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Therecently discovered ferroelectric nematic (N) liquid-crystal phase

exhibits aspontaneous polarization field that is both orientationally fluid
like aliquid crystal and large in magnitude like a solid ferroelectric. This
combination imparts this phase with a unique electrostatic phenomenology
and response to applied fields. Here we probe this phase by applying a

small electric field to ferroelectric nematics confined in microchannels

that connect electrodes through straight and curved paths and find that

the N; phase smoothly orders with its polarization following the channels
despite their winding paths. This implies a corresponding behaviour

of the electric field. Oninversion of the electric field, the polar order
undergoes a multistage switching process dominated by electrostatic
interactions. We also find multistage polarization switching dynamicsin

the numerical simulations of a quasi-two-dimensional continuum model

of channel-confined N; liquid crystals, enabling the exploration of their
internal structural and electrical self-organization. This indicates that
polarization alignment and electric-field guiding are direct consequences of
fluid superscreening—the prompt elimination of electric-field components
normal to the channel walls by polarization reorientation. This response
mimics the behaviour expected for ultrahigh-permittivity dielectrics,

but with patterns of charge accumulation and local ordering unique to

fluid ferroelectrics.

The discovery of molecules capable of ordering into a ferroelectric
nematic (N;) liquid crystal (LC), a state predicted a century ago'™>
butonly recently observed*”, has attracted immediate interest because
of the novel properties of this new fluid state, involving its electric
behaviour, its elasticity and its nonlinear susceptibilities®**. Conven-
tional nematic LCs are non-polar anisotropic fluids, in which molecules
partially align along a common axis, the so-called nematic director
n. In the N; phase, a bulk electric polarization density P develops
parallel to n through a weak first-order phase transition. Molecules

foundtogiveriseto N ordering have large permanent electric dipoles
(>10 D) and a high degree of polar orientational order, resultingina
large ferroelectric polarization, up to P, = |P| = 6 uC cm(refs. 6,15,16).

The presence ofabulk polarization field thatis readily reoriented
makes the electric-field response of N; markedly different from the
dielectric response of conventional nematics, in ways that have yet to
be fully explored. Because of the dielectric anisotropy of conventional
nematics, the electric field (E) has a tensorial coupling to n, produc-
ing torques on the director proportional to £2 and of a magnitude
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Fig.1|Ferroelectric nematic ordering in microchannels. a, Drawing of the
buried microchannels. The yellow cylinders represent the gold wire electrodes.
b, Pictures of the four channels considered in this work, designed so that the
central part forms anangle of 0°,90°,135° and 180° with respect to the x axis.

¢, PTOM pictures between crossed polarizers in the absence (left) and presence
(right) of an electric field of the I-shaped channel filled with RM734 in the N;
phase at T=130 °C. The fully dark appearance of the channel in the bottom-right
pictureindicates that in the presence of a field, the orientation of the nematic
director is along the channel.d, PTOM pictures between the crossed polarizers

ofthe Z-, L- and S-shaped channels, filled with RM734 in the N; phase at T=130 °C
and oriented so that the lateral portions are at 45° (top) or along (bottom) the
analyser, whereas AV =1Visapplied to the electrodes. e, Enlargement of a curved
portion of the Z-shaped channel at various orientations with respect to the
polarizer, asindicated. f, Sketch of the continuity of the direction of polarization
P (green arrows) within the S-shaped channel, indicating that inits central
section, the polarization is pointing in the direction opposite to the nominal
applied electric field £,.

comparable with the orientational elasticity. Inthe N phase, the pres-
ence of abulk polarization gives rise to a dipolar coupling to Eand to
the self-interaction of polarization space charges that canaccumulate
on surfaces (o, =P - u, where u is the unit vector normal to a limiting
surface of N;) and in the bulk (p, = -V - P), which produce electric
torques orders of magnitude larger than those derived from elastic
deformations.

All these factors combine to create a fundamentally new kind of
fluid, markedly different from conventional nematic LCs and fromsolid
ferroelectric materials, whose polarization—intrinsically constrained
by the symmetry of the crystal unit cell—is typically limited to a set of
easy-axis orientations. Inthis work, we explore theinterplay of external
fields, geometry and electrostatic self-interaction in N, fluids confined
within straight and bent microchannels.

Description of the experiment

We have produced, viafemtosecond laser micromachining assisted by
chemical etching'™®, microchannels buried in monolithic fused silica
that connect gold wire electrodes. The channels (Fig. 1a,b) are all of
length £=1mm and have a rounded square cross section of width
w =35 um. Four different shapes were produced: straight along the

x-axis direction connecting the electrodes (I-shaped channel), with
the central part forming an angle with respect to the x axis of 90°
(L-shaped channel),135° (Z-shaped channel) and 180° (S-shaped chan-
nel) (Fig.1b). The channels were filled with RM734, an LC material that
exhibits nematic (N) and ferroelectric nematic (N;) phases*®, with the
N-N; transition temperature Ty_y, =133 °C. Before filling, the glass
channel surfaces were silanized with hexadecyltrimethoxysilane
to favour the planar orientation of RM734 (ref. 19). Supplementary
Section1provides a detailed description of the fabrication process.

Response to staticfields

In the absence of an applied voltage difference AV between the
electrodes, the nematic director exhibits partial ordering along
the channel in both N and N; phases. By applying a voltage AV,
which gives rise to a ‘nominal’ electric field £, = AV/¢, the N ordering
becomes virtually perfectinall the four channelswhen £, > 0.25V mm™
(Fig. 1c,d), whereas no substantial effect is visible in the N phase for
fieldsup to £, =50 Vmm™ (Supplementary Fig.1). We closely inspected
the field-induced N; alignment by polarized transmission optical
microscopy (PTOM) and by second-harmonic generation microscopy
(Supplementary Fig. 2) and found no sign of either defect lines or defect
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Fig.2|Schematic of the fluid superscreeningin a channel. a, Longitudinal
mid-section of anideal smooth channel of infinite length and square section. In
the absence of external fields (E, = 0), the reorientable polarization field P (green
arrows) aligns along the channel axis (¢ = 0), a condition by which the electric
field inside the channelis £;,, = 0.b, When ¢ # O, polarization charges accumulate
atthe channel edges, giving rise to a depolarization field £y, and atorque

7= P,Eqep0COSY acting to re-establish the ¢ = 0 condition. ¢, In the experiments,

applied electric fields E, are not generally oriented along the channel direction,
with components £, and £, along and perpendicular to the channel axis,
respectively. Although £, is continuous across the channel walls, £, , is cancelled
by superscreening. Since the applied fields are much smaller than E,,, the tilt
angle ¢ necessary for such cancellation is too small to be detectable (in the
zoomed-in view, ¢ is enhanced to enable representation).

wallseveninthe curved sections of the channels that bend contrary to
the naive electrode-to-electrode direction expected for E, in uniform
dielectrics (Fig.1e). This finding indicates that under these conditions,
both nematic director n and polarization P are always nearly parallel
to the solid surface and continuously follow the channel (‘polariza-
tion following’) (Fig. 1f). The continuity of N; polarization along the
channels also implies a similar continuity of the electric field, which,
thus, follows the channels rather than being directed along the paths
connecting the electrodes as in homogeneous dielectric media. This
behaviouris not dissimilar to what happensin abent conductive wire
between electrodes, where the surface accumulation of free charges
steersthefield alongthe wire,independent of its path. In N materials,
an analogous effect arises from the redistribution of bound charges.

Ferroelectric superscreening

We understand the continuity of polarization and electric field along
the channels as the effect of the orientational freedom of P in the
N: phase, whichis, in turn, a consequence of the symmetry, energy
degeneracy and fluidity of the LC. Reorientations of Penable animme-
diate deposition of bound charges that readily cancels the normal
component of E within the channel, which, thus, becomes parallel to
the channel axis.

We sketch this phenomenonin Fig. 2, where we consider an N LC
confined to a channel and assume that both N; material and confin-
ing substrate have an isotropic relative permittivity of unity (¢,=1), a
condition that enables singling out the effects of the spontaneous fluid
P, whose local amplitude P, is uniform, being determined only by 7.

In an idealized channel of infinite length and in the absence of
an external electric field, the polarization is parallel to the channel
(¢ =0) and E =0 (Fig. 2a). This is because ¢ # 0 would result in the
deposition of surface polarization charge 0, =P - u = Pysing on the
channel surfaces (Fig. 2b), generating a depolarization field of mag-
nitude £, = Posing/e, within the channel. The depolarization field
provides a restoring torque density that opposes the reorientation,
asort of electrostatic orientational spring that tends to force ¢ back
to zero. This electrostatic spring is exceptionally stiff, as evident in
estimating the saturation depolarization field £, = P,/e, generatedin
the channelwhen ¢ =90°. For P, = 6 x 10> C m?, this condition would
yield a gigantic E,, =10’ V mm™, demonstrating that P perpendicular
tothe channelis anidealized condition never achievable in practice.

In the evaluation above, we are considering ¢ to be spatially
uniformin the channel, a condition atypical for LCs, in which surface
couplingand external fields generally produce distorted director pat-
terns. Inthe N; phase, spatial variationsinnare controlled by nematic
elasticity and by the coupling of Pto electric fields—both external and
internal—dueto polarization space charge in bulk and on surfaces. The
ratio \/J(/P,where KisaFrankelastic constant (K =102 N), is very small
(lessthan1nm), indicating that on all the length scales relevant here,
electrostatics is dominant—a condition that makes the orientation
response to external torques a spatially uniform ¢ field*°.

In the channel experiments reported here, an external torque
is produced by an applied electric field E,, forming an angle 8 with
the channel axis (Fig. 2¢). In this case, the torque balance condition
is P x E;;,=0, where E;,. = E, + E4,, is the total electric field within the
channel.Foranappliedfield perpendicular tothe channelaxis (8=90°),
the depolarization field E4e,, () arising from polarization charges on
the channel walls cancels E, for E, < E,, giving E;,. = O (refs. 21-23).
Given the experimental applied fields (E, =1V mm™) and P,, this cancel-
lation occurs for sub-microradianreorientations of P, = E/E,, <107,
leaving P always essentially parallel to the local channel axis.

The situation for an oblique applied field (8 <90°) is more
subtle, as continuity of the parallel component of E across the
channel boundary implies that E;,. # O. In this case, the torque
balance condition (P x E;,. = 0) is equivalent to the condition P||E;,,,
which means that the perpendicular component of E,, is extremely
small but non-zero. Here the continuity of £, and D, (the normal
component of the electric displacement) gives ¢ = (E,/E,)sing. For
typical experimental conditions, we have ¢ <107 as before, so the
normal component of E;,, (E;,., = Eqpcosf) is not completely cancelled
as in the perpendicular case but is made negligible via reduction by
afactor of -10’.

Such immediate and effective screening, by which the normal
component of £, is readily cancelled or made negligible by minuscule
angular rotations, is a distinctive property of the N phase that we call
fluid superscreening to mark the difference between this ultimately
collective fluid dipolar reorientation and conventional dielectric or
conductive screening by induced dipoles or free charges. By the way of
coherentPtilting, fluid superscreening locally cancels the electric-field
components normal to the channel walls but also globally affects its
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longitudinal components through the long-range effect of the modified
distribution of bound charges.

Ferroelectric superscreening intimately depends on the fluidity
and orientational freedom of P and is thus specific to the N LC phase.
In solid ferroelectrics, P derives from lattice deformations and can
be inverted (but typically not reoriented) only when external fields
overcomethe coercive-field threshold. In these materials, polarization
charges canbe deposited only on specific crystal faces, giving rise toa
depolarizationfield. Inthe absence of free charges on electrodes that
compensate the surface polarization charges, the depolarization field
opposes P, and the system reaches an equilibrium state controlled
by the ratio between depolarization and coercive fields. In N mate-
rials, the orientational freedom of P implies the absence of a bulk
coercive-field threshold, thus enabling fluid superscreening.

Ferroelectric nematics also bear important analogies to soft
magnetic systems, that is, ferromagnetic solids with a particularly
low coercive field, typically used in generators, transformers and
switching circuits. Indeed, these materials are known to guide the
magnetic field by cancelling its components normal to surfaces
when larger than the coercive field. This phenomenon is normally
understood in terms of mismatch between the large magnetic
permeability of ferromagnets (up to g, = 10° in mu-metals), and
the small magnetic permeability of the surrounding non-magnetic
materials. The analogy between these physically distinct systems
makes the easy optical access to polar switching in N; materials
of potential interest for the understanding of soft ferromagnets
and high-permittivity dielectrics.

Field-reversal experiments

To further explore the role of bound charge screening in the polariza-
tion following phenomenon, we investigated the response to the rever-
sal of the sign of AV. On switching AV, the nematic order suddenly
becomesunstable, with the transmitted light intensity through crossed
polarizers (/) and without analyser (/) transiently changing during a
time interval that depends on AV, being of the order of 100 ms for
E,=1V mm™. Specifically, we have measured /, versus time after field
reversal in portions of the channels oriented parallel to the polarizer
andthusdarkin equilibriumbefore field reversal (Fig. 1c, bottomright).
We normalized /, by Ip,, the value of [, measured with the channel ori-
ented at45° with respect to the polarizer under equilibrium conditions
before field reversal (Fig. 1c, top right). Similarly, we normalized /s by
Is,, the transmitted intensity under equilibrium conditions before field
reversal. By inspecting the two transmittances 7p(t) = Ip(t)/Ip,; and
15(t) = Is(t)/Is,, averaged over channel sections as a function of time
together with the associated videos, we can identify three phases of
polar switchinginthe channels: adisordering regime, areorganization
regime and a defect-annealing regime. Because of the small cross sec-
tion of the microchannels, we could not experimentally measure the
polarization current flowing through the electrodes to compare it with
75(t) and 74(¢). We instead performed an analogous measurementona
flat cell that exhibits similar behaviour and an analogous 7,(¢) evolution
(Supplementary Fig. 3).

Theinspection of PTOM images and videos shows that on poten-
tial inversion (at ¢ = 0), uniform polar order gives way to an irregular
pattern composed of micrometre-sized domains (Fig. 3a,b) coherent
with the notionthat Plocally rotates away fromits original orientation
in a variety of directions. This leads to an increase in 7,(t) due to the
optic axis rotation (Fig. 3d-g) and in adecrease in 7(¢) due to scatter-
ing (Supplementary Fig. 4). The disorder in the N structure grows to
amaximum and decreases, as shown by appearance of a minimum in
75(¢t) (that is, amaximum in turbidity) found at about the same time
t=t,, at which 7,(t) shows a small minimum nits growth.

Wefind that ¢,, marks the transition between two different regimes.
Pulsed field reversals, in which the sign of AVis inverted for a time
t. < tm, give rise to a simple exponential relaxation of 7,(t), whereas

for longer pulses (at ¢,,, > ¢,,), the relaxation process in the channel
becomes muchlonger andirregular (Supplementary Fig.5). We, thus,
interpret t,, as the time it takes for the N. domains to rotate enough
to start reorganizing in the opposite direction via the coalescence of
defectlines and interfaces that also reduces turbidity.

In the reorganization regime (¢ > t,,,), 7p(¢) still grows, reflecting
the coarsening and broadening of defects, to reach a maximum and
decrease back to O when uniform polar ordering is established in the
reversed direction. Such uniform N; ordering develops through a
nucleation process taking place in the narrowest section of the chan-
nel, typically (but not always) located halfway between the electrodes
as a natural result of the etching process (Supplementary Section 1).
This final stage in the reversal of P requires a major reorganization of
the director field involving disentangling topological defects, closure
of defectloops and reversal of surface polarity. Previous observations
insilanized flat cells suggest the latter to be the slowest component of
switching after field reversal®.

Afterits nucleation, the defectless uniformregion (z, = 0) progres-
sively expands viathe motion of the interface separating the defected
and defect-free N; states (Fig.3b (bottom) and Fig. 3¢). Thus, the com-
pletion of Preversal takes place at a time that grows with the distance
from the nucleation site, sooner in proximity of the channel centre
(Fig.3d, redline) and later (even after up to1s) close to the electrodes
(Fig.3d, blueand greenlines).

New insights emerge from the comparison of 7,(¢) in distinct por-
tions of the same channel and in different channels. First, the short-time
behaviouristhe sameeverywhereinall portions of the bent channels.
Thisis showninFig.3d fortheS-shaped channel, whereas very similar
results are obtained for the L- and Z-shaped channels. Second, 7,(t)
measuredin the central portion of the bent channels, that s, close to the
nucleationsite, is nearly equalin all the regimes provided the applied
voltageisthe same (Fig. 3e shows datafor AV=0.5 V). Remarkably, 7,(¢)
isinstead different for the simple straight geometry, which displays a
slower rise and a steeper decay.

Figure 3f shows that polarization reversal is a process fully con-
trolled by electrical interactions: the evolution of 7,(¢) becomes faster
forlarger AV (and hence E,) withits whole kinetics being proportional
to £, in all the regimes, as shown in the collapsed data (Fig. 3g). The
small minimum at 7,(¢,,) is more pronounced for larger E,, a condition
in which we also find a larger turbidity (Supplementary Section 4).
This behaviour reflects the fact that faster switching occurs through
the breaking up of the system into smaller domains, leading to more
scattering of light.

By demonstrating that the polarity inversion depends linearly
on E,, the results in Fig. 3f,g convey the notion that the shape of 7,(¢)
canbeused asanindirectreadout of the localfield £,. Specifically, the
identical growth of 7,(¢) for ¢ < ¢,,in the various portions of the S-shaped
channel (Fig. 3d) indicates that in these regions, the average electric
fieldis the same during this time interval and thus uniform throughout
the channel. Analogous results have been found for the other bent
channels. Moreover, the identical overall shape of 7,(£) in the central
part of the L-, Z- and S-shaped channels reveals that £, is the same in
the central portion of all the bent channels, provided that the width,
AVand £ are the same.

In the latest stage of switching, defect-free N; domains nucleate
in the narrowest sections of the channels, suggesting that those are
the places where E, is the largest, and expand via a moving interface.
We measured the propagation velocity v, of such interfaces for vary-
ing AVvalues in a small region close to the nucleation spot. We find ¢,
to be constant, and thus well defined, at least for the first 100 pum of
displacement, away from the electrodes and channel bends (Supple-
mentary Fig. 6).InFig.3h, we plot v, versus AVfor the various channels.
We find v, to be approximately linearin AVand to be very similar in all
the bent channels. Again, the straight channel is an exception, with a
larger, nearly double, v,.
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Fig.3|Polarizationinversionin microchannels. a, PTOMimage of the
Z-shaped channel in two different orientations for AV=1V.b, Time sequence

of PTOM images of the central part of the Z-shaped channel following field
inversion (¢ = 0). The sequence shows the appearance and coarsening of domains
and the formation of the homogeneous-defected interface, which moves towards
the electrodes with velocity v,. ¢, Time sequence of PTOM images of a curve

inthe Z-shaped channel showing the motion of the homogeneous-defected
interface with velocity v,. d, Time evolution of the depolarized transmittance
7,(t) measured in the central part and in the two side arms of an S-shaped channel
during theinversion of AVfrom 0.5to-0.5 V. Data are obtained as the average

of six repetitions. The shadings illustrate standard deviations. e, Time evolution
ofthe depolarized transmittance 7,(¢) measured in the central portion of the
various types of channel during the inversion of AVfrom 0.5to-0.5 V. Data are
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obtained as the average of six repetitions. Standard deviations, having values
comparable with the onesin d, are omitted for clarity. f, Time evolution of the
depolarized transmittance 7,(¢) measured in the central portion of an S-shaped
channel during voltage inversion for varying AV values between the electrodes,
corresponding to varying E, values, as shown in the legend. Data are obtained as
the average of six repetitions. Standard deviations, having values comparable
withtheonesind, are omitted for clarity. g, Datain f plotted as a function of the
rescaled time t£,. h, Velocity v, of the homogeneous-defected interface versus
nominal electric field £, measured in the central part of the various channels
right after its formation. Data are presented as the average of four repetitions.
The shadingsillustrate the standard deviations, whereas the solid lines represent
linear fits. All the experiments have been performed in the N; phase at T=130 °C.

The linear dependence of v, on AVindicates that the motion of
the interface is electrically driven and follows the local electric field,
confirming that the latter is directed fromelectrode to electrode along
the channels, despite their bends. Such motion also indicates that the
interface carries electric charge. This is coherent with its marking a
discontinuity in the polarization density between the fully polarized
uniform phase and the less polarized defected structure, a concept
that we further explored through the measurements of polarization
current and transmittance in flat cells (Supplementary Fig. 3). The
constant v, for each AV reveals that the interface motion is opposed
by a viscous-type friction force, probably somewhat reflecting the
viscosity arising from director rotation within domains, necessary to
free the volume from defects (Supplementary Section 7).

Continuum modelling of switching and
equilibrium structure

To gain insights into the experimentally observed phenomena, we
performed numerical simulations of the equilibrium structure
and switching dynamics of N fluids confined to the microchannels.

We assume that the ferroelectric polarization P has fixed magni-
tude P,but can vary in direction, that is, P =P(r) = P,p(r), where the
polar director pis a unit vector, assumed to be parallel to the nematic
director n. We further assume that the zdimension of the channels is
large relative to the xandy dimensions, and that all quantities (n, P, E,
p and so on) are independent of z, for example, P(r) = P(x, y). Finally,
we assume that P and E are confined to the x-y plane, thatis, £,=0
and P, = 0. These simplifying assumptions result inacomputationally
tractable quasi-two-dimensional model that qualitatively captures
the essential physics governing the behaviour of N; fluids in micro-
channels. In fact, the polarization of an N; LC confined to a channel
with azdimension much larger than its x and y dimensions will tend
to orient along z in the absence of applied fields, so restricting P
to the x-y plane is an artificial constraint that nevertheless enables
us to explore the phenomena of superscreening and polarization
following in the context of a minimal computational model.

The free-energy density of the ferroelectric nematic phase is
taken to be the sum of the orientational elastic and electrostatic
contributions, namely, f(X, y) = fut(X, V) *+ faecc (X, y). The former is the
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Frank-Oseen orientational elastic free-energy density in the one-
elastic-constant approximation, fu. = >K|V0|2, where K is the
. 2 -
elastic constant for splay and bend deformations and 6(x, y) is the
orientation of p in the x-y plane. The electrostatic free-energy
densityistakentobe fyect = —1P.E whereEisthetotal electric field
arising frombothbound and free charges. There is anadditional contri-
bution to the electrostatic free energy in the presence of free charge
(Supplementary Section 8), but this simple free-energy expression
suffices to model the equilibrium structure and switching dynamics
of Ny materials confined to channels. In our computational scheme,
the bound charge distribution is calculated from p,=-V - P, and a
smoothing procedure isemployed so thatboth surface and volumetric
bound charges can be treated on the same footing (Supplementary

Section 8).

The equilibrium structure is obtained by the functional minimi-
zation of the total free energy, which we accomplish using a relaxa-
tion method: the system is evolved to obtain the equilibrium 6(x, y)
by solving the equations of motion that result from setting the total
torque (the sum of elastic, electrostatic and viscous torques) to zero.

The elastic, electric and viscous torques acting on 6(x, y) are
Torast (X, ) = KV20, Tepeet(X,)) = %(P xE)-z= %PO(Ey cos 0 — E, sin6)
and 7,,.(x, y) = —y060/0t, where y is the rotational viscosity. Starting
from a given initial condition, the equations of motion are evolved to
reach equilibrium (7, + Teieee = 0), and the same equations of motion
are solved to model the switching dynamics on field reversal. These
equations are numerically solved, with 8 defined onadiscrete grid with
grid spacing a, using an explicit Euler time-stepping scheme. The
geometry of the simulated channels (S, L and I) matches that of the real
channelsinthex-yplane.For computational expediency, we perform
simulations with a potential difference between the end of the channels
of +1,000 V, that is, about 10° times larger than that applied in the
experiments, since with this value, the entire switching process is
largely complete within 500 ps. A grid spacing of @ = 1.5 pm was used
in the calculations presented here, but we have verified that varying
grid spacings give similar results (Supplementary Section 8). In the
simulations described below, we have also introduced homogeneous
surface roughness of amplitude § = 0.76 pminto the channel bounda-
ries, to more faithfully model the experimental situation (Supplemen-
tary Section 10 discusses the effects of surface roughness on the
equilibrium structure and switching dynamics). Full details of
the computational methods are also provided (Methods and Supple-
mentary Sections 8-13).

Simulation results

The general features of the equilibrium structure and switching
dynamics of ferroelectric nematics confined to microchannels canbe
understood from the simulated switching dynamics on voltage reversal
fortheS-shaped channel (Fig.4). Figure 4a shows the time evolution of
polarization density, total charge density and electric field on voltage
reversal. Figure 4b,c shows the t dependence of P, and E;, the compo-
nents of P and E parallel to the local channel direction, respectively,
averaged over the centrallinear section of the S-shaped channel, where
the coloured vertical lines indicate the times corresponding to the
snapshots (Fig. 4a) with matching coloured frames. Immediately after
voltage reversal (t = 0), the electric field in the channel is non-uniform
in magnitude and has a substantial component transverse to the
channel. This transverse component of field is rapidly screened out by
aslightreorientation of polarization at the channel surfaces, and by
t=15ps (Fig. 4c, red vertical line), the electric field in the channel fol-
lows the channel contour and is nearly uniformin magnitude (-1V pm™)
(Fig. 4a, red frame). In this time interval, the field outside the channel
switches direction, with a corresponding change in sign of the bound
charge density at the channel surfaces. Figure 4d,e shows that the same
field-reversal time interval during which E changes direction whereas
P remains nearly constant is observed in different regions within the

L-, S- and I-shaped channels, identified by the colour code in the
schematic showninFig. 4de.

At the end of the field-reversal process, the polarization field in
the channel is antiparallel to the electric field and thus in a state of
unstable equilibrium, leading to the reorientation and disordering of
the polarization field at later times. The configuration at time ¢ = 75 ps
(corresponding to P,(¢,) = 0) is shown in the blue-framed snapshots
(Fig.4a), where itappears that the inversion of P, takes place through
adisordered state, indicating that thereductionin free energy occurs
viathe breaking of the polar director field into small domains, enabling
the local minimization of the energy cost of bulk and surface bound
charge accumulation. The orientation of the electric field within the
channelbecomessomewhat disordered during this process, but overall
E,and premainnearly constantin theinterval ¢ =25-125 ps (Fig. 4b-e,
blue shading)—the time interval during which P, nearly completesits
inversion. Thus, most of the P inversion process takes place while £,
is roughly constant and uniform. Very similar behaviour of P, and £,
is found over this time interval for different regions of the various
channels (Fig. 4d,e).

Polarization reversal is not the final event in the voltage-reversal
response.Indeed, acomplex subsequent dynamics takes place, involv-
ing a more subtle reorientation of the polarization field and an asso-
ciated reorganization of the bound charge in bands of positive and
negative signs transverse to the channel, resulting in non-uniformity
in the magnitude of the electric field along the channel, evident
by =250 ps (Fig. 4a, purple frame). In this last stage, E(t) evolves
differently in different regions of the various channels (Fig. 4e,
t>125 ps) and sensitively depends on the details of channel roughness,
asevident from the comparison with simulationsinvolving channelsin
whichthelinear portions of the channels are smooth (Supplementary
Section 10 provides the data and discussion).

Switching in the simulated microchannels, thus, takes place in
three distinct stages: (1) superscreening of the normal component of
the electric field at the boundaries of the channel leading to uniform
following of the channel contour by the electric field, and accompanied
by a reversal of the field direction outside the channel and an associ-
ated change in the sign of bound charge at the surface of the channel;
(2) reversal of the polarization direction viaa disordered intermediate
state, culminating in uniform following of the channel contour by
the polarization field, whereas E within the channel remains approxi-
mately uniform in magnitude and guided; (3) roughness-dependent
reorganization (‘annealing’) of the polarization field and associated
bound charges within the channel.

To clarify the role of channel width variation, we also performed
simulations of S- and I-shaped channels tapered in the central region,
finding that polarization reversal is faster and the local field is
larger where the channel has the minimum width, consistent with
experimental observations (Supplementary Section 11).

Finally, to elucidate the qualitative differences between
high-polarization N materials and high-dielectric-constant materials,
we have modelled linear, isotropic dielectrics with relative permittivity
€, confined to channels under constant-voltage conditions identical
to those applied to confined ferroelectric nematics (Supplementary
Section 13). We find that the behaviour of channel-confined linear
dielectrics with large relative permittivities (¢, > 100) bears a strong
qualitative resemblance to that of channel-confined N; materials, in
thattheelectricfield and polarization (here proportional to the electric
field) follow the contour of the channel, withasmall normal component
of electric field at the internal boundaries of the channel, due to the
large dielectric mismatch with the surrounding medium (assumed
to have ¢, =1). The magnitude of the field in dielectric-filled channels
is highly uniform in the high-¢, limit, and is relatively insensitive to
surface roughness compared with N; LCs (Supplementary Fig. 35).
Asdiscussed inthe Supplementary Information, these features reflect
the absence of bound charge in the volume of dielectric-filled channels,

Nature Physics | Volume 19 | November 2023 | 1658-1666

1663


http://www.nature.com/naturephysics

https://doi.org/10.1038/s41567-023-02150-z

a
&
Oy
a AT >
g e AR}
FULHNNA AN
o
2
3
=]
. o
Q [N
+ 5]
o 2
QU <
- B
o 3
e m— bl
3 ’:‘\)x N %
3
3
«Q
w El
c
Q.
o
=2
3\
t=150 ps

-1.0 T
0 50

T 1
100 150 200 250 o]
t (us)

50 100 150 200 250
t(ps)
Fig. 4 |Simulated time evolution of polarization P, total (bound plus free)
chargedensityp = o, + p, + prand electricfield E, following sign reversal
of the potential on the electrodes (at¢ = 0 = ¢,). The starting condition is
the equilibrium configuration for the opposite sign of potential difference.
Allthe channels are of width 40 pm and contour length £ =1 mm. a, Snapshots
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colour frames). The arrows denoting P and E are of a fixed size, with the field
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only atasubsetof grid points (1in196). b,c, P,(¢) (b) and E,(¢) (c) averaged over
the central section of an S-shaped channel. The vertical coloured lines mark the
times relative to the snapshotsina of amatching colour. d,e, P,(¢) (d) and £ (£)

(e) from different regions of the S-, L- and I-shaped channels, with the colour
codeindicated in the schematic. The colour shading in b-e highlights the time
intervals during which the electric field reverses (red shading) and during which
the polarization reversesand £, = 1V um™ = AV/¢, indicating electric-field guiding
(blue shading).

aconsequence of their linear field response. Owing to their large spon-
taneous polarization, N materials have a highly nonlinear response
to applied fields and support volumetric bound charge distributions
arising from the divergence of the polarization field, giving rise to
complex physical phenomena that are qualitatively distinct from those
of linear dielectrics.

Discussion

Despite the strong simplifications adopted in the model, the simula-
tionresults clearly confirm that the major experimental observations
are a direct consequence of the unique features of the fluid N; state.
The polarization continuously follows the channels from electrode to
electrode evenin bent-shaped geometries, in full agreement with the
experimental observations. The simulations confirm the essential role
of N superscreening, through the prompt accumulation of surface
polarization charges that screen the component of E normal to the
channel boundaries, causing the electric field inside each channel to
become directed along the channel, with a magnitude that—during
switching—is roughly constant and uniformin all the channels. This is
consistent with the experimental observation that the initial stages of
switchingkinetics are similar in different regions of the bent channels.
Simulations also qualitatively confirm that the observed disruption
of nematic ordering through the formation of small domains in the
initial stages of P switching is a consequence of bulk polarization, a
strategy by which the system minimizes the bulk and surface bound
charge duringinversion.

On longer timescales, simulation predicts variations in the
electric-field magnitude that depend on the detailed shape of the chan-
nel. Experiments indicate that in the latest stages of P inversion, the
defect-free volume nucleatesin the narrowest sections of the channels
where simulation suggests the field is the largest, a finding reminiscent
of the magnetic-field behaviour in electromagnets, where the field
magnitudeinthe air gap canbeincreased with a conical ferromagnetic
core. The expansion velocity of such domains (v)) is equal in the bent
channels, indicating that the magnitude of the electric field is equal
in the central part of the S-, Z- and L-shaped channels. To assess the
quantitative coherence of these observations, amuch more detailed
level of modelling is required.

Experiments show that straight channels behave abit differently
than bent ones, with a slower onset of P disordering and a larger v,.
Thisisnotinsimple agreement with simulations, which predict similar
dynamics for all the channel geometries with rough boundaries. Even
insimulation, however, the straight channel has asingular behaviour:
straight channels with smooth walls show a much slower P inversion,
and tapering and/or introducing wall roughness has a much more
dramatic effect thaninbent channels (Supplementary Section 11). We
understand the slow response of the smooth straight channeltobe a
consequence of its symmetry, with no points of bound charge accu-
mulation available to ‘nucleate’ polarization reversal, as in the bends
of the other channels. The elimination of the normal component of E
in the straight channel requires the buildup of anon-zero v - P, whereas
bending, tapering and wall noise provide immediate accumulation
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points for polarization charges, speeding up the charge distribution
process. We, thus, speculate that the quantitative features of switching
inthe straight channel sensitively depend onits construction details.

Conclusions

Theelectric-field response of ferroelectric nematics confined to bent
microchannels, in which polarization and electric field follow the chan-
nelsalongtheir paths, brings to light the capacity of these materials to
promptly cancel any electric-field component normal to the dielectric
surfaces. This unique and defining property of N, materials, which we
call fluid superscreening, is achieved through minor local changes in
the orientation of P and is the leading and fastest component of the
multiscale dynamic response of N; to electric fields, determining all
the subsequent time evolution.

Superscreening mandates that the electric field within the
channel “follows’ the contour of the channel, which further implies
that the ferroelectric polarization field is guided by the channel
under equilibrium conditions because the electrostatic energy is mini-
mized when the polarization field is locally parallel to the electric
field everywhere. Thisbehaviour strictly depends on the electrostatic
energy being the dominant free-energy contribution (under our
conditions about 10* times larger than the elastic energy (Supple-
mentary Section 12))—a feature that makes ferroelectric nematics
strikingly different from conventional non-polar nematics.

The S-shaped channel, in which there are three parallel linear
sections, is particularly revealing: in principle, the polarization field
could point in the same direction (say, to the right) in all the three
sections, with polarization reversal walls in the two curved portions
of the channel. However, such polarization reversal walls are highly
charged and thus inherently unstable, with their bound surface charge
density of almost +2P, giving rise to fields on the order of 10’ V mm™.
Shouldsuchreversal walls transiently form, the large electric field they
generate would immediately reorient the polarization in the central
portion of the S-shaped channel to produce uniform ‘polarization
following’ along the channel contour, as observed.

Superscreening operates at the N.—dielectric interface, but not
when the N material is in direct, high-capacitance contact with the
electrodes, such as those at the ends of the channels in the experi-
ments described here, where bound polarization charges are effec-
tively compensated by free charges—a condition enabling the strong
electro-optical response observed following potential reversal.

The last step in the switching involves the annealing of defects
in the bulk and polarity inversion at the surfaces. This occurs
through a nucleation process that starts where the field is the largest
and propagates through the entire channel via an electrophoretic-type
motion of the interface between uniform and disordered regions. We
find the whole behaviour to be electrically driven and thus specific
to this fluid ferroelectric phase in which electrostatic interactions
dominate.

Our findings raise the possibility of exploiting the propagation of
order within channels to design microconfinement geometries that
provide a simple means to control the optical axis in multiple posi-
tions in electro-optic devices. More broadly, this study establishes a
conceptual framework for understanding the behaviour of N materi-
alsin a variety of settings in which geometrical confinement effects
are relevant, for example, in composite structures, in porous and/
or disordered media with quenched or annealed disorder and in the
presence of topographically patterned substrates.

Online content

Any methods, additional references, Nature Portfolio reporting sum-
maries, source data, extended data, supplementary information,
acknowledgements, peer review information; details of author contri-
butions and competinginterests; and statements of dataand code avail-
ability are available at https://doi.org/10.1038/s41567-023-02150-z.
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Methods

Materials

RM734 (4-[(4-nitrophenoxy)carbonyl]phenyl 2,4-dimethoxybenzoate)
hasbeensynthesized asreported elsewhere®; all the other reagents and
materials were obtained from different commercial sources.

Channel fabrication

Microchannels have been fabricated by femtosecond laser irradiation
followed by chemical etching'”*® in 1-mm-thick fused silica substrates.
Supplementary Section1provides details of the whole process. Follow-
ing laser irradiation, we have exposed the substrate to two different
etchant solutions: first, an aqueous solution of hydrofluoric acid to
etch the access holes, and then a solution of potassium hydroxide to
etch the channels. We have used this dual process to benefit from the
advantages of both etchants. Indeed, hydrofluoric acid guarantees a
high etching rate for large volume removal, that is, for the creation of
electrode access holes, whereas potassium hydroxide is slow but pro-
vides high etchingselectivity for controlled and uniform microchannel
cross section over the entire length?*. Tosmooth the microchannel sur-
faces, we annealed the samples in a temperature-controlled furnace®.
Channel surfaces have then been treated using a modified version of
the procedure reported in another work®.

Transmittance measurements

Transmitted light intensities through crossed polarizers (/y, Ip,) and
without an analyser (/, /,;) are measured by recording 400 fps videos
with a complementary metal-oxide-semiconductor microscope
camera. The analyses are performed ona30 x 30 pm?region, aligned
along the polarizers (and thus dark in stationary conditions) and
centred on the interface nucleation point for measurements in the
central branches and at halfway in the lateral branches. The intensity
ofthefirstframe hasbeen subtracted as abackground. Transmittance
through crossed polarizers 7,(¢) is calculated as the ratio between /,(¢)
and the intensity measured in stationary condition at 45° with the
polarizer. Transmittance without the analyser 7(¢) is calculated as the
ratio between /s(¢) and the intensity measured under the stationary
condition at the instant ¢, (/5,). All the measurements are obtained as
an average of at least three negative-to-positive voltage switches and
three positive-to-negative voltage switches.

Measurements of v,

To performv, measurements, 500 fps videos arerecorded witha com-
plementary metal-oxide-semiconductor microscope camera and
analysed with an edge-tracking MATLAB R2021a script (Supplemen-
tary Section 6 provides more details). Measurements are referred
to asingle interface and recorded in the first instants after its forma-
tion. All the measurements are obtained as an average of at least two
negative-to-positive voltage switches and two positive-to-negative
voltage switches. Error shading represents the standard deviation.

Simulations

The dynamical evolution and equilibrium structure observed in our
simulations depend on the initial conditions and other details of the
simulations, and we have carried out a variety of numerical experiments
toassess these dependencies. For the results presented here, we adopt
the following simulation protocol, designed to minimize the depend-
ence on initial conditions: (1) initialize the system with a completely
random polar director field (the polar angle 8 at each grid point is
assigned a random value in the range -1, m); (2) evolve the system
forwardintime for 510 ps and maintain a constant potential difference

of -1,000 V between the two ends of the channel; (3) change the sign
ofthevoltage between the ends of the channel to +1,000 Vand evolve
the system forward in time for 500 ps. Here we present results from
stage (3) of these simulations, under the assumption that this models
the experimental switching dynamics at a qualitative level, and that
the final configuration is a reasonable model of the equilibrium state
ofthe system for afixed applied voltage. Inour model, the free charge
onthe electrodes is represented by a uniform charge density located
at and spanning the channel ends, with equal and opposite magni-
tude at the two ends of the channel. A constant electrostatic potential
difference AVbetween the two ends of the channel is maintained by
appropriately scaling the free-charge density at each timestep. Sup-
plementary Sections 8-13 provide full details of the theoretical model
and computational methods.

Data availability

Source data are provided with this paper.

Code availability
The custom code used to generate the results reported in this manu-
scriptis available from M.A.G. upon request.
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