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Recently, an electric field induced interfacial instability of ferroelectric nematic liquid crystals was reported (Sci.
Rep. 13:6981 (2023)). It was found that above a threshold, the interface of the fluid with air undergoes a
fingering instability or ramification. Here it is shown that by increasing the voltage between the two sides of a
ferroelectric liquid bridge, the primary fractal-like ramification is followed by a secondary labyrinthine insta-
bility. The instabilities are well distinguishable by their completely different morphologies, and they both emerge
sharply at distinct threshold voltages. The critical requirements for the instabilities are presented and the crucial

role of the insulating layers on the electrodes is discussed. Experiments and finite element method simulations
suggest that the main driving force of the ramification and labyrinthine instabilities is an unexpected electric
field component parallel to the electrodes.

1. Introduction

Ferroelectric fluids exhibiting spontaneous electric polarization (Ps)
were first realized in 2017 [1,2] although theoretically they were pre-
dicted [3,4] much earlier. Strikingly, the polar nature in these ferro-
electric nematic liquid crystals (FNLCs) has intrinsic origin: even single
component organic fluids can be ferroelectric if the molecular dipole
moments are sufficiently large and the molecules are elongated along
the dipole moment [5,6]. The properties and the behaviour of FNLCs [7]
in electric field are unique, and their extreme sensitivity to electric fields
promise useful applications e.g., in displays [8] or as electro-mechanical
transducers [9,10].

Similar to conventional nematic liquid crystals [11], FNLCs are
composed of elongated molecules with long range orientational order.
At a given position r, the average direction of the long molecular axes is
described by the director n(r). The nematic head-tail symmetryn = —n
is broken in FNLCs, where the emerged spontaneous polarization P; is
parallel to n. The magnitude of polarization is typically |Ps| ~ 5 pC/cm?
[7,8,12], which is several times smaller than of typical ferroelectric
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crystals [13]. The measured relative permittivities of FNLCs were also
found in the range of ¢ ~ 10* [1,14-22], promising their usage in
supercapacitors variable by external stimuli [23].

Such large spontaneous polarization and permittivity combined with
the much larger responsiveness to external fields than of solid ferro-
electrics makes FNLCs unique. The presence of Ps facilitates the emer-
gence of bound charges even without external electric field. At an
interface, the surface charge density is given by p, = Ps-u, where u is the
surface normal vector. In bulk, splay deformation generates bound
charges with the density p, = —VP. In general, electric fields generated
by the charges increase the electrostatic energy, therefore the system
tends to avoid a polarization splay and a polarization component along
the surface normal. The presence of bound charges stabilizes long fluid
threads of FNLCs [24,25] and leads to fluid superscreening [26].

On one hand, large dielectric permittivity suggests the possibility of a
giant dielectrowetting effect in FNLCs at remarkably low voltages, since
the threshold voltage scales with the square root of the fluid’s permit-
tivity [27-29]. This would mean an electric field induced homogeneous
spreading of the fluid making large area thin films with apparently zero
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Fig. 1. Schematic illustration and micrographs of the ferroelectric nematic sample in the liquid bridge geometry without electric field (a-a’) and above a threshold
field, leading to ramification (b-b’) and labyrinthine instability (c-c’-c”). U is the (rms) amplitude of AC voltage applied between the bounding plates, providing an
electric field parallel to the z-direction far from the bridges. Snapshot (c’) represents the state slighty above the threshold field of the labyrinthine instability, while
(c”) shows the morphology at higher voltage. The shape of the meniscus line of the liquid bridge (black circles in (a’) and in (b’) and black curves in (c¢’) and in (c)) is
affected only by the secondary, labyrinthine instability. (d) Relative length (S/S) of the meniscus line as a function of U with slowly increasing (up) and decreasing
(down) voltages. L = 12 um is the cell gap and L; = 1.5 um the insulation layer thickness. (e) Time dependence of the the relative length of the meniscus line after
step-wise switching on the voltage from zero to different levels: (blue) 60 V, (red) 65 V, (green) 70 V. The cell parameters were: L = 14 ym and L; = 1.5 ym.

contact angle. On the other hand, the analogy between ferromagnetic
and ferroelectric phenomena implies that one could observe a spectac-
ular spiky pattern on top of the free surface of FNLCs in electric field,
similar to the Rosenweig-type normal field instability [30,31] in ferro-
fluids exposed to magnetic field.

Recently we reported that, instead of a uniform spreading or spiky
undulation of the free surface, a fractal-like ramification instability oc-
curs, which is localized to the contact line [32]. Above a threshold AC
voltage applied on FNLC droplets, this phenomenon results in stationary
branched fluid structures at the contact line of the FNLC with the sub-
strate and the surrounding air. It was also found in various electrode
geometries that the length of the branches can be adjusted by the
amplitude and frequency of the applied voltage [32]. A similar insta-
bility was observed in FNLC droplets placed either on top [33,34], near
[35] and in between [36,37] ferroelectric lithium-niobate (LN) crystals.
Since the electric field around an LN crystal cannot be adjusted in fine
steps, a dynamic jetting of the branches was seen. However, by optical
fields, either the control of the jets [38,39] and the positioning of the
droplets [40] was achieved. This phenomenon was explained by an ef-
fect analogous to the Rayleigh instability of charged fluid droplets [33].

Here we show that there are two distinct AC electric field induced
interfacial instabilities in liquid bridges of ferroelectric nematic fluids
sandwiched between planar electrodes. The primary instability is the
ramification process of the contact line localized in the vicinity of the
bounding plates, while the secondary instability affecting the entire
meniscus is analogous to a Rosensweig-type labyrinthine instability
observed in magnetic ferrofluids [31,41]. Via theoretical calculations
and finite element method simulations we will explain the physical
mechanism and the prerequisites of the instabilities and will show the

crucial role of the thin insulating layers on the electrodes.
2. Experimental results

Our experiments were performed in a liquid bridge geometry
sketched in Fig. 1a using FNLC RM734 (see details in the Methods sec-
tion). To prepare a liquid bridge, a sessile droplet of a ferroelectric
nematic compound was squeezed between two parallel flat substrates
covered by transparent conductive indium-tin-oxide (ITO) layers. To
block direct charge transfer and electrochemical reactions with the
liquid crystal, the inner surfaces of the electrodes were coated by
50-5000 nm thick insulating crosslinked SU8 polymer films (marked as
green layers in Fig. 1a-c). As we will see later, the blocking layers on the
electrodes not only prevent the degradation of the liquid crystal under
electric fields, but also play a key role in the emergence of the distinct
interfacial instabilities of the fluid bridges.

The behaviour of FNLC bridges was investigated by applying AC
voltages across the electrodes, so that the resulting oscillating electric
field was normal to the substrates (parallel to z-direction) far from the
bridges. Unless it is indicated differently, all measurements were carried
out in the ferroelectric nematic phase ~5 °C below the nematic -
ferroelectric nematic transition temperature.

In the initial state, the liquid crystal is in contact with both sur-
rounding flat plates and forms a liquid bridge as shown in Fig. 1a. The
radius of the droplets and the cell gap were in the micrometre range,
thus gravitational effects to the shape of the liquid bridge can be
neglected. Under these conditions, the meniscus line appearing at the
curved liquid-air interface can be approximated by one of the Delau-
nay’s surfaces: elliptic, hyperbolic, or catenoid [42]. As the contact
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Fig. 2. Summary of the effect of the insulating layers’ thickness (L;) on the ramification and labyrinthine instabilities. (a) Dependence of the threshold voltages of the
ramification (Ug) and the labyrinth instability (U;,) on L;. Filled (empty) markers correspond to increasing (decreasing) voltages. The green data points show a ‘mixed’
cell with different layer thicknesses on the top and bottom substrates: L¥®" = 260 nm and L\ = 5788 nm, with the corresponding image in the inset. The abscissa

was calculeted as L; = (L{?"“"'” +Lf°" )/2. In the mixed cell, the long branches emerge on the side with the thicker blocking layer. (b) Length of the longest branch as a
function of L; recorded at U = 1.3-Ug. The gap sizes of the cells were in the range 12 pm-20 pm. Snapshot of the ramification instability in cells with different
blocking layer thickness: (¢) 51 nm, (d) 750 nm and (e) 5788 nm at f = 1 kHz. The appearance of droplets at U = 1.3-U;, above the threshold of the labyrinth
instability driven at f = 1 kHz with (f) 51 nm, (g) 315 nm and (h) 2966 nm blocking layer thicknesses.

angle of RM734 on SUS is smaller than 90° (~30°-50°), the FNLC-air
interface is curved, and the meniscus is concave with a diabolo shape.
At zero electric field, the microscope images reveal a black circular
contour line (see Fig. 1a’) due to the refraction of light on the curved
meniscus, and we refer to it as meniscus line. We note that the meniscus
line and contact line (line on the solid substrate where the gas phase
meets the fluid) are different.

As seen in Fig. 1b, above a threshold voltage Ug the ramification
instability described in [32] occurs, which takes place at the contact
line, while the meniscus line is unchanged. Further increasing the
voltage, a continuous growth of branches takes place up to a well-
defined second critical voltage U, where another instability emerges.
During this secondary instability the entire meniscus line loses its
initially circular shape by involving complicated concave closed loop,
such as shown in Fig. 1c’. At even higher voltages (Fig. 1¢”), the closed
meniscus line forms complex and branched structures resembling to
labyrinths, therefore we call this labyrinthine instability.

To characterize this secondary labyrinthine instability, we plotted
the length of the meniscus line S relative to the Sy initial circumference
as a function of U in Fig. 1d in increasing and decreasing voltage at f = 1
kHz. The length of the meniscus line starts to grow sharply just above the
threshold voltage U, and it grows continuously as we increased the
applied field up to a point, when the meniscus-lines break to parts. If we
start to decrease the field before it breaks up, the initial circular shape
reforms, therefore the phenomenon exhibits reversible behaviour. A
wide hysteresis (~ 20 V) is seen in Fig. 1d between the S/S,(U) in
increasing (red) and decreasing (blue) voltages. This may be due to a
very slow dynamics of the system or a strong first order nature of the
labyrinthine instability. We note that the waiting time between two
subsequent data points was 10 s.

On another sample, we investigated the behaviour of the relative
meniscus line length as a function of time, after stepwise switching on
the voltage to three different levels from 0 V at t = 0 s (Fig. 1e). The
experiments show that well over 100 s is required to reach the final

state. Stepping up to a voltage close to the threshold (U = 60 V) the
shape-change of the drop took over 40 s. Interestingly, three-way
junctions appear in well-developed meniscus lines undergone the laby-
rinth instability as seen in the inset of Fig. le. Such junctions in the
labyrinthine structure typically appear at voltages significantly higher
than U;. Note that in three-way junctions, the parts of the meniscus line
close an angle at about ~120° with each other, which regular shape is
the consequence of the energy minimization accounting for the radii of
curvature and the electrostatic repulsion between the branches [32].

We performed measurements with cells without blocking layers, so
that the FNLC was in direct contact with the conducting ITO layers. In
this case, neither the ramification nor the labyrinth instability could be
observed. This shows that the thickness of the insulating (or blocking)
layer on the electrodes has a key role in the formation of both in-
stabilities. To reveal how the insulating layer affects the emergence of
the ramification and labyrinthine instabilities, we performed studies as a
function of SU8 layer thickness in the range from 51 nm to 5788 nm.

Fig. 2a shows Ug(L;) and Uy (L;) in cells with approximately 15 ym
gap size. Both Ur and U, increase with the thickness of the insulating
layers, due to the voltage attenuation between the FNLC and the SU8
layer. Fig. 2b shows that the length of the branches of the ramification
instability strongly depends on the blocking layer thickness. For the
thinnest (~51 nm) blocking layer the branches are about ~ 3 um long as
seen in Fig. 2¢, while this length is more than 100 um, when L; ~ um
(Fig. 2e). Cells with the same L; on both sides (I; = Li* = L?®™), the
branches have similar lengths on each side. We also prepared a ‘mixed’
cell with L/ = 5788 nm and L™ = 260 nm. In this case, the long
branches can be observed only on the thicker blocking layer, as pre-
sented in the inset of Fig. 2a. Note that Uy of the mixed cell is close to
that of the cell with uniform L; = (L{* + Lbo®m) /2,

As Ug < Uy, it is impossible to characterize the labyrinth instability
by itself. However, we found that the morphology of this instability is
not as sensitive to the blocking layer thickness as of the ramification.
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Fig. 3. Summary of the effect of the gap size L and bridge radius R on Ug and U;. (a) U (L) and Ug(L) for L; = 1.5 ym. (b) U(R) at f = 1 kHz with 1.5 pm blocking

layers and 12.4 pm gap.

Fig. 2(f-h) show liquid bridges at U=1.3-U; and f = 1 kHz with
increasing values of L;. We can see that the closed loops of the meniscus
lines (dark curves) are separated due to the repulsion between the
branches generated by the ramification. An increasing L; results in
longer branches even at voltages higher than Uj, following the tendency
observed in Fig. 2b with no labyrinthine instability (and therefore no
possible interaction of branches growing towards each other). Conse-
quently, the structures of the labyrinths at higher L; become sparser. The
behaviour of the instabilities can be seen in Supplementary Video S1, S2,
and S3 with L; = 260 nm, L; = 1500 nm, and L; = 2966 nm,

(@) CT?— symmetry axis

¥4
I L LC, &c=10000

(b)

z (um)

45 50

25 30

35 40
r (um)

S —
| L i \

respectively.

We also investigated the behaviour of the interfacial instabilities in
cells with different gap sizes L. In this measurement, the diameter of the
liquid bridges was kept approximately the same and the thickness of the
blocking layer was L; = 1.5 pm. For both instabilities, we found that the
threshold voltages are the highest at low L. By increasing the cell
thickness up to about L ~ 15 ym, both thresholds (Ug and Up) drop
sharply (see Fig. 3a), then in the range of 15 ym < L < 75 ym, Ug and
U;, are approximately constant. At the higher end of the studied gap
range, we can observe a slight increase in Uy, while there is no
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Fig. 4. Illustration of the physical parameters and the simulated field distribution. (a) The schematics and the parameters of the simulated geometry with circular
meniscus line profile. The parameters: L;: insulating layer thickness, L: cell gap, R: base radius of the liquid bridge, « : contact angle and ¢;¢, €;, €qir are the relative
permittivity of liquid crystal, insulating layer and air. Distribution and magnitude of the electric field in the liquid bridge calculated by COMSOL Multiphysics: (b)

-1
L; = 0 and (c) L; = 1.5 ym. The arrows and the colour-map represents the normalised electric field E/E,, where Eq = U(ZLi%f + L> is the electric field inside the

liquid crystal far from the meniscus. The gap was L = 20 pm with a = 35°.
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Fig. 5. Simulated normalized electric field dependence inside the liquid crystal. (a) Absolute value of the normalised electric field (|E/E,|) and (b) the normalised
radial component of the electric field E,/E, in the liquid bridge along the curved meniscus (indicated by dashed line in the inset) at 100 nm, 200 nm, and 300 nm
distance from the air interface plotted versus the z-coordinate. (L; = 1.5 pm, L = 20 pm, and a = 35°).

significant change in Ug(L > 75 ym). The dynamics of the instabilities
can be seen on the Supplementary Video S4 and S5 with L =4.8 pm, and
L = 66 pm, respectively.

Even for well-developed labyrinths well above Uy, the original one
piece of the liquid bridge can be restored by slowly decreasing the
voltage, although the position may change (see Supplementary Video
S6). After rapid turn-off of the voltage may result in multiple bridges
with smaller diameters. Furthermore, at high voltages the meniscus lines
can break up causing the fragmentation of the liquid bridge. Turning off
the voltage after such a case also creates a distribution of smaller liquid
bridges with circular bases. Once the bridges break up to smaller pieces,
they cannot merge again later due to the repulsion between the tips of
the branches generated by the ramification.

In Fig. 3b, we can see how U, depends on the initial radius of the
liquid bridges with f = 1 kHz driving voltage, L; = 1.5 um, and L = 12.4
um. It can be seen that UL, (R) decreases toward higher R. We note that Ug
is basically independent of R.

In this paper, we only discuss the primary ramification and second-
ary labyrinthine instabilities. We note that at even higher voltages an
actively moving state of the liquid bridges emerge, which phenomenon
was published recently [43].

3. Discussion
3.1. Simulation of the electric field

Our experiments showed that the presence of insulating layers on the
electrodes plays a crucial role on the formation of the studied interfacial
instabilities of ferroelectric nematic fluid bridges. To understand this,
we simulated the electric field distribution in the liquid bridge geometry
using the finite element method with COMSOL Multiphysics by solving
the Poisson equation.

The schematic of the studied geometry can be seen in Fig. 4a. In our
simulations, we approximated the shape of the meniscus with a circular
profile [42]. The parameters of the simulated liquid bridge are the base
radius R, the cell gap L and contact angle a. The liquid bridge is sand-
wiched between two planar insulator sheets of thickness L;. Outside the
liquid crystal between the insulating layers the third medium is sup-
posed to be air. Due to the cylindrical symmetry (r, ¢,2) coordinates are
used. The symmetry axis is along z, and (r, ¢,z = 0) is a mirror plane in

the studied geometry. We prescribe constant electric potentials (/)(z

:+§+Li) = -5 and ¢(z:—§ —Li> =+J on the top and bottom

electrodes. The base radius of the insulating layer is R;, which was
chosen to be sufficiently high so that the results near the contact line and
the meniscus were unaffected by the choice.

For simplicity, we consider an isotropic model, where the dielectric
anisotropy and the spontaneous polarization are neglected. The relative

permittivity of the FNLC, the insulating layer, and the air was denoted
by erc, €, and &4, respectively. The polar nature of the studied ferro-
electric nematic material is taken into account only by considering a
huge effective relative permittivity: e,¢c = 10000. Although such high
apparent permittivities were indeed reported [1,14-22,44], they are
likely artifact, and what measured is the capacitance of the insulating
layers [45,46]. We note however, that our results to be presented are
qualitatively the same even at lower ¢;¢; the only requirement is that the
three permittivities (¢r¢, €, and &4;r) need to be different.

The radius of the droplet was set to R = 50 um, and the radius of the
electrode (and insulating layer) was R; = 100 um, while the maximum
mesh size inside the liquid crystal was 100 nm. We emphasize that our
simple model does not aim to give a perfect description of the studied
phenomena, our goal is to qualitatively shed light on important aspects.
Developing a more realistic model including anisotropy, spontaneous
polarization of the liquid crystal and AC voltage driving including ionic
conductivity is beyond the scope of the present work and may be a
subject of further studies.

Analytically, we can calculate the electric field in the dielectric liquid
crystal between two insulating layers in that case, when the liquid

crystal entirely fills the cell. The solution has only z-component with the
-1

magnitude Ey = U(2Li”;—f + L) . This result shows a strong reduction

of the electric field in presence of insulating layers. In our geometry, the
electric field is expected to approach E, far from the edges.

Having an additional, vertical boundary within the cell between the
liquid crystal and air leads to qualitatively different electric field dis-
tribution close to this boundary, but only when insulating layers are
present. The electric field E = (E,E,,E,) inside the liquid crystal is
shown in Fig. 4b and Fig. 4c without and with insulating layers between
the FNLC and the electrodes, respectively. The normalised electric field
(E/Ey) is represented by white arrows and the value of |[E/Ey| is dis-
played on the colour map. When we set L; = 0 (Fig. 4b), the FNLC is in
direct contact with the electrodes, thus the electric field must be along
the z axis at the top and bottom boundaries. In the central part of the
FNLC, the field has only vertical component, but close to the FNLC-air
interface, due to the curvature of the meniscus, E has also a small
radial component. Away from the meniscus |E/Ep| ~ 1, but closer to the
triple (FNLC-air-ITO) junction, the magnitude of the field decreases. In
contrast, as Fig. 4c shows, when the electrodes were covered by 1.5 ym
thick insulating layers, the structure of the electric field entirely
changed. Near the meniscus, the magnitude of the field significantly
increased, and a strong radial electric field component emerged close to
the triple (FNLC-air-SU8) junction. In bulk, E has only vertical compo-
nent and the value of |[E/Ey| decreases to ~ 1.

Fig. 5a and Fig. 5b show the absolute value and the radial component
of the electric field as a function of the z along a line (marked by black
dashed line in the inset of Fig. 5a) at 100 nm, 200 nm and 300 nm
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Fig. 6. Comparison of the threshold voltages of ramification from the experiments Ug (red) and derived from the simulations Ug_sim (blue). (a) As a function of the
insulating layer thickness (L;) and (b) as a function of the gap size (L). The reference radial electric field value obtained in the simulation was calculated from the
measurement with L; = 1.5 pm and L = 15 pm at Ug = 53.4 V. At this point the simulated and measured values coincide. The normalised radial electric field obtained
from the simulations as a function of the insulating layer thickness (¢) (L = 20 ym, U=20 V) and gap size (d) (L; = 1.5 ym, U=20 V). Inset to (d) (L =20 ym, L; =
1.5 ym, U=20 V) shows the contact angle dependence of the normalised radial electric field obtained from the simulations.

distance from the meniscus. Both the absolute value and the radial
component are larger close to the boundary. This agrees with our
experimental observation that the ramification emerges at the contact
line [32]. Near the triple junction of materials, the electric field becomes
more than double of the bulk value, showing significant edge effect. The
appearance of the radial electric field component is also spectacular (see
Fig. 5b); the direction of E, is the opposite on the top and bottom sides
and depends on the polarity of the applied voltage.

To compare the simulated and measured data, we computed the
radial component of the electric field (E,_) at the junction of the three
media for the cell with L; = 1.5pm and L = 15 pm at a voltage of 53.4 V.
This voltage is consistent with the threshold voltage of the ramification
instability in a cell with the same parameters. The E,_. field was then
taken as the reference value for the threshold electric field. In the
simulation, the gap size and insulating layer thickness of the cell were
systematically varied. Subsequently, the voltage (denoted by Ur_gm)
was adjusted to achieve the reference E,_ . electric field value.

Fig. 6(a and b) illustrate the dependence of Ug_gm on the layer
thickness and gap size as determined from the E, . reference field,
respectively. The simulated data Ug_g, marked by blue colour, exhibit
similar dependence as the measured data Ur marked by red colour. The
coincidence of the measured and simulated data indicates that the origin
of the ramification instability is indeed from the presence of radial
electric field because of the insulating layer.

Fig. 6¢c shows the layer thickness dependence of the normalised
radial electric field (|E,/Eo|). The value of |E,/Ey| increases significantly
for thicker blocking layers, which is consistent with our observation that
the tips are much longer for thicker insulating layers (see Fig. 2). The gap
dependence of |E,/Ey| is illustrated in Fig. 6d, where the value of |E,/Eo|
decreases significantly for L < 15 pm, which explains the increase of Ug
for cells with small gap size (see Fig. 3a).

The simulated data in the inset of Fig. 6d show that the |E,/Ey| grew
significantly when we decreased the contact angle at the triple junction.
This dependence can further drive the instability as the emergence of the
branches significantly decrease the contact angle [32].

3.2. Ramification instability

The ramification instability emerges at the contact lines, located on
the bounding plates at the FNLC-air interface [32]. In general, the sta-
bility of the fluid interface is determined by the balance between the
stabilizing surface tension and the destabilizing electrostatic forces. In
our present case, in the liquid bridge geometry, a radial electric force at
the contact line can be expressed as F, = E,;-q, where g represents an
electric charge. The charge originates from the radial component of the
polarization at the interface. Although in absence of external electric
field the polarisation has only tangential component to minimize the
electric free energy as observed in independent experiments [47-51], in
presence of a radial electric field a torque acts on the polarisation, which
tends to realign the polarisation field. Therefore, P will have a radial
component at the FNLC-air interface, leading to a surface charge per unit
area p, = P-u, where u is the surface normal vector. According to Fig. 5b,
E, , and therefore also p,, has different signs at the top and the bottom of
the liquid bridge, but the electrostatic driving force per unit area p, =
E;-p,, has the same sign at both surfaces. At the threshold voltage this is

balanced by the capillary pressure p,

= 2% where y denotes the sur-
2

face tension and r, is the radius of the protruding tip of an emerging
branch. At the threshold, p. = p., which we can use to estimate the
surface charge density. With y =102 X [24], E, =3.7:10° Y and a =

35°, the surface charge density is estimated as p, zZV}C;r’fc(") =

4.4.10"% 5. This value is well approximated by the absolute value of
the spontaneous polarization p, ~ 4.4 C‘]‘TCZ ~ |Pg| [8], which agrees with
the observation that the spontaneous polarization is aligned along the
branches.

Due to their finite conductivity, FNLC samples contain free charges.
To test the effect of the ions, we doped a sample with a relatively high
amount of tetrabutyl ammonium benzoate (TBABE) organic salt in the
weight concentration of 1 % in RM734. We found no significant change
in the threshold voltage of the ramification instability, showing that
their influence in kHz range AC electric fields can be neglected.

We note that it was reported recently by Marni et al. [36] that

fringing fields (including in-plane components) also play crucial role in
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Fig. 7. The 2z component of the normalised electric field (E;/E,) as a function of the normalised radius (r/R) for different insulating layer thicknesses (a) and for
different base radius values at L; = 1.5 pm (b), where R is the base radius of the liquid bridge. E,/E, was calculated in the middle of the liquid bridge at z = 0,

marked by black dashed line in the left inset.

the formation of fluid jets from FNLC droplets confined between ferro-
electric lithium niobate crystal slabs. In that case, the shape of electric
field depends on how the spontaneous polarization direction is oriented
in the bounding plates.

3.3. Labyrinthine instability

Instabilities like the secondary labyrinthine instability that we pre-
sented, have been observed in ferrofluids [41,52-59] and in dielectrics
[41,60] in presence of magnetic and electric fields, respectively. In both
cases, the materials were investigated in between two flat bounding
substrates with large lateral sizes compared to their distance (in Hele-
Shaw cells). In those previous studies the ferrofluids were sandwiched
between insulating plexiglass spacers, which is an important similarity
to our investigated geometries, where we deposited insulating layers on
the electrodes. According to the theoretical analysis discussed for di-
electrics [60], the F; driving force of the labyrinthine instability is
proportional with the inhomogeneity of the electric field:
F ~ (g 78,,,)EZ%, where ¢ is the permittivity of the investigated fluid
and g, is the permittivity of the surrounding medium. The in-
homogeneity of the field is due to the different voltage attenuation be-
tween the dielectrics with different permittivities.

In our simulations, we systematically changed the thickness of the
insulating layer and the base radius of the liquid bridge (Ro). Fig. 7 il-
lustrates the normalised radius dependence of E,/E, for several insu-
lating layer thicknesses at Rp = 50 pm (Fig. 7a) and for several Ry values
at L; = 1.5 pm (Fig. 7b). The value of E, was measured at z = 0 along the
black dashed line depicted in the inset of Fig. 7a. For simplicity, we
assumed that the contact angle is 90°. In Fig. 7a, without insulating layer
the E;/Ey = 1 in the whole sample. If L; # 0, the vertical component of
the field is larger closer to the FNLC-air interface and decreases to 1 close
to the middle of the liquid bridge at r/Ryp = 0. If L; = O, the in-
homogeneity of E, disappears, which is consistent with the measure-
ments as we could not observe the labyrinthine instability without
blocking layer.

Fig. 3b shows that the labyrinthine instability is strongly affected by
the original size of the liquid bridge, which is either due to the increasing
effect of surface tension or the inhomogeneity of E, as the droplet size
decreases [61] (Fig. 7b). In dielectric fluids the required threshold
voltage to induce the labyrinthine instability is in the range of 1-10 kV
[60], while in our case it is an order of magnitude smaller. This is un-
derstandable as both F; and % are proportional with &;, which is in our
case is > 100 [14], while g; ~ 1 —10 for the dielectric oils [60].

4. Summary

In addition to a primary ramification described before [32] here we
described a secondary labyrinthine interfacial instability in ferroelectric
liquid bridges exposed to electric fields normal to the flat bounding

substrates. Both effects appear above a sharp voltage threshold, but their
morphology and localization are different. The ramification emerges at
the contact line (at the substrates) forming flat hairy perimeter of the
liquid bridges’ edge, while the middle part of the bridge remains intact.
In contrast, the labyrinth instability induces dramatic shape-change of
the entire droplet leading to an enormous increase of the fluid surface.

Our results show that the critical requirement for the instabilities is
the insulating layer on the electrodes, which is necessary to give rise to
an in-plane electric field component at the substates for the ramification
and a significant electric field gradient for the labyrinthine instability in
the middle of the cell. The numerical simulations of the electric field
distribution as a function of the insulating layer thickness, cell gap, and
droplet size support our experimental findings. Our results are in
accordance with previous studies on labyrinthine instabilities observed
in ferrofluids [41,52-59] and in dielectrics [41,60] in presence of
magnetic and electric fields, respectively, where spacer gaps at the field
sources were required to observe the instabilities.

Such electrically tuneable fluid surface may give rise to applications
in gas sensing or filtering, where a tuneable/switchable adsorbing sur-
face is crucial. Another application idea is the use in microfluidic
chemistry, where the reaction speed could be adjusted by on-demand
modification of the adsorbing or catalysing surface. Furthermore,
when the fluid undergoes the labyrinthine instability, air channels
penetrate from the perimeter, which massively increase the space
occupied by the fluid + air composite. Such an electrically inflatable
foamy object could be applied to block slits that could be used as elec-
trically actuated fluid valves for gas flow control.

5. Methods

In our studies, we used the liquid crystal 4-[(4-nitrophenoxy)
carbonyl] phenyl-2,4-dimethoxybenzoate (RM734, purchased from
Instec, USA), which is one of the prototype compounds for ferroelectric
nematic materials. We dissolved 0.5 wt% of IR-1061 dye (Sigma-
Aldrich) in RM734 to increase absorption of infrared light, although this
feature is not exploited in the studies presented here. We confirmed that
the effect of the small amount of dye (0.5 wt%) on the studied interfacial
instabilities was negligible by obtaining the same results with undoped
RM734 in different insulating layer thicknesses.

The FNLC drops were sandwiched between indium-tin-oxide (ITO)
coated glass plates with an electrically insulating layer of SU8-3000
(Kayaku Microchem) on top of the ITO. The first step of sample prepa-
ration was cleaning the glass plates following a standard procedure:
sonication in an alkaline detergent solution for 20 min, rinsing by
deionized water (DI-H0) 5 times, sonication in DI-H;O for two times
15 min, annealing in isopropanol steam at 90 °C, drying by clean air
stream and plasma treatment in a plasma cleaner for 5 min. The prep-
aration of the SU8 layers of different thickness was done in the following
steps: spin coating of SU8-3050 dissolved in cyclopentanone at various
concentrations at 500 rpm for 10 s and at 3000 rpm for 30 s, soft baking
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Table 1

Thickness of the SU8 layer as a function of the solid content concentration
of SU8 in cyclopentanone. The error was calculated as the largest deviation
from the average measured on three samples.

SU8 wt% in cyclopentatone Layer thickness (nm)

2% 51+6

5% 260 £ 26
10 % 315 + 32
18 % 750 £75
30 % 1500 + 150
40 % 2966 + 297
50 % 5788 + 579

at 95 °C for 3 min, exposure by UV light for 1 min, post exposure baking
at 95 °C for 3 min, developing in SU8 developer for 5 min, rinsing by
isopropanol, and drying by cleaned air. The SU8 film thickness for each
concentration (see Table 1) was measured by a Veeco Dektak 150
profilometer.

To create the liquid bridge, first a sessile droplet was placed on the
substrate in the nematic phase at ~180 °C by a custom-made setup
allowing micromanipulation and microscopic observation in side-view.
After this, another SU8 coated plate was placed and glued on the top.
Glass spacers mixed in the glue were applied to set the cell gap. The
experiments were carried out by using a Nikon Eclipse Ti2-A inverted
polarizing microscope equipped with a Instec HCS402 heating stage and
an Instec mK1000 controller.
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