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Subphase with four-layer superlattice structure confirmed by resonant soft x-ray scattering
in thresholdless antiferroelectric liquid crystal mixtures
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Binary mixtures developed as thresholdless antiferroelectric (TLAF) materials, MC881-MC815 and MC881-
MC452, are studied using optical rotatory power (ORP), resonant soft x-ray scattering (RSoXS), and dynamic
light scattering (DLS). A single subphase is confirmed to exist in both mixtures by ORP, stably over a wide
temperature range (around 80◦C below RT) but in a narrow concentration range (1–3 wt.%), with curved bound-
aries; between SmC∗

A and the subphase, the ratio of synclinic and anticlinic orderings changes continuously.
The antiferroelectric four-layer superlattice structure of the subphase is now firmly established by RSoXS using
free-standing films, although a two-layer SmC∗

A structure is observed in silicon nitride membrane cells often
used in RSoXS, highlighting the influence of surface conditions. The TLAF properties of the subphase are
confirmed in homogeneously aligned cells by observing apparent tilt angles induced by an applied electric field.
The relaxation times responsible for the TLAF properties are studied by DLS, indicating the smooth flip-flopping
of a group of molecules in a single layer, which must also be responsible for the continuous change among SmC∗

A,
the subphase, and SmC∗. Each smectic layer appears to play an important role as a mesoscopic entity.
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I. INTRODUCTION25

The discovery of a ferroelectric liquid crystal and the sub-26

sequent development of surface-stabilized ferroelectric liquid27

crystal displays (FLCDs) opened a new era of FLCDs and28

related materials [1–3]. Many material and chemical manu-29

facturers showed keen interest in FLCDs, and a large number30

of chiral smectic liquid crystal compounds were designed and31

synthesized and their mixtures were developed. Among these,32

an antiferroelectric liquid crystal was discovered [4]. The po-33

lar phenomena in chiral smectic liquid crystals involved the34

clinicity frustration in antiferroelectric anticlinic SmC∗
A, fer-35

roelectric synclinic SmC∗, and paraelectric orthogonal SmA.36

The frustration together with the long-range interlayer inter-37

actions produces optically uniaxial SmC∗
α and various biaxial38

subphases in the vicinity of the three basic main phases,39

SmC∗
A, SmC∗, and SmA. The temperature-induced successive40

transitions via the main phases and subphases are observed41

in a variety of pure compounds and their mixtures, and the42

subphase temperature range is usually as narrow as a few43

degrees centigrade or less. The phase transitions are of the first44

order and these are characterized by abrupt changes, except45

for a continuous change in some cases between SmC∗ and46

SmC∗
α . The biaxial subphases are reasonably designated by47

*Contact author: ytakanis@koto.kpu-m.ac.jp
†Contact author: fukudaa@tcd.ie
‡Contact author: jvij@tcd.ie

the unit cell size and/or the qT number given by 48

qT = [F ]

[A] + [F ]
, (1)

where [F ] and [A] are the numbers of synclinic ferroelectric 49

and anticlinic antiferroelectric orderings, respectively. Among 50

them the ferrielectric subphase with three-layer (FAA) unit 51

cell, SmCd3 and/or qT =1/3, and the antiferroelectric subphase 52

with four-layer (FAFA) unit cell, SmCd4 and/or qT =1/2, are 53

frequently observed. The biaxial and optically uniaxial sub- 54

phases are characterized by commensurate highly distorted 55

and incommensurate neat helical structures, respectively [5]. 56

In review papers published in 2010s [6–8], the direct in- 57

teractions not only between the nearest-neighbor (adjacent) 58

layers but also between the next-nearest-neighbor layers were 59

considered to play an essential role in the emergence of the 60

biaxial subphases and the nanometer-pitch helical structure 61

of SmC∗
α as well as the anticlinic structure of SmC∗

A itself. 62

In systems like smectic liquid crystals where the positional 63

order is disordered, however, it is difficult to imagine that 64

any proper interaction may be directly operative even between 65

the next-nearest-neighbor layers. In fact, we had insisted on 66

the importance of other mechanisms too. The appearance 67

of the anticlinic structure is due to the orientational corre- 68

lation of the lateral dipoles between adjacent layers [9,10], 69

and the emergence of the biaxial subphases is caused by the 70

effective long-range interlayer interactions (LRILIs) derived 71

from the discrete flexoelectirc effect that also depends only 72

on the interactions between the adjacent layers [11–13]. By 73
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FIG. 1. Chemical structural formulas of TLAF materials. Mitsui
Chemicals reported compounds 1 and 2 as Mitsui mixture. Com-
pounds 3, 4, and 5 were developed by Mitsubishi Gas Chemical
(MGC), the product numbers of which are MC881 (antiferroelectric),
MC815 (ferroelectric), and MC452 (ferroelectric), respectively.1 All
the MGC compounds are the (R) moieties. See text for details.

combining the phase diagram of SmC∗
A, SmC∗, and SmA74

with the effective LRILIs, a comprehensive model was con-75

structed so that the emerging sequence of subphases and76

their intriguing properties can be systematically understood.77

The importance of the discrete flexoelectric effect is clearly78

demonstrated by the emergence of qT = 1/4, 2/5, and 1/7
subphases with large unit cells consisting of 8, 10, and 780

smectic layers, respectively, and the electric field-induced81

transition of SmC∗
α to biaxial ferrielectric and antiferroelectric82

qT =1/3 and 1/2 subphases [14–16]. In spite of the overall83

success in constructing the comprehensive model based on the84

degeneracy lifting due to the effective LRILIs at the frustra-85

tion point, there exist some cases where not only the effective86

LRILIs but the thermal fluctuations also play an important role87

[18,19]. This phenomenon is especially observed in mixtures88

of the materials developed by two Japanese companies, Mitsui89

Chemicals and Mitsubishi Gas Chemical (MGC) [20–22],90

as the thresholdless antiferroelectric (TLAF) materials. The91

chemical structures of these compounds are shown in Fig. 1. It92

seems that they prepared binary mixtures of strong antiferro-93

electric and ferroelectric compounds and obtained the desired94

properties near the boundary, which becomes parallel to the95

temperature axis, i.e., vertical to the concentration abscissa96

axis; this was predictable based on previous systematic exper-97

iments on phase diagrams of binary mixtures [23]. Actually,98

Sandhya et al. [24–26] carefully studied MC881-MC452 in99

the concentration range around the boundary by using Bragg100

reflection spectra due to the director helical structure. They101

confirmed the emergence of a single subphase stabilized along102

the borderline on its low concentration side; its stability tem-103

perature range is exceptionally wide from around 80◦C down104

to below zero, but the concentration range of the mixture is105

1MGC considered that these ferroelectric compounds must be
ferrielectric because of their characteristic conoscopic behavior.
However, Song et al. clearly showed that these are ferroelectric [17].

as narrow as about 3 wt.%. Furthermore, they noticed that 106

qT continuously becomes larger with increasing temperature 107

on both concentration sides of the subphase. On the low 108

concentration side, qT increases from 0 to 1 with increasing 109

temperature, i.e., SmC∗
A gradually changes to SmC∗; on the 110

high concentration side of the subphase, qT also becomes 111

larger with rising temperature and approaches to 1 but does 112

not seem to start from 0, i.e., SmC∗ emerges at high temper- 113

atures but SmC∗
A does not seem to exist even at low enough 114

temperatures. 115

In this paper we study the mixtures developed by MGC, 116

as MGC kindly donated large amounts of key compounds to 117

one of the authors (A.F.) when they unfortunately stopped the 118

R&D of TLAF materials in 2006. Actually, MC881-MC452 119

studied by Sandhya et al. [24–26] was an early developed 120

mixture; MGC insisted that another MC881-MC815 mixture 121

shows much more suitably desirable TLAF properties [27], 122

where the emergence of a single subphase along the border 123

line had not been confirmed as yet. Since it takes a very long 124

time to observe the Bragg reflection spectra systematically, 125

we first show that by measuring the optical rotatory power 126

we can determine the existence of a subphase in MC881- 127

MC452 at finer temperature and concentration intervals; thus 128

we confirm the subphase emergence along the borderline even 129

in MC881-MC815. At the same time, we modify the details of 130

the previously obtained T -r phase diagram of MC881-MC452 131

[25,26,28]. In Sec. III B, we explain the subphase unit cell 132

structure determined unambiguously by resonant soft x-ray 133

scattering (RSoXS) at the carbon K-edge [29–31], where the 134

sample cell should be thin enough to be properly transpar- 135

ent to the incident beam. Actually, the structure critically 136

depends on the sample surface conditions in prepared thin 137

samples: The subphase shows the two-layer (AA) unit cell 138

in samples sandwiched between about 100 nm thick silicon 139

nitride membranes, whereas the four-layer (FAFA) unit cell is 140

confirmed in a sample spread over a TEM grid with a spatula. 141

In Sec. III C, we demonstrate the TLAF properties of the sub- 142

phase in MC881-MC452 and MC881-MC815 by observing 143

the apparent tilt angles induced by an applied electric field 144

in homogeneously aligned cells. And furthermore, although 145

preliminarily in the sense that the concentrations were not 146

previously recorded, the relaxation times responsible for the 147

TLAF properties of MC881 containing 53.7 wt.% MC452 are 148

obtained by measuring the intensity autocorrelation functions 149

in DLS. 150

II. EXPERIMENTS 151

The properties of MC881-MC452 and MC881-MC815 are 152

known to change significantly with slight variations in mix- 153

ing ratios near the critical concentration rc. We prepared 154

each mixture very carefully so that the concentration repro- 155

ducibility of better than ±0.005 wt.% is guaranteed, at least 156

relatively, by using a Shimazu microbalance with the accuracy 157

in weight of ±1 µg. Acetone was used to ensure the mixture of 158

compounds became homogeneous and the complete evapora- 159

tion of the solvent in the mixture was checked by weighing 160

the sample bottle before the addition of acetone and after 161

its evaporation. Experimental details of measuring ORP by 162

using a photoelastic modulator (PEM-90, Hinds Instruments) 163
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FIG. 2. Photographs of used sample cells for RSoXS: (a) a mem-
brane sandwiched cell, (b) a copper grid for transmission electron
microscopy (TEM). (c) Microphotograph of the holes in the copper
grid.

were given in previous papers [32–34]. The actual measure-164

ments were made mainly in Dublin and supplementally in165

Kyoto. The light source used was a He-Ne laser (633 nm).166

Response time of the lock-in amplifier (SR830 DSP, Stanford167

Research Systems) is 1 s, and data capture time of the com-168

puter is 3 s. Temperature changing rate is 1∼5◦C/h at a step169

of 0.01∼0.05◦C. Once it is confirmed that the set tempera-170

ture has been reached, the measured ORP value is recorded171

in the computer. Homeotropically aligned cells, where the172

smectic layers are parallel to the substrate surfaces in SmA,173

were used. (These cells are sometimes called vertical aligned174

cells, since the constituent rod-like molecules are perpendic-175

ular to the substrate surfaces.) Hereafter we simply call them176

homeotropic cells in this paper. The cell thickness was about177

20 µm. We first measured ORP by decreasing the temperature178

down to 30◦C and then observed it by increasing the temper-179

ature. For the RSoXS measurements [29–31], two types of180

homogeneously aligned cells were prepared, where the smec-181

tic layers are perpendicular to the substrate surfaces in SmA.182

(These cells are sometimes called planar aligned cells, since183

the constituent rod-like molecules are parallel to the substrate184

surfaces.) Hereafter we simply call them homogeneous cells185

in this paper. In the soft x-ray wavelength region, silicon186

nitride membranes are frequently used as substrates; hence the187

first type was a homogeneous cell sandwiched between 100-188

nm-thick silicon nitride membranes (NX5200C, Norcada).189

The membrane is mounted on a 200-µm-thick, 5-mm-square190

silicon frame as shown in Fig. 2(a).191

The sample was injected into the membrane sandwiched192

cell in the isotropic phase and was cooled to RT at a rate of193

6◦C/h. The cell gap was kept at about several hundreds of194

nanometers by checking the color of the optical birefringence.195

The obtained homogeneous cell was multidomain since no196

special alignment treatment was applied to the silicon nitride197

membranes; the domain size was much smaller than the soft198

x-ray beam spot size (200 µm × 400 µm), and hence the199

obtained scattering image was powder pattern. To become200

free from the supposedly strong interface effects of the silicon201

nitride membranes, we tried a free standing film sample as202

the second type of homogeneous cell. Since it usually shows203

homeotropic alignment, a transmission electron microscopy204

(TEM) grid was used in the hope that homogeneous align-205

ment on the copper grid would prevail over the hole area;206

liquid crystal sample was coated using a spatula at RT. The207

actually used TEM grid (Cu 100-A, Oken Shoji) is made of208

FIG. 3. Geometry for RSoXS and obtained scattering image. x′

and y′ are horizontal and vertical direction of the surface of the CCD
camera, respectively.

25-µm-thick copper whose hole size is 200 µmφ, as shown 209

in Figs. 2(b) and 2(c). Here we call it a TEM grid cell. The 210

thickness of the liquid crystal was somewhat uncertain, but 211

the RSoXS measurements were performed under conditions 212

where the transmittance of the incident x-ray was approxi- 213

mately 30∼50%. 214

RSoXS measurements were performed at BL3U of 215

UVSOR beam line of Institute for Molecular Science 216

(Okazaki, Aichi). Experimental setup was shown in Fig. 3. 217

The sample cells were mounted in a sample holder and placed 218

in the vacuum chamber; the degree of vacuum around the 219

sample was kept at less than 10−2 Pa, whereas the degree of 220

vacuum of x-ray beam incident area was ca. 1 × 10−6 Pa. The 221

temperature of samples was controlled by a hand-made oven 222

with a temperature controller (DB-1230, Chino). The x-ray 223

scattering was detected by a CCD camera (DO940P-BN, An- 224

dor), and the camera length was 50 mm. The CCD camera can 225

cover the scattering angle 2θ from 14.6 to 43.5 deg. Incident 226

x-ray energy was tuned from 270 to 290 eV, which can cover 227

the absorption energy of carbon K-edge (ca. 285 eV). Behind 228

the sample, the photodiode for measuring the transmittance 229

of an incident x-ray beam can be inserted and removed as 230

required. Typical absorption spectrum was shown in Fig. 4, 231

FIG. 4. Absorption spectrum of MC881 containing 55.7 wt.%
MC452.
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FIG. 5. ORP vs temperature in MC881 containing MC452 of (a) 56.00, (b) 57.00, (c) 57.98, (d) 58.50, (e) 59.00, and (f) 60.01 wt.%; red
open circles and black crosses represent ORPs obtained in the heating and cooling processes, respectively. In (d) and (e), green closed circles
show ORPs observed in the heating process after keeping the samples at RT for more than one week. The sample cell thickness is about 20 µm
and the temperature changing speed is 5◦C/h.

and the carbon K-edge energy in this compound was 286 eV.232

In the following, actual RSoXS experiments were performed233

by irradiating samples with 285 eV (4.35 nm) incident beam.234

By fitting the x-ray profiles using the Lorentzian equation, the235

wavenumber of the periodicity was determined.236

Experimental details of obtaining intensity autocorrelation237

functions by DLS were given in previous papers [35–37]. The238

samples were 25-µm-thick homeotropic cells. The vertically239

polarized argon ion laser (532 nm) was incident onto the240

sample cell at an angle of 18◦ to the substrate normal, and241

the perpendicularly polarized scattered light was observed by242

a photomultiplier from the substrate normal direction on the243

opposite side. The scattered intensity autocorrelation function244

g(2)(t ) = 〈I (t ′)I (t ′ + t )〉
〈I (t ′)〉〈I (t ′ + t )〉 (2)

was obtained by using a correlator (ALV-5000, ALV), which245

can cover a time range of 10−7 to 10 s [35]. Since the actual246

measurements were made at the early stage of the present247

investigations, the obtained results are rather preliminary in248

the sense that nominal sample concentrations were not mon-249

itored by observing ORPs and thus the concentrations were250

not sufficiently precisely recorded, and the superposition of251

homodyne and heterodyne signals was not carefully checked252

[36].253

III. RESULTS AND DISCUSSION254

A. ORP data and the existence of a single subphase255

with an exceptionally wide temperature stability range256

In the bulk of MC881-MC452, Sandhya et al. [25,26]257

drew the T -r phase diagram by observing the Bragg reflection258

spectra from the macroscopic helical structure of the in-layer 259

directors at various concentrations and temperatures. Actu- 260

ally, the existence of the subphase at a particular concentration 261

can be confirmed rather easily by observing the dependence 262

of ORP on temperature in the heating process as illustrated in 263

Figs. 5(a), 5(b), and 5(c). It should be noted that the almost 264

constant ORP of about 10∼15 deg observed from RT up to 265

about 80◦C indicates the stable existence of the subphase. 266

Around 80◦C the transition occurs between the subphase and 267

the state with continuously changing qT [25,26]. We can also 268

see the emergence of the subphase even in the cooling process, 269

but the transition temperature is always lower and its curve 270

shape around the transition does not change much as the 271

concentration increases. The relaxation to the subphase in the 272

cooling process takes a very long time near the critical concen- 273

tration rc. In fact, as illustrated in Figs. 5(d) and 5(e), the ORP 274

data looks not good because of the very long relaxation times 275

at 58.50 and 59.00 wt.%. When we measure the ORP temper- 276

ature variation in the heating process after keeping the sample 277

cell at RT for a considerable time, however, it appears to show 278

the subphase emergence from RT up to around 60 and 40◦C 279

for 58.50 and 59.00 wt.%, respectively. The long relaxation 280

times for these concentrations disappear and the apparently 281

ordinary ORP data of SmC∗ is observed at 60.01 wt.% as 282

seen in Fig. 5(f). Regarding the ORP temperature variation 283

on the low concentration side, we have not yet performed 284

any systematic study. The ORP data at 52.00 and 54.00 wt.% 285

illustrated in Figs. 6(a) and 6(b), however, clearly indicate that 286

the subphase boundary on the low concentration side is not a 287

vertical straight line as depicted in Fig. 1 of Ref. [28]. The 288

subphase that appears continuously from RT to above 80◦C at 289

55.00 wt.% is divided into a high-temperature branch and a 290
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FIG. 6. ORP vs temperature in MC881 containing MC452 of
(a) 52.00 and (b) 54.00 wt.%; red open circles and black crosses
represent ORPs obtained in the heating and cooling processes,
respectively. The sample cell thickness is about 20 µm and the
temperature changing speed is 5◦C/h.

low-temperature branch (indicating black arrows in Fig. 7) by291

the emergence of SmC∗
A in between as seen at 52.00 to 54.00292

wt.%; the Bragg reflection peak of nominally pure (R)-MC881293

is about 400 nm and its ORP is negatively very small. The294

SmC∗
A stability temperature range gradually becomes wider as295

the concentration decreases from about 55.00 wt.%. It should296

be noted that the change between SmC∗
A and the subphase is297

not of the first order phase transition but occurs with the qT298

number continuous varying. In fact, we can see the typical299

normal and abnormal dispersions in the ORP temperature300

variation between SmC∗
A and the subphase as in Figs. 6(a)301

and 6(b).302

Here we tried to extend the phase diagram obtained303

by Sandhya et al. [25,26]. They used three kinds of the304

data: the transition temperatures to SmA, the temperatures305

where the helical pitch diverges, and the temperature ranges306

where the full-pitch band grows gradually. We can add two307

kinds of data: one is the transition temperatures from the308

subphase to the state with continuously changing qT that are a309

few degrees lower than the temperatures where ORP diverges,310

and the other is the temperature ranges where qT changes311

continuously between 0 and 1/2. In this way, we depicted312

Fig. 7. The upward convexly curved solid line represents the313

upper boundary of the subphase, which starts to be blurred314

with increasing concentration at around 58.50 wt.%. Two lines315

curved concavely toward the left are the boundaries of the316

FIG. 7. Revised phase diagram of MC881-MC452 near critical
concentration rc. Three kinds of data Sandhya et al. used are: the tran-
sition temperatures to SmA (open triangles), the temperature ranges
where the full-pitch band gradually grows (bars with upper and lower
limits), and the helical pitch diverging temperatures (full red circles).
Two kinds of data added here are: the transition temperatures from
the subphase to the state with continuously changing qT (red crosses)
and the temperature ranges where qT changes continuously between
0 and 1/2 (black arrows) Red closed triangles is the transition tem-
perature to SmA are also added. Since the electric furnace is different
from that used by Sandhya et al. Since the temperatures are slightly
different overall, hence the over all temperatures have been shifted
by about 4◦C to match the phase transition temperature from SmC∗

to SmA.

subphase and SmC∗
A; upward arrows represent the continu- 317

ous change of qT between 1/2 and 0. As the concentration 318

approaches to 55.00 wt.%, the transition from the subphase to 319

SmC∗
A would become difficult to occur smoothly because of 320

the prolonged relaxation time. 321

Since the emergence of the corresponding subphase has 322

not been confirmed in the bulk of MC881-MC815, we now 323

move on to show its existence by observing the ORP tem- 324

perature variation at several MC815 wt.% concentrations. 325

After considerable experimental challenge, we obtained the 326

rather systematic data as summarized in Fig. 8; difficulties 327

encountered were the much longer relaxation time and the 328

narrower concentration range of the stable subphase emer- 329

gence in MC881-MC815 as compared with MC881-MC452. 330

The almost constant ORP of about 10∼15 deg is observed 331

from RT up to about 80◦C as shown in Figs. 8(b), 8(c), and 332

8(d). Because of the much longer relaxation time, we need to 333

reduce the temperature changing rate down to at least 2◦C/h. 334

At 31.63 and 31.75 wt.%, however, we could not obtain 335

any meaningful ORP temperature variation as illustrated in 336

Fig. 8(e) even at a temperature changing rate of 1◦C/h. It 337
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FIG. 8. ORP vs temperature in MC881 containing MC815 of (a) 30.64, (b) 30.87, (c) 31.11, (d) 31.36, (e) 31.63, and (f) 31.88 wt.%.; red
open circles and black crosses represent ORPs obtained in the heating and cooling processes, respectively. The sample cell thickness is about
20 µm and the temperature changing speed is 2 or 1◦C/h.

should be noted that, at 31.88 wt.%, the considerably long338

relaxation time disappears and the apparently ordinary ORP339

temperature variation indicating the emergence of SmC∗ is340

observed as shown in Fig. 8(f). Although no detailed study341

has been performed as yet, the boundary on the high con-342

centration side must be upward convexly curved. Regarding343

the phase boundary on the low concentration side, the ORP344

temperature variation data at 30.64 wt.% shown in Fig. 8(a)345

barely suggests that it is concavely curved toward the left;346

the subphase still exists at around 86◦C and the continuous347

change from SmC∗
A with abnormal dispersion is observed. The348

phase diagram suggested at this stage was shown in Fig. 19 of349

Appendix. Anyway, both the boundaries on the low and high350

concentration sides seems to be not simple vertical straight351

lines not only in MC881-MC452 but also in MC881-MC815.352

As typically observed in Figs. 8(d) and 8(f), the negative353

ORPs in the high temperature region vary stepwise. This must354

be due to the surface anchoring that prevents the helical pitch355

from changing continuously.356

B. Unit cell structures determined by RSoXS in the357

concentration and temperature range of the subphase358

The rather systematic ORP vs temperature data clearly359

indicate the emergence of the subphase near the critical360

concentration rc not only in MC881-MC452 but also in361

MC881-MC815 as described above in Sec. III A. Therefore362

we tried to determine their superlattice structures by x-ray363

scattering. The ordinary scattering factor is a scalar and hence364

is not sensitive to the clinicity. In resonant x-ray scattering365

(RXS), it becomes a tensor; by tuning the x-ray energy to366

the resonant energy of the specific atom, resonant satellite367

peaks show up in addition to the principal Bragg peaks. 368

For a structure with n-layer periodicity, there appear satellite 369

peaks at 370

Qz

Q0
= l + m

(1

n
± ε

)
. (3)

Here Qz is the component of scattering vector along the 371

smectic layer normal, Q0 = 2π/d with the layer spacing d , 372

l and m are integers (±1, ±2, · · · ), and ε = 2π/p with the 373

optical pitch p [8,14,38,39]. Several (ordinary and not TLAF) 374

subphase superlattice structures have been clarified by RXS 375

with LCs containing Br, Se, or S. These particular TLAF 376

mixtures do not contain Br, Se, or S, so we need to use carbon 377

K-edge (about 285 eV, 4.35 nm). 378

Figures 9(a) and 9(b) show resonant and off-resonant two- 379

dimensional scattering images obtained from a membrane 380

sandwich cell of MC881-MC815 at RT using incident x-ray 381

with an energy of 285 eV (almost resonance condition) and of 382

270 eV (off-resonance condition), respectively. We can draw 383

a typical resonant one-dimensional profile from the resonant 384

two-dimensional scattering image, as illustrated in Fig. 9(c). 385

The clear resonant peak observed at around 2θ = 43.04 deg, 386

i.e., Qz = (4π/λ) sin θ = 1.06 nm−1 corresponds to the pe- 387

riodicity of D=5.93 nm, which is nearly double the layer 388

spacing d= 3.06 nm obtained by ordinary x-ray scattering, 389

and hence indicates that the unit cell structure must be two- 390

layer (AA) [8,14,38,39]. When the energy of incident x-ray 391

is changed to 270 eV, this peak disappears completely as 392

seen in Fig. 9(b). Unfortunately, however, some annoying 393

background scattering signals are observed both in resonant 394

and nonresonant conditions. These must be due to some poor 395

monochromaticity of the soft x-ray source; we eliminate these 396
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FIG. 9. Resonant and off-resonant soft x-ray scattering in a mem-
brane sandwich cell of MC881 containing 31.11 wt.% MC815 at
RT. (a) Resonant (285 eV) and (b) nonresonant (270 eV) two-
dimensional images in measurement time of 180 s. Incident x-ray
energy is indicated in the images. (c) One-dimensional intensity
profile of the membrane sandwich cell depicted from panel (a).

by using several measures as below. Since the incident off-397

resonant energy (270 eV) is more than three times stronger398

than the incident resonant energy (285 eV), the off-resonant399

background scattering signal becomes stronger than the reso-400

nant ones as seen in Figs. 9(a) and 9(b).401

The superlattice structure with the two-layer unit cell402

(AA) was also confirmed in a membrane sandwich cell of403

MC881-MC452. Figures 10(a) and 10(b) show resonant and404

off-resonant two-dimensional scattering images obtained in a405

membrane sandwich cell of MC881-MC452 at RT using inci-406

dent x-ray with an energy of 285 eV (resonance condition) and407

of 280 eV (off-resonance condition), respectively. The one-408

dimensional profile obtained from Fig. 10(a) is also given in409

Fig. 10(c). Since we used several filters, the background scat-410

tering becomes weaker as compared in Fig. 9. The strong peak411

observed at Qz = 1.09 nm−1 in resonant scattering completely412

disappears in off-resonant scattering. This peak corresponds413

to a periodicity of D = 5.76 nm, which is nearly double the414

layer spacing d = 2.98 nm; hence the superlattice structure415

must have two-layer unit cell (AA) [8,14,38,39]. Polarized416

optical texture of the membrane sandwiched cell at RT is417

shown in Fig. 10(d). Optical axis seems to be parallel to418

the layer normal, suggesting the bilayer anticlinic structure.In419

this way it is well established that the subphase stabilized420

in an exceptionally wide temperature range has the super-421

lattice structure with the two-layer unit cell (AA) and hence422

looks like SmC∗
A in the membrane sandwich cell of both423

mixtures of MC881-MC815 and MC881-MC452. However,424

previous investigations by Sandhya et al. and Feng et al.425

[24,25,28] confidently anticipated the qT = 1/2 subphase with426

the four-layer unit cell (FAFA). The silicon nitride mem-427

brane interfaces must realize surface-stabilized SmC∗
A. Since428

the four-layer unit cell has the distortion angle δ [12,40,41]429

and the directors are not really parallel to the substrate430

plates, the sum of bulk and surface energies appear to prefer431

the much simpler two-layer unit cell of SmC∗
A. To directly432

clarify the inherent superlattice structure of the subphase,433

we used the TEM grid cell and obtained beautiful RSoXS434

FIG. 10. Resonant and off-resonant soft x-ray scattering in a
membrane sandwich cell of MC881 containing 55.70 wt.% MC452
at RT. (a) Resonant (285 eV) and (b) nonresonant (280 eV)
two-dimensional images in measurement time of 180 s. (c) One-
dimensional intensity profile of the membrane sandwich cell
depicted from panel (a). (d) Optical microphotograph of the mem-
brane sandwiched cell under the crossed polarizers.

results which unambiguously indicate that the subphase has 435

the four-layer (FAFA) unit cell in the bulk. Figure 11 is 436

the one-dimensional profiles obtained in the TEM grid cell 437

of the same mixture MC881-MC452 at various temperatures 438

using incident x-ray with the energy of 285 eV (resonance 439

condition). Since there exist no membranes which absorb 440

the incident 285 eV radiation, the background scattering sig- 441

nals become weak relatively. Compared to the membrane 442

sandwich cell, the resonant scattering image is significantly 443

different, with a scattering peak observed at a small angle, 444

which is maintained up to around 90◦C. The structural period 445

obtained from the peak is D = 12.09 nm at RT. The splitting of 446

the peak is due to the subphase macroscopic helical structure 447

of about 2 µm [8,14,38,39]. 448

Temperature dependence of the structural period is 449

plotted from the scattering profile, as shown in Fig. 12(a). 450

The structural period is almost four times the layer spac- 451

ing, as shown in Fig. 12(b), which indicates a four-layer 452

periodic structure. Furthermore, dielectric measurements of 453

a homogeneous cell with a cell thickness of 6 µm showed 454

antiferroelectric behavior from low temperatures upto around 455

85◦C in Fig. 13, similar to that found by Feng et al. [28]. 456

Therefore, it can be concluded that the smectic phase formed 457

between RT and 85◦C in the so-called bulk state has the 458

superlattice structure (FAFA). The similar result to Fig. 11 459

was obtained from a TEM grid cell of MC881 containing with 460

31.11wt.% MC815 (see Fig. 20 of Appendix). 461
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FIG. 11. One-dimensional intensity profile of the TEM grid cell in MC881 containing 55.70 wt.% MC452 at 24, 40, 50, 60, 70, and 80◦C
with the energy of 285 eV (resonance condition). At 24◦C, the corresponding 2D image is displayed.

C. TLAF properties of the subphase and the responsible462

relaxation times463

Now we are sure that, in thin enough cells of both TLAF464

mixtures at RT and around the middle of the subphase concen-465

trations, the subphase transform into the two-layer (AA) unit466

cell structure, although the subphase itself has the four-layer467

(FAFA) superlattice structure in the bulk. Song et al. [42],468

FIG. 12. (a) Temperature dependence of the periodicity D ob-
tained from the TEM grid cell of MC881 containing 55.70 wt.%
MC452 by RSoXS (red circle) and the layer spacing d by the
conventional x-ray scattering (blue open circle). (b) Temperature
dependence of D/d .

without noticing the existence of the subphase, reported the 469

TLAF response in 2-µm-thick homogeneous cell of MC881 470

containing 55 wt.% MC452 by observing apparent polariza- 471

tion as a function of the applied field. So we similarly try to 472

check the TLAF response in MC881-MC815, and immedi- 473

ately notice that the thin (around 2.1-µm-thick) homogeneous 474

cells are liable to become ferroelectric as illustrated in Fig. 14. 475

The interfaces used are spin-coated by aligning polyimides 476

RN1175 (Nissan Chemical Industries, Ltd.) and AL1254 (JSR 477

Corporation), and a bare ITO substrate without polyimide 478

coating; we also use some cells purchased from EHC Co., Ltd. 479

(Japan). The interface-induced ferroelectricity always plays 480

an important role, and we could not confirm the TLAF re- 481

sponse even in the around 2 µm thick cell of MC881-MC452, 482

either. 483

To get the full picture, we prepared a 300 nm∼5 µm 484

wedge cell using bare ITO substrates and took micrographs 485

as shown in Fig. 15.In the less than 1 µm region (upper 486

left) we can see the multidomain texture similar to the one 487

shown in Fig. 10(d), in which the optical axis is parallel to the 488

layer normal, and hence the two-layer (AA) unit cell structure 489

must be realized. Around 2 µm region (upper right and lower 490

left) broken fan texture seems to be produced as in Fig. 14. 491

FIG. 13. Temperature dependence of the dielectric constant at
1 kHz of the 6-µm-thick homogeneous cell of MC881 containing
55.70 wt.% MC452. Red open circles and blue dots indicate the real
and imaginary part of epsilon, respectively.

005400-8

高西 陽一
線
please space.

高西 陽一
ハイライト表示
change to "Fig. 15"



EF12685 PRE April 20, 2026 18:45

SUBPHASE WITH FOUR-LAYER SUPERLATTICE … PHYSICAL REVIEW E 00, 005400 (2026)

FIG. 14. Micrographs showing bistability due to the twisted
states in MC881 containing 31.11 wt.% MC815. Note that the inter-
faces are more or less polar and force the spontaneous polarization
in each layer to direct outwards or inwards [43–45]. White scale bar
shows 100 µm

However, in the 5 µm region (lower right) texture in which the492

optical axis is parallel to the layer normal again is observed,493

suggesting that the four-layer (FAFA) superlattice structure494

seems to be realized. Not only in MC881-MC452 but also in495

MC881-MC815, actually, thick homogeneous cells show the496

TLAF response when we observe the apparent tilt angle vs ap-497

plied field as illustrated in Fig. 16; the antiferroelectricity was498

confirmed by the detailed dielectric studies [28]. Although the499

RSoXS experiment indicates that the four-layer (FAFA) struc-500

ture is fairly well established in the bulk, thermal fluctuations501

must cause occasional clinicity flip-flopping of a single layer,502

here and there, keeping its antiferroelectricity as a whole, and503

bring about the TLAF response. In fact, Shirota et al. [33]504

considered such clinicity flip-flopping of a single layer, when505

they studied the response to an applied electric field in thick506

homeotropic cells of MC881 containing 55.7 wt.% MC452;507

they suggested that the TLAF response must be observed in a508

homogeneous cell. To directly detect the clinicity flip-flopping509

of a single layer, we tried to observe intensity autocorrelation510

functions in DLS. We have not yet performed any systematic511

experiments, but some results are obtained in two MC881512

mixtures containing 53.7 and 58.1 wt.% MC452 as well as513

in nominally pure MC881 and MC452 themselves. Typical514

intensity autocorrelation functions observed are illustrated in515

Fig. 17; there exist three components with fast, slow, and ex-516

tremely slow relaxation times, τ1, τ2, and τ3. Since τ1 appears517

FIG. 15. Texture micrographs of a 300 nm∼5 µm wedge cell
using bare ITO substrates in MC881 containing 31.11 wt.% MC815.
White scale bar shows 100 µm.

FIG. 16. Apparent tilt angle vs applied electric field observed at
RT in a thick homogeneous cell of MC881 containing 31.11 wt.%
MC815. The antiferroelectricity was directly confirmed by dielectric
study; hence the qT =1/2 subphase with the superlattice structure
(FAFA) is realized at RT.

to be two orders of magnitude faster than τ2, and furthermore 518

τ3 in time domain is longer than 1 s where measurements are 519

less reliable, we try to fit the intensity autocorrelation function 520

FIG. 17. Observed examples of intensity autocorrelation func-
tions in MC881 containing 53.7 wt.% MC452 at (a) 65 and (b) 90◦C.
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FIG. 18. Temperature dependence of (a) fast and (b) slow relax-
ation times, τ1 and τ2, in MC881 containing MC452 of (1) 0 wt.%
(nominally pure MC881): black open circles, (2) 53.7 wt.%: red
open triangles, (3) 58.1 wt.%: black closed circles, and (4) 100 wt.%
(nominally pure MC452): black crosses.

to Eq. (4),521

g(2)(t ) = a1 exp

(
− 2t

τ1

)
+ a2 exp

(
− 2t

τ2

)
+ b, (4)

where we neglect dependence on τ3.522

In nominally pure MC881 and MC452, the autocorrelation523

function consists of a single component with the fast relax-524

ation time τ1 as shown in Fig. 18(a), which can be attributed525

to the phase mode or Goldstone mode in SmC∗
A and SmC∗

526

[46–49]. In MC881 containing 58.1 wt.% MC452, however,527

there surely exists a component with the slow relaxation time528

τ2 as shown in Fig. 18(b) in addition to the τ1 component;529

we can see the τ2 temperature variation rather nicely between530

40 and 70◦C where the subphase is expected to exist stably.531

Although we did not check the ORP temperature variation532

in this particular sample of MC881 containing 53.7 wt.%533

MC452, the previous results by Sandhya et al. indicate that the534

subphase does not appear around 80◦C, but that qT changes535

continuously from 0 (SmC∗
A) to 1 (SmC∗); in fact, the τ2536

component is observed above about 80◦C. Miyachi et al. [50]537

observed the similar slow relaxation of the intensity autocor-538

relation function in the ferrielectric qT =1/3 subphase with539

three-layer unit cell, and considered that it must originate 540

from the dielectric constant fluctuations due to the clinicity 541

flip-flopping of a single layer. 542

IV. CONCLUSIONS AND FUTURE ISSUES 543

We have studied binary mixtures developed as TLAF mate- 544

rials, MC881-MC452 and MC881-MC815, by utilizing ORP, 545

RSoXS, and DLS. We first observed ORP systematically 546

vs temperature in both mixture materials, and determined 547

the concentration range of the subphase stable existence not 548

only in MC881-MC452 but also in MC881-MC815. The 549

temperature-concentration phase diagram was also depicted 550

in MC881-MC452, which mostly confirm some of the previ- 551

ous results obtained by Sandhya et al. [25]. Two additional 552

findings being made are: (1) The boundaries between SmC∗
A 553

and the subphase are curved concavely toward the left, and 554

the change between them is not an ordinary first order phase 555

transition but occurs with qT varying continuously. Each 556

smectic layer appears to play an important role as a meso- 557

scopic entity. (2) The boundaries between the subphase and 558

SmC∗ are upward convexly curved and the change between 559

them occurs continuously as already evidenced by the gradual 560

growth of the full pitch band [25]; the SmC∗ boundary had 561

not been definitely determined while the subphase bound- 562

ary now is precisely determined since the ORP divergence 563

is always observed. Although it would be difficult to un- 564

derstand the detailed shape of each curve on the diagram 565

theoretically, the boundary curves are natural as SmC∗ tends 566

to emerge gradually below SmA with increasing ferroelectric 567

ordering [25]. 568

We carried out RSoXS experiments by using two sam- 569

ples, MC881 containing 55.70 wt.% MC452 and MC881 570

containing 31.11 wt.% MC815. The two-layer (AA) super- 571

lattice structure has been observed at RT for both mixtures 572

in ordinary homogeneous cells of less than 1 µm thickness 573

sandwiched between silicon nitride membranes; this must be 574

the surface-stabilized structure of the subphase. After encoun- 575

tering some experimental difficulties we were able to obtain 576

RSoXS signals from randomly oriented sample with a negli- 577

gible solid-interfacial effect by using TEM grid cells. Thus, 578

the (FAFA) four-layer superlattice structure, which has often 579

been suggested by indirect experimental means [24,25,28], 580

is now firmly established by RSoXS. Due to limited RSoXS 581

machine time, only MC881 containing 31.11 wt.% MC815 582

and for MC881 containing 55.70 wt.% MC452 were studied, 583

the concentrations of which are in around the middle of the 584

subphase stable existing range. A future study will system- 585

atically measure both TLAF mixtures; in particular, it would 586

be challenging to investigate the continuous change among 587

SmC∗
A, the subphase, and SmC∗ by RSoXS. 588

We have tried to confirm the TLAF response by mak- 589

ing thin cells of 2.1 µm thickness, but such thin cells 590

could not achieve antiferroelectricity due to ferroelectricity 591

caused by interfacial effects. It seems necessary to reduce 592

the concentration and to strengthen the antiferroelectricity. 593

Needless to say, MC881 containing 55.70 wt.% MC452 594

shows antiferroelectricity in the bulk or thick cells. Fur- 595

thermore, the thermal fluctuations play an important role, 596

as already pointed out by Shirota et al. [33]. These fluctu- 597
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ations can produce additional induced polarization without598

changing qT =1/2 in an applied electric field. This additional599

polarization promotes the transition to SmC∗ cooperatively600

with the ordinary induced polarization responsible for the601

pretransitional effect in homogeneous cells even when the602

helical structure exists; hence the TLAF response has really603

been observed.604

Finally, the relaxation times responsible for the TLAF605

properties are studied within the constraints already discussed606

by measuring the intensity autocorrelation functions in DLS.607

In addition to the phase mode or Goldstone mode in SmC∗
A608

and SmC∗ [46–49] with relaxation times faster than 100 µs,609

another mode with slower relaxation times of a few to several610

tens of ms are observed between 100◦C and RT. A group611

of molecules in a layer appear to oscillate coherently, may612

flip-flop between R and S at least virtually, and this causes613

the slow mode of the intensity autocorrelation functions; here614

R and S refer to the clinicity orderings of smectic layers615

that produce polarization with a component parallel or an-616

tiparallel to the applied field [33]. Since the system under617

consideration is mesoscopic, there should exist a coherence618

(correlation) length in a smectic layer as Hayashi et al. [51]619

pointed out.620

Thus a systematic study using all the three methods are621

effective in elucidating the full picture of this unique system.622

The most important conclusion of this study is that the sub-623

phase superlatice structure in the bulk state is well-ordered624

four-layer (FAFA), and its surface-stabilized state is two-layer625

(AA) ordered; it is completely different from the simplified626

model of the phase with TLAF based on the Langevin-type627

alignment, where the director tilting is uniform in a smectic628

layer but its azimuthal angle changes from layer to layer ran-629

domly [51,52]. The most intriguing finding here is, however,630

the characteristic mannar of the thermal fluctuations playing631

an important role in TLAF. When there exists an energy632

barrier between the ferroelectric and antiferroelectric energy633

minima as in the binary mixtures under consideration, the634

only possible way for the phase transition to occur was con-635

sidered to be a nonhomogeneous process—i.e., solitary wave636

propagation—to overcome the energy barrier [42,53–55]. As637

we have already clearly shown that the actual situation is quite638

the opposite: A group of molecules in a single layer appear to639

flip-flop smoothly and the change among SmC∗
A, qT =1/2, and640

SmC∗ occurs with a continuously varying qT ; a single layer641

behaves independently as a mesoscopic entity. In the future,642

we would like to clarify the real cause of this peculiar and643

interesting behavior of these binary mixture materials near the644

region of critical concentration area.645
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APPENDIX 663

1. Phase diagram of MC881-MC815 near critical concentrations 664

Figure 19 shows the binary phase diagram of MC881- 665

MC815 near critical concentrations. This phase diagram is 666

primally determined based on Fig. 8, with results from po- 667

larized microscope observations and dielectric measurements 668

also taken into account as supporting results. For polarized mi- 669

croscope observations, 12-µm-thick homeotropic aligned cells 670

were used while 16-µm-thick planar aligned cells were used 671

for the dielectric measurements. At 30.64 wt.%, lower temper- 672

ature phase was SmC∗
A, while it was qT =1/2 at 30.87, 31.11, 673

and 31.36 wt.%. At this stage, the transition temperatures from 674

the subphase to the state with continuously changing qT can 675

only be suggested from the ORP results. 676

2. Resonant soft x-ray scattering result of the TEM grid cell 677

in MC881 containing 31.11 wt.% MC815 678

Figure 20 is the one-dimensional RSoXS intensity pro- 679

file obtained in the TEM grid cell of MC881 containing 680
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FIG. 20. One-dimensional RSoXS intensity profile obtained in
the TEM grid cell of MC881 containing 31.11 wt.% MC815 at 40 ◦C.
Incident x-ray energy is 285 eV (resonance condition), and Q0 is the
wavenumber of the single layer spacing of the same mixture.

31.11 wt.% MC815 at 40 ◦C using incident x-ray with the681

energy of 285 eV (resonance condition). This experiment was682

performed at BL-7A of Photon Factory (Tsukuba). TEM grid683

cell was the same as shown in Figs. 2(b) and 2(c). Since the684

photon flux of 285 eV of this beam line is weaker than that685

of BL3U of UVSOR (Okazaki), the overall intensity is weak686

and the profile is noisy, but the RSoXS peak corresponding687

FIG. 21. Plot of the ORP data of MC815 containing 55.0 wt.%
MC452. Red open circles and black crosses represent ORPs obtained
in the heating and cooling cycles, respectively. The sample cell
thickness is about 20 µm and the temperature scanning rate is 5 ◦C/h.

to the four layer periodicity is surely observed at around 688

Q/Q0 = 0.25. 689

3. ORP data of MC815 containing 55.0 wt.% MC452 690

Figure 21 shows temperature dependence of the optical 691

rotatory power of MC815 containing 55.0 wt.% MC452. Mea- 692

surement condition is the same as that in Fig. 5. 693
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