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Abstract:

The negative capacitance (NC) of ferroelectric materials can be used in conventional electronics

This articleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

to reduce the power dissipation. Recently, NC was shown (Phys. Rev. Appl., 24, 014029 (2025))

to exist in a fluid ferroelectric nematic (Nf) liquid crystal material as well.

Open Access Article. Published on 06 May 2026. Downloaded on 5/7/2026 8:04:30 PM.

Studies presented in this paper strongly indicate that NC exists in all ferroelectric nematic liquid

(cc)

crystal materials provided that the polarization switching time is larger than of the rise time of the
applied square-wave voltage. Additionally, NC was studied in a recently discovered fluid twist-
bend ferroelectric nematic liquid crystal (Ntgr) material while switching their ferroelectric
polarization. In contrast to the 2 NC ranges found in conventional ferroelectric crystals and
ferroelectric nematic liquid crystals, in the Ntgr phase the polarization switching happens in two
steps leading to four negative capacitance ranges in the P-V hysteresis curves. Our measurements
and analyses also provide estimates of the rotational viscosities and the physical mechanisms of

the polarization switching steps in the Ntgr phase.

Keywords: Negative capacitance; Ferroelectric nematic liquid crystals, Twist-bend ferroelectric

nematic liquid crystals;, Power saving
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I. Introduction

The capacitance (C) of a capacitor is given by C = Z—gwhere Q is the charge stored on the

2
electrodes and V is the voltage between them. The energy stored in a capacitor is W = S—C = % Qv,
which is positive for positive capacitance . In a ferroelectric material with a spontaneous

polarization P < » the electric displacement D that measures the free surface charge density on

R = B c? . e :
plates is D = g,&.E, + P_. Here &, = 8.85 - 10_12Nm2 is the permittivity of vacuum, &, is the
. . . e . = = P, . . .
relative dielectric permittivity of the material and E, = E - s the electric field in the

. . . . D oP .
ferroelectric material. This provides that ;?D = £, +a_ES = €,& + €,EF, Where &p is the
F F
. e . . .. . .. OP .
ferroelectric permittivity. While &, is always positive, & can be negative if GE'S < 0. This was
F

discussed by Landau and Khalatnikov already at the early days of ferroelectricity?. According to

the Landau-Ginzburg theory, the polarization dependence of the free energy density of a

ferroelectric material in an electric field Ep = |E' F| can be written as f = aP? +bPf — EpP¢ 45,
where a < 0 and b > 0 are the Landau coefficients assuming second order paraelectric —
ferroelectric phase transition. This corresponds to a double-well function with stable polarization
values at the minima and an unstable P; = 0, as depicted in Figure 1(a). Minimizing f with respect
to P, we get for the electric field Er inside the ferroelectric materials that Ex = 2aPs +4bP3. The
plot of Py against Er has an “S” shape (Figure 1(b)). In this curve the orange shaded
thermodynamically unstable range represents € < 0 where the polarization changes opposite to
the electric field, therefore the capacitance becomes negative. © In this range, E decreases while
the average Pj is increasing (switching from negative to positive direction), i.e., while the capacitor
is charging®’.

In addition to solid ferroelectric®!? and antiferroelectric!’-'> materials, transient negative
capacitance (NC) has also been reported recently in several 3D fluid ferroelectric nematic liquid
crystals (Nz)'3. N liquid crystals consist of highly polar molecules with dipole moments greater
than 9 D. When cooled from paraelectric nematic phase (N) characterized by an averaged
molecular direction (1 = — n) (see Figure 2(a)) to the ferroelectric nematic phase, these dipoles

align along a particular direction breaking the inversion symmetry of the director (n # — n) and
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show spontaneous polarizations in the order of Py~5— 8 uC/cm?'*17 (see Figure 2(b)). In
contrast to solid ferroelectrics where the polarization is switching via boundary motion, in fluid
ferroelectric LC the polarization can rotate with respect to an axis normal to the electric field.!1°
When a square wave electric field is applied through a series resistance R (Figure 1(c)), the
polarization flips following the direction of the applied voltage as illustrated in Figure 1(d)!3-20-24,
To observe NC, i.e., a negative slope of the voltage dropping on the ferroelectric fluid, Pg should
rotate after the applied voltage has fully switched. The viscosity of Ny material and therefore the

switching time highly depends on the temperature?>-2°,

(a) f (b) Fs

NC NC dps

© R (d) !

"ol

20 L Ve(®

V(1)

v

Gold

Figure 1: lllustration of the principle and experimental realization of ferroelectric materials with
transient negative capacitance. (a): Schematic free energy density [ as a function of the
ferroelectric polarization Pg of a ferroelectric material with second order paraelectric-
ferroelectric phase transition. (b): Ferroelectric polarization Py as a function of the electric field
in a ferroelectric material with f (Pg) corresponding to (a). Orange shaded areas indicate unstable
state. (c): Schematic representation of a measuring circuit consisting of an external voltage source
Vs, a resistance R connected in series with a ferroelectric capacitor. (d): Illustration of flipping
of the polarization upon applying sqare wave voltage Vs(t) of the ferroelectric liquid crystal
sandwiched between gold electrodes.
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Previous experiments carried out in the geometry shown in Figure 1(d) on several Ng materials,
found evidence for transient NC only in a room temperature Ny mixture with a relatively high
rotational viscosity (y = 20 Pa - s) and failed to demonstrate it on the two high temperature
prototypical N substances RM734 %7 and DIO'® with much smaller rotational viscosity values.

In this paper, we present redesigned studies on the low viscosity prototypical N materials and
on a material having both Ny phase and a ferroelectric twist bend nematic Nygp phase 28731, The
formation of the N7gr phase is due to the competition between bend elasticity, molecular shape
anisotropy, and polar interactions, resulting in a chiral symmetry breaking?®32. The vector of local
spontaneous polarization follows an oblique helicoidal trajectory around a polar twist bend axis
making a conical tilt angle 6 (see Figure 2(c)) which is similar to the previously reported dielectric
twist bend nematic phase (Ntg)3334. Note that while the local polarization rotates around the helical
axis, its component perpendicular to the helical axis is averaged out over one pitch, resulting in a
decreased bulk polarization parallel to the helical axis. The pitch of the N7y phase is in the range
from a few hundred nano meters 283 to a few micrometers3®. When an electric field is applied in
Nrgr, the polarizations rotate towards the electric field, the cone angle decreases to allow the

polarization to completely align along the field.?337

N Npg Nypr

L3

‘
- S
- — — — I||
=)
\
-— \
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] =

R ———

(a) (b) (©)

Figure 2: Schematic illustration of nematic (N), ferroelectric nematic (Ng) and twist bend
ferroelectric nematic (Nrgp) liquid crystal phases. Red (blue) parts indicate positively (negatively)
charged areas forming molecular dipoles. (a): N phase where equal number of dipoles are
pointing up and, (b): Nr phase, where most molecular dipoles point in the same direction leading
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to a spontaneous polarization P along the director 1, (c): Nrgr phase where the director rotates
around the helicoidal axis making an angle (8)with the local polarization direction.

We will find strong evidence that NC is inherent property of Np materials, and it can be
detected in all Nk (and any ferroelectric) materials provided that the rise time of the applied voltage
Vs 1is smaller than the switching time of the polarization. We will also show that NC can be
detected even in the Nrgr phase, but instead of a single negative peak in the Vg, there are double
negative peaks. We will argue that this is due to the two-step polarization process related to the

inversion of the heliconical axis and the field-induced decrease of the cone angle.

II. Materials and Methods

Three compounds showing ferroelectric nematic phase have been studied. The two
prototypical compounds, 4-[(4-nitrophenoxy)carbonyl)] phenyl 2,4-dimethoxybenzoate
(RM734)?7, and 2,3',4',5'-tetrafluoro[1,1'-biphenyl]-4-yl 2,6-difluoro-4-(5-propyl-1,3-dioxan-2-
yl) benzoate (DIO)*® with molecular structures and phase transition temperatures shown in Figure
3(a) and Figure 3(b). The substance is 4'-(difluoro(3,4,5-trifluorophenoxy)methyl)-2,3',5'-
trifluoro-[1,1'-biphenyl]-4-yl 2,6-difluoro-4-(5-propyl-1,3-dioxan-2-yl)benzoate (JK 103) with

chemical structure and phase transition temperatures shown in Figure 3(c). In addition to the Ng

This articleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

phase, JK103 also has a twist-bend ferroelectric Ntgr phase. 2

Open Access Article. Published on 06 May 2026. Downloaded on 5/7/2026 8:04:30 PM.

All three materials are filled inside 20 um cells by capillary action between gold patterned

electrodes with 0.4 mm X 0.4 mm areas, as shown in Figure 3(d, e). 100 Hz square wave voltages

(cc)

Vs generated using an Agilent 33120A function generator were applied between the gold
electrodes. The time dependence of Vg is monitored on Channel 1 of a Keysight 3024A
oscilloscope. The liquid crystal (LC) cell is connected in series with a resistor R, and the voltage
drop across the LC cell, V, is measured on Channel 2 of the same oscilloscope. The role of the
series resistor R is to adjust the charging of the capacitor by switching the ferroelectric polarization
with time 7 = RC of the liquid crystal cell (see Figure 5c). To observe negative capacitance, it is
important to have larger polarization switching time than the rise time of the voltage, which
necessitates the use of square wave voltage. Identical cables are used for both channels, and the

cable lengths are kept as short as possible to minimize parasitic effects.
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Figure 3: Materials and methods (a-c): Chemical structures and phase transition temperatures of
the studied materials RM734, DIO and JK 103, respectively,; (d): Patterns of gold electrode on
glass substrates overlapping on 0.4 mm X 0.4 mm area; (e): Schematic cross section of the cell

where the ferroelectric materials are sandwiched between gold electrodes covering the glass
substrates.

III. Experimental Results

Time dependences of the rectangular source voltage (Vs) and the ferroelectric voltage (Vg),
measured using a circuit shown in Figure 1(c) are seen for RM734 and DIO for various resistances
in Figure 4(a) and Figure 5(a), respectively. After quickly switching Vg between + 2.5V and
+ 1.5 V, Vg first changes sign, then reverses within 0.2 ms and = 50 ps, then bounces back and
saturates in about 2 ms and 0.5 ms for RM734 and DIO, respectively. Such a behavior is typical
for ferroelectric®10 and antiferroelectric' -2 crystals and was also found for a room temperature N
B LC. Since the rotational viscosity of nematic LCs increase upon cooling, for both RM734 and
DIO, the switching times increase with decreasing temperatures (see Figure 4(b) and Figure 5(b)).
The switching times determined by the peak positions in Vg are plotted in Figure 4(c) and Figure
5(c) with respect to the resistance R connected in series with the LC cells for RM734 and DIO,
respectively. For both materials the switching time is a linear function of R and the fitted lines

intercept the x-axis at R; * —8k{) and at R; = — 12 k) for RM734 and DIO, respectively.
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These values are close to that obtained on a room temperature N mixture '3 and the absolute values
of R; correspond to the resistance of the liquid crystal film (|R;| = R;¢). In the entire N range of
RM734 and DIO the ohmic leakage current I, is less than 5% of the ferroelectric polarization
current as can be seen in Figure 4a and Figure 5a. Taking this into account, the ferroelectric

J WVs(@®-Vp(D) dt _ JIcdt
RA A

polarization was calculated as P(t) = — [ Iodt. The polarization as a

function of voltage V¢ are plotted in Figure 4(d) and Figure 5(d) for RM734 and DIO, respectively.

Negative slopes indicated by magenta ellipses correspond to ranges with negative capacitance

(NC). The saturated value of polarization for RM734 at 120 °C is Pg = 0.055% and for DIO

: C . o
at 50 °C is P = 0.04— in agreement with literature values.***

2

This articleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

Open Access Article. Published on 06 May 2026. Downloaded on 5/7/2026 8:04:30 PM.

@) : 1.5 (l?')‘-'———-‘""“j:,‘_‘; ““ clasbaic
= ——20k2 | ! - —]
; o4 —15k2 | : /
— 10k 13+
§ — 5k2 | S [\
¥ s — 1ke ] 1) \ 100°C
5 | -—wm | B | 110°c
= 2.l é , S (\\ / 120°C
f ] | / s W
S S os| || / wm
Time (ms) ";\_ ~ : \ \/
1 |
2 \ I p g
4 0 1 2 3 4 5 6 71 8 0.1 01 03 05 07 09 1.1 13 15
Time (ms) Time (ms)
1.0 0.08
(© (d)
0.06
Flai 0.04
E
St
o > 0.02
- E 0.6 NE
"E‘ Bo ~ 0
£ 04 S
:§ G a. -0.02
2 - -0.04
vy L.
Slope =~ 32 ns/N 0.06
O -0.08
10 -5 0 5 10 15 20 2 -1 0 1 2
R (kQ) Ve(V)

Figure 4: Summary of the measurement results obtained on a 20um RM734 cell. (a): Time
dependences of the rectangular source voltage (V) and the voltage dropping on the ferroelectric
nematic liquid crystal film (Vi) for various resistance at 100 °C; (b): Time dependence of Vs and
Vi for resistance R = 10 k) at selected temperatures; (c): Switching time with respect to R
indicating linear behavior with slope = 32% and intercept of the zero switching time at R;

~ — 8k, (d): Polarization as a function of voltage Vi dropping on the ferroelectric LC film at
120 °C. Negative slopes indicated by magenta shapes correspond to ranges with negative
capacitance (NC).
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Figure 5: Summary of the experimental results obtained on a 20um DIO cell. (a): Time
dependences of the rectangular source voltage (V) and the voltage dropping on the ferroelectric
nematic liquid crystal film (Vi) for various resistance at 60 °C; (b): Time dependence of Vs and
Vi for resistance R =7 k) at selected temperatures; (c): Switching time with respect to R

indicating linear behavior with slope = 32% and intercept of the zero switching time at R;

~ — 12 k£, (d): Polarization as a function of voltage Vi dropping on the ferroelectric LC film
at 50 °C. Negative slopes indicated by magenta shapes correspond to ranges with negative
capacitance (NC).

Summary of the results obtained on 20 um JK103 films in the Nr and Nrtgr phases are shown
in Figure 6. Figure 6(a) and Figure 6(b) show the time dependences of Vg at various resistance
values connected in series with the LC cell in comparison with the square wave source voltage of
Vs = 2.2V at 110 °C in the N phase and at 100 °C in the Ntgf phase, respectively. Our polarized
optical microscopy observations revealed that at this source voltage the sample goes to
homeotropic indicating full polarization switching. Similar to the observations in RM734 and DIO,
in the N phase Vr is decreasing (increasing) while Vg is increasing (decreasing) within 0.1 ms

after the sign inversion of Vg, then bounces back and reaches equilibrium value within 1 ms. In
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contrast to that found in the N phase, in the Nrgr phase the equilibrium is reached in two steps

showing two peaks of Vg(t) as shown in Figure 6(b) at 100 °C.

3 3.0
(@ (b)
4 — 51k | i — 51k
/ — 30k 15 | W —30kn
{ (| —20kn il _ —20kn
g asf ¥\ — 10k 8 | ey — 10k
& ST AR — 5ko ‘ ~l| — 5Kk
1 o o ol N\
8 E, V.V 1] g - V(W)
(=] S 1 ‘A\ b E t s
> -1 = '\ \ g | -
s =\ -15 | ‘
5.0 51 52 Tl:ne (I;s) .8 59 6.0 |
3 ‘ 30 —
10 1 2 3 4 5 6 7 10 1 2 3 4 5 6 7
Time (ms) Time (ms)
70 ] L
(C) + data - (d" -
60 1 e S
total - ~
~ 50 h | S
i N k1 4 .
o 40 'r: =) " 5
g —1 g e
(-] C 1
B 30 o
=
&) 2
20
]
AN e |
0 - 0 ‘ .
0 0.1 0.2 0.3 0 20 40 60
Time (ms) R (k2)
0.4 Q )— T 0.05 f .
e
‘ ¢ 110 °C (Ng) ®
‘ 0.03 —— 100 °C (Nrg)
'%‘ o3[ ™= 100 °C (Nygr) 2nd —— 110°C (Np)
~ " *100°C (N 1st
E [ ( TBF) & 0.01
S 02 g
S
- = .0.01
= -9
-E 0.1
> -0.03
I/
)= ; -0.05 i :
65 45 25 5 15 35 55 -25-20-15-1.0-0.5 0 0.5 1.0 1.5 2.0 2.5
R (k) Ve (V)

Figure 6: Summary of the results obtained on a 20 um JK103 cell. (a): Time dependences of the
rectangular source voltage (Vs) and the voltage dropping on the ferroelectric nematic liquid
crystal film (Vi) for various resistances in the Ng phase at 110 °C; (b) Time dependences of the
rectangular source voltage (Vs) and the voltage dropping on the ferroelectric nematic liquid
crystal film (Vi) for various resistance in the Nrgr phase at 100 °C; (c) Time dependence of the
current for R = 5k, (d) Polarization charges Q1 and Q, under peak 1 and peak 2 in (c) as a
function of resistance applied in series with the LC cell. (e) Switching times (defined as the time
positions of the fitted current peaks in (c)) with respect to R at 110 °C (green dots) and at 100 °C
related to the first peak (blue dots) and for the 2nd peak (red squares). Linear fits intercept the
horizontal axis at R; = —64, 62 and 38 k() for the green, blue and red data points respectively.
(f): P — Vg plots in the Ng and Nygr phases. Magenta (light blue) ellipses show NC ranges in the
Nr phase and Nygr phase, respectively.
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The current going through the sample can be calculated as I(t) = (Vs(t) —Vr(t))/R. At
R =5 kQ I(t) is shown in Figure 6(c). The area [ I.dt below the capacitive decay current I

corresponds to the capacitive charge Q= C- Vg = sosr% -Vr and can be estimated as Q.~

5107 A;Z'm“*s ~5nC. With Vp~2.5V, L = 20 pm and A = 0.16 mm? it provides &,(~100 Hz)

~ 2.5-10*. As argued by Clark et al 23 and verified experimentally 2* such a high value is related
to the capacitance of the insulating layer that for conducting surfaces, such as the gold in our case,
is the thickness (L;~ 1 nm) of the anchored FNLC molecules. We note that for L = 3 pm film
with bare ITO layers &,(~100 Hz) =~ 4 - 103 was measured in?®. Assuming similar L;~ 1 nm for

gold and ITO surfaces and taking into account that in our case L = 20 pm, the ratio of the apparent

: : : .25
dielectric constant measured by Karcz et al and estimated by us is -~ 6.5 = % =6.7.

Polarization charges Q; and Q, under peak 1 and peak 2 in (c) as a function of resistance applied
in series with the LC cell are plotted in Figure 6(d). Both Q; and Q, linearly decreasing with the

resistance R.

The switching times defined as the time positions of peak 1 and peak 2 (see Figure 6(c)) as a
function of R are shown in the N phase at 110 °C and at 100 °C in the Nt phase (representing
peak 1 and peak 2) in Figure 6(e). The fastest switching with the least R dependence was found in
the N phase (green data points in Figure 6(e)). The switching time related to the first peak in Nygg
is about 40% larger at 100 °C than at 110 °C (blue data points in Figure 6(e)). The switching time
related to the 2nd peak in the Nygf phase (red data points in Figure 6(e)) is three times larger and
it shows the strongest R dependence. Fitting the R-dependences by linear functions as for RM734
and DIO, the resistances at zero swithing times can be approximated as R;

~ —64, — 62 and — 38 k() for the green, blue and red data points respectively. These values are
much larger than the R; ® —10() forund for RM734 and DIO. We note that in this case, the best
fits are not the linear functions, but those that intercept the x axis at R; = —20, — 12 and — 20 k()
for 110 °C in Ng, 15t and 2" peak at 100°C in the Ngr phase, respectively.

Finally, Figure 6(f) compares the P — Vi plots in the Ng and Ntgr phases, where P = Qp
JA = ([ Ipdt)/A . In both phases the saturated polarization is P ~ 0.04% in agreement with

reference 8. Additionally, while similar to that found for RM734 and DIO, there are two ranges
(highlighted by magenta ellipses) showing NC in the N phase, in the Nrgr phase there are 4 NC

10
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regions (highlighted by light blue ellipses). This is related to the double peaks seen in the Ntgg
phase.

IV. Discussion

In previous results ' the transient capacitance (NC) could be shown in sandwich cells only for
. ) o v
a room temperature Ny mixture with switching times around 1 ms under SH—m fields. Here we

showed similar NC also for the two prototypical Nr materials RM734 and DIO. Additionally (not
discussed here), we have verified the presence of NC for all other (~half a dozen) N materials we
have studied. This strongly indicates that all ferroelectric nematic liquid crystal (FNLC) materials
have NC behavior. As it was argued previously, the necessary condition for the transient NC

behavior is that the switching of the ferroelectric polarization be delayed compared to the rise time

Ly 53
PV,

7, of the applied voltage Vs. The switching time of the polarization can be given as T =

where L is the film thickness, y is the rotational viscosity of the material, and V is the voltage
drop on the N LC. In previous measurements the rise time was 7,, = 0.2 ms, the film thickness
was L = 4 ym and Vi < 20V. This means that the rotational viscosity of the material had to be

Yy = % ~ 10 Pa - s. This was true only for the previously observed room temperature mixture

This articleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

KPAO2 where y = 20 Pa - s, explaining why we could detect only for that Ng LC material. In our

present setup 7, ® 1 us and L = 20 pum, thus allowing us to measure NC in Ny LCs with

Open Access Article. Published on 06 May 2026. Downloaded on 5/7/2026 8:04:30 PM.

Yy = 2 mPa - s. The rotational viscosities of the studied FNLC compounds can be calculated from

(cc)

the intercepts R; of the linear fits of the T(R) functions as shown for RM734 and DIO in Figure

4(c) and Figure 5(c), respectively. Since |R;| = Ri¢c = :;/2 13, from R, = 8 kQ for RM734 with

P; = 6 uC:l and R = 12 kQ) for DIO with Pg = 4.5 uC:l we get that y = 0.23 Pa- s for

2 22

RM734 at 100 °C, and y = 0.21 Pa - s for DIO at 60 °C. These values are indeed measurable by

our method and are reasonable.

In addition to verifying the required experimental conditions to measure NC in FNLCs, the
other significant result of our work is the observation of the double current peak in the Ntgr phase
of JK103. This is in contrast to previous polarization measurements where only single polarization
current peaks were observed in the Npgp 283137 of the same JK103 phase and in the so called #¢N

32, We note, however, that indication of double polarization peaks was observed in the tilted helical

11
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smectic SmC 5 phase of JK10337 and in the Ntgr and HEC phases of another ferroelectric nematic
substances. 3240 The peak forming at decreasing fields was assigned to the increase of the
heliconical angle 6 from zero to the equilibrium value 8,, whereas the peak appears in increasing

fields was assigned to the polarization flipping between — Pgscosf, and + Pgcosf, values.

In our measurements we have observed the two peaks under rectangular fields, thus we
distinguish them by the switching times and not by the switching voltages. To find out the
underlying physical mechanisms of these peaks, in addition to the positions of the fitted Gaussian
peaks seen in Figure 6(c), we also measured the areas representing the polarization charges Q4
and Q, under these peaks, as shown in Figure 6(d). The R dependence of both Q; and Q, decrease
with R, and their sum is decreasing from Q; + Q, = 7nC at5 kQto Q; + Q, = 4.2 nC at 51 kQ.
This is likely because Vi is decreasing at increasing R, i.e., that less voltage will drop on the
sample. Figure 6(a) shows that when R = 51 kQ, V decreases from 2.2 V to 2.05V at 110°C in
the Ng phase and to 2.1 VV at 100°C in the Ntgr phase. In fact, taking into account these values and
the geometry of the films (L = 20 um and A = 0.16 mm?), we get for the DC conductivity values
that opc = 1.8 X 1072 (Am)~! at 110 °C and opc = 1.3 X 1072 (Qm)~* at 100 °C. As V

= 2.2 V was chosen that it was just slightly above the full polarization switching value when no
resistance was connected in series to the LC film, even small decrease of Vi when a resistance is
in series leads to incomplete polarization switching. This may also explain the R dependences of
the ratios of peak areas @, /Q that is increasing from 4.4 at R = 5 kQ fromto 12.6 at R = 51 k(.
The variation of the charge involved in the flipping of the polarization between — Pgcos6, and +

Pgcos6, is Qf = 2Pscos6,, while the one involved in the change of the cone angle from 8, to 0
is Qg = 2P5(1 — cosB,). Assuming that the cone angle is smaller than 45°, we conclude that Qf

= (, and Qy = Q. Schematic representation of the polarization switching mechanisms involving
variation of the cone angle (8 — mode) and flipping of the polarization (P — flip) and leading to
two current peaks shown in Figure 7. This is in accordance with the model by Gibb et al.*! Note
that polarization rotations corresponding to the increase and decrease of the tilt result only one
peak characterized with one switching time. The second peak, corresponding to the polarization

flip, has a different switching time, thus that appears separately.

12
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b

Time

P — flip

-y -

Figure 7: Schematic representation of the polarization switching mechanisms involving variation
of the cone angle (8 — mode) and flipping of the polarization (P — flip) leading to two current
peaks. The sketch of the director structure at zero field is shown on the left side at time before
applying the square-wave voltage (blue lines). Sketch of the polarization rotation ond flipping
during the switching are shown with red arrows and letters below and above the time dependent
voltage corresponding approximately to the time when those are happening. Pink curves and the
pink vertical axis represent the time dependences of the electric current.

This articleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.
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This means that cosf, = 0 (iZQ . From Figure 6(d) this gives 8, = 34°atR = 5kl and 8, = 22°

(cc)

at R = 51 kQ. This may be interpreted as complete closing of the cone angle during switching at
R =5 k() and only partial closing between 34° and 12° at R = 51 k(). We note that the estimated
0, ~ 34° at 100 °C of JK103 is much larger than what was calculated by Basnet et al®! from
birefringence data. This might be due to a pre-transitional conical structure in the Ng phase, which
can be deduced from Figure 6(a) which already shows a combination of two peaks even at 110 °C
in the Nf phase. This indicates a non-zero pretransitional cone angle and zero-field distribution of
the polarization direction. Another possible reason for the apparently larger cone-angle deduced
from the switching current is the coupling between the polarization flipping and cone-angle (6)
variation. At the instant when a voltage large enough to fully switch the polarization along the
field (for example under Vg = 2.2 V at R = 5 kQQ), is quickly reversed, the polarization remains in

the wrong direction, which is energetically unfavorable. The faster 8-mode can reduce the free-

13
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energy by increasing the cone angle, thus decreasing the polarization value showing in the wrong
direction. As the polarization starts flipping, 8 will decrease and the cone closes when all the
polarization is along the field, thus further decreasing the free energy (see Figure 7). Such an
interplay between the two switching modes is likely explains why for JK103 the switching time is

not strictly linear function of the resistance R, as seen in Figure 6(e).

From the intercepts corresponding to the linear fit (solid lines in Figure 6(e)) we can estimate
the rotational viscosities y corresponding to the polarization flipping both in the Ng and Ntgg

phases and of y4 corresponding to the 8-mode in the Nrgr phase. In the N phase at 100 °C, taking

10—2C
m2 °

Ric = LY ~ 64kQ and with L ~ 20 um, A =~ 16 -10* um?, P ~ 4.2 -

Ap? we estimate that

y = 0.82 Pa - s. This larger value than we found for RM734 and DIO at similar temperatures is

likely due to the longer molecule of JK103. In the Ntgf phase at 100 °C, R{C = #{3’5290 ~ 38k

from the linear intercept (see Figure 6(e)), which with 8, = 34° gives y = 0.34 Pa - s. This

smaller value than in the higher temperature Nr phase makes sense, as now the flipping length is

shorter due to the tilted polarization. From Rfc = m ~ 62k we getyy = 0.14 Pa - s,

which is smaller than y as y4 involves smaller rotation of the director.

V. Conclusions

In this work we have described negative capacitance (NC) of two prototypical ferroelectric
nematic liquid crystals RM734 and DIO. The presented results and additional studies on a number
of other ferroelectric nematic liquid crystals in their N phase strongly suggest that all N materials
show NC provided that the polarization switching time is larger than of the rise time of the applied

square-wave voltage.

Additionally, we have observed NC in one of the recently discovered fluid twist-bend
ferroelectric nematic liquid crystal (Ntgp) materials JK103 while electrically switching their
ferroelectric polarization. In contrast to 2 NC ranges found in conventional solid and fluid
ferroelectric materials, in the Ntgr phase the polarization switching happens in two steps leading
to four negative capacitance ranges in the P-V hysteresis curves. Our measurements and analyses
also provided estimates of the rotational viscosities related to the flipping of the polarization (

P — flip) and to the variation of the heliconical angle (8 — mode). Based on these results, we also

14
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provided models for these two switching mechanisms and explained similarities and differences

between our and previous models.
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