𝒔𝒔 =
𝝃𝝃𝟑𝟑𝟐𝟐𝒅𝒅𝒆𝒆𝒉𝒉   𝑻𝑻𝒓𝒓�𝑸𝑸 −𝑸𝑸𝒔𝒔(𝒊𝒊)�𝟐𝟐                                                                   (𝟓𝟓𝒄𝒄) 

𝒇𝒇�𝒇𝒇 = −�𝝃𝝃𝟑𝟑𝝃𝝃𝑬𝑬�𝟐𝟐 𝒆𝒆𝑬𝑬 ⋅ 𝑸𝑸𝒆𝒆𝑬𝑬                                                                         (𝟓𝟓𝒅𝒅) 

Here 𝜉𝜉𝑏𝑏 = 2√𝐿𝐿𝐶𝐶/𝐵𝐵 is the bare biaxial correlation length32, 𝑛𝑛𝑒𝑒 =𝐿𝐿/𝑤𝑤(𝑖𝑖) is the surface extrapolation length, 𝜉𝜉𝐸𝐸 =�𝐿𝐿𝑆𝑆0/(𝜀𝜀0Δ𝜀𝜀𝐸𝐸2) is the external field extrapolation length31,33 

expressed at the superheating temperature, and ∇�= ℎ∇. 

7 Appendix B 

 

To estimate the energy barrier separating the escaped radial 

(ER) and split defect (SD) configuration we use the results 

derived by Chiccoli et al11. They used the uniaxial Frank-Oseen-

type description in the one-constant approximation, where 

nematic structures are determined solely by the nematic 

director field n. We consider the ER-SD transformation 

pathway, which was realized in our experimentally observed 

electrical field E driven ER-SD transformation in a nematic LC 

exhibiting the negative dielectric anisotropy. In this transition, 

on increasing E the initial ER-type nematic director was 

increasingly confined to the (x,y) planes within the cell. At the 

critical field Eth, the structure exhibiting a single m=+1 

disclination line was (at least temporarily) formed, to which we 

refer as the single line defect (SLD) structure. This configuration 

split into two m=+1/2 line defects, forming the SD configuration 

and remained metastable when E was switched off. In this 

scenario, the SLD structure corresponds to the most energetic 

intermediate configuration. Therefore, the free energy 

differences ∆𝛿𝛿1 = 𝛿𝛿(𝑆𝑆𝑆𝑆𝑆𝑆) − 𝛿𝛿(𝐸𝐸𝐸𝐸) and ∆𝛿𝛿2 = 𝛿𝛿(𝑆𝑆𝑆𝑆𝑆𝑆) − 𝛿𝛿(𝑆𝑆𝑆𝑆) 

well estimate the energy barriers among the competing 

structures. We first estimate the barriers in the absence of E. In 

the second step we include in the estimate the external electric 

field free energy contribution and discuss the impact of the cell 

thickness h on the threshold value Eth. 

i. Energy barrier 

In the absence of E the dimensionless excess free energies ∆𝛿𝛿� (𝑠𝑠𝑠𝑠𝑠𝑠) = (𝛿𝛿(𝑠𝑠𝑠𝑠𝑠𝑠) − 𝛿𝛿𝑐𝑐)/(𝜋𝜋𝜋𝜋ℎ) of the structures are11 ∆𝛿𝛿�(𝑆𝑆𝑆𝑆𝑆𝑆)~ ln �𝐸𝐸𝑠𝑠1�+ 𝑢𝑢1,                                                                     (6a) 

∆𝛿𝛿�(𝑆𝑆𝑆𝑆)~
12 ln � 2𝐸𝐸2𝑠𝑠1/2 ∆𝑠𝑠�+ 2𝑢𝑢1/2,                                                       (6b) 

∆𝛿𝛿�(𝐸𝐸𝐸𝐸)~ ln �𝐸𝐸𝑑𝑑�+ 𝑔𝑔.                                                                          (6c) 

Here 𝛿𝛿(𝑠𝑠𝑠𝑠𝑠𝑠) stands for the free energy of a structure, viz., SLD, 

ER, or SD, and  𝛿𝛿𝑐𝑐  stands for the equilibrium nematic free energy 

condensation penalty. The structures are considered within a 

cylindrical domain of radius R within a plane-parallel cell.  The 

domain’s cylindrical axis is set perpendicular to the point where 

the m=1 surface defect is imposed by the bottom confining 

substrate. Furthermore, 𝑢𝑢1 and 𝑢𝑢1/2 are dimensionless core 

energies, and  𝑟𝑟1 and 𝑟𝑟1/2 estimate the defect core radii of m=+1 

and m=+1/2 disclinations, respectively. The characteristic 

separation distance of m=+1/2 defects in the SD structure 

equals to ∆𝑟𝑟, g is a constant, 𝜋𝜋~𝐿𝐿𝑆𝑆𝑒𝑒𝑒𝑒2  stands for the 

representative Frank elastic constants, and 𝑆𝑆𝑒𝑒𝑒𝑒  is the 

equilibrium nematic uniaxial order parameter.  

For the condition of interest it holds that 𝑢𝑢1~𝑢𝑢1/2~1,  𝑟𝑟1~𝑟𝑟1/2~𝜉𝜉𝑏𝑏 , and 𝑔𝑔~4.1 (see Ref. 11). In Fig. 8 we plot the 

competing free energy densities as a function of the cell 

thickness h, where we set 𝜉𝜉𝑏𝑏 = 10 nm, ∆𝑟𝑟 = 3 𝜇𝜇𝑚𝑚, 𝑅𝑅 = 10  𝜇𝜇𝑚𝑚. 

For this set of parameters ER corresponds to global minimum 

for h > 1  𝜇𝜇𝑚𝑚. For 𝜋𝜋 = 5 10−12 J and  h=8 µm we obtain energy 

barrier estimates ∆𝛿𝛿1~3.6 104 𝑘𝑘𝐵𝐵𝑇𝑇 and ∆𝛿𝛿2~2.1  104 𝑘𝑘𝐵𝐵𝑇𝑇, 
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respectively, where 𝑘𝑘𝐵𝐵  stands for the Boltzmann constant and 𝑇𝑇~300 K.  

  

II. Electrical threshold field 

We next estimate the threshold field Eth triggering the ER-SD 

transition, where for E=0 the ER structure is stable and the LC 

possesses a negative dielectric anisotropy. In the free energy 

estimates given by Eqs. 6 we add the external field free energy 

contribution, see Eq. 3d, where 𝑬𝑬 = 𝐸𝐸𝒆𝒆𝑧𝑧 . Note that this 

contribution equals zero for the SD structure in which n is 

planar, and consequently 𝒏𝒏.𝑬𝑬 = 0.  However, the field affects 

the ER structure, for which ∆𝛿𝛿�(𝐸𝐸𝐸𝐸)~ ln �𝐸𝐸𝑑𝑑�+ 𝑔𝑔 + � 𝐸𝐸𝜉𝜉𝐸𝐸�2 〈(𝒏𝒏.𝒆𝒆𝑧𝑧)2〉.                                                           (7) 

Here  〈(𝒏𝒏. 𝒆𝒆𝑧𝑧)2〉 stands for the spatial average of (𝒏𝒏.𝒆𝒆𝑧𝑧)2 within the 

cylindrical domain. The threshold field is determined from the 

condition ∆𝛿𝛿�(𝐸𝐸𝐸𝐸) − ∆𝛿𝛿�(𝑆𝑆𝑆𝑆) = 0, from which it follows 

𝐸𝐸𝜉𝜉𝐸𝐸(𝑡𝑡ℎ) ~��12 ln � 2𝐸𝐸2𝑠𝑠1/2 ∆𝑠𝑠�+ 2𝑢𝑢1/2 − ln �𝐸𝐸𝑑𝑑� − 𝑔𝑔� /〈(𝒏𝒏.𝒆𝒆𝑧𝑧)2〉.                (8)                          

Here 𝜉𝜉𝐸𝐸(𝑠𝑠ℎ)
 marks the critical value of   𝜉𝜉𝐸𝐸 . The estimate suggests 

that Eth depends relatively weakly on h. Note that this ansatz 

works relatively badly for a quantitative analysis. For example, 

using typical material and geometric parameters, mimicking our 

samples, and setting 𝐸𝐸𝑠𝑠ℎ~30 V/µm as our experiment suggest, 

Eq. 8 would be fulfilled for 〈(𝒏𝒏.𝒆𝒆𝑧𝑧)2〉~0.001. However, typical 

ER profiles11 yield 〈(𝒏𝒏.𝒆𝒆𝑧𝑧)2〉~0.02. The reason for this 

discrepancy is a relatively strongly deformed director field at 

the threshold condition, which is not taken into account in Eq. 

7. Note that this effect is well visible in our simulations, see Fig. 

7d.   
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