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We report waveform-induced rotation-time symmetry breaking in liquid crystal director motion.
Homeotropic cells filled with a negative dielectric anisotropy chiral nematic exhibit persistent and visually
observable waves of director orientation with a time period of at least 30 driving field cycles. Their
existence in the space of driving waveform parameters is explored. The possibility of utilizing this system,
which exhibits both spatial and temporal long-range order, as a modeling tool for experimental studies on

discrete time crystals is discussed.
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Liquid crystals (LCs) are widely used in displays and
other applications owing to their orientational order and
fluidity. In the nematic (N) LC phase, rodlike molecules
are, on average, parallel to a pseudovector n defined as the
director. Spatial variation of the director induced by a
confining geometry, chirality, and external fields [1-7] can
cause LC materials to form various observable patterns.
These patterns often indicate spontaneous symmetry break-
ing [8-10].

Standing waves with self-adaptation to driving frequen-
cies have recently been discovered in homeotropic sand-
wich cells filled with negative dielectric anisotropy chiral
nematics [11,12]. Exotic matter states involving topological
transitions have also been reported in the system [13].

In this Letter, we demonstrate traveling waves that can be
induced in a frustrated chiral nematic system by breaking
the rotation-time symmetry of a LC director. The waves
appear on the application of pulse-train waveforms
[Fig. 1(a)] to the above type of cells. Time-dependent
patterns are caused by changes in the azimuthal angle ¢ of
the nematic director with each cycle of the applied voltage
[Fig. 1(b)], as verified by the 2000 frames/s conoscopic
observations [Fig. 1(c) and Supplemental Material [14],
video “FastConoscopy’].

When the sample is placed between crossed polarizers
with a backlight, the waves are observable to the naked eye
as constantly moving dark and bright brushes [Figs. 1(d)
and 1(e) and the Supplemental Material [14] videos]. After
a short stabilization period, the wave pattern movement
continues indefinitely.

The LC material used in this study (commercial nematic
mixture MLC-7026-000, Merck Co., Korea) exhibits neg-
ative dielectric anisotropy (Ae = —3.9), which leads to the
Fréedericksz transition [15] under moderate voltages. The
given concentration (0.2 wt.%) of the chiral dopant (R811,
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Merck Co., Korea, helical twisting power 11 gm™') cor-
responds to a helical pitch of approximately 45 um, which
is greater than 10 times the cell gap (3.5 pm). Thus, the LC
had a uniform surface-stabilized homeotropic alignment
[16] (i.e., a frustrated chiral system), confirmed by a perfect
dark state between the crossed polarizers. A wedge cell
experiment (Supplemental Material [14], video “Wedge”)
shows significant slowdown (suppression) of the pheno-
menon for thicknesses greater than 5-10 ym. The chiral
dopant concentration is proven to be a critical parameter as
no traveling waves can be found in pure achiral LCs or in
mixtures with chiral dopant concentrations above 0.5 wt.%.
A continuous change in the tilt direction is observed when
1.5 < (topr/70rr) < 3.0. Here 7opr = 8.2 ms denotes the
sample switching time, and the waveform parameters
[defined in Fig. 1(a)] are Agy =7 V, ton =4 ms, and
wsq = 0% A longer fopp or faster 7oz would result in
complete recovery of the homeotropic alignment during
torr, and the previous tilt direction would be “forgotten.”
A lower (topr/Torr) Would result in a stable planar state.
The rotation of the director occurs in small droplets of
the mixture surrounded by the positive Ae LC material
4-cyano-4’-pentylbiphenyl (see Supplemental Material
[14], video “SmallDrops”), implying that the sample area
exerts no influence. This is intrinsically different from the
self-adjustment to sample geometry of standing waves in
the same mixture [11]. The traveling waves generate no
physical flow; otherwise, the two fluids would mix rapidly.
However, we cannot exclude the significance of local
backflow generated during the Fréedericksz transition.
Bunches of threadlike defects and schlieren textures
can be found near the electrode edges and nodal points
of the wave pattern. The director rotation is also visible in
the schlieren texture areas (Supplemental Material [14],
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FIG. 1. (a) Definition of the waveform (thick blue line) parameters: signal period = fon + fopr; phase yq of the square wave (dashed
magenta line, y, = 30°) is set at the beginning of each #,y time interval. When the square wave frequency foy is an integral multiple of
1/ton, the average dc is zero. (b) Coordinates describing LC director () motion (...—0-1-2-3-4—...): the z axis is normal to the
substrates; ¢, projection of n on sample plane xy; 6, polar angle; and ¢, azimuthal angle. The sphere is an eye guide. During tgy, the
electric field is applied along the z axis; because Ae < 0, n starts tilting away from the vertical position, following red paths (0-1, 2-3,
etc.). During 7opg, the elastic forces return the director to a nearly (limited by finite 7qpp) vertical alignment state following different
paths (blue, 1-2, 3—4, etc.). (c) Conoscopic observation: the difference between ON (curved magenta arrow) and OFF (straight teal
arrow) motion paths of the melatope is visible. A minimum tilt of ~1° always remains (dotted circle). (d) Traveling wave pattern in a LC
cell between crossed polarizers. Orange arrow depicts the wave propagation direction. The white and black lines designate ¢ parallel
and/or perpendicular or at £45° to the polarizer. The red square represents the light-emitting diode (LED) projection on the sample
[Fig. 2(a)]. (e) Temporal evolution of the pattern (Supplemental Material [14], “WavesVideo™). Every third cycle of input waveform is
shown. Aoy = 6.0 V, yyq = 0°, ton = 10 ms, fopr = 23.3 ms, fon = 100 Hz. The red arrows and conoscopic images in the insets
depict azimuthal angle evolution at a single point.

video “Defects” and image “wdef”), indicating that the  intensity dependent on the azimuthal angle ¢ of the tilt.

phenomenon under consideration is independent of the
defects. However, research on the combined behavior of
traveling waves and defect patterns could be an intriguing
future challenge.

The light transmittance between the crossed polarizers at
a single spot was recorded as a function of time [Fig. 2(a)]
to investigate the behavior of the director orientation as a
function of the applied waveform parameters. A fragment
of this dataset is shown in Fig. 2(b). Each cycle of the input
waveform generates a peak in the transmittance: the peak

When the polarizer and analyzer are aligned with the x and
y axes, respectively [Fig. 1(b)], the tilting directions near
@ = 45°, 135°, 225°, and 315° produce maximum inten-
sities, allowing us to determine the period 1/f34, of the
full-cycle evolution of the azimuthal angle [Fig. 2(b)].
The fast Fourier transform (FFT) of the optical trans-
mittance data is shown in Fig. 2(c). The high-frequency
range of the response is occupied by components of the
Fréedericksz transition switching under the applied wave-
form. These peaks are split due to the transmittance
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(a) Schematic diagram of the setup for time periodicity studies of patterns. (b) Fragment of a typical signal. The red arrows

indicate the change in the tilt direction with wave propagation. (c) FFT spectrum of the transmittance for Aoy = 5.2 V, yq = 0°,
ton = 10 ms, topr = 20 ms, fon = 100 Hz. Inset: magnified peak at 4 x f34.

modulation by the periodic change in the azimuthal angle
@. The change in the azimuthal angle generates peaks
below the lowest frequency [1/(ton + fopr)] existing in the
driving signal. Owing to the fourfold symmetry of crossed
polarizers, the strongest peak corresponds to a 90° change
in the azimuthal angle ¢, i.e., a quarter of the complete
cycle. As the maximum director tilt 6,,,, is dependent on ¢,
subharmonics 2 X f360 and fg are also present. Low noise
values in the low-frequency range and narrow peaks
corresponding to the azimuthal change of the director
[Fig. 2(c), inset] indicate the temporal stability of the
LC director rotation over a longer period than the meas-
urement duration (250 s).

To determine the range of the input waveform parameters
leading to the generation of traveling waves, we mapped
f3eo as a function of fgpp, fon, and Agy using the
aforementioned experimental setup. A well-defined triangle
can be observed on the topr/Aon plane (Fig. 3), where the
traveling wave can be detected. This area is limited by the
insufficient average electric field for the Fréedericksz
transition on the left and bottom sides and by the “standing
wave” patterns [11] on the top right side (Supplemental
Material [14], video “VoltDep”). The maximum value of
f3eo 1s obtained just above the Fréedericksz transition
threshold voltage, where the ¢ director makes a complete
turn in less than 1 s. Therefore, a major change in the

azimuthal angle occurs near the vertical alignment. A
discernible change in the azimuthal angle per waveform
cycle of up to Ag =~ 12° can be observed [Fig. 3(b)]. The
dependence of A@ on fopr demonstrate the appearance,
gradual increase in speed, and abrupt vanishing of the
traveling wave phenomenon with 7qpg.

In comparison, 7qy appears to exert less influence on the
azimuthal rotation of the director once the electric field and
ton become sufficient for LC switching (Supplemental
Material [14], Fig. S2).

The dependence of the wave frequency on the square
wave g, [defined in Fig. 1(a)] demonstrates a remarkably
linear decline of f34, over most of the range and a rapid
decrease to zero (i.e., no traveling waves) just before 180°
and 360° (Fig. 4). The maximum wave frequency can be
found when the y ¢, was either 0° or 180° and fon = 1/10n:.
For higher values of fqy, the waves move slower, and their
existence ranges are narrower. Interestingly, changing the
wg of the input waveform by 180° instantly reverses
the propagation direction of the waves (Fig. 4, insets,
Supplemental Material [14], video “Reverse”), indicating
the polar nature of the phenomenon, which is likely linked
to the presence of flexoelectric polarization.

Meanwhile, the high-speed conoscopic imaging
(Supplemental Material [14], video “FastConoscopy”)
shows an increase in the apparent polar angle for a few
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FIG. 3. (a) Dependence of the rotation frequency fig

of the ¢ director on the amplitude of the applied voltage Aoy
and OFF time fope. Experimental parameters are gy = 4 ms,
fon = 250 Hz, yy = 0°, settling time = 100 s/point, acquisition
time = 250 s/point. (b) Cross-sectional profiles corresponding to
three values of Agy [dash-dotted lines of corresponding colors on
(a)], near the maximum of f34,. The frequency is converted into a
variation in the azimuthal angle A¢ per cycle of applied waveform.

milliseconds after the voltage is set to zero. This indicates
that mobile ions have an important role. Moreover, the
effects of flexoelectricity and ions may be practically
indistinguishable [17]. Under certain conditions, ions in
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FIG. 4. Dependence of the rotation frequency f3¢, the c
director on the v, parameter of applied pulse train and square
wave frequency fon. fon = 8 ms, fopr = 22 ms, Agy = 6.2V,
settling time = 200 s/point, acquisition time = 250 s/point. A
linear decline in the frequency for most of the y, range [green
line (a)] and regions with no movement (b) was observed.
Crossing yq = 180° results in change of the movement direction
(orange arrows on the insets).

ac fields can cause convection via an electrokinetic effect
[18]. However, we did not observe any regular motion of
particles floating in the LC sample.

The response of the wave frequency to the change in the
Wgq of the square wave indicates that rapid change in the
azimuthal angle occurs immediately after the application of
the electric field, i.e., when the polar angle @ is relatively
small and the alignment is nearly homeotropic. This
observation is in accordance with our findings obtained
from the conoscopic observations and voltage-dependence
experiments [Figs. 1(c) and 3]. Further analysis of the
azimuthal angle as a function of y, can be performed using
Duhamel’s principle [19]. However, the highly nonlinear
nature of LC switching requires further work based on
nonlinear dynamical models, such as the Volterra series
[20,21].

The wave behavior can be determined based on the
delicate interplay of the three time constants: 7opp and 7oy
of the Fréedericksz transition and i, o (yp?)/K of the
electric field-helical structure flexoelectric interaction
[22,23], where y denotes the viscosity, p denotes the
helical pitch, and K denotes the elastic constant. In
the completely switched ON and OFF states, the helix in
the chiral nematic was suppressed. However, during the
switching process, when the contributions of the surface,
electric field, and viscosity are balanced, the elastic forces
can partially recreate the helix for a short time. In this case,
the helical axis is at an oblique angle to the sample plane;
the flexoelectricity deviates the axis, resulting in a change
in the average azimuthal angle ¢ [22]. The positive and
negative half waves of the electric field cause an opposite
change in ¢. Because the Fréedericksz transition is in
progress, the positive and negative half waves fall on
different values of the polar angle 0. Furthermore, the
polar angle switches back without a significant change in ¢
during the off time. Therefore, the net deviation over the
waveform cycle is not zero, and the azimuthal rotation
symmetry is broken.

In contrast to other widely used periodic signals (sine,
square, etc.), the temporal symmetry of the pulse-train
waveform is broken for most of the wy, values
(psq # £90°); that is, U(t — 1)) # U[—(t — t,)] regardless
of the arbitrary shift 7,. A combination of this symmetry
breaking with the broken chiral symmetry of our system
leads to the observed director rotation. Moreover, the
elastic interaction within the material stabilized the change
in the azimuthal angle across the sample plane, resulting in
a wavelike appearance of the LC director pattern
[Fig. 1(d)]. This can be classified as space-time symmetry
breaking and resembles the behavior of time crystals [24].
Although the ideal time crystals are forbidden by the
thermodynamic laws [25], if periodic external driving is
allowed, discrete time crystals possessing (i) longer peri-
ods of oscillations than the driving force, (ii) no entropy
generation, and (iii) long-range order are possible [26] and
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have been reported [27-29]. For comparison, in our case,
(i) 1/f360 ~ 1.4 s is over 40 times (ton + fopp) = 0.03 s
[Fig. 2(¢)], (ii) no energy variance exists between the
different azimuthal positions of the LC director, and
(iii) the oscillations remain coherent over at least the
sample size (20 mm) and duration of the experiment
(hundreds of director rotation cycles). The wavelength is
significantly longer than the other characteristic dimen-
sions of the system (helical pitch and sample thickness).
Therefore, this relatively simple approach could serve
as a promising experimental platform for exploring time
crystals’ properties [27,28].

In electrodynamics or acoustics, a standing wave repre-
sents a special case of a traveling wave corresponding to an
exact match between the wavelength and boundary con-
ditions. By contrast, the standing wave reported by Migara
and Song [11] is not a special case of the traveling waves
considered here: these represent two separate phase states,
each existing within its own range of input parameters
(Supplemental Material [14], video “VoltDep”) and corre-
sponding to the topological crystalline [13] and “time
crystal” states, respectively.

In summary, we report the observation of traveling
waves resulting from director reorientation in liquid crys-
talline samples, which is associated with rotation-time
symmetry breaking in response to pulse-train waveforms.
Furthermore, we propose to investigate other known
dynamic LC systems [1,30-34] for temporal symmetry
breaking and the presence of other exotic states of matter
[13,35]. A possibility of controlling the traveling waves by
changing the applied signal parameters is demonstrated.
Notably, both polar and azimuthal angles of the LC director
can be controlled via an application of the field along just a
single axis. This is important for potential applications,
possibly leading to new approaches in LC director manipu-
lation, colloidal assembly [11], and singular optics [12,36].
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