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Ferroelectric phases in a chiral bent-core smectic liquid crystal: Dielectric and optical
second-harmonic generation measurements
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We report unambiguous evidence for ferroelectricity in a chiral bent-core liquid crystal. This evidence
includes(i) a single current peak in the polarization reversal currénta strong dielectric response that is
suppressed by applying a bias electric field, &id strong optical second-harmonic generation in the absence
of electric field even at normal incidence. We propose a phase structure that is anticlinic in tilt and ferroelectric
in polar order, i.e., smecti€,PE .

PACS numbes): 77.84.Nh, 61.30.Gd

Ferroelectricity in smectic liquid crystals has attractedThe dipole moments that contribute B come mainly from
great attention since it was predicted and shown to exist byhe ester groups at the central phenyl ring, as in the conven-
Meyer et al. in 1975. In their experiments, ferroelectricity tional phase of bent-core materig8j.
was realized by reducing the symmetry of the sme€Ctic- The cells for the dielectric, SHG and electrooptic mea-
(Sm-C) phase from G, to C, through the introduction of surements were prepared from indium-tin-oxidéro)
chiral moleculeg1]. An alternative route to polar order was coated glass plates separated by 2-, 4-, 10-, andr@3hick
recently discovered in the fluid smectic phases of achiraspacers, and were filled with PBOPIMB6* by capillary action
bent-core moleculeR?]. In these phases macroscopic orien-in the isotropic phase.
tational ordering of the bent-cores results in polar smectic The phase sequence of the compound as determined by
layers. In the initial phases observed, the molecules withirdifferential scanning calorimetrfDSC) at a rate of 5 K/min
these layers were on average tilted synclinic with respect tis SmZ* — 146.8°C (16.86 J/g — Sm-Y* — 154.9°C
the layer normal and antiferroelectric in polar orddr9].  (2.36 J/g — SmX* — 166.8°C(24.41 J/g — Iso on heat-
There have, however, been several ferroelectric analogs réng and Iso — 166.6 °C — Si* — 146.2°C — SmyY*
ported[10—-12 which have all been realized in phases of — 138.1 °C — SmZ* on cooling. Preliminary x-ray studies
asymmetric bent-core molecules, one of which has a chirahdicate that the Snx* and Sm¥* phases have nearly the
tail [12]. The conclusion of ferroelectricity in all these stud- same layer thicknessiE36.6 A) and that the Sr#* phase
ies has been made based on the observation of a single pegkprobably a crystalline phasel€42.3A). A simple esti-
in the polarization reversal current. mate of the molecular length gives 43 A, implying that the

Here, we present distinct evidence for ferroelectric ordeism-z* phase is untilted while the St¥* and SmY* phases
observed in the symmetric chiral bent-core compounchre tilted with a tilt angleg~30°.

PBOPIMB6* (see Fig. 1, which exhibits ferroelectricity.
The aim of this Rapid Communication is to clearly show the
existence of the ferroelectric ordering of dipoles. A detailed
report of the molecular ordering and electrooptic observa-
tions in this phase is in preparatidi3]. In the present
manuscript switching current, dielectric and optical second-
harmonic generatiofSHG) measurements clearly demon-
strate polar order in the absence of an electric fleldAl-
though this compound incorporates two chiral centers, their
presence near the end of the alkyl chains is not expected tc
significantly effect the spontaneous electric polarizattan

o] o]
P-8-OPIMB6* v@*o@o*@v FIG. 2. (Color Texture of the SnX* phase(a and SmZ*
N =N . .
/W*’VV\O’@ @OMA phase(b) observed in a 4+m-thick planar cell. Several types of
s 0 /@\ ) 8 domains can be observed in the Sth-phase. The high birefrin-
P-8-OPIMB N\V@)\O OJI\©\4N gence(orange region surrounded by broken cyrdemains in(a)
NW\0’©/ @OW\ are unstable and are rapidly converted into the low birefringence

state upon application of an electric field. The low birefringence
FIG. 1. Chemical structures for the chiral material PBOPIMB6* domains of the Snx* phase, shown irfa), and all domains in the
and achiral material P8OPIMB. The two chiral centers in SmZ* phase, shown ifb), have optic axes parallel to the layer
P8OPIMB6* are indicated with asterisks. normal.
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FIG. 3. (Color) Contact of chiral PBOPIMB6* in the St{* phase and its achiral analog PBOPIMB in the Bmphase. Ina) a distinct
boundary separates the two phases in the absence of an electric field, whiléhis boundary disappears upon application of an electric
field E.

In the SmX* phase, on cooling from the isotropic phase Those being(i) switching current,(ii) dielectric and (iii)
in 4-um-thick planar samples, a smooth pale-yellow fan tex-SHG measurements. The first of these provides us with di-
ture of low birefringence is observed that coexists with a fewrect evidence for ferroelectricity. For the chiral PSOPIMB6*
bright color domainghigh birefringencg as shown in Fig. @ single peak in the polarization reversal current is observed
2(a). The majority of domains under a bipolar square or tri-under application of a triangle wave voltags frequencies
angle wave electric field switch between states having th&om several Hz to several hundred Has shown in Fig. 4,
same birefringence, and extinction direction, which suggestédicating ferroelectricity. Under the same conditions a
an anticlinic tilt arrangement in neighboring layers in the double peak is observed in the Sp-phase of its antiferro-
field-on state. A small difference in birefringence was ob-€l€ctric achiral analogug6,8,9. The spontaneous polariza-
served between the field-off and field-on states. No change if{on Ps measured in PEOPIMB6* is-500 nClerd, and does
texture or switching behavior could be observed between th@oa_zgaggsorr?;zr\}'iggf#ég ]y(‘)’ Irt?etr?(r)nepl):cr:?rtizirt(; was obtained by
Sm-X* and Sm¥Y* phases. The high-birefringence domains . ; : ! . o
have different optical characteristics. However, they are no lelectric studies. The complex dielectric permittivity

A ¥ (w)=¢'—ie"” was measured over 20 Hz-300 kHz fre-
stable and are converted to the low-birefringence doma'nauency range. The relaxation frequenty and dielectric
under application of an electric field for several minutes. :

Here we focus on the stable state, while the characteristics (Bsﬁr:?:%?_ é ;fet?;r:]nage were evaluated by fitting the data to

the high-birefringence domains will be reported elsewhere
[13]. Ae o
A contact of the chiral PBOPIMB6* and its achiral analog e*—g,= - = —i et
PB8OPIMB was prepared in a 1@m-thick cell. In the ab- T+(f/f) e Teo
sence of an electric field a distinct boundary separates the
two materials[see Fig. 8a)]. As shown in Fig. &), this
boundary disappears when an electric field greater than a
threshold fieldE,, is applied to the cell, indicating that struc-
ture of the SmX* phase of the chiral material is the same as
its achiral analog in the presence BfEy,, i.e., when the
director in adjacent layers is tilted anticlinjg]. Moreover,
the electric field required to switch the S¥t- phase
(0.3V/um in a 25um-thick cell and 2.0V4im in a
10-um-thick cel) is much weaker than the electric field nec-
essary to switch the S8, (Sm-CsP,) phase of PBOPIMB
(~5 V/um). We observe an increase in birefringence at the
SmY* to Sm-Z* phase transition. The S* phase does FIG. 4. Polarization reversal current in the Sth-phase. The
not show an electrooptic response. single current peak on application of a triangle wave indicates ferro-
In addition to the texture observations three methods werelectric switching. The applied electric field is 2.5Mh at a fre-
used to probe the ferroelectric order in the SMphase. quency of 5 Hz, 10 °C below the isotropic transition temperature.
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FIG. 5. Frequency and temperaturd dependence of the real

e’ () and imaginang” (b) parts of the complex dielectric permit- E (V/um)
tivity measured on cooling in a Zim-thick cell.

(b) 0.30 ® 20
wherea ande,, are respectively the distribution parameter 7 0257] < ___I>
of the mode and a permittivity at an infinite frequency. § |

In the SmX* and SmY* phases a strong relaxation a 020 Cell
mode (As~80 even in a 2um-thick cel) was observed at a 8015}
frequencyf, on the order of several tens of kHz, as is shown 2
in Fig. 5. Fitting gavex~0.1 throughout the entire tempera- g 0107
ture range indicating a single relaxation mode. In the E go5}
2-um-thick cell at the SnX* to Sm-Y* phase transition O]
temperature on cooling, the relaxation frequency increases 5 0.00 "0 00 o000
slightly while the dielectric strength decreases. With increas- 3 2 E (VC/)um) r 2 3

ing cell thickness the strength of the mode increases and the

relaxation frequency shifts to lower values, but the qualita- g\ 7. SHG intensity as a function of an applied electric field.

tive trends remain the same. The frequency of the mode fit t§ne closed and open circles represent the signal for the chiral

the Arhenius lawf=fse Fa/sT, where kg is Boltzman's (PBOPIMB6% and achiral(PS8OPIMB compounds, respectively.

constant, in the temperature ranges 139-143°C ¥3Jn- The SHG signal was measured 5 °C below the transition from the

and 147-158 °C (Smx*) gave the activation energids, of isotropic phase. The insets show the polarization of light and optical
geometry of the measurements.

(a) 100 60

25 J/mol and 34 J/mol, respectively. These energies are
about half of that reported for rotation around long molecular
axis of antiferroelectric bent-core moleculgist] and com-
parable to the value obtained from the temperature depen-
dence of relaxation frequency for the Goldstone mode in the
regular chiral Snt=* phase. The low activation energies,
high dielectric strength and low relaxation frequency of the
120 150 160 mode suggest collective fluctuations. By applying a bias
7(°C) electric field above a critical valueE(=3.7 V/um), the
mode is damped and the relaxation frequency increases, as
600 shown in Fig. 6. This is typical in ferroelectric phases and is
the result of the bias field suppressing fluctuations in the
400 polarization. This behavior is the opposite of that observed in
the conventional antiferroelectric SBy phase, where\e
increases with increasing bias field as a response to field-
200 induced distortions in the perfect antiferroelectric order that
produces a polarizatiof®]. Thus, these dielectric observa-
tions strongly indicate that the Skt and SmY* phases
0 L L have ferroelectric polar order.
0 2 4 6 8 10 The third probe used to investigate the polar order of
E {Vium) PB8OPIMB6*, SHG, also indicates ferroelectric polar order.
The SHG signal from the cells was measured from the inci-
dence of a fundamental light of a neodymium-doped yttrium
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FIG. 6. Relaxation frequencf; (closed symbolsand dielectric
strengthAe (open symbolsin a 2-um-thick cell. The temperature ‘
dependence of, andAe on cooling is shown in@. The dashed aluminum garnet (Nd-YAG) laser of wavelength\
vertical line indicates the Si* to Sm-Y* phase transition tem- =21064 nm. The repetition rate was 10 Hz and the intensity
perature (b) The bias field dependence of the relaxation frequencywas 0.4 mJ/pulse. The beam was not focused, so that multi-
and dielectric strength in the Sk phase 5 °C below the transi- domains exist inside a 2-mm-diameter beam spot. Measure-
tion from the isotropic phase. ments were made with normal incidence and 45° oblique
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incidence as a function of electric fielelapplied normal to  speculate that it is the collective motion of molecules on the
the cell for both PBOPIMB6* and PSBOPIMB. The transmit- tilt cone, i.e., the Goldstone mode. Ideally, the Goldstone
ted intensity ofp-polarized second-harmonic light was ob- mode should have a relaxation frequerigy 0 as it is due to
served fromp-polarized fundamental light incident at (See  fluctuations in an energetically degenerate state. However,
Fig. @] and at 45°[see Fig. )] to the cell normal. In  this mode can shift to higher frequency, if a helical or surface
comparing the electric field dependence for the SHG signahduced twist structure is present or in the case of low rota-
observed from the SrB, and SmxX* phases, we note the tjonal viscosity[15,16]. In typical ferroelectric tilted smectic
foIonving three chgracteristicii) The SHQ sjgnal gives a phases (SnG*) the Goldstone mode is observed at relax-
maximum at==0 in the SmX* phase, while in the StB,  4iion frequencies ranging from 0.1 to 10 kHz. For the ferro-
phase it is almost zero &=0; (ii) there is no threshold in  gjactric phases of PSOPIMB6* this mode could be shifted to
the electric field dependence in the Sth-phase, while the relatively high frequencie€S5 to 55 kH2 due to low viscos-

SrQBZ ]E)hase '?ag cl)ne; af(““ta] thsemr:wa;](imum signal i? an ity. Low viscosity is suggested by the very fast switching
order of magnitude farger in tné SKI phase in comparison - ;., o (less than 1Qs under a field of 10 \um). However,

to that in the.S"BZ phase. It is Important to note Fha.t 4 there is no evidence that a helix is present in either the
strong SHG signal was observed even with normal inciden MX* or SmY* phase. A second possible assignment of
light in the SmX* phase while no such signal was observed hi de is t P " .t' tati P d th 9 lecul
in the SmB, phase. These results unambiguously indicat IS mode 1S 10 & collective Totation aroun € molecuiar
ong-axis without changing the tilt direction. In this case it is

polar order in the Smx* phase of PBOPIMB6* and that the c 2 _ . :
spontaneous polarization has a component in the plane of tH?é(pected that the mode is shifted to higher frequency, since it

cell in the absence of an electric field. We propose that thiéS Nt connected to the fluctuations around energetically de-
zero-field state is stabilized by a preference for the polarizadénerated ground state. Irrespective of the two possible as-
tion at the surfaces to align parallel to the cell normal, re-Signments, the relaxation mode is clearly related to fluctua-
quiring it to rotate throughr from top to bottom of the cell tions in P, indicating a ferroelectric structure.
and to lie in the plane of the cell at the center pdit]. In summary, based on switching current, dielectric and
The texture observations including contact studies andHG measurements, we conclude that the X8nphase is
layer thickness measurements suggest that thexSrand  ferroelectric and propose that its ground state structure is
SmY* phases are tilted. Furthermore, the single currentanticlinic ferroelectric, SnC,PF .
peak observed during reversal, the high value of dielectric .
permittivity and the dielectric mode suppression by a bias . W& would like to thank Professor D. M. Walba for pro-
field as well as the strong SHG activity in the absence of &1ding us with a preprint of his work. This work is partly

field are consistent with the proposed ferroelectric structureSUPPOrted by the NEDO International Collaboration Fund, a
i.e., anticlinic tilt of molecules in neighboring layers and Grant-in-Aid for Scientific Research from the Ministry of

Although the assignment of the exact mode observed #4615 from the Polish State Committee for Scientific Re-
the dielectric measurements is somewhat ambiguous, weearch.
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