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1 Ferroelectric and Hyper Dielectric Modes in Ferronematic 
2 Liquid Crystals
3
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13

14 Abstract: Binary mixtures of the ferronematic liquid crystal DIO with the recently reported 

15 non-ferroelectric liquid crystalline material WJ-16 exhibiting Colossal Permittivity (CP) ≈ 

16 5000 and superparaelectricity, were studied by polarizing optical microscopy (POM), electrical 

17 switching, and dielectric spectroscopy. Three mixtures with different WJ-16 concentration 

18 ranging from 10, 25 to 50% (w/w) in DIO as host were prepared. Our original expectation was 

19 the observations of new nematic compositions with both ferroelectric nematic (NF) and the 

20 non-ferroelectric CP phases. We found that the non-ferroelectric phase in mixtures exhibits a 

21 CP mode, originally observed in pure WJ-16. The dielectric spectroscopy of mixtures shows 

22 two distinct relaxation processes: the typical paraelectric response and the CP mode. This CP 

23 mode in the mixtures is not superparaelectric, and here defined as a Hyper-dielectric mode. 

24 This is the first direct demonstration of the mixtures having both ferroelectric and hyper-

25 dielectric phases in liquid crystalline materials.

26
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35 Highlights: 

36 • Binary Mixtures of ferroelectric nematic DIO and the superparaelectric compound WJ-

37 16 were prepared and studied.

38 • The resulting mixtures display both ferroelectric and new hyper-dielectric modes. A 

39 Curie-Weiss type of transition observed in between them.

40 • Both phases exhibit giant dielectric permittivity with potential use in Supercapacitors.

41

42 1. Introduction

43 The ferroelectric nematics were observed independently in two different nematic 

44 compounds, DIO [1] and RM-734 [2], and the discovery has generated great interest. 

45 Ferroelectric nematics are characterized typically by (i) extremely large dipole moments (µ ~ 

46 > 9 D), (ii) high spontaneous polarization (Ps ~ 5 µC/cm2) [3, 4, 5, 6] and (iii) Colossal dielectric 

47 Permittivity (CP) ~ 10,000. Such high values of the dielectric permittivity are modeled by two 

48 different theoretical models: the high-ε model [7, 8] conceptually based on a ferroelectric 

49 Goldstone (phason) mode, and the Polarization-External Capacitance Goldstone Reorientation 

50 model [9, 10, 11] taking into account coupling of the Goldstone mode with the external 

51 capacitance of the measuring cell, particularly through insulating surface layers at the 

52 electrodes.

53 Though new ferroelectric LCs [12, 13, 14, 15, 16, 17, 18, 19, 20] are reported and 

54 discussed continuously, the discovery of ferroelectric nematics has not yet brought clear 

55 benefits to the Electro-Optic (EO) switching and Liquid Crystal Display (LCD) industries. On 

56 the other hand, the huge or the colossal dielectric permittivity (CP) observed in ferroelectric 

57 nematics is a potential working medium in supercapacitors for future prospective applications. 

58 Supercapacitors are characterized by very large capacitances (1mF to >10kF)  which can 

59 combine properties the of capacitors and of the batteries into one device, hence these can be 

60 used in two rather independent applications: (a) as batteries, i.e., storage of electrical energy; 

61 and (b) as electronic components. Supercapacitor batteries are based on different storage 

62 mechanisms, such as the accumulation of ions in a double layer or electrochemical reactions 

63 arising from a combination of ions. The specific electrical capacity of a typical supercapacitor 

64 is about 10 kW/kg, an order of magnitude higher than that of the lithium-ion batteries, and 

65 supercapacitors also have faster charge/discharge cycles [21]. This property is especially 

66 important in applications that require rapid bursts of energy to be released from the storage 
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67 device. Supercapacitors also have the potential as part of electronic devices, where the need for 

68 increased device density goes hand in hand with a miniaturization of electronic structures down 

69 to the nanoscale. There, the replacement of conventional dielectric materials with those of 

70 colossal dielectric permittivity is required. We note that beyond ferroelectric nematics and solid 

71 ferroelectrics, CP is also observed in solid non-ferroelectric materials known as 

72 superparaelectrics (SPEs).

73 There are no strict definitions of the terms ferro -, para -, and superpara-electrics, as they 

74 have mostly been introduced as electrical analogs of the terms used for magnetic materials. The 

75 first systematic studies were carried out by the Curie brothers in 1880 when they first described 

76 the piezoelectric effect [22]. In 1912, Debye suggested that this class of materials carry a 

77 permanent electric dipole moment, making the analogy to ferromagnetics. Following 

78 Langevin’s theory of paramagnetism, Debye suggested the equation (ε-1)/(ε+2) = a+b/T, 

79 where a is proportional to the density of the substance and b to the square of the electric dipole 

80 moment to describe the dielectric properties. As per this equation, TC=b/(1-a), for a critical 

81 temperature TC, value of the dielectric constant reaches infinity. Debye proposed that TC  is the 

82 analog of the Curie temperature of a ferromagnet. Furthermore, in 1912, based on Debye’s 

83 model, Schrödinger speculated that all solids should become “ferroelectric” at a sufficiently 

84 low temperatures [23]. The first report of classical ferroelectric hysteresis was observed by 

85 Valasek in 1921 [24]. 

86 Considering that most materials are not ferroelectric, paraelectricity describes the 

87 behavior of dielectrics where an applied electric field induces polarization resulting from the 

88 alignment of dipoles parallel to the field, and this polarization disappears when the field is 

89 removed. Hence, for such materials, the P-E dependence obeys the Langevin function, with an 

90 initial almost linear P-E dependence over a wide range of applied electric fields, and a gradual 

91 saturation is reached at much higher fields. For example, the sample, WJ-16, shows linear P-E 

92 dependence even at extremely large electric fields up to 11 V/μm [25] and is thus considered 

93 almost linear P vs. E within the experimental constraints. Also, WJ-16 is not ferroelectric; it 

94 exhibits CP, and it can be described as superparaelectric. The motivation for this study is to 

95 explore whether mixtures of the two materials WJ-16 and DIO, showing both paraelectric and 

96 ferroelectric nematic phases, would allow us to monitor the transition from paraelectric to 

97 superparaelectric and to ferroelectric, using carefully constructed compositions in these two 

98 materials, whose chemical structures are very close.
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99 To our surprise, the experimental results in mixtures show that we found the first 

100 examples of materials that show a sequence of two nematic phases: ferroelectric and 

101 superparaelectric.

102 2. Materials 

103 This paper reports a study of the different mixtures of two different types of nematic LCs: 

104 (i) a well-known ferroelectric nematic DIO and (ii) a recently reported non-ferroelectric, but 

105 superparaelectric nematic WJ-16 [25]. The molecular structure of WJ-16 is based on DIO, 

106 where a fluorophenyl group of DIO is replaced by a pyrimidine group, as shown in Fig. 1, and 

107 this replacement increases the molecular dipole moments from 9.4 D for DIO to 10.4 D for WJ-

108 16. Furthermore, the phenylpyrimidine unit in WJ-16 is more planar than the biphenyl unit of 

109 DIO. Surprisingly, WJ-16 does not show the ferroelectric nematic phase, nevertheless, it also 

110 exhibits CP. This was explained in Ref. [26, 27], which showed that a high value of the dipole 

111 moment is important, but this is not a sufficient condition for the formation of the NF phase.

112

DIO

F

F
O

O
C

O

O F

F

F

F

WJ-16

F

F
O

O
C

O

N

N
O F

F

F

113 Fig. 1. The chemical structures of molecules WJ-16 and its prototype DIO.

114 The transition temperatures of individual components and their mixtures are given in 

115 Table 1, and the phase diagram is shown in Fig. 2.

116
System Phase Sequences

DIO Cr (< 20) NF (66.8) Nx (83.5) N (173.8) Iso

MIX 10 of WJ-16 Cr (< 20) NF (52.0) Nx (73.0) N (179.0) Iso

MIX 25 of WJ-16 Cr (< 20) NF (50.0) Nx (72.0) N (180.5) Iso

MIX 50 of WJ-16 Cr (34.5) NF (47.5) Nx (66.5) N (190.0) Iso
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WJ-16 100% Cr (79.3) SmA (110.5) N (198.6) Iso

117 Table 1. The phase sequences and phase transition temperatures (in oC) for different liquid 

118 cystal systems and their mixtures.

119
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120 Fig. 2. The phase diagram of DIO and WJ-16 mixtures.

121 At the first glance, the phase sequences of mixtures appear similar to that of DIO. 

122 However, in DIO, "N" is an ordinary nematic phase, but in WJ-16 and mixtures, "N" is a 

123 superparaelectric nematic phase with CP as discussed below; the concentration where CP values 

124 increase is yet to be determined. 

125 3. Results and discussions

126 3.1 Polarizing Optical Microscopy (POM) 

127 The temperature-dependent optical textures of the prepared mixtures were investigated 

128 using polarizing optical microscopy (POM) in different cells with thicknesses ranging from 2 
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129 to 9 µm. Both commercially sourced (E.H.C. Co. Ltd, Japan) and laboratory-fabricated 

130 "uncoated" indium tin oxide (ITO) electrode cells were used. Planar and homeotropic 

131 alignments were achieved by spin-coating appropriate alignment surfactants and subsequently 

132 polymerized as layers onto the ITO surfaces of substrates. Fig. 3 (a, b, and c) illustrates the 

133 POM textures obtained from 9 µm anti-parallel buffed planar cells filled with the mixtures.

134

135 Fig. 3 (a, b, c). POM textures of 9 μm anti-parallel buffed planar aligned cells, filled with MIX 

136 10, MIX 25, and MIX 50, respectively, were acquired at different temperatures. The analyzer 

137 (A) and polarizer (P) orientations are indicated. The white arrow (R) denotes the rubbing 

138 direction. The scale bar represents a length of 100 µm.

139 On cooling from the isotropic phase, all mixtures form excellent homogeneous planar 

140 textures. On further cooling down to the NF phase, the texture's homogeneity persists with only 

141 color variation due to a change in the birefringence. However, in the NF phase, all three 

142 mixtures, including DIO (but not WJ-16), show a two-domain texture of opposite chirality 

143 which can be observed between slightly uncrossed polarizers (Fig. 4). Such domains are 

144 characteristic of the NF phase, which appear in anti-parallel rubbed planar cells due to the polar 

145 azimuthal anchoring energy [28]. Crystalline phase formation was exclusively observed in 

146 MIX 50 at room temperature, the mixture with the highest WJ-16 concentration (50%). For 

147 other mixtures, crystallization was only observed if the sample was kept below room 

148 temperature overnight.
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149
150

151 Fig. 4. POM textures of a 9 μm anti-parallel buffed planar cell, filled with MIX 25 at a 
152 temperature of 45 ˚C. Domains of the opposite chirality are observed on the rotation of the 
153 polarizer in opposite directions from the crossed polarizer position
154

155 In the homeotropically aligned cells, dark optical textures indicative of excellent 

156 homeotropic alignment were observed in the N and the Nx phases due to the minimal 

157 birefringence. In the NF phase, a more complex, grainy/sandy texture was observed, indicating 

158 an emergence of the complex molecular order. In uncoated cells, disordered Schlieren textures 

159 were observed in the N and the Nx phases. In the NF phase, a mixture of the Schlieren texture 

160 and of a complex domain texture was observed, resulting from an interaction of the polar 

161 ordering and of an unaligned cell. The textures observed in both homeotropic, and uncoated 

162 cells were consistent with those observed for the pure DIO. 

163 3.2 Birefringence 

164 Birefringence (n) measurements were carried out using an optical spectral technique 

165 [29] on a 9 µm homogenous planar-aligned cell. Transmittance (T) spectra were acquired using 

166 an Avantes AvaSpec-2048 fiber spectrometer with an achromatic light source, as a function of 

167 temperature, spanning from the Iso-N transition to the NF phase for all mixtures. The 

168 transmittance T of a homogeneous planar-aligned cell is given by:

169 𝑇 = 𝐴sin2 𝜋‧𝛥𝑛(𝜆)‧𝑑
𝜆

+ 𝐵 (1)

170 where A is the amplitude factor, B is the leakage offset of light through the cell, d is the cell 

171 thickness, and 𝛥𝑛(𝜆) = 𝑘‧ 𝜆2‧𝜆∗2

𝜆2―𝜆∗2 is the birefringence dispersion, governed by the extended 

172 Cauchy equation. Birefringence data at a wavelength of 550 nm were calculated using custom-

173 developed software [29] and are presented in Fig. 5.

174
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175
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0.06

0.10

0.14

0.18

0.22

MIX 10
MIX 25
MIX 25 (Fit)
MIX 50

n

T (oC)

λ = 550 nm

NNXNF

176 Fig. 5. The temperature dependence of birefringence (Δn) for MIX 10, MIX 25, and MIX 50 

177 measured for a wavelength of λ = 550 nm using a 9 µm homogeneous planar-aligned cell. The 

178 experimental birefringence data fitted to Haller's equation (dashed red line) for MIX 25 are 

179 shown as an example of fitting accuracy. The vertical dotted lines show the phase transitions 

180 for MIX 25.

181
182 The temperature dependence of the birefringence in the high-temperature conventional 

183 N phase was fitted to the Haller equation, given as:

184  𝛥𝑛(𝑇) = 𝛥𝑛𝑜.𝑄 = 𝛥𝑛𝑜. 1 ― 𝑇
𝑇𝐼𝑠𝑜―𝑁

𝛽
 (2)

185 where 𝛥𝑛𝑜 is the maximum birefringence for the order parameter Q = 1, 𝑇𝐼𝑠𝑜―𝑁 is the Isotropic 

186 to Nematic phase transition temperature, and β is the exponent, determined to be 0.2 ± 0.02, 

187 for an ordinary/conventional nematic phase. The best fit of the experimental data to Eq. (2) 

188 confirms the conventional nematic behavior of the high-temperature N phase in the mixtures, 

189 with fitting parameters listed in Table 2.

190
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System 𝛥𝑛𝑜 β 𝑇𝐼𝑠𝑜―𝑁 

DIO* 0.18 0.18 172.0

MIX 10 0.18 0.19 179.0

MIX 25 0.19 0.20 180.5

MIX 50 0.19 0.22 190.0

WJ16** 0.21 0.25 198.6

191

192 Table 2: Fit parameters of Haller’s equation for the experimental birefringence data of the DIO 

193 + WJ-16 mixtures. *Values are taken from Ref. [30] and ** from Ref. [25].

194

195 As shown in Fig. 5, the birefringence increases gradually with decreasing temperature 

196 in the N phase. Upon transition from the N phase to the NX or NF, the birefringence curve 

197 deviates from Haller’s equation, exhibiting an increased value in the Nx phase on cooling. 

198 Subsequently, a discontinuous jump in the birefringence is observed at the Nx-NF transition 

199 temperature. The birefringence curves of MIX 10 and MIX 25 are similar to DIO. For MIX 50, 

200 a dip in the birefringence curve is observed at a temperature of around 60 ֠C. However, no 

201 change in the optical textures is observed (see Fig. 3, MIX 50, T = 45 oC). The observed dip in 

202 the birefringence of MIX 50 is assigned to the emergence of both polar and non-polar domains 

203 in the intermediate Nx region, as was also observed elsewhere [31].

204 3.3. Electrical Measurements 

205 A ferroelectric nematic (NF) phase is characterized by the presence of macroscopic 

206 spontaneous polarization (Ps). Here, we examine the ferroelectric behavior of mixtures by 

207 using a  conventional technique of the reversal switching current [32]. An external electric field 

208 of suitable waveform (triangular), generated from an Agilent 33120A signal generator and 

209 amplified using a high-voltage amplifier (TReK PZD700), was applied across the liquid crystal 

210 cell. The resulting current response across a 1 kΩ resistive load was monitored using a digital 

211 oscilloscope

212 Fig. 6 shows the switching-current response of a 4 μm planar cell under an applied 

213 triangular wave (Vpp = 24 V, f = 20 Hz) for (a) WJ-16, (b) DIO, and (c) MIX 25 in the 

214 ferroelectric (NF) and non-ferroelectric (N) phases, respectively.  The appearance of the current 

215 reversal peak depends on the temperature, phase, and the frequency of the applied voltage. No 

216 peak was observed at higher frequencies (> 50 Hz). However, the peaks were observed at lower 
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217 frequencies, say, 20 Hz in the present case and below, and only in the ferroelectric NF phase of 

218 DIO and MIX 25. WJ-16 shows no spontaneous polarization switching peak in the full 

219 temperature range, including the N and SmA phases, confirming that this material does not 

220 have a ferroelectric phase. For DIO in the NF phase, a sharp, well-defined peak in the current 

221 transient confirms the existence of spontaneous polarization, whereas in the N phase, the 

222 absence of a current peak confirms the paraelectric behavior.

223

224  

225 Fig. 6. Switching-current response of a 4 μm homogeneous planar-aligned indium tin oxide 

226 (ITO) cell under an applied triangular wave (Vpp = 24 V, f = 20 Hz) for (a) WJ-16, (b) DIO, 

227 and (c) MIX 25 in the ferroelectric (NF) and non-ferroelectric (SmA, N) phases, respectively. 

228 The oscilloscope traces show the input applied voltage (Vi, in mV; yellow color), and the 

229 output voltage measured across a 1 kΩ resistive load (Vo, in mV; blue color) as a function of 
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230 time (in sec), on the X-axis. The corresponding output current (in mA) is calculated from the 

231 measured load voltage using Ohm’s law.

232 All three binary mixtures show a transient response similar to DIO. The response of the 

233 MIX 25 (Fig. 6 (c)) is shown as an example. The integral of the current peak gives the value of 

234 Ps for MIX 25 to be 2.4 µC/cm2, compared to 4.4 µC/cm2 in DIO [1].

235 3.4. Dielectric Spectroscopy 

236 3.4.1. Motivation and Methodology

237 Dielectric spectroscopy is one of the most sensitive techniques for studying the 

238 ferroelectric and other polar materials/phases. This was successfully employed for the 

239 characterization of ferro- [33, 34, 35, 36] / antiferro- [37, 38] and ferri-electric [39, 40] liquid 

240 crystalline phases. One of the most important material parameters of LCs is the dielectric 

241 anisotropy, 𝛥𝜀𝑎 = 𝛥𝜀∥ ― 𝛥𝜀⊥, which governs the electro-optic switching and the Freedericksz 

242 transition. To obtain the value of dielectric anisotropy, it is necessary to measure the real values 

243 of the perpendicular component of dielectric permittivity, 𝛥𝜀⊥, in planar cells and parallel 

244 components of dielectric permittivity, 𝛥𝜀∥, in homeotropic cells. Dielectric spectroscopy 

245 measurements over a frequency range of 0.01 Hz – 10 MHz were made using a broadband 

246 Alpha High Resolution Dielectric Analyzer (Novocontrol GmbH, Germany). The commercial 

247 cells of 4 μm and 9 μm thicknesses with both homeotropic and planar alignment were used. 

248 These commercial cells use ITO electrodes with low sheet resistance (10 Ω/□), which moves 

249 the frequency of parasitic ITO peaks (arising from the sheet resistance of ITO in series with 

250 the capacitance of the cell) outside the measured frequency range. The measurements were 

251 carried out under the application of a weak voltage of 0.1 V, applied across the cell. The 

252 temperature of the sample is stabilized to within ± 0.05 ֠C.

253 3.4.2. Dielectric Spectroscopy of homeotropic cells

254 Initially, the parallel component of dielectric permittivity (𝜀′
∥) was measured. The phase 

255 sequences of all the three mixtures are similar to DIO (Table 1); therefore, the dielectric 

256 spectroscopy results for MIX 25 are presented as a typical example. Fig. 7 shows the 

257 temperature dependencies of the total dielectric permittivity (i.e., real (ε') and imaginary (ε'') 

258 parts of complex permittivity) for the 9 μm homeotropic cell of MIX 25.
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259
260

261 Fig. 7. Temperature dependence of the dielectric spectra of (a) permittivity ε' and (b) loss ε" 

262 measured in a 9 μm MIX 25 homeotropic cell.

263

264 Fig. 8 (a) shows 2-D dielectric loss spectra at different temperatures for the 3-D plot of 

265 dielectric loss shown in Fig. 7 (b). The dielectric spectra were analyzed using the Novocontrol 

266 WINDETA program. The complex permittivity data were fitted to the Havriliak-Negami, as 

267 given below, where the dc conductivity [first term in Eq. (3)] is also included [41]: 

268 𝜀∗ = ― 𝑖𝜎
𝜀0𝜔

+𝜀∞ + ∑𝑛
𝑗=0

𝛥𝜀𝑗

1+ 𝑖𝜔𝜏𝑗
𝛼𝑗 𝛽𝑗

(3)

269 Here, ε* is the complex permittivity, and ε∞ is the high-frequency permittivity. The latter 

270 includes electronic and atomic polarizabilities of the material. ω is the angular frequency of the 

271 probe field, εo is the permittivity of free space, σ is the dc conductivity, τj is the relaxation time, 

272 εj is the dielectric strength of the jth relaxation process, αj and βj are the corresponding 

273 symmetric and asymmetric broadening parameters of the distribution of relaxation times

274 Fig. 8 (b-d) is an example of the fitting of the dielectric loss spectra to three relaxation 

275 processes at three different temperatures: 80 ֠C, 52 ֠C, and 35 ֠C.

276
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280 (c) (d)

281 Fig. 8 (a) The frequency dependence of the imaginary part of permittivity (ε") at different 

282 temperatures; analysis shown in (b-d) exhibits examples of fitting of the imaginary part of 

283 permittivity to Eq. 3 for different temperatures.

284 There are three relaxation processes observed in the dielectric spectra of mixtures termed 

285 as P1 - P3, with an increase in the relaxation frequency. The dielectric spectra were fitted to 

286 Eq. (3) with fixed stretching parameters (α, β), and from the fitting, we obtain β = 1 for all 

287 processes. The symmetric stretching parameter α = 1 for both processes P2 and P3, implying 

288 that these relaxation processes are of pure Debye type. The symmetric stretching parameter for 

289 process P1, α1, lies in the range of 0.65 - 0.90 depending on the temperature, implying that this 

290 is an ionic mobility process rather than a molecular relaxation process.

291 Fig. 9 shows the temperature dependencies of the dielectric strengths and relaxation 

292 frequencies of the three relaxation processes, P1 - P3, and their sum for a 9 μm homeotropic 

293 cell deduced from the fitting of the dielectric spectra shown in Figs. 7-8.

294

295  
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299 Fig. 9. Temperature dependence of (a) the dielectric strength of different processes and their 

300 sum, and (b) relaxation frequencies of MIX 25 in a 9 μm homeotropic cell. The inset in (a) 

301 shows the same results but on the scale of Log Y-axis.

302 On examining Fig. 9 (a), the temperature dependencies of three relaxation strengths, P1 

303 - P3, are observed. The physical nature/origin of the relaxation processes P1 - P3 was defined 

304 in Refs. [25, 42, 43]. The lowest frequency relaxation process, P1, is assigned to the space 

305 charge/interfacial polarization arising from the mobility of ions and, finally, charges 

306 accumulating on to the electrodes. The dielectric strength of the ionic relaxation process P1 

307 (Δε1) increases exponentially on heating, which appears as a straight line on the log Y-axis (see 

308 the inset). 

309 The temperature dependence of dielectric strength of the fastest relaxation process P3 

310 (Δε3) is typical behavior for the paraelectric-ferroelectric phase transition, similar to P2 in DIO. 

311 The process P3 corresponds to the rotations around the short molecular axis or the flip-flop 

312 mode, as reported in the literature [42, 43, 44].  In the isotropic phase, it is purely an individual 

313 relaxation process. On cooling to the nematic phase, it gradually transforms into a collective 

314 mode with increasing correlation and finally, in the NX phase, shows Curie-Wiess transition to 

315 the ferroelectric phase, similar to P2 in DIO. The Nx phase, originally observed in DIO, was 

316 found to be density-modulated antiferroelectric, SmZA phase [45], or just a “splay nematic”, 

317 NS [46]. Since then, this Nx phase has been reported in a range of additional compounds as 

318 well [44, 47, 48]. Dielectrically, the NX-NF phase transition is of the second order, while N-NF 

319 is a first-order phase transition [49]. 
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320 The mid-frequency process P2 is very intriguing in nature. This process exists in the full 

321 temperature range and in all phases.  It also exhibits colossal permittivity CP (~ 4500) 

322 independent of temperature. This is identical to the second relaxation process (P2) observed in 

323 the compound WJ-16 [25], though not observed in DIO. The physical nature of this process is 

324 still unclear and is discussed later in this manuscript.  

325 3.4.3. Dielectric Spectroscopy of Planar Cells

326 The perpendicular component of the dielectric permittivity (𝜀′
⊥) was measured in 9 μm 

327 commercial planar cells, as shown in Fig. 10. The obtained dielectric spectra were fitted to Eq. 

328 (3), similar to the homeotropic cells.

329

330
331

332 Fig. 10. Temperature dependence of the dielectric spectra of (a) permittivity ε' and (b) loss ε" 

333 measured in a 9 μm MIX 25 antiparallel rubbed planar aligned cell.

334

335 Fig. 11 shows the temperature dependencies of the sum of the various dielectric strengths 

336 and the relaxation frequencies of the two processes observed in a 9 μm commercial planar cell. 

337 A comparison of Fig. 9 (a) and Fig. 11 (a) shows that the temperature dependencies of the 

338 dielectric processes are very different. Firstly, in contrast to the homeotropic cell, the ionic 

339 process is not observed in the planar cell, and the other two processes correspond to the 

340 processes P2 - P3. Secondly, and most importantly, the total dielectric strength of the planar 

341 cell is independent of temperature or is limited by the combined capacitance of the two 

342 alignment layers, similar to the arguments put forward by the Boulder group [9].

343
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347 Fig. 11. Temperature dependence of (a) dielectric strengths, and (b) relaxation frequencies of 

348 processes P2 and P3 for MIX 25 in a 9 μm antiparallel rubbed planar aligned cell.

349 Recently, Clark et al. reported an effect of the insulating alignment layers on the 

350 apparent/measured values of the dielectric permittivity. It is noted that the apparent capacitance 

351 Capp of an LC cell is a combination of three capacitances in series: the capacitance of the LC 

352 layer CLC, and the two capacitances of the insulating alignment layers, Cal. Hence, the total 

353 (apparent) capacitance is 𝐶𝑎𝑝𝑝 = 𝐶𝐿𝐶∙𝐶𝑎𝑙

𝐶𝐿𝐶+𝐶𝑎𝑙
. In the ordinary case, i.e., having materials with 

354 low/moderate dielectric permittivity, the capacitance of the LC cell is CLC « Cal, hence the 

355 apparent capacitance is the capacitance of the LC cell, Capp= CLC. This gives the real value of 

356 capacitance and permittivity. However, in materials with very high dielectric permittivity (ε > 

357 10,000), such as of the ferroelectric NF phase, the capacitance of the LC cell exceeds the 

358 capacitance of the alignment layer, CLC » Cal. In such a case, the apparent capacitance is limited 

359 by the capacitance of the insulating layers, Cal. We term it as “alignment layers limit”, Capp ≲ 

360 Cal. This means that the apparent dielectric permittivity shows a weak temperature dependence 

361 as can be observed in a planar cell; see Fig. 11 (a). Therefore, values of the 

362 capacitance/permittivity as observed are lower than the real values, and hence these are limited 

363 by the capacitance of the alignment layers. However, the dielectric spectroscopy shows two 

364 individual dielectric relaxation processes and a phase transition similar to that observed in a 

365 homeotropic cell. Another important feature of this limit is the absence of the ionic relaxation 

366 process (process P1), because most of the applied voltage is distributed along the alignment 

367 layers, and this screens the voltage on the LC layer. Such a limit is also observed in other high 

368 ε materials such as the bent-core LCs [50, 51] and SPE nematics [25].
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369 3.4.4. Discussion of the Colossal Permittivity mode

370 We now direct our focus towards the mid-frequency relaxation process P2, which 

371 exhibits a colossal value of permittivity (~ 4500), independent of temperature, hereafter 

372 referred to as the ‘colossal permittivity (CP) mode’. As mentioned before, this process exhibits 

373 intriguing behavior, as it persists across the entire temperature range and throughout all 

374 observed phases, including the isotropic phase. This implies that process P2 is not a property 

375 of a particular phase, but is a property of the total system. Such a CP mode in the isotropic 

376 phase was also observed before and published in several publications [47, 51]. The CP mode 

377 observed in Ref. [51] is temperature-independent and looks identical to the CP mode observed 

378 in pure WJ-16 [25] and in our WJ-16/DIO mixtures. Unfortunately, the authors previously did 

379 not pay any specific attention to this mode. In this section, we provide a comprehensive 

380 discussion and physical interpretation of this mode. 

381 The CP-mode exists in a non-ferroelectric compound, WJ-16, which exhibits colossal 

382 dielectric permittivity and was therefore initially classified as superparaelectric or SPE [25]. 

383 However, based on the results obtained for the mixtures, the data points to a more complex 

384 behavior, and hence, requires an update to the above classification. Historically, the term 

385 paraelectric refers to a non-ferroelectric phase that, upon cooling, exhibits a transition to the 

386 ferroelectric phase described by the Curie-Weiss law. Therefore, the materials without a 

387 ferroelectric phase, including WJ-16, are simply ordinary dielectrics. As shown in Fig. 9 (a), 

388 in an ordinary nematic phase, we observed two different relaxation modes: P2 and P3. Process 

389 P3 is a paraelectric mode that follows the Curie-Weiss law and relates to the classical 

390 paraelectric- ferroelectric transition. The P2 mode exists rather independently along with the 

391 paraelectric P3. Considering that this temperature-independent mode exists both in SmA and 

392 in the isotropic phase as well, it cannot be related to paraelectric and/or superparaelectric 

393 modes. Therefore, strictly speaking, P2 process here is not in line with the SPE as it exists in a 

394 non-paraelectric pure WJ-16 [25]. Taking into account the CP of P2, it can be called 

395 superdielectric. However, this term is already reserved as a working medium in 

396 supercapacitors, which might consist of other mechanisms, different from P2, including ionic 

397 process.  On considering that the behavior observed here is not connected to a classical para- 

398 to ferroelectric transition process, but the materials nevertheless exhibit colossal permittivity 

399 (CP).  In our view, the behavior is best described as a High-Permittivity Dielectric mode or, 

400 briefly and literally, “HiPer Dielectrics” or simply “Hyper Dielectrics”.
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401 Let us now discuss the physical origin of P2. The colossal or high dielectric permittivity 

402 reflects an extremely strong collective correlation of molecular dipoles. In the solid SPE 

403 materials, this arises from the well-aligned molecular clusters [52]. The dielectric permittivity 

404 depends on the size of the ferroelectric-like domains or clusters. These are not only 

405 temperature-dependent but also dependent on the size of the sample. In other words, large 

406 values of the dielectric permittivity imply a dipolar orientation of the polar clusters over large 

407 domains. Such a behavior is reported for some bent-core LCs [50, 51], which contain polar and 

408 ferroelectric cybotactic clusters that, in turn, grow upon cooling. In pure WJ-16 and in its 

409 mixtures, such clusters are not observed, and also the dielectric strength is independent of 

410 temperature but linearly proportional to the cell thickness [25]. The linear dependence of 

411 dielectric permittivity on the cell thickness is a property of the long-range correlated LC 

412 systems, and it is well observed in the NF phase [8, 9, 10], surface-stabilized ferroelectric SmC* 

413 phase [36] and in bent-core LCs [53]. This implies that liquid crystals have a long-range 

414 directional order, and the correlation length may, to some extent, only be limited by the cell 

415 thickness. In such systems, the molecular dynamics and the associated phason mode can be 

416 modeled with boundary conditions at the electrodes, which gives a linear dependence of 

417 dielectric strength on the cell thickness [8, 9, 10, 36].  

418 The dielectric permittivity of P2 is linearly dependent on the cell thickness, and this 

419 implies certain similarity with those long-range systems. The higher values of dielectric 

420 permittivity can be explained using the classical approach suggested by Kirkwood and 

421 Frohlich, [54, 55] where the static dielectric permittivity, 𝜀𝑠, in isotropic liquids is given as:

422 𝜀𝑠 ~ 𝜇2 (1 + 𝑧cos 𝛾) (4)

423 Here, cos 𝛾) is the average of the cosine angle between the neighboring molecules, z is the 

424 average number of the interacting dipoles, also called the coordination number. Assuming  

425 cos 𝛾) equals unity, the dielectric permittivity is proportional to the square of the dipole 

426 moment and to the correlation number, z plus one. Therefore, the CP of P2 in WJ-16 can be 

427 well-explained by the long-range correlation of molecular dipoles, i.e. very high or infinite z, 

428 even in the isotropic phase. Such a high value of the correlation factor, in turn, may be 

429 explained by an extremely large value of the dipole moment. The precise physical-origin of the 

430 process observed here is not yet clear and requires further investigations, but it is, in our view, 

431 directly associated with the long-range nature of dipole-dipole interactions of the molecules. 

432
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433

434 4. Conclusion

435  We investigated binary mixtures of the ferronematic LC DIO with the recently reported 

436 non-ferroelectric compound WJ-16, which shows colossal permittivity. We show data for three 

437 mixtures with different concentrations of WJ-16, ranging from 10%, 25%, and 50% (w/w) in 

438 the host DIO. The prepared mixtures were studied by optical methods, broadband dielectric 

439 spectroscopy, and electrical switching. The results confirm the presence of a low-temperature 

440 ferroelectric phase in all the three mixtures, with a phase sequence similar to DIO. Interestingly, 

441 the non-ferroelectric phases in mixtures exhibit a CP mode, which is different from the pure 

442 DIO. This CP mode was originally observed in WJ-16 and was initially termed 

443 superparaelectric. However, the dielectric spectroscopy of the mixtures exhibits two distinct 

444 relaxation processes: a typical paraelectric response and an additional CP mode. Therefore, in 

445 these mixtures, this CP mode cannot be identified as simply an SPE mode and needs to be 

446 redefined as a Hyper-dielectric mode. This is the first direct demonstration of materials with 

447 both ferroelectric and Hyper-dielectric modes in liquid crystalline materials. Moreover, the 

448 high-dipole moment of the constituent molecules of these LCs enable the exploration of new 

449 condensed matter physics where the combination of fluidity, self-assembly, and polarity of 

450 materials gives rise to novel physical phenomena not observed previously in the solid-state 

451 materials having colossal dielectric permittivity. In our view, such materials exhibiting hyper-

452 dielectric mode have a significantly large potential as a working medium for the prospective 

453 supercapacitor industry.
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