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Resonant x-ray scattering observation of transitional subphases during the electric-field-induced
phase transition in a mixture of Se-containing chiral smectic liquid crystals
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Using resonant x-ray scattering techniques, transitional subphases during the electric-field-induced phase
transition of a mixture of Se-containing chiral liquid crystals, 80% AS657 and 20% AS620, in a planar-aligned cell
geometry were investigated, where the prototypical phase sequence SmC∗

A-SmC∗
γ -AF-SmC∗ was observed; the

transitional subphases were formed during the transition from the three-layer periodicity phase to the ferroelectric
phase. In the lower-temperature range where the three-layer SmCγ ∗ phase appeared under the low electric field,
nine- and six-layer subphases and a “streak” pattern appeared in sequence after the transition from the SmCγ ∗

phase with increasing applied electric field; the ferroelectric phase was realized. In the higher-temperature range
where the four-layer AF phase appeared under a low electric field, the AF phase changed to a three-layer phase
at the medium electric field. The twelve-, nine-, and six-layer subphases subsequently appeared in sequence,
and finally the ferroelectric phase was generated with increasing electric field. The molecular arrangements
of the field-induced subphases, especially the newly found nine-layer periodicity phase, was analyzed. The
successive field-induced phase transition of the present results was compared with that of our previous results for
pure Se-containing and Br-containing liquid crystals, and the relation to the three-layer ferrielectric phase was
discussed.

DOI: 10.1103/PhysRevE.97.062702

I. INTRODUCTION

Various subphases of chiral smectic-C liquid crystals (LCs),
which are characterized by an azimuthal arrangement of
molecular orientations among the layers, were discovered
between the lower-temperature antiferroelectric (SmC∗

A) and
higher-temperature ferroelectric (SmC∗) phases [1–3]. The
long-range interlayer interaction, which is the origin of these
subphases, has attracted much attention both experimentally
[4–8] and theoretically [9–13]. In the SmC∗ and SmC∗

A phases,
the molecules in adjacent layers are oriented in a synclinic
and anticlinic manner, respectively [1,4], while the ferrielec-
tric (SmC∗

γ ) and antiferroelectric (AF) subphases, which lie
between the SmC∗ and SmC∗

A phases, have three- and four-
layer periodic structures, respectively [5–8]. In the assignment
and characterization of these chiral smectic-C subphases, the
resonant x-ray scattering (RXS) technique has played a crucial
role [5–8,14–17] because it provides the unique technique to
determine the layer periodicity and its parameters. In addition
to the phases with two-, three-, and four-layer periodicity, two
types of smectic phases with a six-layer periodic structure
have been experimentally observed by Huang et al. [14–16]
and Takanishi et al. [17] in different LCs. Furthermore, novel
subphases with seven-, eight-, and ten-layer periodic structures
were reported for Br-containing LCs and Se-containing LC
mixtures based on RXS analysis [18,19].

Not only the temperature-induced phase transition but
also an electric-field-induced phase transition in these chiral
smectic LCs from low-field subphases to the high-field SmC∗
phase has been extensively studied [1,20–25]. Among them,

RXS studies have directly revealed a sequential field-induced
phase transition from the AF phase at low field, the SmC∗

γ

phase at medium field, and the SmC∗ phase at high field using
samples with a device geometry (planar aligned cell structure)
[26–28]. Recently, in a Br-containing chiral LC, a field-induced
transitional subphase with twelve-layer periodicity was found
between the SmC∗

γ phase and the SmC∗ phase by microbeam
RXS analysis with the device geometry [29]. More recently,
using the same technique, field-induced transitional subphases
with n-layer (n = 5 to 8, depending on the temperature)
periodicity were revealed in a pure Se-containing LC [30].
Some of these transitional subphases showed unique charac-
teristics, which have not yet been experimentally or theoret-
ically reported and have been revealed by the combination
of the microbeam RXS, the sample of the device geometry,
and the two-dimensional (2D) detector. It is noted, however,
that the observed transitional subphases were different for
the two Br- and Se-containing samples, though temperature–
electric-field phase diagrams of both samples were similar
except for the high-temperature SmC∗

α phase in the pure Se-
containing LC. To further investigate a variety of field-induced
transitional subphases, in this paper we use a Se-containing
mixture LC sample that shows a phase sequence SmC∗

A-SmC∗
γ -

AF-SmC∗ with increasing temperature, i.e., the typical case of
the frustration between the SmC∗

A and SmC∗ phases [19].

II. EXPERIMENT

A Se-containing LC mixture sample comprising 80%
AS657 and 20% AS620 [7,19,23,31,32] (see Fig. 1) was used
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FIG. 1. Molecular structures of samples AS620 and AS657.

in the experiment. AS657 and AS620 were purchased from
Kingston Chemicals Ltd., University of Hull, Hull, UK. The
sample had a typical phase sequence of SmC∗

A (85.8 °C) SmC∗
γ

(87.7 °C) AF (89.8 °C) SmC∗ with heating [19]. The phase-
transition temperatures given in parentheses were obtained
during x-ray experiments.

The experimental conditions and procedures used herein
are the same as those in previous studies [29,30], and only a
brief summary is presented here. The sample was inserted into
a 25-μm-thick sandwich cell having two 80-μm-thick glass
plates for substrates coated with indium tin oxide as electrodes.
One side of the glass plate was coated with polyimide and was
rubbed. The sample cell was mounted on a compact heater.
To obtain a uniform layer structure, a square-wave electric
field (±95 V maximum) was applied around 80 °C, and the
sample was then heated to the temperature of the target phase.
The samples were examined in the lower-temperature range of
the SmC∗

γ (86.3 and 86.6 °C) phase and the higher-temperature
range of the AF (88.0 °C) phase. The applied alternating
electric field was a square waveform of 100 Hz.

RXS experiments were performed on the 4A beamline at the
Photon Factory (Japan). A monochromatic x-ray microprobe
with a 5×5 μm2 square beam was used. The incident x-ray en-
ergy was set to the absorption edge of Se (12.65 keV). The layer
normal of the homogeneously aligned cell was approximately
horizontal, and a vertical rotation axis was adopted. A pixel
array x-ray detector (Pilatus-100K, DECTRIS) was located at
100 through 117 cm from the sample. A polarizing optical
microscope was used to monitor the optical response of the
sample during the measurement. The temperature stability of
the sample was better than ±0.03 °C during the measurement.

At each applied electric field, the x-ray incident angle was
adjusted to the RXS satellite peak position of interest by
rotating the sample (ω-intensity profile), and then intensity
measurement was carried out without sample rotation using
the 2D detector. The q/q0 intensity distribution in the radial
direction, where q is the scattering vector and q0 = 2π/d

(d is the smectic layer spacing), was extracted from the
recorded 2D pattern. The first-order Bragg peak position in
the 2D pattern was approximated as q0, and the obtained
intensity distribution was analyzed semiquantitatively based
on the RXS theory [33,34]. The RXS reflections appearing near
the forward-scattering direction (q/q0 < 1) were measured to
attain a reasonable detection efficiency, while a direct beam
stopper blocked scattered x rays in the small-q region.

During the course of our studies of the transitional sub-
phases [29,30], we adopted a combination of samples of the
device geometry, the microbeam RXS technique, and the
2D detector. This technique has three main advantages: (i)
the homogeneous electric-field application is assured by the
conventional device geometry, (ii) controlled and uniform
temperature and electric fields are guaranteed in the small
sample volume defined by x-ray microbeams together with the
in situ polarizing microscope observation, and (iii) the wide q-
range in the reciprocal space can be studied simultaneously, so
that the long-periodicity phases and other characteristics (e.g.,
“streak pattern,” satellite peaks at incommensurate positions,
and so on [30]) are identified.

III. RESULTS

At 86.3 °C (0.5 °C above the SmC∗
A-to-SmC∗

γ phase-
transition temperature), RXS analysis indicated the formation
of a three-layer periodic structure (C3p phase hereafter) below
±45.0 V [Fig. 2(a)]. At ±45.2 and ±45.6 V, a weak threadlike
phase boundary moved across the field of view [Fig. 3(a)].
At the same time, a peak appeared at q/q0 = 0.22 (2/9)
[Figs. 2(b) and 2(c)], and very weak humps were discernible
at q/q0 = 0.44 (4/9) and 0.56 (5/9) in addition to the strong
peaks at q/q0 = 1/3 and 2/3 [Fig. 2(c)]. The peaks at ±45.6 V
seemed to correspond to the nine-layer periodic structure (C9p

phase hereafter), though the peaks atq/q0 = 7/9 and 8/9 could
hardly be observed. At ±45.2 V, the C3p and C9p structures
coexisted. At ±47.0 V, the peaks related to the C9p structure
became very weak, and, in addition to the q/q0 = 1/3 and
2/3 peaks, peaks at q/q0 = 0.5 (1/2) and 0.17 (1/6, very
close to the direct beam stopper) and weak peaks at q/q0 =
0.83(=5/6) appeared [Fig. 2(d)]. These peaks correspond to
a six-layer periodic structure (C6p phase hereafter). At a high
applied voltage (±49.0 V), the peaks became weak and broad
[Fig. 2(f)]. At ±52.0 V, the peaks disappeared and a streak
pattern (“streak” hereafter), i.e., a diffraction profile with no
conspicuous reflection peaks [29], remained [Fig. 2(f)]. At
±54.5 V, the SmC∗ (ferroelectric) phase was detected at the
measurement point [Fig. 3(b)].

The measurement was also carried out at 86.6 °C, i.e.,
0.3 °C above the previous temperature, and the SmC∗

γ phase
was still observed without the electric field. Nearly the same
field-induced phase transition occurred as for the previous
temperature (86.3 °C), though the transition voltages were
slightly different: C3p (±40.8 V) C9p (±42.8 V) C6p (±47.5 V)
“streak” (±51.6 V) SmC∗.

At 88.0 °C (0.3 °C above the SmC∗
γ -to-AF phase transition

temperature), the RXS pattern showed reflections at q/q0 =
1/4 and 3/4 up to ±21.0 V [Fig. 4(a)], which was a typical
diffraction profile for the four-layer periodicity (AF) phase
(C4p1 phase hereafter). The polarizing microscope image
showed a weak stripe texture running parallel to the smectic
layer [Fig. 5(a)]. At ±21.5 V, the stripe texture disappeared
[Fig. 5(b)], and peaks corresponding to the C3p phase appeared
at q/q0 = 1/3 and 2/3, as shown in Fig. 4(b). These remained
unchanged up to ±30.0 V. At ±30.4 V [Fig. 4(c)], in addition
to the peaks of the C3p phase, a peak appeared at q/q0 = 1/4.
Then, at ±30.6 V [Fig. 4(d)], weak peaks appeared at q/q0 =
0.42 (5/12), 0.58 (7/12), and 0.75 (9/12). At the same time, a
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FIG. 2. Series of resonant x-ray scattering (RXS) profiles obtained at applied voltages from ±45.0 to ±52.0 V at 86.3 °C. In (c) and (d),
dotted lines indicate magnified profiles. Open circles in (c) and filled circles in (d) indicate positions where reflection peaks due to the C9p

and C6p configurations, respectively, are expected to appear. The inset in (a) shows a two-dimensional diffraction pattern from which the
one-dimensional RXS profile was extracted. The white circle (B.S.) corresponds to the shadow of the direct beam stopper, the strong arclike
spot on the right (Bragg) is the first-order Bragg diffraction peak, and two weak RXS reflections (arrows) are seen between “B.S.” and “Bragg.”
cps denotes counts/s.

very weak stripe texture appeared in the sample [Fig. 5(c)]. It
appears that the 12-layer (C12p hereafter) phase was formed
at this applied voltage, while no peaks were observed at
q/q0 = 6/12, 10/12, and 11/12 (if present, the 1/12 reflection
was blocked by the direct beam stopper).

At a slightly higher voltage of ±31.2 V [Fig. 4(e)], in
addition to the peaks at q/q0 = 1/3 and 2/3, peaks appeared
at q/q0 = 0.22 (2/9), 0.44 (4/9), 0.56 (5/9), and 0.77 (7/9).
These peak positions correspond to those expected for the C9p

phase, though the peaks at q/q0 = 1/9 and 8/9 were difficult to
observe. At±32.6 V [Fig. 4(f)], theC9p phase was still partially
present given that peaks were clearly observed at q/q0 = 0.22,
0.33, 0.66, and 0.78, though the peaks at q/q0 = 0.4−0.6 were
too weak and broad to assign a specific q value. At ±33.7 V
[Fig. 4(g)], the peaks appeared to correspond to the C6p phase,

FIG. 3. Sample photographs at applied voltages of (a) ±45.6 V
and (b) ±54.5 V at 86.3 °C. The layer normal was approximately
horizontal. Black arrows in (a) show the phase boundary between
three-layer and nine-layer periodic phases. In (b), most of the field
of view is transformed to the SmC∗ phase. Also in (b), the white
arrow indicates a typical measurement point, and the black scale bar
represents 0.1 mm. Blotlike patterns of various sizes and shapes are
due to contamination on the outside of the glass plates.

though they became slightly broad. At this stage, the stripe
texture gradually became clearer [Fig. 5(d)]. The peaks became
broad and weak at ±36.0 V [thick solid line in Fig. 4(h)],
and the “streak” pattern appeared at ±40.0 V [thin solid line
(blue) in Fig. 4(h)] prior to the transformation to the SmC∗
phase at ±42.0 V. In summary, the transitional subphases that
appeared at this temperature were as follows: C4p1 (±21.5 V)
C3p (±30.6 V) C12p (±31.2 V) C9p (±33.7 V) C6p (±40.0 V)
“streak” (±42.0 V) SmC∗.

At higher temperatures where the AF phase was generated
without an applied electric field, the RXS diffraction profile
was often complicated, and the reproducibility of the mea-
surements was poor. Although the phases seemed to reflect
the sample history, these experimental conditions required
for good repeatability have not been clarified. In the present
studies, therefore, only the transitional subphases that could
be reproducibly formed at lower temperatures are reported and
discussed.

IV. DISCUSSIONS

The C6p, C9p, and C12p transitional subphases were ob-
served during the field-induced transition from the C3p phase
to the SmC∗ phase. The present sample was already used to
study the subphases appearing just below and above the SmC∗

γ

phase at the low applied electric field by the electric-field-
induced birefringence and micro-RXS techniques [19]. The
field-induced phase transition from the SmC∗

γ (C3p) to SmC∗
phases is clearly observed in their electric field-temperature
(E-T) diagram as a narrow region [line A-B in Fig. 2(a) shown
in Ref. [19]]. However, the detail of the field-induced phase
transition is not clear at high fields.

First, the molecular configurations of these subphases are
discussed. At 86.3 °C and around ±45.6 V [Fig. 2(c)], and at
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FIG. 4. Series of RXS profiles obtained at applied voltages of ±14.0 to ±40.0 V at 88.0 °C. In (d), (e), and (g), dotted lines indicate
magnified profiles. Asterisks in (d), open circles in (e), and filled circles in (g) indicate positions where reflection peaks resulting from C12p ,
C9p , and C6p configurations, respectively, are expected to appear.

88.0 °C and around ±31.2 V [Fig. 4(e)], the nine-layer periodic
structure appeared to be formed because the 4/9 and 5/9 reflec-
tions were unique to the nine-layer periodicity. The intensities
of the peaks at q/q0 = 1/3 and 2/3 were stronger than those
of the other peaks, even though the experimental condition
was optimized for the q/q0 = 1/3 peak. The Ising (flat)
molecular arrangements are discussed as a starting molecular

FIG. 5. Sample photographs at applied voltages of (a) ±0.0 V, (b)
±21.5 V, (c) ±30.8 V, and (d) ±33.7 V at 88.0 °C. In (d), the white
arrow indicates a typical measurement point, and the black scale bar
represents 0.1 mm.

configuration. Though the number of all possible combinations
of the directions of the director of each layer are quite large
(29), that of the independent molecular arrangements was
found to be limited to 21 configurations (except for the trivial
configurations such as three- and single-layer) as shown in
Table I, where {· · ·} represents the molecular configuration
in a unit cell, and “R” and “L” indicate the smectic layer with
directors tilted to the right and left, respectively. Table I also
shows the corresponding calculated squares of the structure
factor (RXS peak intensities without geometrical factors, Int-
SF hereafter) of each satellite peak. It is noted that Int-SF is
equal for the peaks at q/q0 = m/9 and (9 − m)/9. Among
them, five configurations have strong 3 (6) / 9 reflections (Nos.
5, 14, 17, 19, and 20), and furthermore only one molecular
configuration (No. 5) gives the RXS peak intensity ratio
similar to the experimental result, namely {RRRRRLRRL} [or
{R3(R2L)2}]. The other four configurations give too strong
(Nos. 17 and 20) and too weak (Nos. 14 and 19) 4 (5) /

9 reflections. Although the {RRLRRLRLL} [{(R2L)2RL2}]
configuration (No. 19) has a rather weak 4 (5) / 9 reflection
compared to the experimental result, two structures (Nos. 5
and 19) can be the candidates for the newly found nine-layer
structure within the present experimental precision.

For assessing the configuration under the electric field, the
value qE = |[R] − [L]|/([R] + [L]) is sometimes effective,
where [R] and [L] are the number of “R” and “L” layers in a
unit cell [25]. A higher applied voltage is expected to produce
a molecular arrangement having a larger qE . In the present
case, because the C3p configuration (qE = 1/3) is generated
at a lower electric field for the lower-temperature SmC∗

γ
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TABLE I. Possible nine-layer Ising molecular configurations and
corresponding squares of the relative structure factor for satellite
reflections from 1/9 to 8/9. {· · ·} represents the molecular con-
figuration in a unit cell, and “R” and “L” indicate the smectic layer
with directors tilted to the right and left, respectively. qE numbers for
each configuration are also shown in parentheses for reference.

Satellites Squares of the relative structure factor

No. Configurations (qE) 1 (8) / 9 2 (7) / 9 3 (6) / 9 4 (5) / 9

1 {RRRRRRRRL} (7/9) 4.0 4.0 4.0 4.0
2 {RRRRRRRLL} (5/9) 14 9.4 4.0 0.5
3 {RRRRRRLRL} (5/9) 9.4 0.5 4.0 14
4 {RRRRLRRRL} (5/9) 0.5 14 4.0 9.4
5 {RRRRRLRRL} (5/9) 4.0 4.0 16 4.0
6 {RRRRRRLLL} (1/3) 26 7. 3 0 3.1
7 {RRRRRLRLL} (1/3) 16 1.9 12 6.6
8 {RRRRLRRLL} (1/3) 6.6 16 12 1.9
9 {RRRRLRLRL} (1/3) 7. 3 3.1 0 26
10 {RRRLRRRLL} (1/3) 3.1 26 0 7. 3
11 {RRRLRRLRL} (1/3) 1.9 6.6 12 16
12 {RRRRRLLLL} (1/9) 33 1.1 4.0 1.7
13 {RRRRLRLLL} (1/9) 20 5.9 4.0 11
14 {RRRRLLRLL} (1/9) 14 9.4 16 0.5
15 {RRRLRRLLL} (1/9) 11 20 4.0 5.9
16 {RRRLRLRLL} (1/9) 5.9 11 4.0 20
17 {RRRLRLLRL} (1/9) 9.4 5 16 14
18 {RRRLLRRLL} (1/9) 1.7 33 4.0 1.1
19 {RRLRRLRLL} (1/9) 4.0 4.0 28 4.0
20 {RRLRLRRLL} (1/9) 0.5 14 16 9.4
21 {RRLRLRLRL} (1/9) 1.1 1.7 4 33

(86.3 and 86.6 °C) phase, the {R3(R2L)2} (qE = 5/9) con-
figuration is more probable than the {(R2L)2RL2} (qE =1/9)
configuration.

The clock model is clearly excluded in the present case
because it produces a diffraction profile in which only the 1/9
and 8/9 reflections are strong. For the distorted clock model,
the introduction of the distortion angle (δ) into the Ising model
is a simple procedure, where δ is defined as the smallest rotation
angle of the director between two successive layers. Although
the distortion angle affects the Int-SF ratio, the correction was
relatively small for the {R3(R2L)2} structure with a small δ

value (for example, less than ∼50°). The distorted clock model
of the C9p structure, however, should be discussed in more
detail because many types of distorted clock configurations
can be considered for the C9p structure. A high-precision
experiment is needed to precisely determine the molecular
configuration and parameters, such as the helical pitch and
the distortion angle. Hence, more detailed discussions and
analyses are necessary to determine the conclusive molecular
arrangement in this transitional subphase.

As far as the authors know, for the C9p structure, no
experimental RXS data have been documented, whereas three
molecular configurations were proposed based on theoretical
consideration [10,35,36]. The nine-layer periodic phase with-
out an electric field was discussed by Emelyanenko and Osipov
[10], in which the distorted clock version of the {R(RL)4}
configuration was proposed. Their configuration, however,

produces a considerably different RXS diffraction pattern from
the present experimental result as shown in Table I (no. 21),
where only the two peaks at q/q0 = 4/9 and 5/9 are strong.
The other two calculations [35,36] discussed the possibility of
the {R3(R2L)2} configuration, i.e., the same as the present one.
The configuration model “qEn = 3” proposed by Chandani
et al. [35] under an electric field is the same as the present
one, but those authors concluded that the “qEn = 3” model
was difficult to be stabilized from the free-energy density
point of view. Furthermore, the sequential phase transition, i.e.,
from a nine-layer to a six-layer structure, was not explained
by their calculation. The “qT = 5/9” model developed by
Emelyanenko [36] under an electric field is also the same
as the present configuration; however, the “qT = 5/9” model
seems to appear in a wider range of electric fields than those
observed herein, and we have not observed subphases that
were shown in his E-T diagram. Though these two calculated
configurations proposed the same molecular arrangement as
the present results, they are still insufficient to fully explain
the present results.

Satellite peaks at q/q0 = m/6 (m = 2−5) were observed at
86.3 °C at around ±47.0 V [Fig. 2(d)], and at 88.0 °C at around
±33.7 V [Fig. 4(g)]. The three experimentally obtained C6p

structures were the {R3L3} (δ = 27◦) [14,16] and the {R4L2}
[17,37] configurations without an electric field, and the {R5L}
configuration under an electric field [30]. Other possible C6p

configurations have also been discussed [15,30]. Among them,
the {R5L} structure (with a small distortion angle, if any) seems
to be a suitable candidate for the present C6p configuration
because it produces a nearly equal satellite peak intensity, as
discussed in a previous paper [30].

The multiple peaks at 88.0 °C at around ±30.6 V [Fig. 4(d)]
appear to be related to the C12p structure, which was pre-
viously reported for a Br-containing LC [29] and was as-
signed to the {R6(R2L)2} configuration, where the calculated
Int-SF of the satellite peak for q/q0 = m/12 (m = 1−6) is
〈〈8 : 0 : 8 : 16 : 8 : 0〉〉Int, where 〈〈. . .〉〉Int represents the relative
Int-SF for each peak. It is noted again that Int-SF is equal for the
peaks at q/q0 = m/12 and (12 − m)/12 (m = 1−5). The C12p

structure in the present experiment may result from the same
{R6(R2L)2} configuration because the present satellite peak
intensity ratio is similar to the previous one, i.e., the satellite
intensities at q/q0 = m/12 (m = 4 and 8) are strong, those at
q/q0 = m/12 (m = 3, 5, 7, and 9) are relatively weak, and the
satellite at q/q0 = 1/2 (6/12) is absent or very weak (the very
weak intensity peaks at q/q0 = 11/12 are tentatively proposed
to result mainly from the geometrical factor). Due to the
semiquantitative nature of the present analysis, and considering
the large number of possible molecular configurations of the
C12p structure and their modifications to the distorted clock
model, more complicated distorted C12p structures cannot be
excluded. A distorted clock model of the 12-layer periodicity
structure was recently proposed [35]; however, no appreciable
intensity change was expected due to the small distortion
angles.

A single phase is assumed throughout the above analysis.
However, the coexistence of some phases cannot be ignored.
For the C12p structures, for example, the peaks at q/q0 = m/12
(m = 4 and 8) and m/12 (m = 3, 6, and 9) might be assigned to
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the C3p (or C6p) and C4p1 structures, respectively, whereas the
peaks at q/q0 = 0.41 and 0.58 should still be assigned to those
at q/q0 = 5/12 and 7/12 of the C12p configuration, respec-
tively. Furthermore, a mixture of several C12p configurations
cannot be ignored in principle. A similar argument can also be
raised for the C9p structure. When the phase mixture is taken
into account, it is difficult to discuss the molecular configura-
tion in the present experiment. Experimentally, however, the
transitional subphases are reproducible and relatively stable;
therefore, they are considered to be a single phase except for
the apparent transient phases caused by the gradual movement
of the phase boundary during the measurement [for example,
see Fig. 2(b)].

The field-induced transitional subphases differed for the
three samples evaluated using the microbeam RXS technique,
though the major E-T phase diagrams were similar except for
the higher-temperature phase, which is the SmC∗ phase for
the present Se-mixture sample and Br-containing sample [29],
and the SmC∗

α phase for the previous pure-Se sample [30].
In the present results, the field-induced transitions at lower
temperatures (86.3 and 86.6 °C) occurred from low to high
fields as C3p ⇒ C9p ⇒ C6p ⇒ “streak” ⇒ SmC∗. However,
for the pure Se-containing [30] and Br-containing [29] LCs,
the C3p ⇒ C6p ⇒ “streak” ⇒ SmC∗ and C3p ⇒ C12p ⇒
“streak” ⇒ SmC∗ transitions, respectively, were observed.
For both cases, the field-induced transition seems to occur
on the basis of a three-layer block; the RRL block (and
its equivalent configurations, RLR and LRR) changes to an
RRR block by simply flipping the director of one molecule.
The C12p {R6(R2L)2} (qE = 2/3) structure changes two
blocks in every four blocks, whereas the C9p {R3(R2L)2}
(qE = 5/9) and C6p {R3R2L} (qE = 2/3) structures are
achieved by changing one block in every three and two blocks,
respectively.

The field-induced transitions at higher temperature
(88.0 °C) are more complicated. Upon increasing
an electric field, the following transition occurred:
(C4p1 ⇒)C3p ⇒ C12p ⇒ C9p ⇒ C6p ⇒ “streak” ⇒ SmC∗
in the present sample, while the (C4p1 ⇒)C3p ⇒ “peak
shift (3/4)” ⇒ Cvp(v = 5−8) ⇒ “peak shift” ⇒ “streak”
⇒ SmC∗ transition occurred in the pure Se-containing sample
[30]. The transition in the present sample appears to be similar
to that at lower temperatures, i.e., the transition is based on
a three-layer block, whereas that in the pure Se-containing
sample involves a simple increase in periodicity. Furthermore,
the present C12p structure of the {R6(R2L)2} (qE = 2/3)
configuration is difficult to understand because the phase
sequence C3p(qE = 1/3) ⇒ C12p(qE = 2/3) ⇒ C9p(qE =
5/9) ⇒ C6p(qE = 2/3) does not agree with the conventional
criterion in which the qE value increases with the applied
voltage; another configuration of {R3(R2L)3} (qE =1/2)
might be assigned to the observed C12p structure, although
the calculated Int-SF 〈〈4 : 4 : 4 : 36 : 4 : 4〉〉Int for the Ising
(flat) model is less suitable for explaining the observed almost

zero intensity at q/q0 = 1/2 (6/12). At higher temperatures,
where the AF phase appeared under the low electric field,
the observed phase transition of the mixture and pure
Se-containing samples from the C3p to SmC∗ phase is quite
different, whereas that from the AF to C3p phase is the same.
It might be possible to speculate that the C3p structure has
a delicate fine substructure that depends on the mixing ratio
of binary samples as well as the temperature and the electric
field. Comprehensive experimental studies are needed to
clarify the transitional subphases at high temperatures.

V. CONCLUSIONS

We have observed the transitional subphases appearing
during the successive electric-field-induced phase transition
from the three-layer SmCγ ∗ phase to the high-field SmC∗
phase using the micro-RXS technique in a mixture of Se-
containing chiral liquid crystals. In the lower-temperature
range, the three-layer SmCγ ∗ phase changed to the nine-
and six-layer subphases in sequence with increasing applied
electric field. In the higher-temperature range where the four-
layer AF phase appeared under a low electric field, above the
three-layer phase at the medium electric field, the twelve-,
nine-, and six-layer subphases appeared in sequence below the
SmC∗ phase. The molecular arrangements of the nine-layer
periodicity phase, which have not been reported so far, were
analyzed by the RXS theory, and the {R3(R2L)2} configuration
was found to be the most provable molecular arrangement
among 21 possible configurations for the nine-layer phase.
There is no theoretical model that fully explains the present
field-induced nine-layer subphase. On the other hand, the six-
and twelve-layer periodicity structures were the same as our
previous results. From the present results, together with our
previous experimental results for pure Se-containing and Br-
containing liquid crystals, the typical field-induced transitional
subphases appearing between the SmCγ ∗ and SmC∗ phases
were the long-periodicity modification of the three-layer
configuration.
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