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Abstract. A binary mixture of an antiferroelectric liquid-crystal material containing a selenium atom and
a highly chiral dopant is investigated using resonant X-ray scattering. This mixture exhibits a remarkably
wide four-layer intermediate smectic phase, the structure of which is investigated over a temperature range
of 16 K. Analysis of the resonant X-ray scattering data allows accurate measurement of both the helicoidal
pitch and the distortion angle as a function of temperature. The former decreases rapidly as the SmC∗

phase is approached, whilst the latter remains constant over the temperature range studied at 8◦ ± 3◦. We
also observe that the senses of the helicoidal pitch and the unit cell of the repeating four-layer structure
are opposite in this mixture and that there is no pitch inversion over the temperature range studied.

PACS. 61.30.Eb Experimental determinations of smectic, nematic, cholesteric and other structures –
78.70.Ck X-ray scattering – 83.80.Xz Liquid crystals: nematic, cholesteric, smectic, discotic, etc.

1 Introduction

Smectic liquid-crystal phases possess short-range posi-
tional order of the molecules in a layered structure and
orientational order of the molecules within each layer, but
no long-range positional order. In the polar tilted smectic
phases, the long axes of the molecules within each layer
are tilted with respect to the layer normal, with a spon-
taneous polarisation perpendicular to both the layer nor-
mal and the tilt direction. The most common polar tilted
smectic phase is the chiral smectic C phase (SmC∗) shown
in Figure 1, in which the chirality eliminates the symme-
try along the mirror plane parallel to the layer normal
and the tilt direction, producing the spontaneous polar-
isation [1]. This phase is commonly described as being
ferroelectric, though the chirality produces a macroscopic
helicoidal structure, the period of which is typically of
the order of several hundred nanometres, corresponding to
hundreds of smectic layers. When attempting to synthe-
sise materials of very high spontaneous polarisation, the
antiferroelectric phase (SmC∗

A), in which the direction of
molecular tilt reverses in adjacent smectic layers, was dis-
covered [2] (see Fig. 1). Since the direction of spontaneous
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polarisation reverses from one smectic layer to the next,
this phase is non-polar. The discovery of the antiferroelec-
tric phase was of great interest since its properties allowed
novel switching modes to be seen in thin-film electro-optic
devices, potentially solving many of the problems associ-
ated with ferroelectric liquid crystal devices [2].

In the process of investigating materials that form the
antiferroelectric phase, at least two more tilted smectic
phases, known as the intermediate smectic phases, were
observed between the SmC∗ and SmC∗

A [3–5]. The gen-
eral phase sequence when increasing the temperature is
SmC∗

A ↔ SmC∗

FI1 ↔ SmC∗

FI2 ↔ SmC∗

↔ SmC∗

α ↔ SmA,
though some of these phases will be absent in some sys-
tems. The SmC∗

α phase is a chiral tilted smectic phase that
has a structure in which the helicoidal pitch is of the order
of only a few layers [6, 7], compared to some hundreds of
layers in the other phases.

Until recently there has been considerable debate as to
the structure of the intermediate smectic phases SmC∗

FI1

and SmC∗

FI2, but they have since been confirmed to have
unit cells of three layers and four layers, respectively [6].
The labelling of these phases is somewhat inconsistent, so
we will refer to them simply as the three- and four-layer
intermediate smectic phases. Considerable effort has been
made to find the precise structure of these phases, with
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Fig. 1. The structure of the tilted smectic phases as viewed
along the layer normal (temperature decreases from top to bot-
tom). (a) When the influence of the macroscopic helicoidal
pitch is not shown, the unit cell of each phase can be observed.
The three- and four-layer intermediate smectic phases are char-
acterised by a distortion angle, δ. (b) The chirality of the phase
induces a step change in the azimuthal angle from one layer to
the next of ε, with the magnitude of ε being both temperature
and phase dependent. In the system shown above, the senses
of the macroscopic helix and the unit cells of the three- and
four-layer intermediate smectic phases are the same. Note that
the intermediate phases have not been observed in the absence
of chirality.

resonant X-ray scattering providing the most reliable and
direct information [6–11], though other methods have also
been used with some success [12, 13]. These studies have
concluded that the structure of the intermediate phases
follows the distorted clock model [14] shown in Figure 1.
Both the three- and four-layer phases are characterised by
the long-range helicoidal pitch, P and by a distortion an-
gle, δ, which specifies the degree of biaxiality in the system
(the parameter ε in Figure 1 derives from the helicoidal
pitch). It is interesting to note that only the three-layer
phase is truly ferrielectric since, due to its symmetry, the
four-layer phase has no bulk spontaneous polarisation, and
could be considered antiferroelectric.

Whilst the structure of these phases has now been ver-
ified, the variation of this structure with temperature is
only now being investigated, with the various theoreti-
cal models that have been proposed predicting different
behaviours. The distortion angle of the three-layer phase
has been shown experimentally to be temperature inde-
pendent, while the pitch increases approximately linearly
with temperature [10]. Although Cady et al. measured the
distortion angle of the four-layer phase at three discrete
temperatures using resonant X-ray scattering and found

no significant variation beyond experimental error, no in-
formation was presented regarding the temperature vari-
ation of the helicoidal pitch and the temperature range
investigated was small [9]. Measurements of the optical
rotatory power of free-standing films by Čepič et al. in-
dicate divergence of the helicoidal pitch in the four-layer
phase followed by pitch inversion as the temperature is
increased [13].

In addition to this experimental work, two distinct
theoretical models for these phases have been devel-
oped. In the first model, it is the interaction between
the elastic forces and the flexoelectric and spontaneous
polarisations that causes formation of the intermediate
phases [13,15–17]. While Čepič et al. and Olson et al. as-
sume that direct dipole interactions between next-nearest
neighbouring smectic layers are important but that indi-
rect long-range interactions are unimportant [13, 15, 17],
Emelyanenko and Osipov include only direct interactions
between adjacent smectic layers but allow indirect long-
range interactions [16]. These two sets of assumptions
appear to make little difference to the phase structures
predicted, however. Čepič et al. assume that the effective
quadrupolar coupling is proportional to (T − Tc), where
Tc is the transition temperature from SmA to SmC∗ [13],
causing the distortion angle in the four-layer intermediate
phase to vary considerably with temperature. Olson et

al. and Emelyanenko and Osipov, however, assume that
the effective quadrupolar coupling remains constant with
temperature, and predict a constant distortion angle in
this phase. In the second theoretical model, proposed by
Hamaneh and Taylor, a combination of dynamic flexing of
the smectic layers due to thermal fluctuations and the elas-
tic anisotropy of this type of deformation has been shown
to induce both commensurate and incommensurate re-
peating layer structures [18]. No predictions as to the tem-
perature dependence of either the distortion angle or the
helicoidal pitch have been made using this model, however.

In this paper we present detailed measurements of both
the helicoidal pitch and distortion angle of the four-layer
phase over a temperature range of 16K using resonant
X-ray scattering.

2 Resonant X-ray scattering

Although small angle X-ray scattering has proved to be a
reliable tool in determining the phase structure of many
liquid crystalline systems, it is of limited use in the case of
the intermediate smectic phases since it only provides in-
formation about the spacing and orientation of the smectic
layers, giving no information about the molecular orien-
tation within each layer. In resonant X-ray scattering, the
energy of the incident beam is tuned to the absorption
edge of a suitable atom in the material under investiga-
tion, in this case a selenium atom. Under these conditions,
it has been shown that the structure factor becomes a
tensor, leading to the presence of reflections that would
otherwise be forbidden, and these reflections are sensitive
to molecular orientation [19]. The tensorial structure fac-
tor for smectic liquid-crystal phases was formulated by
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Fig. 2. Calculated π-polarised first-order diffraction peaks for
the four-layer intermediate smectic phase with δ = 10◦ and
P = 500 layers. The resonant peaks are centred about the
1.25 and 1.75 positions because of the periodicity of the phase.
The separation of each pair of peaks depends on the helicoidal
pitch while the relative intensity of each pair is determined by
the distortion angle. In these calculations, the senses of the
helicoidal pitch and the unit cell are opposite.

Levelut and Pansu [20] and this has been widely used to
interpret the results of resonant X-ray scattering exper-
iments carried out on the intermediate phases [7, 9–11].
According to this theory, resonant peaks should be ob-
served at the following positions:

Qz

Q0

= l + m

(

1

ν
± ε

)

, (1)

where Q0 is the scattering vector of the Bragg peak, l
and m are positive or negative integers whose moduli are
less than or equal to two, ε is the ratio of the helicoidal
pitch and the smectic layer spacing and ν is the number
of layers in the unit cell, i.e. ν = 4 in the case of the
four-layer phase.

An example of the resonant diffracted peaks near the
Qz/Q0 = 1.25 and 1.75 positions for a four-layer phase of
the structure shown in Figure 1 is shown in Figure 2. Only
first order (m = ±1) peaks are present at these positions,
and while second order (m = ±2) peaks might be expected
near the Qz/Q0 = 1.5 position, none were seen experi-
mentally in this system (note that resonant peaks at this
position have been observed previously, but that they are
typically orders of magnitude smaller than the first-order
peaks at the 1.75 position [7]). We have also confirmed by
polarisation analysis of the scattered X-ray intensity that
only first-order resonant peaks are observed in the three-
layer phase of a similar system. The second-order peaks
are not seen in either case because they are attenuated by
thermal fluctuations in the molecular orientation to a far
greater extent than the first-order peaks [10].

The precise shape and position of the resonant peaks
provide information about the structure of the phase. The
periodicity of the phase defines the centres of the resonant
peak pairs, leading to centres at the 1.25 and 1.75 posi-
tions in the four-layer phase. The separation of each pair
of peaks is due to the helicoidal pitch (i.e. due to ε in

Fig. 3. The chemical structure of component AIS179. This
material is mixed with 6 wt% of chiral dopant R1011 (Merck)
and during the experiments, the X-ray energy is tuned to the
K-absorption edge of the selenium atom contained in the core
of the liquid crystalline component.

Eq. (1)), with a shorter pitch producing a larger separa-
tion. The fact that the peaks in each pair are not of equal
magnitude indicates that the phase is biaxial, and so the
intensity ratio depends on the distortion angle. If δ = 0◦

(the Ising model) the resonant peaks are of equal magni-
tude, and if δ = 90◦ (the clock model), the smaller peak
of each pair disappears. In addition, if the smaller peak is
closer to the Qz/Q0 = 1.5 position, then the senses of the
helicoidal pitch and the unit cell are opposite, as can be
seen in the example shown in Figure 2. If this is not the
case, these two properties have the same handedness.

3 Experiment

The material under investigation is a binary mixture of
R-handed antiferroelectric liquid crystal AIS179, shown in
Figure 3, and 6 wt% of chiral dopant R1011 (Merck). Some
of the properties of this mixture have been reported pre-
viously [21] and it is of particular interest in this instance
since it possesses a very wide four-layer intermediate smec-
tic phase. Its phase transition temperatures, determined
using a combination of optical microscopy on free-standing
films and devices and small-angle X-ray scattering, are

I −→ SmA −→ SmC∗

−→ SmC∗

FI2 −→ Cr
114.0 ◦C 85.9 ◦C 70.8 ◦C 33.0 ◦C

,

where I stands for the isotropic liquid phase, and Cr the
crystalline solid. It should be noted that the presence of a
SmC∗

α phase between the SmA and SmC∗ phases cannot
be ruled out because of the difficulty in identifying its op-
tical texture, particularly since the molecular tilt is small
in this mixture [21].

The resonant X-ray scattering experiments were car-
ried out at Station X6B of the National Synchrotron Light
Source, Brookhaven National Laboratories, NY, USA.
A synchrotron radiation source is required for resonant
X-ray scattering since the energy must be tuned accu-
rately to the absorption edge of the appropriate atom,
and high flux is required since the liquid-crystal samples
used are typically very thin when compared to bulk sam-
ples, and only weakly scattering. In these experiments,
the energy of the source was tuned to the K-absorption
edge of the selenium atom contained within the core of
the AIS179 component (this absorption edge was found
by carrying out an energy scan on a powder sample of
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pure AIS179). The X-ray energy was then optimised at
12.6565 keV by incrementing the energy in small steps so
as to achieve the maximum signal to noise ratio once a set
of resonant peaks had been found. Such fine adjustment
of the X-ray energy is required, since the resonant signal
is only present over a range of ∼ 9 eV.

Free-standing films a few microns in thickness were
prepared by slowly dragging a thin glass spreader across
an elliptical hole measuring 10mm by 5mm in a metal
plate. Such large films are required since although the
aperture of the X-ray beam is only 0.3mm by 0.4mm in
cross-section, the beam is positioned at grazing incidence
to the film, leading to a very large footprint (the incident
angle is typically 1− 2◦). The films were held in a double-
stage temperature-regulated oven whose temperature sta-
bility is around 0.01 ◦C, with a polarising microscope as-
sembly allowing observation of the film in situ whilst the
measurements were being taken. In order to obtain good
alignment of the smectic layers with the layer and film
normals parallel, films were spread at a temperature just
above the SmA to SmC∗ transition. After spreading, the
oven system was flushed with helium in order to reduce the
effects of air scatter. Since the X-ray beam can seriously
damage the liquid-crystal material, no film was used for
measurement at more than two temperatures. In order to
check for beam damage, the Bragg peak at the Qz/Q0 = 2
position was examined since any splitting of this peak will
be solely due to damage to the film.

Only the resonant peaks at the 1.75 position are inves-
tigated in this paper since the proximity of the 1.25 posi-
tion to the Bragg peak at Qz/Q0 = 1 causes the baseline
of the experimental data to slope significantly, adding fur-
ther uncertainty to the fitting procedure described later.

4 Data analysis

In order to determine the pitch and distortion angle
from the experimental data, the theory of Levelut and
Pansu [20] is used to calculate the scattered intensity,
which is then convolved with the resolution function of the
experiment, in this case approximated by a Lorentzian.
The calculations are carried out over a fine resolution in
Q-space, with interpolation used to match to the resolu-
tion of the experimental data for comparison purposes. In
addition, the scattered intensity and the resolution func-
tion are calculated over a sufficiently large range of Qz/Q0

such that there are no end errors caused by the convolu-
tion. Normalisation of the calculated intensity is achieved
by matching the averages of the experimental and theo-
retical datasets in order to reduce the sensitivity to noise
at the peak data point (this comparison is made at the
experimental Q-space resolution).

The experimental data are then fitted using a grid-
search algorithm, with grid resolutions of 1◦ in the distor-
tion angle and one smectic layer in the helicoidal pitch.
The temperature variation of the smectic layer spacing in
this system has been reported previously [21], with these
values used in the calculations presented here.

Since calibration of the lattice parameter of the sys-
tem requires exposure of the film to the X-ray beam, re-
peated recalibration for changes in the layer spacing with
temperature would cause considerable damage to the liq-
uid crystal film. As the layer spacing varies only slightly
over the temperature range investigated here, calibration
of the lattice parameter was not performed for every mea-
surement temperature, leading to some slight uncertainty
as to the precise position of the experimental data on the
Qz/Q0 axis. In order to account for this error in the lattice
parameter (i.e. Q0), a scaling factor for the Qz/Q0 axis
has been included as a fitting parameter, with a resolu-
tion of 5× 10−6. As would be expected, for a fixed lattice
parameter the shift is towards positive Q at lower temper-
atures where the layer spacing is larger (the scattering is
over a smaller angle), and towards negative Q at higher
temperatures where the layer spacing is smaller.

The expected error in the experimental data varies in
proportion to the magnitude of the data, and so the χ2

value has been used as the measure of fit quality, rather
than the square of the absolute error:

χ2 =
N

∑

i=0

(yi − Ei)
2

yi

, (2)

where yi and Ei are the experimental and fitted data val-
ues, respectively, and the summation is performed over
the entire dataset.

5 Results

The experimental resonant X-ray scattering peaks at the
1.75 position for a range of temperatures are shown in
Figure 4. One immediately notes that only a single peak
is discernible by eye in the experimental data, indicat-
ing that either the distortion angle is approaching 90◦, in
which case the second peak becomes very small, or the
helicoidal pitch is long, since this causes the two peaks to
overlap significantly. Since the experimental data in Fig-
ure 4 exhibit a marked asymmetry (the gradients of the
rising and falling edges are significantly different), the lat-
ter case can be confirmed.

The best fits to the experimental data are also shown
in Figure 4, with the excellent agreement between simula-
tion and experiment apparent. It should be noted that the
fitted peak widths are of a similar magnitude to the those
at the Qz/Q0 = 2 position, though a significant increase
in width is observed as the temperature is increased, due
to a decrease in the order parameter as the SmC∗ phase
is approached.

The temperature dependence of the distortion angle
and helicoidal pitch found through fitting of the resonant
peaks is shown in Figure 5 (the temperature is measured
relative to the four-layer to SmC∗ phase transition tem-
perature). The distortion angle appears to be constant at
8◦ ± 3◦ over the temperature range investigated. Previ-
ous measurements using ellipsometry and resonant X-ray
scattering have confirmed that the distortion angle is typ-
ically small (7◦±3◦ for material MHBPC [12] and around
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Fig. 4. Resonant X-ray scattering peaks for the four-layer phase over a range of temperatures (two datasets were taken at
61.15 ◦C to check the repeatability of the measurements). The experimental data are represented by points and solid lines
indicate the best fit obtained.

Fig. 5. The variation of (a) the distortion angle and (b) the helicoidal pitch as a function of reduced temperature (Tc is the
four-layer–to–SmC∗-phase transition temperature). There is no significant variation in the distortion angle over this temperature
range, but the helicoidal pitch decreases rapidly close to the transition to the SmC∗ phase.
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Table 1. The material parameters of the materials in which the distortion angle of the four-layer intermediate smectic phase,
δ, has been measured (the method used to determine the distortion angle is also listed). Parameters marked ∗ are taken from
reference [21], those marked † are taken from reference [22] and those without markings are from the same source as the distortion
angle measurement. The data listed for the 6% doped AIS179 are those presented in this paper, and include the temperature
variation of the helicoidal pitch. The two pitch values found by Johnson et al. for MHDDOPTCOB are for free-standing films
of different thicknesses [12]. N/A indicates that data were not readily available in the literature.

Material
Ps Optical Ps

sin θ

Pitch Distortion
Measurement method

(nC/cm2) tilt θ (µm) angle δ

MHPBC N/A 11◦ N/A 4 7◦ Ellipsometry [12]

6% doped AIS179 70∗ 24◦∗ 170 2.6 to 3.8 8◦ Resonant X-ray scattering

3% doped AIS179 100∗ 28◦∗ 210 2.9 14◦ Resonant X-ray scattering [10]

MHDDOPTCOB 60† 32◦† 110 1.7 15-20◦ Resonant X-ray scattering [9]

60† 32◦† 110 2.3 & 5.0 18◦ Ellipsometry [12]

10OTBBB1M7 N/A 20◦ N/A 4 26◦ Optical rotatory power [13]

MHPOBC N/A 10–12◦ N/A N/A 48◦ Optical rotatory power [13]

17◦ ± 2◦ for material MHDDOPTCOB [9, 12]). As dis-
cussed previously, Cady et al. measured the distortion
angle of material MHDDOPTCOB at three distinct tem-
peratures, finding no significant temperature variation [9],
and the same trend is observed here in a different system
over a much larger temperature range.

The variation of the helicoidal pitch with tempera-
ture is shown in Figure 5(b), and clearly this parame-
ter decreases rapidly as the SmC∗ phase is approached.
In addition, the pitch is generally long, which is typical
of the four-layer intermediate phase (other measurements
of the helicoidal pitch of this phase in different materi-
als at isolated temperatures are 5µm and 2.3µm [12] and
1.65µm [9]), while the pitch of the three-layer phase is
typically somewhat shorter (around 500 nm in a similar
system [10]). Helix unwinding followed by pitch inversion
as the temperature is increased, as reported by Čepič et

al. [13] and predicted by Olson et al. [15], is not observed
in this mixture over the temperature range examined. A
sudden decrease in the helicoidal pitch of the four-layer
phase as a phase transition is approached is predicted
by the theory of Olson et al., but this result is only re-
ported for transitions to SmC∗

α phases rather than the
SmC∗ phase [15].

Since the smaller peaks shown in Figure 4 are con-
sistently closer to the 1.5 position than the larger peaks,
the twist senses of the helicoidal pitch and the unit cell
are opposed. The same is true for the three-layer phase of
a similar system, as can be seen from Figure 3 of refer-
ence [10], in which the smaller resonant peaks are closer
to the 1.5 position. Cady et al., however, found that the
reverse was true for the four-layer phase of MHDDOPT-
COB [9].

6 Conclusions

The temperature dependence of the structure of the four-
layer intermediate smectic liquid-crystal phase has been
measured using resonant X-ray scattering. The four-layer

intermediate smectic phase is stabilised over a large tem-
perature range by the addition of a highly chiral dopant to
an antiferroelectric liquid crystal material, allowing mea-
surement of its properties over a range of 16K. While the
distortion angle of this phase was found to be broadly
independent of temperature (corroborating previous ex-
perimental results over a smaller temperature range [9]),
the helicoidal pitch decreases rapidly as the four-layer to
SmC∗ phase transition is approached at higher tempera-
tures. A constant distortion angle has also been reported
in the three-layer intermediate phase, though in this case
the helicoidal pitch increases approximately linearly with
increased temperature [10]. In addition, the experimen-
tal data indicate that the sense of rotation of the he-
licoidal pitch is the reverse of that of the unit cell, a
phenomenon also previously observed in the three-layer
phase [10]. Since the opposite has been reported for the
four-layer phase of MHDDOPTCOB [9], we must conclude
that the relative sense of the unit cell and the helicoidal
pitch is material dependent.

If the intermediate phases are stabilised by the in-
teraction between the elastic torque and the flexoelectric
and spontaneous polarisations, the fact that the distor-
tion angle of the four-layer phase remains constant with
temperature indicates that the effective quadrupolar cou-
pling varies little over the temperature range investigated.
The assumption made by Čepič et al. that this coupling
should be linear with (T − Tc) is only valid close to the
SmA to SmC∗ transition temperature (Tc) [13], wheareas
in the mixture investigated here, formation of the four-
layer phase only occurs 15K below this temperature. This
far from the transition to the tilted phases the variation
of the tilt angle with temperature is small [21], producing
only a small variation in the effective quadrupolar cou-
pling, and leading to a distortion angle that does not vary
significantly with temperature, as predicted by Emelya-
nenko and Osipov [16].

In addition, some theoretical and experimental results
have indicated the possibility of helix unwinding and pitch
inversion in the four-layer phase, and these phenomena
have not been observed here [13, 15]. The fact that Olson
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et al. predict a similar sudden decrease in the pitch close to
a phase transition to that observed in this system indicates
that pitch inversion may occur over a larger temperature
range than has been investigated in this work [15].

Finally, we note that the reason the distortion angles
in the intermediate smectic phases are non-zero is because
of the presence of a chiral torque. This torque might then
be expected to be dependent on one or both of the inverse
pitch of the system and Ps/ sin θ, where Ps is the sponta-
neous polarisation of the liquid crystal material and θ is
the optical tilt angle. It is interesting to consider, there-
fore, whether there is any correlation between the distor-
tion angle and chirality for the data available for materials
that exhibit the four-layer intermediate phase. From the
data readily available in the literature listed in Table 1,
however, there is no obvious relationship between either of
these parameters and the distortion angle. Unfortunately
there are too few data at present to determine whether
or not there is a coupled relationship between these two
parameters and the distortion angle.
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