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Field-induced behaviors near the smectiA—smecticC,* phase transition
of an antiferroelectric liquid crystal

Valery Bourny and Hiroshi Orihara
Department of Applied Physics, Graduate School of Engineering, Nagoya University, Furo-cho, Nagoya 464-8603, Japan
(Received 15 June 2000; published 18 January 001

We have experimentally and theoretically investigated the electric-field effect on the s#estitectic-
C,* phase transition of an antiferroelectric liquid crystéldmethyl-heptyloxycarbonyphenyl
4'-octylcarbonyloxybiphenil-4-carboxylate. From the microscopic observations under electric fields and the
measurements of the-E hysteresis loop and apparent tilt angle, Ehéelectric field-T (temperaturgphase
diagram was established, in which a tricritical point was found. From the dielectric measurements under dc
electric fields, a soft mode inducing the transition was observed. Furthermore, we have developed a phenom-
enological theory under dc fields to analyze the experimental results. The origin of the soft mode observed
under fields was clarified and the temperature dependence of the relaxation frequency was obtained by the
analyses.

DOI: 10.1103/PhysReVE.63.021703 PACS nunier64.70.Md, 61.30.Gd, 64.60.Kw, 77.84s

I. INTRODUCTION 4’-octylbiphenyl-4-carboxylats MHPOBC) [17] and 441-
methyl-heptyloxycarbonybhenyl  4-octylcarbonyloxybi-
Subphases of antiferroelectric liquid crystals have beemphenyl-4-carboxylat¢MHPOCBQ [11]. On the other hand,
attracting much attention, among which the smecticfrom the dielectric measurements under dc electric fields, a
C,*(SnC,*) phase is especially of great interest. Its tilted few results related to the phase transition were reported
character was clearly demonstrated by x-ray-diffraction ex/11,14—18. Especially, in addition to the ferroelectric mode,
periments[1-3], and by optical measuremerj,5]. In ad- @ low-frequency mode was found in the Iow-temp_erature
dition, unusually large pretransitional tilt fluctuations have'@nge of MHPOCBQ11]. However, there is no rsport in the
been reported in the vicinity of the SwSMC,* phase tran- Nigh-temperature range close to the A8mC,* phase-
sition by heat capacity6] and birefringence measurements transition point. _ .
[7]. The structure of the S@,* phase was recently deter- . In_this paper, we focused our att*ent|on on the_ .f'eld'
mined to be incommensurate with the smectic Idygrindi- induced behaviors near the SASMC,” phase-transition

cating that the soft mode should condense at a general poi int, which may not be so complicated in comparison with
9 : S . 9 POl fiose in the low-temperature range of Spi. First, in order
g. of the smectic Brillouin zone. In actuality, we have re-

. . ) to confirm if there exists the tricritical point or not, we per-
cently succeeded in observing the soft mode in th€3M (e three independent measurements; the observation of

phase{9]. All these results have definitively shown that the (ey1re evolution under fields and the measurements of ap-
SmC,* phase is brought about by the soft-mode condensgarent tilt angle and switching current. Next, the dielectric
tion and the soft mode in the Simphase corresponds to @ measurements under dc fields were made to show that there
simple helix, and therefore the ®p* phase should also is an additional low-frequency mode also in the high-
have a simple helix similar to the usual &M, but only  temperature range, which is the soft mode related to the
different in pitch, as is expressed by the clock mdda! SMA-SnC,_* phase transition. Last, we present a simple
On the other hand, also the electric-field effect on thephenomenological model that explains the experimentally
SmA-SmC,* phase transition has been studied extensivelybtainedE-T phase diagram and the appearance of the soft
by the measurements of the field-induced apparent tilt anglghode under dc fields.
[10,11), optical transmittancg¢l,12|, switching current re- The paper is organized as follows. The experimental re-
sponse$1,13,14, dielectric permittivity{11,14—-17, and the  sults are shown in Sec. Il. Section IIl presents a simple the-
conoscopic observatior{2]. From some of these results it oretical description to explain the observed results. Section
was found that theantiferroelectriclike behavior near the |v is devoted to conclusions.
transition point to the St phase changes to therroelec-
triclike or ferrielectriclike behavior in the low-temperature
range of the Si8,* phase. As for the antiferroelectric be-
havior, the double hysteresis loop was clearly observed in The sample used was an antiferroelectric liquid crystal,
11HFBBBM7[14]. This result indicates that there should be 4-(1-methyl-heptyloxycarbonyphenyl 4’-octylcarbonyloxy-
a tricritical point in theE (electric field-T (temperaturg  biphenil-4-carboxylatéMHPOCBQO. The phase sequence of
phase diagram because the order of theAS®mC_,* phase = MHPOCBC, on cooling given by differential scanning calo-
transition changes from the second order under no field toimetry  (DSC) [18], is Iso.-(146.8 °C)-Sih-
the first order under fields. However, nothing has been ref105.5°C)-Sn¢,* -(99.5°C)-SnCp* - (73.3°Q-Sml ,* -
ported about the tricritical point, though tleT phase dia- (66.1°Q-Cryst. The material was confined between two
grams were made in methylheptyloxycarbopylenyl ITO (indium tin oxide-coated glass slides, separated by

II. EXPERIMENT AND RESULTS

1063-651X/2001/6@)/0217037)/$15.00 63021703-1 ©2001 The American Physical Society
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FIG. 1. Phase diagram of MHPOCBC constructed by the MiCro- 1y T—Te=-1.0°C,E=1.25V/um. The polarizers are crossed.
scopic observation of texture change under dc electric fields.

spacers of 2%m in thickness and the active area is 16 fnm method[19]. Figure 3 shows the field dependences of the
To achieve a planar alignment, the glasses were covered withpparent tilt angle obtained at two typical temperatures. For
rubbed polyamide layers. The sample alignment was imT;cp<T<T [Fig. 3(@], the continuous variation of the ap-
proved by applying a low-frequency ac electric field with parent tilt angle from the S@),* phase to the induced ferro-
thermal cycling around the SmaSmC,* phase-transition electric SnC phase was observed. FOK T1¢p [Fig. 3(b)],
point at a rate of 0.05°C/min for 1 h. on the other hand, the variation of the apparent tilt angle
The temperature was controlled by a hot stdtyestec  became discontinuous. For small fields, the apparent tilt
HS-1 with an accuracy of£0.005 °C. The transition tem- angle increased when the dc electric field was increased and
perature from St to SnC,*, Tc, was determined care- at a critical value of electric field it jumped. Similar results
fully by the dielectric measurement. The transition temperawere obtained by Hiraokat al. in MHPOCBC[10] and in
ture thus determined was slightly different from that by DSCMHPOBC [11].
measurements.

C. D-E hysteresis loop
A. Texture observation under dc fields ) ) )
D-E hysteresis loops were obtained by using the conven-

The E (electric field-T (temperaturephase diagram Was tjona| method[20] with a triangular wave of 50 Hz. The
constructed by the microscopic observation of texture changgitching currentl, through a resistor connected with the
under dc electric fields, as shown in Fig. 1. We found asample, was measured with a digitizing oscilloscope and av-
tricritical point (TCP) in the E-T phase diagram. Between eraged over 200 periods.

Trcp (the temperature of TORNA T no texture change and — \ye show two typical results of the switching current and
no stripe were observed when the electric field was gradually,q correspondind-E hysteresis loop obtained by numeri-
mcrea*sed, indicating that the direct transition from thecqy integrating the current in Fig. 4. Two distinct behaviors
SmC,* phase to the unwound Sirphase should take place \yere observed. Fofrep<T<T¢ [Fig. 4@)], the switching
continuously not through a structure with a large pitch. Be-rrent is symmetric with respect =0 and no hysteresis

low Tycp, on the other hand, we observed the propagation ofs gpserved. Fol < Trep [Fig. 4(b)], on the other hand, the
domains. When the electric field was increased, ferroelectric

SmC domains appeared and then propagated. Therefore, the ' . ' 6 ' .
field-induced transition from S@,* to SnC is discontinu- T-T,=-0.1°C — T-T =-1°C
ous with a typical hysteresis. The narrow region limited by 41 L) § ¢
the linesL, andL, in Fig. 1 corresponds to the coexisting ] -
state of them. The dc electric field could stabilize the coex-
isting state and some pictures of the texture were tdkea
Fig. 2). It is clearly seen that the optical axis is different in
the two domains. Neafcp, the optical contrast of these
domains is wealFig. 2(a)], but far from T1¢p it becomes
strong[Fig. 2(b)]. The domain boundaries are almost along
the smectic layers. o
In the subsequent subsections, we present the results = '1 " 1 | -
the apparent tilt angle and switching current measurements )
The tricritical point is clearly observed also in these mea- - -~
surements. 5 " ! ' > o 1 2

E (Vum) b) E (V/um)

..n-'

B. Apparent tilt angle a)

The apparent tilt angle in planar geometry was measured FIG. 3. Apparent tilt angle variation under dc field @ T
as a function of the dc bias field by using the usyatical 20 —T¢c=-0.1°C,(b) T-Tc=-1°C.

021703-2
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switching current becomes asymmetrical and a double hys- 1 n Ae
teresis loop appears. This result is also strong evidence ex- e(f )—exzﬁfz m D
hibiting the existence of TCP. (i 1) iUy
The observation of the texture evolution in MHPOCBC fe

under dc electric fields has shown the existence of a TCP on ) -
the E-T phase diagram, which was confirmed by the apparen\f"here the first term accounts for the conductivity of the
tilt angle and switching current measurements. s_,ar_nple,em is the dielectric constant aF the h|gh-freque_ncy
limit, and f, ;, A€;, andg; are, respectively, the relaxation

frequency, the dielectric strength and the distribution param-
eter for thejth mode. The justification of Eq.l) will be

The frequency dispersion of the complex permittivity wasmade in the next section. All the parameters are determined
measured with an impedance analyZéfewlett Packard by the least-squares method. Typical results are shown in
4194A) in the frequency range of 100 Hz to 10 MHz. The ac Figs. 7—9. Without field there is only the ferroelectric mode
probe field was 4.0 V/mm. The dielectric dispersion was[n=1 in Eq.(1)], the relaxation strength and frequency show
measured as a function of temperature for different values afinomalies at the transition poiffigs. 1a) and 7b)], andB;
the dc bias fieldE=0, 0.2, 0.4, 0.6, 0.8, 1, and 1.2 Mh).  decreases slightly in S&),* [Fig. 7(c)]. At 1 V/um (Fig. 8),
According to theE-T phase diagram obtained experimentally another mode was necessary for the fitfing=2 in Eq. (1)].
in Fig. 1, Ercp~1.1V/um, and forE<Eqcp the transition  From Fig. &a), it is found that this mode becomes soft as the
from SmA to SnC,* is of second order, while folE transition pointTc(E) is approached in the Si* phase

D. Dielectric measurements under a dc field

>Eqcpitis of first order. and the frequency becomes zero Tat(E), which is the
In Fig. 5, the real part of the dielectric constast, at 100
Hz is presented for various dc bias fields. We can seesthat 524 ' " " ' ' ™
has a maximum for all the dc fields and the peak value in- ] % 100 Hz
creases as the field is increased. However, it should be note . ]
that the peak value at 1.2 Mim(>E+cp) is still larger than ] x ]
those at 0.8 and 1 \//m(<E+cp). By a microscopic obser- 40 * @ O Vium ]
vation it was found that the large peak is due to the coexist- 36 * v : g'i x;“m-
ence of S and SnC,* and so not to the critical phenom- , 32 ] * v R 0'6 V/“m_'
enon. This is supported by the fact that at 1.2 V/ium € 1 % v . 0'8 W“ﬁ_-
(>E+cp) is smaller than those at 0.8 and 1Mh (<Eqcp) v 1'V/um“
in the SnA phase. x 12 V/um-
In Fig. 6, typical frequency dispersions in the Spf ' .
phase are shown. Without fie[tFig. 6(@)] one mode is ob- ““”M!ug .
served around 200 kHz, which is the ferroelectric mode. At . ””*!nu.&
E=1V/um, on the other hand, another mode appears ' 4 ' 0 ' i ' M

around 5 kHZFig. 6(b)]. This mode can be observed also at T-T, (°C)

weaker fields, though the relaxation strength is small. The

frequency dispersions were analyzed in terms of the Cole- FIG. 5. Temperature dependences of the real part of the dielec-
Cole formula: tric constantg’, for different applied bias fields obtained at 100 Hz.

021703-3
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(b) E=1 V/um. Solid lines represent the best fit with Eq).
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SmC,* phases. This behavior clearly indicates that this
mode should be the soft mode related to theAS&mMC * FIG. 7. Temperature dependences (af the relaxation fre-

phase transition. The relaxation strength increases near tlyencyf, ;, (b) the dielectric strengtiA e;, and(c) the distribution
transition poinfFig. 8b)], which is one of the most remark- factor 8; without bias field.

able characteristics. This soft mode has also been observed in

the second-order electro-optic measurement without dc biagery-short-pitch helical structure in the 8y* should dis-
field [9]. Also in the SmA phase there is a low-frequency appear without the divergence of the pitch, i.e., the amplitude
mode, but this may not be the soft mode because its relaxsf the helix should become zero. For this case we may ex-

ation frequency is independent of temperature. In addition, irpress the order parameter in tfté layer as
Fig. 8(c) the distribution factod suddenly becomes small in

the SnA phase. This implies that these two modes should be Eix= &t €qcosq,jd,
different in physical origin. At 1.2 \Vjim (>E¢cp), Where 2)
the transition is of first order, both the ferroelectric and soft &y = &yt Egsingcjd,

modes show discontinuity in relaxation frequency at the tran-

sition point as shown in Fig.(8). The discontinuity is ob-  where¢;, andé;, are the ferroelectric order parametey,is
served also in the relaxation strengffig. 9b)] and the dis-  the wave number of the helix, is the amplitude, and is
tribution factor [Fig. %c)]. In Fig. 9b), the steep increase the |ayer spacing. We can regagd as constant, as men-
of the low-frequency mode is especially noticeable, thoughioned above. When an electric field is applied alongthe

the origin is not yet clarified. axis, the free-energy densifyis given as
lIl. THEORY f=3aqéi+iBaéqt s sty t i Brély
In this section, we will develop a Landau theory to de- +%W§§§f2x+Xf7\f§fxEx_%EégéEir (3

scribe the tricritical point and the appearance of the soft

mode under a dc field. Here, we should notice the experiwheree, is the dielectric anisotropyy; is the dielectric sus-
mental fact that no stripe corresponding to the helical struceeptibility without the coupling between the polarization and
ture was observed with a polarizing microscope in the prothe order parameter, and is the piezoelectric constant, by
cess of changing the applied field. This indicates that thevhich the ferroelectric polarizatiomRs,, is given as

021703-4
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Pix= = XN &ix T XiEx- (4)

The free-energy density without the last term in ER). has
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FIG. 9. Temperature dependenceq@&fthe relaxation frequen-
ciesf,;, (b) the dielectric strengttl¢;, and(c) the distribution
factorsB; for the applied bias electric field=1.2 V/um.

@)

already been investigated in detail by Orihara and Ishibashve can get TCP Trcp,E1cp), Where no hysteresis appears
to explain theD-E double hysteresis loop observed in the for Trcp<<T<T¢ but it does forT<T+cp, as has been ex-
SmC,* phase[21]. The hysteresis loop may not be so perimentally observed. A typicaE-T phase diagram ob-
changed when the dielectric anisotropy is introduced. Howtained by the present theory is shown in Fig. 10.
ever, the last term was shown to play an important role in the Next, we calculate the complex dielectric constant under a
second-order electro-optic effect and the third-order dielecdc field Eq by using the Landau-Khalatnikov equation of
tric responsg22,9]. From the equilibrium conditions we get motion:

2
_ %a? _ s N€a, _o_
(af B, ffx+(l3f Ba Eix T XN ExT ZﬁqffxEx 0
for SmC,*, (5)
aréixt Biéyt xNE=0 for SnC, 6)

dég, o
’)/H__quy
dgfx_ of

LN T T

®

wherey is the rotational viscosity. When a small ac fidl&E
giving the hysteresis loop. By assuming suitable temperaturis superimposed, i.eE,=Ey+ AE, the order parameters are
dependences af; anda, and using the above equations andalso expressed &g = ;o + A&y and &= &+ A&s, and the

the following condition for the limit of stability,

021703-5
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qu
dt =—(MpAé+MpAEs) +e,AE,
©)
dA¢;
Y4t =— (M A+ MAEL) +eAE,

Where M11: ﬁzf/ﬂféo, MlZZMZl: azf/ﬂgqoaffo, M22
= 9°t19&5,, ey=— 0*119€q0Eq, ande,= —d*f/3&E,. By
solving Eq.(9) for AE=AE, cosut,

2
ui(uie;tvie,)

quO:le )\|+|w'y 0
(10)
2
< viluiertuiey)
Affo—zl Tatiey Eo

where A§,o and Aé;, are the complex amplitudes df¢,

PHYSICAL REVIEW E63 021703

x(0)=(AP®+APM)/AE,
2

-3

=1 Ntiey

(uiestuviey) ,
——— (= xs\ it €38q0Eoli)

+xi+ €] — 1+ 3€5é5. (14)

This result indicates that the dielectric dispersion under a dc
field should consist of two Debye-type relaxations, as was
experimentally shown. For smdfl,, the above equation be-
comes

()= 1 o 27(xi\p)?
T N oy @ M-y

2
) &5 E?

J— 2 " 1 1 g2
+)\2+|(l)'y(Xf)\f) +Xf+EL 1+2€a§q51

(15

where \;=28,&5¢ and \,= ag+ &5, are the inverse sus-
ceptibilities of the soft mode and the ferroelectric mode, re-
spectively. From the first term on the right-hand side of this
equation, it is clear that the soft mode is observable by the
dielectric measurement under a dc bias field and there are
two different origins for the susceptibilities: the dielectric
anisotropy and the coupling between the soft mode and the
ferroelectric mode. In addition, it is worth noting that the
first term is proportional to the squared field and so it is the
third-order dielectric susceptibility, which is always positive.
The physical meaning of the positive third-order susceptibil-
ity has been described [22]. With increasing the field, the
coupling constant between the soft mode and the ferroelec-
tric mode,M 1,=27§,0é10, increases so that the two modes
should be mixed to make the two normal modes. As the
tricritical point is approached in S@),*, \, decreases and at
the tricritical point it vanishes becaudd llMZZ—Mfzzo
there. However, it should be noted that in the Sphase,

andA¢;, respectivelyh; andi, are the eigenvalues of the eyen if the tricritical point is approached it never vanishes.
matrix M, and (u;,v4) and (Uz,v;) are the corresponding Therefore, there is discontinuity in dielectric susceptibility at
eigenvectors. The piezoelectric coupling induces the poIarTTCP_ Similarly, at the transition point betwe@hcpandTc

ization

AP = — xiNsA &g+ x1AEg. (11

In addition to this, we have to take into account the field-
induced dipoles of molecules. The dielectric constant along

the x axis is

E>’<x: ei + %6;651 (12

where €| is the dielectric constant perpendicular to mol-

ecules. Therefore,e(,— 1)E, yields
AP™=eléoAEqoEo— (€] — 1+ €£50)AEy.  (13)

Thus, we get the total dielectric susceptibility

under a bias field a jump appearswat 0, but not atw>0. In

our experiments we could not observe the jump because the
jump may be small and/or the measurements were done at
finite frequencies.

IV. CONCLUSION

We have established thée-T phase diagram of
MHPOCBC near the SASmC,* transition point and
found a tricritical point. It was shown that the transition can
be described by a model similar to the 8/mC,* transi-
tion. The appearance of the soft mode induced by dc electric
fields in the dielectric measurements was theoretically ex-
plained in terms of this model. There are two origins for it:
one is the coupling between the soft mode and the ferroelec-
tric mode, and the other is the dielectric anisotropy. The
temperature dependence of the relaxation frequency was ob-

021703-6
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