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We report x-ray microbeam studies of a bent-core liquid crystalline material with chiral citronellyl tails. This
material has an equilibrium polarization-modulated smectic-CP sPM-SmCPd state exhibiting theB7 texture
upon slow cooing from the isotropic while a metastable chiral synclinic ferroelectric Sm-CP state sSm
-CSPF

* d is obtained on quenching from the isotropic. The polarization modulated phase PM-SmCSPF
* shows

typical x-ray patterns having multiple satellite peaks around the first-order layer reflection, indicating undulated
layers, while the metastable Sm-CSPF

* state exhibits a single layering peak indicating flat layers. The Sm
-CSPF

* state is also induced by the application of an electric field larger than the threshold fieldsEthd and
thermally returns to the polarization modulated PM-SmCSPF

* structure.

DOI: 10.1103/PhysRevE.71.011705 PACS numberssd: 61.30.Gd

I. INTRODUCTION

A rich morphology of twisted helical filaments and tex-
tured focal conic domains having multiple birefringence col-
ors and stripes parallel to the smectic layers are typicalB7
texturesf1g. Smectic liquid crystal phases that have these
filaments on slow cooling through the isotropic to smectic
phase transition are characterized by unusual powder x-ray
patterns that have multiple peakssusually three peaks or
mored in the small-angle region around the smectic layering
peakf2g. The multiple peaks in the x-ray scattering indicate
that there is additional order beyond a one-dimensional stack
of smectic layers. Texture observations in both cells and
freely suspended films, in combination with freeze fracture
observations, indicated layer undulations as the source of
additional order. A stack of synclinic ferroelectric layers as
sketched in Fig. 1sad could, in principle, lower its free energy
by organizing in a polarization-splay-modulated state, as
sketched in Fig. 1sbd f2g. Such polarization splay modulation
is thought to explain the features not only in theB7 phase but
also in some two-dimensional phases like theB1revtilt phases
f3–5g. However, it is unclear what happens to the undulated
layers on application of an electric field that is sufficient to
drive the system into the uniform ferroelectric state.

From the electrooptic response and polarization reversal
current measurements, some materials exhibiting theB7 tex-
ture are thought to be ferroelectric, at least after application
of an electric fieldf6,7g. However, other materials exhibiting
this texture are thought to have an antiferroelectric ground
state or to exhibit spontaneous polarization components
along the layer normal—i.e., the so-called smectic-C general
phasesSm-Cgd—upon cooling from the isotropic. Indirect

evidence for these interpretations is found in the high-
threshold field that is necessary to induce a transition to the
ferroelectric state and in an electrical response characterized
by a polarization with a component along the layer normal
f8,9g.

To elucidate the structural changes that take place in the
layer organization at high-field strengths,E.Eth, we per-
formed microbeam x-ray scattering experiments on single
domains both in the ground-state configuration and under the
application of a field. We report that the scattering peaks
associated with the ground-state layer undulations disappear
on application of a sufficiently large field, consistent with a
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FIG. 1. sColor onlined Sketch of the layer structure and scatter-
ing pattern of the uniform and polarization-splay-modulated Sm
-CSPF

* states. The uniform Sm-CSPF
* state, sketched insad, is ex-

pected to give rise to a single-layering peak in the x-ray pattern with
possibly additional higher harmonics as sketched below the struc-
ture. The polarization-modulated structure, sketched insbd, is ex-
pected to result in off-axis peaks in the x-ray pattern as sketched
below the structure.
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field-induced transition to a synclinic ferroelectric state that
does not have polarization splay. This state is metastable to
nucleation and growth of ground-state domains on removal
of the field.

II. EXPERIMENT

We report measurements taken at the temperatureT, 10 K
below the isotropic-to-smectic transition temperatureTc sTc

−T=10 Kd for the chiral bent-core liquid crystal
sRd-Citronellyl-OPIMB; see Fig. 2. Texture observations
were carried out using thin capacitor-type cells with a
4–10-m gap. For x-ray measurements, we used a free surface
droplet as well as capacitor-type cells constructed of thin
glass s50–80md. The x-ray diffraction experiments were
carried out on beamline 4AsBL-4Ad at the Photon Factory
sPFd a part of the High Energy X-ray LaboratorysKEKd at
TsukubasJapand. The incident x-ray beam size was roughly
334 m2 at the sample and the angular divergence is about
1.0 mrad in both horizontal and vertical directions. The x-ray
energy was 8 keV s,1.55 Åd, and we used a two-
dimensional area detectorfcharge-coupled deviceg sCCDd,
Hamamatsu Photonics, C4880-50g to obtain two-dimensional
diffraction patterns. On the area detector, the distance be-
tween the beam center and diffraction spots indicates the
scattering angles2ud, and the x-ray scattering intensity pro-
file around a circle centered at the beam center provides in-
formation about the smectic layer orientation in the plane of
the cellsx profiled. The sample cell can be rotated around an
axis parallel to the plane of the cell and perpendicular to the
x-ray beamsv profiled. The x-ray scattering intensity of the
v profile indicates the smectic layer orientation within the
cell.

III. RESULTS AND DISCUSSION

A. X-ray diffraction from the bulk sample

In order to measure the powder x-ray scattering intensity
as a function of scattering angle in the ground state of the
smectic phase ofsRd-Citronellyl-OPIMB we measured scat-
tering from the free surface drop. As shown in Fig. 3, we
observe at least three distinct diffraction peaks in the small-
angle region which are summarized in Table I, suggesting a
two-dimensional ordering within the smectic layers in the
phase, similar to what has been proposed for other materials
having the B7 texture f2g fsee Fig. 1sbdg. Peak 1 atq
=0.169A−1 s2u=2.39°d is assigned to thes=1, m= ±1
Bragg reflectionfsee Fig. 1sbdg which overlaps with them
=0 peak. Them=0 peak in this case shows lower scattering
intensity comparing to them= ±1, which is actually related
to the undulation amplitudef2,5g. The other two peaks in the
ground-state PM-Sm-CSPF

* structure, peaks2 and3, are as-
signed to bem= ±2 and ±3fsee Fig. 1sbdg, respectively. A
significant difference between our material and what was
previously studied is that our material is chiral, and hence we
expect that the layer chirality is uniform throughout all of the

FIG. 3. sColor onlined Powder x-ray scattering from a free sur-
face drop in the PM-Sm-CSPF

* phase. Each scattering peak is fit
using a Lorentz function to obtain the scattering angle. The small
dip at q=0.158A−1 is an artifact from the stop for the direct beam.

FIG. 4. sColor onlined Photomicrographs of the metastable Sm
-CSPF

* and the ground-state PM-Sm-CSPF
* domains in the smectic

phase ofsRd-Citronellyl-OPIMB in a 6-m-thick cell. sad Grainy
high-birefringent domains of metastable state obtained by fast cool-
ing from the isotropic.sbd The ground-state domain nucleates and
totally filled the cellscd. TheB7 texture is obtained by slow cooling
from the isotropic. White bar in the photo indicates the real length
of 100 mm.

FIG. 2. Chemical structure and transition temperatures of
sRd-Citronellyl-OPIMB.

TABLE I. X-ray scattering angle and index corresponding to
peaks in Fig. 3.

Index 2u fdegg q fÅ−1g
Distance in

real spacefÅg

Peak 1 s=1, m=1 2.39 0.169 37.2

Peak 2 s=1, m=2 2.46 0.174 36.1

Peak 3 s=1, m=3 2.57 0.182 34.5
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layers even in the polarization modulated phase. We con-
firmed this uniform chirality with electrooptic experiment
which shows unichiral responses that all domains have the
same sign of layer chiralityf10g.

B. X-ray diffraction from LC cells

Upon quenching the material from the isotropic in
capacitor-type cells, grainy domains of the metastable Sm
-CSPF

* state with high birefringence are observed to nucleate
from the isotropicfsee Fig. 4sadg. We previously confirmed
that the metastable state is ferroelectric by means of optical
second-harmonic generation measurementf10g. The ground-
state PM-Sm-CSPF

* structure has lower birefringence and
typical B7 textures forms on annealingfsee Fig. 4sbd–4sddg.

In order to obtain x-ray diffraction profiles from the meta-
stable state and the ground state separately, we used a micro-
beam x-ray to select a specific domain in the cellfFig. 4sbdg.
In both cases we find the scattering pattern to be independent
of x andv and we interpret this to mean that the layers in the
scattering volume do not have a preferred orientation. There
is a marked difference in the x-ray microbeam scattering
pattern of the two states, Sm-CSPF

* and PM-Sm-CSPF
* , as a

function of scattering angle. As expected, we find that the
metastable state has only one peakfFig. 5sbdg and corre-
sponds to the reflection of flat smectic layersfsee Fig. 1sadg.
After allowing the ground-state structure to nucleate and fill
the cell we find multiple peaks as in the bulkfFig. 5sad and
summary of peaks in Table IIg. The single peak in the meta-
stable state occurs at a scattering angle that is different from

any of the multiple PM-Sm-CSPF
* peaks. The positions of the

two peaks in Fig. 5sad correspond exactly to the first two
peaks observed in the bulk droplet—i.e., thes=1, m= ±1
and s=1, m= ±2 Bragg reflections. Also, as shown in Fig.
5sad and Table II, thes=1, m= ±1 peak atq=0.169 Å−1 has
the highest scattering intensity. This suggests that this peak
characterizes the largest volume fraction in the undulated
structure. The smectic layer thickness in the metastable flat-
tened Sm-CSPF

* state is determined to be 36.5 Å. The ground
state is a typicalB7 phase with undulated smectic layers.

For a detailed analysis of the structure, it is critical to
have an alignment of the layer normal over regions signifi-
cantly larger than the microbeam. We obtained single-
domain regions with uniform alignment over the area of the
microbeam by applying an electric field on coolingfFig.
6sadg. Shown in Fig. 7 is an area detector image of x-ray
scattering intensity from a focal conic domain of the ground
state after application of a square-wave voltagesE
,25 V/md in a 6-m-thick cell under microbeam illumina-
tion. On the image shown in Fig. 7sad, at least seven diffrac-
tion spots are distinguishable, corresponding tos=1, m=0,
±1, ±2 and ±3. The scattering intensity of these diffraction
spots is shown in Fig. 7scd which agrees well with the ex-
pected reflection pattern from such an undulated-smectic
layer structuref2g but had not been observed directly in ori-
ented samples. The scattering intensity profile as a function
of the scattering anglesintegrated overxd is shown in Fig.
7sdd and summarized in Table III. The wave vector of the
m=0 spot is estimated to beq=0.168 Å−1 s2u=2.37°d, very
close to the magnitude of them= ±1 reflections, and hence
these diffraction peaks overlap in the powdered samples. The

FIG. 5. sColor onlined Powder x-ray scattering intensity as a
function of scattering angle measured insad the ground-state PM
-Sm-CSPF

* and sbd metastable Sm-CSPF
* state in the smectic phase

of sRd-Citronellyl-OPIMB in a 10-m-thick cell. Each scattering
peak was fit to a Lorentz function to obtain the scattering angle.

TABLE II. X-ray scattering angle and index corresponding to
peaks in Fig. 5.

Index 2u fdegg q fÅ−1g

Distance
in real
space
fÅg

Ground state Peak 1s=1, m=1 2.39 0.169 37.2

Peak 2 s=1, m=2 2.46 0.174 36.1

Metastable state Peak 4 s001d 2.43 0.172 36.5

FIG. 6. sColor onlined Photomicrographs of focal conic circular
domains ofsad the ground state andsbd field-induced metastable
Sm-CSPF

* state in the smectic phase ofsRd-Citronellyl-OPIMB in a
6-m-thick cell, obtained by application of an electric field. White
bar in the photo indicates the real length of 150mm.
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undulation wavelength is estimated from the distance be-
tween neighboring diffraction spots in reciprocal space. As
shown in Fig. 7scd, the spacing is measured to be aroundq
=0.0226 Å−1 so that the modulation wavelength is around
280 Å. Thev profile snot shownd indicates that that the layer
normal is approximately parallel to the plane of the cell with
a distribution of,10°.

Under an electric field larger thanEth s,37 V/md, do-
mains with high birefringencesDn,0.20d and tilted extinc-

tion directions s,45°d were observed to be stablefFig.
6sbdg. This field-induced state was found to have the chiral
synclinic ferroelectric sSm-CSPF

* d ordering according to
these optical observations in agreement with second-
harmonic generation measurementsf10g. The field-induced
state, however, is metastable and slowly relaxes back to the
ground state. This relaxation process takes around 30 min at
Tc−T,10 K. Shown in Fig. 8 are area detector images of
the x-ray scattering intensity from a focal conic domain in a
4-m thick cell under microbeam illumination. In the field-
induced ferroelectric state, a single-scattering peak was ob-
served with a broad distribution. According to thex profile
shown in Fig. 8scd, the layer normal direction in the illumi-
nated area has a distribution width of around 10°. Also, ac-
cording to thev profile snot shownd the smectic layers stand

FIG. 7. sColor onlined Detailed two-dimensional x-ray diffrac-
tion pattern of the ground-state PM-Sm-CSPF

* . Several sets of dif-
fraction spots from different domains were obtained as shown in
sbd. The majority of those domains in the illuminated area produced
scattering intensity profile along linekx in sbd which is perpendicu-
lar to thez axisslayer normal directiond as shown inscd. Diffraction
intensity as a function of angle is shown insdd obtained by integrat-
ing the two-dimensional diffraction profile around the beam center.

TABLE III. X-ray scattering angle and index corresponding to
peaks in Fig. 7.

Index 2u fdegg q fÅ−1g
Distance in

real spacefÅg

Peak 1 s=1, m=1 2.38 0.168 37.3

Peak 2 s=1, m=2 2.46 0.174 36.1

Peak 3 s=1, m=3 2.57 0.182 34.6

FIG. 8. Two-dimensional oriented x-ray scattering patterns of
sad the field-induced metastable Sm-CSPF

* state andsbd the ground
state obtained using microbeam x-ray illumination onto one domain
in a 6-m-thick cell. Shown inscd andsdd are the scattering intensity
profiles onx for sad and sbd, respectively. The scattering intensity
labeled with open diamonds is about inner scattering, and solid
diamonds indicate the scattering intensity of the outer diffraction.
sed and sfd show the scattering intensity profile obtained fromsad
and sbd, respectively, as a function of scattering angle.
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up almost normal to the substrate; this is the so called “book-
shelf” structure with the disorder in thev profile reduced
from 15° to 10°. This decrease in the width of thev profile
and corresponding increase in the width of thex profile is
characteristic of field-induced straightening of the smectic
layers such as in the transition from a vertical chevron to a
horizontal chevronf11,12g. There is no hint of Sm-Cg-type
layer orientation where the smectic layers must be tilted from
the field direction under application of a large electric field
because the spontaneous polarization includes a component
out of the layer planef9g. After relaxation to the ground state
from the field-induced metastable Sm-CSPF

* state, the origi-
nal reciprocal lattice of the PM-Sm-CSPF

* state is recovered,
as shown in Fig. 8sbd. As with the field-induced Sm-CSPF

*

state, the peaks retain a broad distribution inx and a narrow
distribution in v, indicating that the bookshelf alignment is
retained. Figures 8sed and 8sfd show the scattering intensity
profile obtained from Figs. 8sad and 8sbd, respectively. The
scattering angle of each diffraction spot is summarized in
Table IV, which corresponds to scattering peaks observed in
the powder pattern in Table II. Them=0 reflection is not
clearly observable because the scattering intensity is small
for m=0 ssee Fig. 7d and the increased in-plane disordersxd
overlaps them=0 with them= ±1 reflections.

C. Discussion

According to these observations, the metastable state ob-
tained from quenching from the isotropic and field-induced
states has the same layer structure, Sm-CSPF

* , synclinic in tilt
and ferroelectric in polar order in smectic layers without un-
dulation fFig. 1sadg. The layer thickness is estimated to be
36.5 Å, and the tilt angle of the molecules is estimated from
the extended molecular lengths49 Åd to be 42° which is
slightly smaller but close to the optical tilt angles45°d.

The ground-state PM-Sm-CSPF
* exhibits peaks corre-

sponding to the zeroth orderss=1, m=0d which overlapped
with the first orderss=1, m= ±1d and higher ordersss=1,
m= ±1, ±2, . . .,d in the powder pattern shown in Tables I and
II, as well as in focal conic textures in cells either without

electric field or after relaxation from the field-induced state.
The periodicity of undulation is estimated to be around
280 Å. Unfortunately, we could not observes=0 peaks be-
cause of the limited resolution of our experiment system.

Based on the polarization modulation modelf2g, the un-
dulated layer structure associated with theB7 texture is pro-
duced by polarization splay in the plane of smectic layers. In
this interpretation, there is a free energy cost associated with
defect lines at the interface of two splay areas that must be
compensated for by a reduction in the free energy through
the formation of polarization splay. Under application of an
electric field, however, the spontaneous polarization reorients
uniformly along the field. As the polarization splay domains
are removed by the field, translational invariance within the
layers is restored and the smectic layer undulations flatten,
removing the intralayer ordering. Our result that the field-
induced ferroelectric Sm-CSPF

* state lacks undulation of the
smectic layers is in complete agreement with this prediction.
In addition, we find that there is no evidence for Sm-Cg
ordering; neither a bilayer diffraction peak nor tilted smectic
layer under application of an electric field is observed in the
field-induced Sm-CSPF

* state or the ground state PM-Sm
-CSPF

* structure.

IV. CONCLUSION

The smectic phase ofsRd-Citronelly-OPIMB was exam-
ined by means of texture observations and x-ray diffraction
measurements. This phase exhibits a chiral metastable Sm
-CSPF

* state that relaxes to a stable PM-Sm-CSPF
* ground

state that has a polarization modulation and layer undulations
associated with theB7 texture. The metastable Sm-CSPF

*

state is also induced from the ground-state structure by ap-
plication of an electric field greater than a threshold fieldEth;
the ground state nucleates and grows with an undulated layer
structure of wavelength around 280 Å on removal of the
field. Such a field-induced transition to a nonundulated
Sm-CP state might be observed not only in theB7-type
phases but also in the other variation phases with polariza-
tion modulation such as theB1rev and/orB1revtilt phases.
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TABLE IV. X-ray scattering angle and index corresponding to
peaks in Fig. 8.

Index 2u fdegg q fÅ−1g

Distance
in real
space
fÅg

Ground state Peak 1s=1, m=1 2.37 0.168 37.5

Peak 2 s=1, m=2 2.44 0.173 36.4

Metastable state Peak 4 s001d 2.43 0.172 36.5
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