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Electric-field-induced transition between the polarization-modulated and ferroelectric smectic-
CSPT: liquid crystalline states studied using microbeam x-ray diffraction
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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 smeC#c{PM-SnCP) state exhibiting theB; texture
upon slow cooing from the isotropic while a metastable chiral synclinic ferroelectricCBnstate (Sm
-CSP*F) is obtained on quenching from the isotropic. The polarization modulated phase R}ﬁmhows
typical x-ray patterns having multiple satellite peaks around the first-order layer reflection, indicating undulated
layers, while the metastable S@gPF state exhibits a single layering peak indicating flat layers. The Sm
-CSP; state is also induced by the application of an electric field larger than the thresholdBijgldnd
thermally returns to the polarization modulated PM{Sﬁ*F structure.
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[. INTRODUCTION 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

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 tyfzal
textures[1]. Smectic liquid crystal phases that have these[s’g]' luci h | ch h ke ol in th
filaments on slow cooling through the isotropic to smectic Toe umd_ate_t e structural changes that take place in the
phase transition are characterized by unusual powder x-r lgyer orga_nlzatlon at high-field s_trengtrE>_ Eqn, we per
patterns that have multiple peakssually three peaks or rme_d mmropeam x-ray scattering experiments on single
more in the small-angle region around the smectic Iayeringdomalns both in the ground-state configuration and under the

peak[2]. The multiple peaks in the x-ray scattering indicate""ppl'cf"ltlon OT a field. We report that the sca.tterlng' peaks
that there is additional order beyond a one-dimensional Stacﬂssomated with the ground-state layer undulations disappear

of smectic layers. Texture observations in both cells and®" application of a sufficiently large field, consistent with a

freely suspended films, in combination with freeze fracture
observations, indicated layer undulations as the source of (a) (b)
z
X

additional order. A stack of synclinic ferroelectric layers as 'z e e € N
sketched in Fig. (&) could, in principle, lower its free energy T—l %%&%g %&% : ;fff
by organizing in a polarization-splay-modulated state, as — TPV ‘\f_f’}/‘
sketched in Fig. (b) [2]. Such polarization splay modulation &&&& 4@%5‘% 1 <7:¢i>:|‘_>
is thought to explain the features not only in gphase but ’_\:E;F/

also in some two-dimensional phases like By, phases

[3-5]. However, it is unclear what happens to the undulated z 002 z s=2

layers on application of an electric field that is sufficient to X Lx’, g oy

drive the system into the uniform ferroelectric state. 001 s - s=1
From the electrooptic response and polarization reversal I o

mf-z mfo mfz s=0

current measurements, some materials exhibitindBtheex-
ture are thought to be ferroelectric, at least after application |
of an electric field 6,7]. However, other materials exhibiting )
this texture are thought to have an antiferroelectric ground FIG. 1. (Color onlln_e Sketch of the _Iayc_ar structure and scatter-
state or to exhibit spontaneous polarization componentfd Pattern of the uniform and polarization-splay-modulated Sm
along the layer normal—i.e., the so-called smectigeneral ~CsPr States. The uniform SrisPy state, sketched ifia), is ex-

. . . . . pected to give rise to a single-layering peak in the x-ray pattern with
phase(Sm-Cgl—upon cooling from the isotropic. Indirect possibly additional higher harmonics as sketched below the struc-

ture. The polarization-modulated structure, sketche¢bjn is ex-
pected to result in off-axis peaks in the x-ray pattern as sketched
*Corresponding author. below the structure.

m=-3 T m=-1 I m=1 Iv m=3
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TABLE |. X-ray scattering angle and index corresponding to

o) o}
Nﬂ OQOJ\@VN peaks in Fig. 3.

PO G § e e g —
Crystal <— PM-SmCsPs* =— Iso Distance in
110°C Index 29 [ded q[A™1] real spacgA]
FIG. 2. Chemical structure and transition temperatures of Peak 1 s=1,m=1 2.39 0.169 37.2
(R)-Citronellyl-OPIMB. Peak 2 s=1,m=2 2.46 0.174 36.1

Peak 3 s=1,m=3 2.57 0.182 34.5

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 [ll. RESULTS AND DISCUSSION

of the field. A. X-ray diffraction from the bulk sample

In order to measure the powder x-ray scattering intensity
Il. EXPERIMENT as a function of scattering angle in the ground state of the
smectic phase ofR)-Citronellyl-OPIMB we measured scat-
We report measurements taken at the temperdiui® K tering from the free surface drop. As shown in Fig. 3, we
below the isotropic-to-smectic transition temperatliteT.  opserve at least three distinct diffraction peaks in the small-
-T=10K) for the chiral bent-core liquid crystal angle region which are summarized in Table I, suggesting a
T ey
were carried out using thin capacitor-type cells with aphase, similar to what has been proposed for other materials
4-10wu gap. For x-ray measurements, we used a free surfadgaving the B, texture [2] [see Fig. 1b)]. Peak 1 atq
droplet as well as capacitor-type cells constructed of thin=0.169A™! (2=2.39°) is assigned to thes=1, m=+1
glass (50-80u). The x-ray diffraction experiments were Bragg reflectionsee Fig. 1b)] which overlaps with then
carried out on beamline 4/BL-4A) at the Photon Factory =0 peak. Then=0 peak in this case shows lower scattering
(PP a part of the High Energy X-ray LaboratofitEK) at intensity comparing to then=+1, which is actually related
Tsukuba(Japan. The incident x-ray beam size was roughly to the undulation amplitudg2,5]. The other two peaks in the
3X 4 u? at the sample and the angular divergence is abouground-state PM-Srﬁ:SP*F structure, peak® and3, are as-
1.0 mrad in both horizontal and vertical directions. The x-raysigned to bem=+2 and +3[see Fig. 1b)], respectively. A
energy was 8 keV(~155A4), and we used a two- significant difference between our material and what was
dimensional area detectgcharge-coupled devi¢gCCD),  previously studied is that our material is chiral, and hence we
Hamamatsu Photonics, C4880}30 obtain two-dimensional expect that the layer chirality is uniform throughout all of the
diffraction patterns. On the area detector, the distance be-
tween the beam center and diffraction spots indicates the
scattering anglé26), 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 cell(y profile). The sample cell can be rotated around an
axis parallel to the plane of the cell and perpendicular to the
x-ray beam(w profile). The x-ray scattering intensity of the
w profile indicates the smectic layer orientation within the
cell.

® Scattering intensity

7} % — Fitting for peak1
g 6 e Fitting for peak2

: d7 —— Fitting for peak3
E. 4+ g ——— Sum of fittings
5 d X
2
8 2
= ; (%

Y P — FIG. 4. (Color onling Photomicrographs of the metastable Sm
0.15 0.16 0.17 0.18 0.19 -CqPr and the ground-state PM-S@5P; domains in the smectic
q[1/,&] phase of(R)-Citronellyl-OPIMB in a 6u-thick cell. (a) Grainy

high-birefringent domains of metastable state obtained by fast cool-
FIG. 3. (Color online Powder x-ray scattering from a free sur- ing from the isotropic(b) The ground-state domain nucleates and
face drop in the PM-Snﬁ;SP*F phase. Each scattering peak is fit totally filled the cell(c). The B, texture is obtained by slow cooling
using a Lorentz function to obtain the scattering angle. The smalfrom the isotropic. White bar in the photo indicates the real length
dip atq=0.158A"1 s an artifact from the stop for the direct beam. of 100 um.
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25 fF T T T T T T TABLE Il. X-ray scattering angle and index corresponding to
_ @) O Scattering Int. peaks in Fig. 5.
L2201 — Fitting for Peak1
s | 4qy 7 Fitting for Peak2 _
. qe L ——— Sum of Fittings Distance
o 15 .
5 in real
< space
[ Index 29[ded q[A™Y] [A]
2
= Ground state Peak 5=1,m=1 2.39 0.169 37.2
A5 e EIT — 019 Peak 2 s=1,m=2 2.46 0.174 36.1
q[1/A] Metastable state Peak 4 (001) 243 0172 365
o)
7 10F & _f_SF‘i’taﬁtr‘gi'c‘gn',';t any of the multiple PM-Sn€GsP;. peaks. The positions of the
S 650 ‘ ; for peak 4 two peaks in Fig. &) correspond exactly to the first two
g e ! peaks observed in the bulk droplet—i.e., thel, m=+1
E 60 ¢ ¢ ands=1, m=+2 Bragg reflections. Also, as shown in Fig.
551 j ‘. 5(a) and Table Il, thes=1, m=+1 peak aig=0.169 A* has
5 50k & “ s the highest scattering intensity. This suggests that this peak
== ’w‘fwf S sl characterizes the largest volume fraction in the undulated
4sEF e | L L l structure. The smectic layer thickness in the metastable flat-
0.15 0.16 0.17 0.18 0.19

tened SmMEgP; state is determined to be 36.5 A. The ground
state is a typicaB; 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-

-Sm-CSP*F and (b) metastable SnGSP; state in the smectic phase gantly_ Iarg_er tha_nhthe_f mlcroll_)eam. We ob:]alned S'?gLe'
of (R-Citronellyl-OPIMB in a 10u-thick cell. Each scattering 20Main regions with uniform alignment over the area of the

peak was fit to a Lorentz function to obtain the scattering angle. Microbeam by applying an electric field on coolifig.
6(a)]. Shown in Fig. 7 is an area detector image of x-ray
scattering intensity from a focal conic domain of the ground
NState after application of a square-wave voltage
~25V/w) in a 6-u-thick cell under microbeam illumina-
fion. On the image shown in Fig(d), at least seven diffrac-
tion spots are distinguishable, corresponding#d, m=0,
11, £2 and £3. The scattering intensity of these diffraction
spots is shown in Fig. (€¢) which agrees well with the ex-
Upon quenching the material from the isotropic in pected reflection pattern from such an undulated-smectic
capacitor-type cells, grainy domains of the metastable Srtayer structurd2] but had not been observed directly in ori-
-CSP; state with high birefringence are observed to nucleatented samples. The scattering intensity profile as a function
from the isotropic[see Fig. 4a)]. We previously confirmed of the scattering angléntegrated ovety) is shown in Fig.
that the metastable state is ferroelectric by means of optical(d) and summarized in Table Ill. The wave vector of the
second-harmonic generation measureni#f}. The ground- m=0 spot is estimated to g=0.168 A (2=2.37°), very
state PM—SnESP; structure has lower birefringence and close to the magnitude of the=+1 reflections, and hence
typical B; textures forms on annealirfgee Fig. 4b)—4(d)]. these diffraction peaks overlap in the powdered samples. The
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 EEig. 4(b)].
In both cases we find the scattering pattern to be independent
of y andw 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, S@Pr and PM-SmEgP;, as a
function of scattering angle. As expected, we find that the
metastable state has only one pdélig. 5b)] and corre-
sponds to the reflection of flat smectic laygsee Fig. 1a)]. FIG. 6. (Color onling Photomicrographs of focal conic circular
After aIIOWing the grOUnd-State structure to nucleate and fi”domains of(a) the ground state anfb) field-induced metastable
the cell we find multiple peaks as in the bykig. 52 and  sm-C4P; state in the smectic phase @%)-Citronellyl-OPIMB in a
summary of peaks in Table]lIThe single peak in the meta- 6-u-thick cell, obtained by application of an electric field. White
stable state occurs at a scattering angle that is different fromar in the photo indicates the real length of 1%

FIG. 5. (Color onlineg Powder x-ray scattering intensity as a
function of scattering angle measured (@ the ground-state PM

layers even in the polarization modulated phase. We co
firmed this uniform chirality with electrooptic experiment
which shows unichiral responses that all domains have th
same sign of layer chiralitj/10].

B. X-ray diffraction from LC cells
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(a) i
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= - - -~ Fitting for peak2 - 016 017 018
40— —— Fitting for peak3 :
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= | O ing Int.
Z 30 E o ek
c 12 F filing
g s {4y Fitting for Peak2
=20 S 7 === Sum of Fittings
>081
0.16 0.17 0.18 @ |
o
o 9
q[1/A] 7] — o .
0.16 0.17 0.18
FIG. 7. (Color onling Detailed two-dimensional x-ray diffrac- q[1/,&]

tion pattern of the ground-state PM-SIB@P*F. Several sets of dif-

fraction spots from different domains were obtained as shown in ) ) ) )

(b). The majority of those domains in the illuminated area produced F!G- 8. Two-dimensional oriented x-ray scattering patterns of
scattering intensity profile along lirkg in (b) which is perpendicu- (& the field-induced metastable S@yPr state andb) the ground
lar to thez axis (layer normal directiopas shown ir(c). Diffraction ~ State obtained using microbeam x-ray illumination onto one domain
intensity as a function of angle is shown(i) obtained by integrat- N & 6-u-thick cell. Shown in(c) and(d) are the scattering intensity

ing the two-dimensional diffraction profile around the beam centerProfiles onx for (a) and (b), respectively. The scattering intensity
labeled with open diamonds is about inner scattering, and solid

undulation wavelength is estimated from the distance bediamonds indicate the scattering intensity of the outer diffraction.

tween neighboring diffraction spots in reciprocal space. Ade) and (f) show the scattering intensity profile obtained fréan

shown in Fig. Tc), the spacing is measured to be around and(b), respectively, as a function of scattering angle.

=0.0226 A1 so that the modulation wavelength is around

280 A. Thew profile (not shown indicates that that the layer tion directions (~45°) were observed to be stab[&ig.

normal is approximately parallel to the plane of the cell withg(b)]. This field-induced state was found to have the chiral

a distribution of~10°. synclinic ferroelectric (Sm-CqPr) ordering according to
Under an electric field larger thay, (~37 V/u), do-  these optical observations in agreement with second-

mains with high birefringencéAn~0.20 and tilted extinc-  harmonic generation measuremefit§]. The field-induced

state, however, is metastable and slowly relaxes back to the

TABLE III. X- i I i i ) - .
ray scattering angle and index corresponding to ground state. This relaxation process takes around 30 min at

eaks in Fig. 7. . . .
P g T.—T~10 K. Shown in Fig. 8 are area detector images of
Di . the x-ray scattering intensity from a focal conic domain in a
istance 1 41 thick cell under microbeam illumination. In the field
Index %[ded q[AY] real spacéA] 4-p thick cell under microbeam illumination. In the field-
induced ferroelectric state, a single-scattering peak was ob-
Peak 1 s=1,m=1 2.38 0.168 37.3 served with a broad distribution. According to tiyeprofile
Peak 2 s=1,m=2 2.46 0.174 36.1 shown in Fig. &c), the layer normal direction in the illumi-
Peak 3 s=1 m=3 257 0.182 34.6 nated area has a distribution width of around 10°. Also, ac-

cording to thew profile (not shown the smectic layers stand
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TABLE V. X-ray scattering angle and index corresponding to electric field or after relaxation from the field-induced state.
peaks in Fig. 8. The periodicity of undulation is estimated to be around
280 A. Unfortunately, we could not obserge0 peaks be-
Distance  cause of the limited resolution of our experiment system.

in real Based on the polarization modulation mog2], the un-
o space dulated layer structure associated with Betexture is pro-
Index 20 [deg q[A™] [A] 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
Metastable state Peak 4 (001) 243 0172 36.5 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

up almost normal to the substrate; this is the so called “bookare removed by the field, translational invariance within the
shelf” structure with the disorder in the profile reduced layers is restored and the smectic layer undulations flatten,
from 15° to 10°. This decrease in the width of theprofile ~ removing the intralayer 0ro£ering. Our result that the field-
and corresponding increase in the width of therofile is  induced ferroelectric SnsPr state lacks undulation of the
characteristic of field-induced straightening of the smecticsmectic layers is in complete agreement with this prediction.
layers such as in the transition from a vertical chevron to dn addition, we find that there is no evidence for €9-
horizontal chevrorf11,12. There is no hint of SnGgtype  ordering; neither a bilayer diffraction peak nor tilted smectic
layer orientation where the smectic layers must be tilted fromfayer under application of an electric field is observed in the
the field direction under application of a large electric fieldfield-induced SmEsPe state or the ground state PM-Sm
because the spontaneous polarization includes a componefisPr structure.

out of the layer plang9]. After relaxation to the ground state

from the field-induced metastable SBaP; state, the origi- IV. CONCLUSION

nal reciprocal lattice of the PM-SiBsP;- state is recovered, h ic oh R)-Ci I
as shown in Fig. &). As with the field-induced SnGgPq The smectic phase dR)-Citronelly-OPIMB was exam-

state, the peaks retain a broad distributioryiand a narrow in€d by means of texture observations and x-ray diffraction
distribution in o, indicating that the bookshelf alignment is Mmeasurements. This phase exhibits a chiral metastable Sm

retained. Figures (@ and &f) show the scattering intensity ~CsPr State that relaxes to a stable PM-$lgPr ground
profile obtained from Figs. @ and 8b), respectively. The state t.hat hasla polarization modulation and layer undulatlons
scattering angle of each diffraction spot is summarized irfSsociated with theB; texture. The metastable SExPr
Table IV, which corresponds to scattering peaks observed ifitat€ is also induced from the ground-state structure by ap-
the powder pattern in Table II. The=0 reflection is not plication of an electric field greater than fathreshold figjd
clearly observable because the scattering intensity is smdif'® ground state nucleates and grows with an undulated layer
for m=0 (see Fig. 7 and the increased in-plane disordgy structure of Wayelerjgth around 28_0 A on removal of the
overlaps then=0 with them=+1 reflections. field. Such a field-induced transition to a nonundulated
Sm-CP state might be observed not only in tig-type
phases but also in the other variation phases with polariza-

) ] tion modulation such as thBy e, and/orB;,eviir phases.
According to these observations, the metastable state ob-

tained from quenching from the isotropic and field-induced
states has the same layer structure, GgﬁF synclinic in tilt
and ferroelectric in polar order in smectic layers without un- The authors are thankful to Professor D. M. Walba for
dulation[Fig. 1(a)]. The layer thickness is estimated to be useful discussions. M.N. and D.L. acknowledge the support
36.5 A, and the tilt angle of the molecules is estimated fromof the Japanese Society for the Promotion of Sci¢d&®S.
the extended molecular leng(49 A) to be 42° which is  This work was partly supported by a Grant-in-Aid for Scien-
slightly smaller but close to the optical tilt angl45°). tific Research on Priority Are@B) (No. 12129202 by the
The ground-state PM-Si8sP- exhibits peaks corre- Ministry of Education, Science, Sports and Culture of Japan.
sponding to the zeroth ordés=1, m=0) which overlapped M.N., D.A.C., and N.A.C. acknowledge the support of the
with the first order(s=1, m=+1) and higher ordergs=1, NSF under Grant Nos. DMR-0213918 and DMR-0072989.
m=+1, +2,...) in the powder pattern shown in Tables | and This work was carried out under the approval of the PF Ad-
II, as well as in focal conic textures in cells either without visory Committee(Proposal Nos. 00G088 and 02G135

Ground state Peak k=1, m=1 2.37 0.168 375
Peak 2 s=1, m=2 2.44 0.173 36.4

C. Discussion
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