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Cholesteric droplets under homeotropic boundary conditions demonstrate a rich variety of possible orientational 
structures. We have implemented electrically controlled switching of such droplets between two classes of 
stable states: i) structures with cylindrical cholesteric layers and ii) layer-like structures with one or more 𝜆+1∕2-
disclinations. Structure relaxation after switching off the voltage proceeded via the fast (less than 1 s), the slow 
(more than 1 s), and the stabilization stages (∼ 10 hours). We investigated intermediate long-lived metastable 
states occurring in the relaxation process and explained the formation of various structures in cholesteric 
droplets. The fast and the slow stages of relaxation were found to be sensitive to the voltage reduction regime. 
We have determined the combinations of droplet size and voltage reduction regimes leading to the two types of 
structures after relaxation.
1. Introduction

Liquid crystals are essentially anisotropic molecular liquids charac-
terized by rich and complex physics [1]. The droplet dispersions of the 
liquid crystals (LCs) have unique optical properties, particularly in the 
case of cholesteric LC (CLCs) [2]. It is widely used in electro-, thermo-, 
chemo- or mechanically programmed lasers [3–7], smart films [8–11], 
chemo- and biosensors [12–16], anti-counterfeiting material [17], and 
in other novel approaches and applications [18–21].

Optical properties of CLC droplets are determined by the formed 
orientational structure, which depends in a complicated way on the 
boundary conditions, material parameters of the CLC, and the size of
the droplet (characterized by the ratio of the droplet diameter 𝑑 to the 
cholesteric intrinsic helix pitch 𝑝0, so-called relative chiral parameter 
𝑁0 = 2𝑑∕𝑝0 [22]).

A rich variety of different director configurations can form in 
the droplets of cholesteric under homeotropic boundary conditions 
[23–25]. It allows to obtain cholesteric droplets with different topo-
logical states and implement switching between them. For example, 
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metastable structures with a different number of bulk point defects can 
occur upon quickly cooling of a CLC from an isotropic phase [26,27]. At 
the same time, transitions between different metastable CLC structures 
have been less studied. In particular, an electrically controlled switch-
ing from a twisted radial structure to a twisted toroidal configuration 
[28], intermediate stable structures [29] or between a structure with 
a bipolar distribution of the helix axis and a structure with 𝜆+1∕2- or 
𝜆−1∕2-disclination [30] were implemented.

Thus, further progress towards the practical use of this knowledge 
requires the ability to switching between various states of droplets in a 
film.

In this paper, we explored the possibility of switching CLC droplets 
with homeotropic boundary between different stable and metastable 
structures. We studied experimentally the response of such droplets 
to the applied electric field. The dynamics and features of the relax-
ation process in droplets of various chiral parameter 𝑁0 under different 
switching regimes were examined. Finally, we demonstrated how the 
cylindrical layer structure can be switched to layer-like structure, lo-
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cally similar to the cholesteric ground state [31], and backwards in an 
easy, robust, and reproducible way.

2. Materials and methods

Polymer dispersed liquid crystal (PDLC) films based on poly(isobutyl 
methacrylate) (PiBMA) (Sigma Aldrich) and the nematic E7 (Synthon) 
doped with cholesteryl acetate (Sigma Aldrich) were used. CLCs with 
the intrinsic helix pitches 𝑝0 = 5.5 μm and 𝑝0 = 4.1 μm were studied. 
PDLC films with CLC droplets with the relative chiral parameter of 
6.0 <𝑁0 < 15.0 (the droplet size measured in the PDLC plane was used at 
calculating 𝑁0) were obtained by combined phase separation technol-
ogy [28]. CLC droplets had spheriod shape with the oblateness degree 
(the ratio between the minor and the major axes) not lower than 0.6 
(see Fig. 5 inset in [28] for details). The electric field was applied per-
pendicular (first type of PDLC cells) or parallel (second type of PDLC 
cells) to the PDLC film plane, same as in ref. [32]. In the first type 
cells, two identical ITO coated glass substrates were used. For the sec-
ond type, two ITO electrodes separated by 𝐻 ≅ 100 μm gap were on 
the one substrate, and the second glass substrate was without elec-
trodes. The investigated PDLC film was placed between the substrates, 
20 μm diameter glass microspheres (Duke Scientific Corporation) set 
composite film thickness. AC electric field with 1 kHz frequency and 
various magnitudes was applied to PDLC cells. A polarizing optical mi-
croscope (POM) Axio Imager.M1m (Carl Zeiss) was used to study the 
orientational structures of CLC droplets and their response to an elec-
tric field. The orientation and shape of the cholesteric layers formed in 
CLC droplets were determined from the location of the isoclinic lines 
observed in the optical texture, as described in Ref. [33] in detail. The 
location of the isoclinic lines corresponds to the areas at the focal plane 
where the director is oriented along the optical axis of the microscope 
(perpendicular to the PDLC film). Using PDLC cells of the two types 
makes it possible to observe the location of cholesteric layers in the 
droplet’s cross-sections oriented perpendicularly and parallel to the ap-
plied electric field, respectively.

3. Results and discussion

Initially, we observe the layer-like structure with bipolar distribu-
tion of the cholesteric helix axis in CLC droplets of PDLC film. Un-
der gradually increasing electric field, three characteristic changes in 
the droplet structure occur consequently [33]. First, bipolar axes in 
all droplets become oriented perpendicular to the applied field. Then 
cholesteric helices unwind gradually, and the number of cholesteric 
layers decreases. As a result, a few narrow regions of 180◦-turn of the 
director are formed in the droplets. Finally, the further increase of elec-
tric field leads to the discrete decreasing the cholesteric layers number 
up to their complete disappearance. After that, the droplet structure 
features the circular defect located at the equator of the droplet and 
oriented perpendicular to an electric field. This circular defect is kept 
in the structure in the electric fields 𝐸 ≥ 3.0 V/μm (see Supplementary 
Figure S1). An increase in the voltage leads to an increasing the droplet’ 
central region with the uniform director orientation and reducing the 
thickness of the LC layer near the circular defect, where the director is 
the 90◦-twisted [28].

We started from this configuration and investigated the droplets 
reaction to the decreasing electric field. Similar to the case of the 
cholesteric droplets abruptly cooled from an isotropic state [31], the 
relaxation process under decreasing voltage consists of several stages. 
The fast stage passes in the first tenths of a second, when the initial 
toron structure twists and forms cholesteric layers in various ways. The 
fast stage dynamics is primarily determined by the viscosity and the 
elasticity constants of the CLC, the helix pitch 𝑝0, and the droplet’s 
size [34]. Then movement and transformation of the topological de-
fects occurs during the slow stage, which results in the formation of a 
2

metastable configuration that remains practically unchanged for several 
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Fig. 1. The sequence of structural states of CLC droplets and the dynamics 
of transitions between them. In the lower right corner there are schemes of 
the director (dashed and dotted lines) configuration in the equatorial cross-
section of droplet for the unwinded toron structure (State under high 𝐸), the 
twisted toron configuration (Unstable state), the layer-like structure with sev-
eral 𝜆+1∕2-disclinations (Metastable state), and the layer-like structure with one 
𝜆+1∕2-disclination (Stable state).

hours or tens of hours. The slow stage dynamics depends primarily on the 
features of surface anchoring and can pass for several tens of seconds 
[35]. Finally, during the stabilization stage the metastable configuration 
transforms into a stable one (Fig. 1). This stage is characterized by a 
decrease in the bending of cholesteric layers (for example, a decrease 
in the 𝜆+1∕2-disclinations number). It typically passes for several hours 
[36]. The dynamics of this stage depend primarily on the 𝑁0 value and 
the height of the energy barrier (symmetry) of the formed metastable 
structure.

We decreased electric field in two regimes: step-wise decrease (each 
change of the value of 𝐸 is less than 0.5 V/μm) and rapid switch off (𝐸
value change is over 1.0 V/μm). We found that the dynamics of struc-
ture relaxation and the final state strongly depends on the regime of 
decrease, as well as on the magnitude of the applied field from which 
the voltage is switched off and the 𝑁0 value. Depending on these fac-
tors, two key mechanisms for the cholesteric layers formation can be 
realized: curving of the circular defect or the appearance of the director 
twist in the bulk.

3.1. Curving of the circular defect

First, we studied step-wise decrease of the electric field. For this, we 
decreased the electric field by 0.1 V/μm above the transition thresh-
old (0.3 V/μm). At 0.4 V/μm and above, the droplets remain in toron 
configuration (Fig. 2a). At 0.3 V/μm, the structural changes occur. 
During the first stage, the droplet structure shows almost no changes 
(Fig. 2a,b). The director is the 90◦-twisted near the circular defect. In 
the slow stage, the twist angle grows in a small area near the droplet 
surface and is accompanied by a S-shaped curvature of the circular de-
fect (Fig. 2c,d, Supplementary Movie 1). Further, the director 180◦ twist 
gradually occupies a substantial volume of the droplet and forms a sta-
ble CLC configuration with 𝜆+1∕2-disclination (Fig. 2e-f). In the optical 
texture, the formation of the 𝜆+1∕2-disclination corresponds to the ap-
pearance of two lines, where the director is oriented perpendicular to 
the PDLC film plane (Fig. 2e,f) [33]. Then, additional cholesteric lay-
ers are formed (lines in the droplet optical texture in Fig. 2g), which 
number depends on the value of 𝑁0 [30]. Finally, there are almost no 
changes in this droplet layer-like structure during the stabilization stage 
(Fig. 2h).

3.2. Appearance of the director twist in the bulk

The appearance of 𝜆+1∕2-disclination shown above is a slow process. 
The structural changes can proceed in another way and the formation 
of cholesteric layers starts from the droplet’ bulk. In particular, such 
relaxation occurs when the electric field is abruptly switched off. In this 
regime, the director near the surface circular defect does not have time 
to form a cholesteric layer. Instead, during the fast stage the central 
(bulk) part of the droplet twists, and the resulting director configuration 
depends on the 𝑁0 value and the magnitude of the electric field before 
switching off (Fig. 3a,b).

In larger droplets with 𝑁0 > 8.0, the axisymmetric structure is 
formed in case of the electric field before switch off 𝐸 > 1.5 V/μm 

(Fig. 3b (top row), Supplementary Figure S2). Two pairs of isoclinic 
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Fig. 2. POM photos of the CLC droplet at 𝑁0 = 9.1 (taken from Supplementary Movie 1) under the action of the electric field 𝐸 = 0.40 V/μm (a), taken in Δ𝑡 = 0.6 s (b), 
1.5 s (c), 3.8 s (d), 5.3 s (e), 7.5 s (f) and 8.8 s (g) after decreasing 𝐸 to 0.3 V/μm, and after switching off the voltage (h). Hereinafter, the blue arrow shows the 
direction of the electric field applied along PDLC film plane, and the black double arrow indicates the polarizer orientation.

Fig. 3. POM photos of the cholesteric droplets at 𝑁0 = 8.4 (top row, taken from Supplementary Movie 2), 𝑁0 = 7.6 (middle row, taken from Supplementary Movie 3), 
and 𝑁0 = 6.4 (bottom row, taken from Supplementary Movie 4). CLC droplets under the action of an electric field (a) and in Δ𝑡 seconds after the voltage is turned-off 
(b)-(f). The applied electric field strength 𝐸 and the corresponding time Δ𝑡 are indicated in photos. The applied electric field is parallel to the PDLC film plane. Red 
and blue dotted arrows show the bulk defects positions with topological charge |𝑚| = 2 and |𝑚| = 1, respectively. Green dotted arrows show the cross-sections of the 

surface circular defect.

lines are visible in the optical texture of CLC droplet, which corre-
sponds to two pairs of cholesteric layers joining in two sites (shown 
by red dotted arrows in Fig. 3) located on the structure symmetry axis. 
In one site, the isocline lines join to a point (point defect) (shown by 
the upper dotted red arrow), while in the lower part of the droplet, the 
joining of cholesteric layers occurs in a small area (ring defect) (shown 
by the lower dotted red arrow). Each pair of closed cholesteric layers 
has two topological defects with |𝑚| = 1 [26], so the structure with two 
enclosed cholesteric layers with point and ring defects with topological 
charges |𝑚| = 2 are formed after abruptly turning off the voltage. The 
formation of enclosed cholesteric layers does not change the position 
of the surface circular defect (indicated by the green dotted arrows in 
Fig. 3). These enclosed layers correspond to 4 cholesteric layers along 
the droplet diameter. Near the surface circular twist-defect, the director 
additionally twists by 𝜋∕2. Thus, after turning off voltage, a structure 
with 5 cholesteric layers is formed, which is less than the number of 
layers in CLC droplets with the bipolar distribution of the helix axis at 
𝑁0 > 8.0 [37]. Such an unwinded cholesteric state is not stable, and the 
structure is gradually transformed into a layer-like structure later dur-
ing the slow stage (Fig. 3b-f (top row)). This transformation begins with 
the interaction and merges of surface and bulk ring defect, followed 
by the opening of the cholesteric layers (Fig. 3b-e (top row), Supple-
mentary Movie 2). This stage of structure change takes several tens of 
3

seconds and proceeds without the destruction or transformation of the 
bulk point defect (Fig. 3f, top row). The resulting structure is metastable 
and persists from several hours to several days. Finally, during the sta-
bilization stage the point defect breaks and the layer-like configuration 
(with 𝜆+1∕2-disclination or with bipolar distribution of the cholesteric 
axis) establishes.

In smaller droplets with 6.0 <𝑁0 < 8.0, only one enclosed cholesteric 
layer and a pair of the point defects of topological charge |𝑚| = 1
is formed during the fast stage in the central part of the droplet 
(Fig. 3b (middle row), Supplementary Figure S3). The electric field be-
fore switching off should be not less than 1.5 V/μm. The number of 
cholesteric layers in this structure is about 3, which makes it unsta-
ble. The symmetry of the formed configuration is broken within a few 
seconds (Fig. 3c (middle row), Supplementary Movie 3) during the slow 
stage. Consequently, the surface circular defect curves (Fig. 3d,e, middle 
row), and a metastable structure with a pair of point defects is formed 
(Fig. 3f, middle row). Finally, within several hours of the stabilization 
stage, this metastable structure transforms into a structure with 𝜆+1∕2-
disclination.

The formation of a cholesteric layer from the droplet’ bulk can be 
also occurred at step-wise decrease of the electric field. In this case, 
when the applied field is switched off from 𝐸 < 1.0 V/μm, the twisted 
toroidal configuration remains in the droplet for several tenths of a sec-
ond after switching off an electric field (Fig. 3a,b, bottom row). Then, 

the director additionally twists in the droplet center and CLC config-
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Fig. 4. Scheme of both realized transitions and parameters controlling the relaxation process of CLC droplet structures under homeotropic anchoring.

Fig. 5. POM photos of the cholesteric droplet at 𝑁0 = 10.9 under the action of the electric field applied perpendicular to the PDLC film (a), and CLC droplets at 
𝑁0 = 9.1 (b), 𝑁0 = 10.0 (c) and 𝑁0 = 10.9 (taken from Supplementary Movie 5 – Movie 7) (d)–(f) after switching off voltage (top row). Corresponding schemes of 
the director (dashed and dotted lines) configuration in the equatorial cross-section of droplets (bottom row). The circular equatorial twist defect is shown by the 
blue ring. Hereinafter, the cross-sections of twist linear defect and 𝜆+1∕2-disclinations are indicated by the blue rectangles and orange triangles, respectively. The 
background color on the director configuration schemes corresponds to the structure stability in accordance with Fig. 1: grey - state under high E, magenta - unstable 
state, yellow - metastable state, and green - stable state.
uration transforms gradually into the structure with 𝜆+1∕2-disclination 
during the slow stage (Fig. 3c-h (bottom row), Supplementary Movie 4). 
There is no further evolution in the structure, and this layer-like struc-
ture remains unchanged in the stabilization stage. We analyzed this 
transition in more detail in ref. [30].

3.3. Switching between different topological states of CLC droplets

The demonstrated scenarios of structure relaxation are determined 
solely be the regime of electric field turning off in a wide range of 
droplet sizes. Thus the structure relaxation can be controlled both at 
the fast stage and at the slow stage, and the desired stable state can be 
obtained. It allows one to easily and reproducibly switch the droplet 
between different states. For this, high electric field should be applied, 
and then the desired topological state can be reached by implementing 
a corresponding relaxation scenario (Fig. 4).

By choosing the electric field regime various metastable struc-
tures can be obtained, that remain unchanged for several hours. These 
metastable structures transform into the next metastable states when 
the electric field is decreased below 𝐸 < 0.40 V/μm. In the case of 
metastable configurations with bulk defects, such structure changes 
consist in the reorientation of cholesteric layers without the transforma-
tion of bulk defects. Transformation and/or annihilation of bulk defects 
occurs in strong fields, almost completely unwinding the CLC structure.

Next, we consider several types of the forming complex CLC struc-
tures, as well as a number of examples of the switching of cholesteric 
4

droplets between various topological states.
3.3.1. CLC structures with several 𝜆+1∕2-disclinations

During relaxation from the unwinded toron state (Fig. 5a) structures 
with 𝜆+1∕2-disclination are formed in CLC droplets at 𝑁0 > 6.0. Since the 
cholesteric layer with 𝜆+1∕2-disclination has approximately two 𝜋-turns 
of the director, an additional twisting of the director should occur in 
the droplets. For example, two additional cholesteric layers are formed 
in the droplets (Fig. 5b) [30]. Another possible scenario is an additional 
bending of the cholesteric layer with 𝜆+1∕2-disclination, which occurs 
during the structure relaxation. As a result, only one cholesteric layer 
fills the whole bulk of the droplet, which prevents the formation of 
another cholesteric layers (Fig. 5c).

The circular defect curving may occur simultaneously at differ-
ent parts of the droplet equator, which leads to the formation of the 
cholesteric layer with 𝜆+1∕2-disclination (Fig. 2d,e). As a result, several 
𝜆+1∕2-disclinations may appear in the droplets, the number of which is 
limited by the number of cholesteric pitches. For instance, the struc-
ture with four 𝜆+1∕2-disclinations is formed in CLC droplet at 𝑁0 = 10.9
when the electric field decreases from 𝐸 = 0.2 V/μm to 𝐸 = 0.15 V/μm 
(Fig. 5d, Supplementary Movie 5). The protocol of decreasing the ap-
plied electric field will affect the relaxation and type formed CLC 
structure. As an example, Fig. 5d-f shows the same CLC droplet at 
different orientational states. When the electric field is switched from 
𝐸 = 0.25 V/μm to 𝐸 = 0.15 V/μm, two cholesteric layers with 𝜆+1∕2-
disclination emerge at first and fill the whole bulk of the droplet (Sup-
plementary Movie 6). It suppresses the formation of more cholesteric 
layers, and the structure with two 𝜆+1∕2-disclinations occurs (Fig. 5e). 
If the electric field is switched from 𝐸 = 0.25 V/μm to 𝐸 = 0.18 V/μm, 

the only one bent cholesteric layer with 𝜆+1∕2-disclination is formed, 
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Fig. 6. POM photos of the cholesteric droplets at 𝑁0 = 8.0 (top row), 𝑁0 = 9.0
(middle row) and 𝑁0 = 13.5 (bottom row). CLC droplets are under the action 
of the electric field 𝐸 = 0.45 V/μm (a), 𝐸 = 0.25 V/μm (b), and after switch-
ing off voltage (c). Corresponding schemes of the director configuration in the 
equatorial cross-section of droplets (d).

filling almost the whole volume of the droplet (Fig. 5f, Supplementary 
Movie 7).

Bending of the cholesteric layer during structure relaxation can oc-
cur in an incompletely unwinded structure with the remaining one 
cholesteric layer (Fig. 6a). In that case, a step-wise decrease of the elec-
tric field leads to the bending of the cholesteric layer and the subsequent 
the appearance of one, two or more 𝜆+1∕2-disclinations (Fig. 6b-d), 
depending on the value of 𝑁0. The structure with a pair of 𝜆+1∕2-
disclinations located near the droplet center (Fig. 6 (middle row)) is 
stable. Structures with several 𝜆+1∕2-disclinations are less stable and 
in most such droplets relax into a structure with one or two 𝜆+1∕2-
disclinations during twenty four hours.

3.3.2. CLC structures with cylindrical cholesteric layers

As mentioned before, the structure with two enclosed cholesteric 
layers is unstable (see Fig. 3, top row and Fig. 7a,b). A small electric 
field 0.10 < 𝐸 < 0.35 V/μm applied to this structure leads to aligning of 
the cholesteric layers along the field direction and shifting the ring and 
point defect to the opposite poles of the droplet (Fig. 7c, Supplementary 
Movie 8). Finally, the defects come close to the droplet boundary, and 
two cholesteric layers form cylinders (Fig. 7d). The new structure with 
the two cylindrical cholesteric layers is stable and persists after turning 
off the electric field (Fig. 7e,f).

The formation of enclosed cholesteric layers (Fig. 7b) corresponds to 
the fast stage of the structure relaxation, and the process of cholesteric 
layers alignment under the action of a small electric field (Fig. 7c,d) 
can be attributed to the slow stage of the structure relaxation. Thus 
it is possible to use the two-stage switching off of the electric field to 
switch the CLC droplet into a stable structure with the double cylindri-
cal cholesteric layers (Fig. 7e,f). To do this, the applied electric field 
𝐸 > 1.5 V/μm should be abruptly reduced to a small stabilizing value 
0.10 < 𝐸 < 0.35 V/μm, followed by its switching off after a few seconds. 
The structure with the double cylindrical cholesteric layers obtained in 
this way is stable in CLC droplets at 8.0 <𝑁0 < 10.0.

A structure with one cylindrical cholesteric layer is formed during 
two-stage switching off of the electric field in CLC droplets at 6.0 <𝑁0 <

8.0 (Fig. 8a-d, Supplementary Movie 9). In contrast to the structure with 
the double cylindrical cholesteric layers, this structure is unstable if the 
small electric field is turned-off. The formation of additional twisting of 
the director at the droplet periphery can stabilize this structure similar 
to the case of the structure with the one 𝜆+1∕2-disclination (see Fig. 5b). 
For example, maintaining the small field 𝐸 = 0.1 V/μm for several tens 
5

of seconds leads to the formation of an additional cholesteric layer to 
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the left and right of the center of CLC droplet at 𝑁0 = 7.9 (Fig. 8e-g). 
As a result, the number of the director 𝜋-turns along droplet diameter 
increases and the new structure is stable after the voltage is turned-off 
(Fig. 8h,i).

3.3.3. Combined CLC structures

Furthermore, the various elements of cholesteric structures dis-
cussed above (Figs. 5–8) can be implemented simultaneously in a sin-
gle droplet, forming a combined director configuration. For this, large 
droplets (𝑁0 > 9.0) should be taken, and the regime of electric field de-
crease should be specifically adjusted. We show below a few typical 
examples.

First, when droplet relaxes from the incompletely unwinded con-
figuration (Fig. 6a), a cholesteric layer with 𝜆+1∕2-disclination ap-
pears on the droplet boundary. For the droplets shown in Fig. 9a,b, 
it occurs when the electric field decreases from 𝐸 = 0.45 V/μm to 
𝐸 = 0.20 V/μm. Consequently, it leads to either bend of the existing 
cholesteric layer (Fig. 9a), or distortion of the structure with the pair of 
𝜆+1∕2-disclinations in the droplet center (Fig. 9b). After this, the electric 
field can be switched off, and the resulting structures will remain.

Second, in the incompletely unwinded structure at 𝑁0 = 12.9, en-
closed cholesteric layers appear when the electric field 𝐸 = 1.5 V/μm is 
turned off abruptly. As a result, a configuration with connected three 
cholesteric layers is formed (Fig. 9c).

In the third case, the electric field is switched off in the following 
way. First, the field is abruptly switched from large value (completely 
unwinded structure) to a low stabilizing field. The resulting structure 
has two cylindrical cholesteric layers. Then after initial structure trans-
formation, the electric field is gradually decreased to zero, which leads 
to the formation of cholesteric layers with 𝜆+1∕2-disclination along the 
droplet equator. The number of 𝜆+1∕2-disclinations increases with 𝑁0
(Fig. 9d,e). For the droplets shown in Fig. 9d,e, it occurs when the elec-
tric field decreases from 𝐸 = 2.5 V/μm to 𝐸 = 0.5 V/μm and followed by 
voltage reduction to zero.

4. Conclusion

In this work, we studied the relaxation of CLC droplet structure in 
different regimes of decreasing electric field. Droplets with charactaris-
tic size parameter 6.0 < 𝑁0 < 15.0 were studied. We distinguished the 
three stages of structure relaxation: the fast stage (Δ𝑡 < 1 s), the slow 
stage (Δ𝑡 ∼ 10 s), and the stabilization stage (Δ𝑡 ∼ 10 h). The fast and slow 
stages of relaxation were shown to be sensitive to the voltage reduc-
tion mode. It allows to control the resulting structure of CLC droplets 
by adjusting the regime of electric field decrease with well-defined con-
trol parameters determining the relaxation scenario. We have carried 
out switching between two classes of stable states: i) structures with 
cylindrical cholesteric layers and ii) layer-like structures with one or 
more 𝜆+1∕2-disclinations (Table 1). We demonstrated that the desired 
structure of a cholesteric droplet can be achieved using this electric 
field control algorithm. The reproducibility of the stable and metastable 
states is an important feature of the described technique. Thus, creating 
a liquid crystal material with programmable properties of CLC droplets 
becomes feasible and very promising for many applications requiring 
multi-stable electro-optical materials.

The proposed approach to seek for various states of CLC droplets 
and switch between them can be suitable for systems with a different 
cholesteric pitch and/or boundary conditions as well. Using cholesteric 
LC with a different helix pitch will require an adjustment of the con-
trol parameters (the amplitude and the step reduction of the applied 
voltage), which determine the scenario of transitions in CLC droplets 
(Fig. 4). An example of LC system with a different surface anchoring 
type is cholesteric droplets with tangential boundary conditions. They 
are known for plenty of meta-stable structures [22] and can be exam-

ined in the same way.
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Fig. 7. Schemes of the director configuration in the cross-sections of the structure with two enclosed cholesteric layers (a). POM photos of this unstable CLC droplet 
with two closed cholesteric layers at 𝑁0 = 9.5 (bottom row photos are taken from Supplementary Movie 8) taken before (b) and in Δ𝑡 = 0.8 s (c), Δ𝑡 = 3.0 s (d) after 
switching on the electric field 𝐸 = 0.2 V/μm and after following switching off the voltage (e). Schemes of the stable director configuration in the cross-sections of 
the structure with two cylindrical cholesteric layers (f). The electric field was applied perpendicular (top row) and parallel (bottom row) to the PDLC film. The 
cross-sections of bulk ring defect are indicated by the red triangles, and the bulk point defect with |𝑚| = 2 is shown by the red circle. The surface circular defect is 
indicated by the blue ring.

Fig. 8. POM photos of CLC droplet at 𝑁0 = 7.9 (taken from Supplementary Movie 9) under the action of an electric field 𝐸 = 3.0 V/μm (a), in Δ𝑡 = 0.3 s (b), 0.9 s 
(c), 1.8 s (d), 11.0 s (e), 15.0 s (f), and 21.0 s (g) after an abrupt decrease in the electric field to 𝐸 = 0.1 V/μm. POM photos of the CLC droplet after the voltage 
are turned-off (h) and the corresponding scheme of the director configuration in the equatorial cross-section of the droplet (i). The bulk point defects with 𝑚 = 1 are 
shown by the blue circles. The applied electric field is parallel to the PDLC film plane.

Fig. 9. POM photos of the CLC droplets (top row) and the corresponding schemes of the director configuration in the equatorial cross-section of the droplets (bottom 
row) after switching off the voltage. The connection of cholesteric layers in scheme (c) is shown by the purple square. The intrinsic helix pitch is 𝑝0 = 5.5 μm and 
the value of 𝑁0 = 9.0 (a), 𝑁0 = 9.5 (b), 𝑁0 = 12.9 (c); 𝑝0 = 4.1 μm and 𝑁0 = 10.0 (d), 𝑁0 = 13.4 (e). The electric field was applied perpendicular to the PDLC film.

Table 1

Type of the formed stable structures depending on voltage-off mode and 𝑁0 value.

𝑁0 values Step-wise decrease in voltage One-stage abruptly turning-off voltage Two-stage abruptly turning-off voltage

6.0 − 8.0 layer-like structure with single 𝜆+1∕2
disclination

layer-like structure with single 𝜆+1∕2
disclination

structure with single cylindrical 
cholesteric layer

8.0 − 10.0 layer-like structure with one or two 
𝜆+1∕2 disclinations

layer-like structure with one or two 
𝜆+1∕2 disclinations

structure with two cylindrical 
cholesteric layers

> 10.0 layer-like structure with one or two 
𝜆+1∕2 disclinations

layer-like structure with one or two 
𝜆+1∕2 disclinations

combined structure with two 
cilindrical cholesteric layers
6
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