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Optical and Resonant X-Ray Diffraction Studies Confirm a SmC�FI2-SmC� Liquid Crystal Phase
Sequence Reversal
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Employing both null transmission ellipsometry and resonant x-ray diffraction, we confirmed the
SmC�FI2-SmC� phase sequence reversal in one liquid crystal compound and specially prepared binary
mixtures. This phase sequence reversal was predicted by two recent theoretical advances. Moreover, the
temperature range for the SmC�FI2 phase increases significantly in the mixture suggesting that such a phase
sequence may exist in other compounds.
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The chiral smectic liquid crystal phases have drawn
considerable attention in condensed matter physics not
only for their potential applications in electro-optic de-
vices, but also for their numerous phases, which provide
good candidates to study the molecular interactions. To
date, at least five different chiral smectic phases have been
found: SmC��, SmC�, SmC�FI2, SmC�FI1, and SmC�A. The
molecules in these SmC� variant phases are all uniformly
tilted from the layer normal but different interlayer orienta-
tional structures yield different phases [1,2]. For example,
the SmC�A phase has a 2-layer structure with the tilt ori-
entation alternating between successive layers. These
phases have been studied extensively using different ex-
perimental tools, such as optical probes [3–6] and resonant
x-ray diffraction (RXRD) [7,8]. Recently, phenomenologi-
cal models [9,10] and microscopic advances [11,12] have
been developed and refined to describe the stability and
detailed structure of these phases. In particular, the SmC�FI2
and SmC�FI1 phases were shown to be biaxial phases with,
respectively, 4- and 3-layer periodicities of their molecular
tilt directions.

To date, upon cooling almost all the antiferroelectric
liquid crystal compounds display the following phase se-
quence: SmA-SmC��-SmC�-SmC�FI2-SmC�FI1-SmC�A [13].
Laux et al. have reported an unusual phase sequence
upon cooling in 10OHFBBB1M7 (10OHF), namely,
SmC��-SmC�FI-SmC�. This unusual phase sequence is one
of two possible cases [14,15] out of a few hundreds of
antiferroelectric liquid crystal compounds that have been
studied. In the other case [15], the SmC�FI phase is not
stable; it appears only in a narrow temperature range upon
very slow cooling. From their optical microscopy studies,
they were unable to determine the structure of the inter-
mediate SmC�FI phase. We have conducted detailed studies
using null transmission ellipsometry (NTE) and RXRD on
10OHF and/or specially prepared binary mixtures of
10OHF and 9OTBBB1M7 (C9). The SmC�FI phase is un-
ambiguously determined to be SmC�FI2, indicating a rever-
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sal of the usually observed phase sequence of the SmC�

and SmC�FI2 phases. Moreover, the temperature range for
the SmC�FI2 phase increases rapidly with increasing con-
centration of C9. Nonetheless, two recent theoretical ad-
vances concerning these SmC� variant phases [10,11]
indicate that this phase sequence occurs as model parame-
ters are varied monotonically. This suggests that this phase
sequence reversal may be common, existing in other
compounds.

The details of our NTE experimental setup have been
described elsewhere [16]. The freestanding film geometry
is used in the setup. If the film has net polarization in the
film plane, the polarization will align with the electric field
(E). Acquiring the ellipsometric parameters � and � as a
function of the E orientation (denoted by an angle �), we
can infer the optical symmetry of the phase and obtain the
molecular arrangement in the film. Ellipsometric runs were
performed by ramping temperature up and down under two
orientations of E. In our NTE, � measures the phase
difference between the p̂ and ŝ components of the incident
light necessary to produce linearly polarized transmitted
light. � describes the polarization angle of this linearly
polarized light.

The RXRD experiment was conducted at beam line
X19A at the National Synchrotron Light Source. The
incident x-ray energy was set to the maximum of the
fluorescence spectrum of C9 at E0 � 2:471 keV for the
RXRD measurements. The diffraction was done along the
Qz reciprocal space direction, where z denotes the layer
normal direction. To reduce absorption by the air, the
sample chamber and all the x-ray flight paths were flushed
with helium. The setup details can be found in a previous
paper [7].

Figure 1 shows � as a function of temperature for a 60-
layer film of 10OHF at � � 90� and � � 270� upon
cooling at a ramping rate of 70 mK=min . There are four
distinct regions which correspond to four different phases.
Above T1, the film was in the SmA phase. Because of the
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FIG. 2. � as a function of � for a 60-layer film of 10OHF in
the (a) SmC� phase at 63.7 �C and (b) SmC�FI2 phase at 72.2 �C,
and for a 56-layer film of the mixture �10OHF�0:75�C9�0:25 in the
(c) SmC� phase at 50.0 �C and (d) SmC�FI2 phase at 65.8 �C. The
dots are the data and the lines are the simulation results. The
fitting parameters are ne � 1:635, no � 1:483, and d � 39:0 �A
for (a),(b), and ne � 1:645, no � 1:485, and d � 38:9 �A for
(c),(d). Other parameters are as follows: (a) � � 15:6�, p �
0:57 �m; (b) � � 14:2�, p � 1:25 �m, � � 18�; (c) � �
17:5�, p � 0:60 �m; (d) � � 17�, p � 3:1 �m, � � 24�. To
save space, only � vs � data are shown.
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FIG. 1. � as a function of temperature for a 60-layer film of
10OHF under jEj � 14:3 V=cm at � � 90� (circles) and � �
270� (crosses) upon cooling. The ramping rate was 70 mK=
min . T1, T2, and T3 are the transition temperatures through the
SmA-SmC��-SmC�FI2-SmC� phase sequence. The chemical struc-
ture of 10OHF is shown at the top.
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surface enhanced ordering, the surface layers were tilted in
the SmA phase so �90 was not equal to �270. Both �90 and
�270 display oscillation between T1 and T2, which is
characteristic of the SmC�� phase [17]. The previously
undetermined SmC� variant phase existed between T2

and T3. Below T3 was the SmC� phase, characterized by
the jumps of �90 and �270 because of the biaxiality change.
� and � as a function of � were measured at T4 and T5 to
confirm the structures of the phases as, respectively, the
SmC� and SmC�FI2 phases. The data are shown in Figs. 2(a)
and 2(b). The � curve in Fig. 2(a) is a typical curve for the
SmC� phase, which has a minimum at �90 and a maximum
at �270 [18]. In Fig. 2(b), the data have a 180� rotation
symmetry, which indicates that this phase is potentially the
SmC�FI2 phase instead of the SmC�FI1 phase because the 3-
layer periodicity in SmC�FI1 does not result in 180� rotation
symmetry [5].

Simulation results have been obtained using the 4� 4
matrix method with the film being modeled as a stratified
medium [19]. The required parameters for modeling the
film in the smectic phases are the number of smectic layers
(N), the layer spacing (d), the indices of refraction [ne and
no along the molecular long axis (n̂) and perpendicular to
n̂, respectively], the tilt angle of the molecules (�), and the
optical pitch (p). For the SmC�FI2 phase, the distorted clock
model is used to fit the data so the distortion angle (�) is an
additional parameter [5]. The simulation parameters N, ne,
no, and d used for both the SmC� and SmC�FI2 phases were
obtained by preparing and measuring � and � for 70 films
in the SmA phase [20]. The other parameters �, p, and �,
listed in the caption of Fig. 2, were determined by fitting
the data. In fact, the molecular arrangements of either the
SmC�FI2 or SmC�A phases can describe our ellipsometric
data obtained in this intermediate phase; because the opti-
09780
cal wavelength is much larger than the layer periodicity (2-
layer and 4-layer), our ellipsometric data cannot distin-
guish these two phases. However, the phase diagram shown
in Fig. 3(a) suggests that the intermediate phase should be a
SmC�FI2 phase instead of SmC�A phase because the phase
sequence SmC��-SmC�FI2-SmC� following line 2 occurs as
model parameters a1 and a2 are varied monotonically.
Since SmC� (a1 < 0) is usually in higher temperature
than SmC�A (a1 > 0), it is reasonable that the magnitude
of a1 decreases with decreasing temperature as line 2
indicates. This temperature dependence of a1 has been
confirmed in previous studies [9,21].

In contrast to conventional x-ray diffraction, RXRD can
probe the orientation of the molecules in each layer.
Consequently, extra resonant satellites (m � �1;�2) of
principle peaks (l � 1; 2; . . . ) can be detected at positions
Qz=Qo � l�m�1=n� �� in SmC� variant phases having
n-layer periodicity. Here � � d=p. Thus, RXRD is the best
way to determine whether the intermediate phase is a
SmC�FI2 phase with a 4-layer structure. To facilitate such
a study, binary mixtures of �10OHF�1	y�C9�y, with y �
0:10, 0.25, 0.375, and 0.50, were prepared [22]. Employing
NTE, we have obtained the phase diagram of this binary
mixture system as shown in Fig. 3(b). To our great surprise,
the temperature window for the intermediate phase in-
creases rapidly with the concentration of C9. For y �
0:50, the film ruptured at 52.0 �C before the lower tem-
perature phase could be identified; the intermediate phase
1-2
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FIG. 4. X-ray intensity scans in the (a) SmC�� phase at 81.4 �C,
the SmC�FI2 phase at (b) 61.0 �C and (c) 76.5 �C, and (d) the
SmC� phase at 45.3 �C of the mixture �10OHF�0:75�C9�0:25. The
dots and open circles are the data at resonant energy E0 and
nonresonant energy E0 � 10 eV, respectively. The solid lines
in (b) are the simulated resonant peaks.
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FIG. 3 (color online). (a) Phase diagram obtained from simu-
lations of a free energy having five expansion terms: three
effective interlayer interactions and chiral and steric interaction
terms [10]. a1 and a2 are coefficients of the nearest- and next-
nearest-neighbor interaction terms. The parameters of the three
other terms are set to constants in this diagram. SmC�d4 and
SmC�d3 are phases having 4- and 3-layer unit cells with distorted
clock structures, which are similar to SmC�FI2 and SmC�FI1
phases, respectively. The color scale represents the overall
helical pitch of the structure. Line 1 (magenta) represents the
phase sequence SmC��-SmC�-SmC�FI2-SmC�FI1-SamC�A upon
cooling found in the majority of antiferroelectric liquid crystal
compounds. Line 2 (red) shows the phase sequence reversal
SmC��-SmC�FI2-SmC� found in 10OHF and its binary mixtures.
(b) The phase diagram of the �10OHF�1	y�C9�y mixtures with
C9. The dots are experimental data from our NTE measurements
acquired in cooling runs except for y � 0:10 [25]. The chemical
structure of C9 is shown at the top.
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was stable over more than 30 K. Among the mixtures, y �
0:25 was selected for detailed NTE and RXRD studies. As
shown in Figs. 2(c) and 2(d), the � vs � data obtained at
50.0 �C and 65.8 �C demonstrate the SmC� and SmC�FI2
phases, respectively. Compared to Fig. 2(b), there is a

90� shift of the data in Fig. 2(d). This is because the
helical pitches and distortion angles in the SmC�FI2 phase
of the mixture and pure 10OHF are very different so that
the net polarization direction in one case is in the average
molecular tilt plane and in the other case perpendicular to
the plane.

RXRD was conducted on the �10OHF�0:75�C9�0:25 mix-
ture. We scanned for resonant peaks at different tempera-
tures and identified the SmC��, SmC�FI2, and SmC� phases
sequentially upon cooling. Resonant peaks of these three
phases are shown in Fig. 4. Figure 4(a) displays the (l � 1,
m � 1) resonant peak of the SmC�� phase at 81.4 �C. From
the positions of the (001) main peak and (l � 1, m � �1)
resonant peaks, the incommensurate helical pitch of the
SmC�� phase was determined to be 4.92 layers, consistent
with the pitch measured by our optical method for pure
10OHF [21].

Since the intermediate phase of this mixture has a wide
temperature window (
25 K), we scanned the resonant
09780
peaks at six temperatures in this window. Only 1=4 order
resonant peaks were observed, which confirmed that the
intermediate phase was the SmC�FI2 phase with a 4-layer
structure. Figure 4(b) shows the resonant peaks of the
SmC�FI2 phase at 61.0 �C at Qz=Qo � 1:25. By fitting the
data using the distorted clock model [5,23], we found that
the distortion angle of the biaxial SmC�FI2 phase is 23� 3�

and the optical pitch is 
3:9 �m. Both values are in good
agreement with those obtained from NTE.

Within our experimental resolution [24], we also found
that the 1=4 order resonant peak at the high temperature
end of the SmC�FI2 window was a single peak as shown in
Fig. 4(c). Thus the 4-layer superstructure at high tempera-
tures can have either a simple clock arrangement or a
distorted clock structure with a very long overall optical
pitch. While the first one is an optically uniaxial phase, the
second one is a biaxial phase. Subsequently, our detailed
optical measurements yielded similar � and � vs �
throughout the SmC�FI2 phase window, supporting biaxial
properties of this phase. In addition, simulations of the �
and � vs � data and the increasing split width of the
resonant peaks upon cooling yield that the helicoidal pitch
decreases as temperature decreases in the SmC�FI2 phase.
This is one clear demonstration that NTE and RXRD are
complementary probes in acquiring molecular arrange-
ments of SmC� variant phases. Here the combination of
NTE and RXRD significantly enhances our capability to
1-3
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unambiguously determine that the intermediate phase is
the SmC�FI2 phase with a distorted clock structure.

After the SmC�FI2 phase was identified, upon further
cooling, the satellite resonant peaks of the SmC� phase
were found. A typical scan through the (002) Bragg peak
and the correspondingm � �1 satellite peaks of the SmC�

phase at 45.3 �C is shown in Fig. 4(d). A scan having
incident energy E0 � 10 eV, showing no resonant peaks,
is superimposed. From the satellite peak positions, the
optical pitch was determined to be 0:66 �m, also consis-
tent with the pitch value (0:60 �m) obtained from optical
measurements. It is very interesting to see that the optical
pitch drops significantly from the SmC�FI2 phase to the
SmC� phase.

RXRD has confirmed the SmC��-SmC�FI2-SmC� phase
sequence in the �10OHF�0:75�C9�0:25 mixture. By extrapo-
lation, we can conclude that this unusual phase sequence
also exists in pure 10OHF. Since the 4-layer structure is
immediately below the SmC�� phase upon cooling, it is
understandable that the short helical pitch in the SmC��
phase of 10OHF decreases from 6.5 layers to 5.5 layers
upon cooling [21]. Employing NTE, we also checked the
phase sequences of several homologous compounds, 12-,
11-, and 9-OHF, and found that their phase sequences all
follow the usual phase sequence. Why 10OHF is so unique
to exhibit the unusual phase sequence among the homolo-
gous series still remains a great puzzle. Usually the inter-
mediate phase in an unusual phase sequence is an unstable
phase, which may disappear upon doping. However, the
SmC�FI2 phase in the �10OHF�1	y�C9�y mixture is very
stable and its temperature window expands rapidly with
increasing y, squeezing out the SmC� phase. Moreover, the
contour for the SmC��-SmC�FI2-SmC� phase sequence
through simulated phase diagrams in both Ref. [10]
[line 2 in Fig. 3(a)] and [11] is somewhat simpler than
the one for the SmC��-SmC�-SmC�FI2-SmC�FI1-SmC�A
phase sequence [line 1 in Fig. 3(a)]. These facts strongly
suggest that the SmC��-SmC�FI2-SmC� phase sequence may
not be so unusual and may exist in other compounds. Thus
special attention will be paid to the data of various anti-
ferroelectric liquid crystal compounds to identify any pos-
sible deviation from the usual phase sequence. Recently,
Hamaneh and Taylor developed a model that incorporated
long-range interlayer interactions to explain all the SmC�

variant phases [11]. The phase diagram that results from
the theory can explain the usual phase sequence as well as
the reversed phase sequence, which occurs as one of two
model parameters is varied monotonically but very slowly.
This theory also predicts a new phase with a 6-layer
periodicity, which is supposed to appear between the
SmC� and SmC�FI2 phases as temperature varies. If this
09780
new phase does exist experimentally, some new interesting
phase sequences will be observed. Identifying the different
possible variations of phase sequences is an important
feature of the SmC� variant phases that needs to be ex-
plained by theoretical models.
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