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Dramatic effect of an additional CH2 group on the temperature variation
of the Sm-Ca* short helical pitch
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High-resolution differential optical reflectivity was used to study the temperature evolution of the short
helical pitch in the Sm-Ca* phase of successive members from two liquid-crystal homologous series. With the
addition of one CH2 group, the magnitude and temperature evolution of the pitch change dramatically, and the
molecular arrangements between consecutive surface layers found in free-standing films change from being
anticlinic to synclinic.
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Soon after the discovery of the antiferroelectric pha
(Sm-CA* ) in one liquid-crystal compound, the existence o
new mesophase (Sm-Ca* ) intermediate between the Sm-A
and the Sm-C* was reported by Fukuiet al. @1#. Similar to
the Sm-CA* and Sm-C* phases, the liquid-crystal molecule
in the Sm-Ca* phase form a layered structure in which t
molecules have a finite tilt relative to the layer normal but
long range positional order. Considerable experimental ef
has been aimed at characterizing the molecular azimu
arrangements in the Sm-Ca* phase as well as at determinin
the interactions between layers that cause the complic
chiral smectic-phase sequences. Applying an electric fiel
their sample, Hiraokaet al. @2# observed stepwise increas
in apparent tilt angle in the Sm-Ca* phase of one liquid-
crystal compound. The devil’s staircase model@3# was pro-
posed to account for the observed successive struc
changes with arbitrarily large modulation lengths. Instead
employing resonant x-ray scattering, Machet al. @4# showed
that the Sm-Ca* phase exhibits an incommensurate sho
helical-pitch ~ISHP! structure. The existence of ISHP ha
been confirmed by optical studies from two research gro
@5,6#; however, the results from different compounds differ
in the magnitude and temperature evolution of the ISHP. T
overwhelming experimental evidence supports the IS
structure.

Although chirality is an important symmetry-breakin
factor in getting the complicated phase sequences exhib
by some liquid crystals, it is too weak an effect to cau
ISHP. A more plausible explanation for the existence of IS
is frustration resulting from the competition between neare
neighbor and next-nearest-neighbor interlayer interactio
Such interactions can be either ferroelectric or antiferroe
tric, and both interactions have in fact been observed in
surface structures of free-standing films exhibiting t
Sm-Ca* phase@5–7#. In this paper, two very different tem
perature variations of ISHP in the Sm-Ca* phase from suc-
cessive members of two liquid-crystal homologous series
reported. Employing a simple free-energy expansion up
the next-nearest-neighbor interaction term, we demonst
that competition between nearest-neighbor ferroelectric
teractions and next-nearest-neighbor antiferroelectric inte
tions explains the temperature evolution of ISHP very we
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We will present data from detailed optical investigatio
of two liquid-crystal compounds from one homologous s
ries. The general molecular structure of these compou
10- and 11-OHFBBB1M7, is shown in Fig. 1. For the rest
this paper, we will use the abbreviated names: 10OHF
11OHF. Upon cooling, the phase sequences are isotropi~I!
(124°C), Sm-A (86°C), Sm-Ca* (75°C), Sm-C* (67°C)
crystal ~Cr! for 10OHF andI (120°C), Sm-A (95.8°C),
Sm-Ca* (93.2°C), Sm-C* (75°C) Cr for 11OHF as reported
in @8# and from our optical studies@9#. The addition of one
CH2 group in the alkyl-chain without the chiral group pro
duces a large decrease in the Sm-Ca* phase range from 11 K
in 10OHF to 2.6 K in 11OHF. Our high-resolution differen
tial optical reflectivity ~DOR! measurements reveal a dr
matic difference in the temperature variation of ISHP b
tween these two compounds. A similar difference also occ
in the n510 andn511 members of thenOTBBB1M7 ho-
mologous series~10OT and 11OT!, whose molecular struc
ture is shown in@4#.

Since the Sm-Ca* phase is optically uniaxial, we need
probe that is sensitive to surface orientations. In addition,
Sm-Ca* structure changes rapidly with temperature and th
necessitates a fast experimental probe. Our DOR meas
ments on free-standing films, which can be taken roughly
times as fast as ellipsometry measurements, satisfy bot
these constraints, making it an excellent probe for study
the Sm-Ca* phase.

The films were prepared in a two-stage oven with a te
perature resolution of 10-mK and a 0.7-atm helium excha
gas. The films were drawn across a 7-mm diameter circ
hole in a glass coverslip with two electrodes on oppos
sides of the opening allowing the application of an elect
field in the plane of the film. The data was acquired duri
temperature ramps of 50–80 mK/min under an applied e
tric field of '3 V/cm.

Details of our DOR setup can be found in@10#. We deter-

FIG. 1. The molecular diagram ofnOHFBBB1M7.
©2002 The American Physical Society01-1
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FIG. 2. ~a! and~f! show cartoons of the ISHP with surface layers found in 10OHF and 11OHF, respectively.N is the number of surface
layers on each surface anddf is the interlayer azimuthal angle.~b! and~c! show data~circles! obtained from a 116-layer 10OHF film durin
temperature ramps of 80 mK/min, through the Sm-Ca* phase with opposite applied electric fields of 3 V/cm applied in the plane of the
and in the incidence plane.~d! and~e! show data~circles! acquired from a 115-layer 11OHF film in its Sm-Ca* phase range under the sam
conditions as for~b! and ~c!. In all four cases, the simulations are shown as solid lines.
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mine the film thickness by employing two lasers with wav
lengths of 6328 Å and 5435 Å and measuring the reflectiv
of the film as a function of incident angle in the Sm-A phase.
We simulate the data using the Sm-A layer spacingd and the
ordinary index of refractionno , as measured by our null
transmission ellipsometry~NTE!. The accuracy of the mea
surement is61 layer for films up to 100 layers and62
layers for thicker films.

The DOR signal is obtained using chopped intens
stabilized 6328-Å He:Ne laser light. The incident beam
polarized by a Glan-Thompson polarizer mounted on a ro
ing stage. The light reflected by the film is split into tw
beams, each having only thep- or s-polarization state, by a
polarizing beam splitter before being directed into sepa
photodetectors where the respective intensities,I p and I s ,
are measured. The currents resulting in the two detectors
immediately subtracted, converted to voltage, amplified,
sent to a lock-in amplifier, yielding theI p2I s signal. In ad-
dition the current to voltage converter outputsI p and 2I s
separately to another lock-in that gives the total reflec
intensityI p1I s . The experiment is begun by raising the tem
perature of the film into the uniaxial Sm-A phase and rot
ing the Glan-Thompson polarizer until theI p2I s signal is
zero. Then upon cooling the film into the Sm-Ca* phase we
measure the temperature variation ofI p2I s and I p1I s .

In the Sm-Ca* phase, as the ISHP evolves with tempe
ture the surface layers linked to the interior helix rotate. T
surface layers provide the optical biaxiality needed to pro
the layer structure. As the surface layers rotate about
layer normal theI p2I s signal oscillates, corresponding t
the changing polarization of the reflected laser light. Dur
each rotation of the structure the net polarization of the fi
goes to zero, resulting in a spike in theI p2I s signal as the
film reorients rapidly by 180°.

Our DOR data from a 116-layer 10OHF film and a 11
layer 11OHF film are shown in Fig. 2 for both orientations
the applied electric field. Both data~circles! sets display the
above-mentioned features. We studied 18 10OHF films ra
ing from 24 to 508 layers, 7 films of 11OHF ranging from 4
to 128 layers, and several films of 10OT and 11OT. For
the compounds, the number of oscillations increases line
with film thickness indicating that these oscillations are
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lated to structural changes in the film’s interior layers.
conserve space, we only present data from thenOHF com-
pounds.

Although the I p2I s signal shows some similar feature
for both compounds, the frequencyf of the oscillations in
temperature space are very different. For 10OHF and 10
f shows a slight decrease on cooling whereasf increases con-
siderably on cooling for 11OHF and 11OT. Thef is related to
how fast the ISHP changes with temperature. For a gi
film thickness, a fast increase in the ISHP will cause
surface layers to rotate quickly thus giving more oscillatio
in the I p2I s signal than if the pitch is increasing mor
slowly. As clearly shown by the 10OHF data in Figs. 2~b!
and 2~c!, the rate of change of the pitch on cooling is rath
steady becausef does not change significantly. In the 11OH
data shown in Figs. 2~d! and 2~e!, however,f increases sig-
nifiantly on cooling, indicating a more rapid change in t
pitch.

As shown in Figs. 2~b! and 2~c!, the DOR signals ac-
quired from the 10OHF films are almost unchanged, in b
magnitude and location of the oscillations, by switching t
direction of the applied electric field. This feature is simil
to that found in studies of the 10OT compound@5# and indi-
cate an anticlinic surface-layer arrangement. The d
aquired from the 11OHF films are shown in Figs. 2~d! and
2~e!. The amplitude of the signal and the locations of t
oscillations are different for opposite orientations of the el
tric field, implying a synclinic surface-layer arrangeme
These features do not depend on the film thickness but re
from the surface layers in the free-standing films as d
cussed below.

The 434 matrix method was used to simulate our da
Simulations are shown as solid lines in Fig. 2. Three ess
tial parametersd, n0 , and the extraordinary index of refrac
tion ne are obtained from our NTE. For 10OHFd539.4
60.1 Å, n051.46960.005, andne51.59560.01. Moreover
by plotting the film thickness in layers versus the numb
of oscillations in theI p2I s signal, and fitting to a line,
we obtain ay-intercept of 10.262 layers. All the 10OHF
data are fitted well using five anticlinic layers on ea
surface. For 11OHF,d539.660.1 Å, n051.46760.005,
1-2
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and ne51.59560.01. Similarly, three synclinic layers o
each surface was found for 11OHF.

By measuring the value of the helical pitch at one end
the Sm-Ca* phase and performing simulations of the data,
can use the oscillations described above to find the IS
throughout the Sm-Ca* phase. Two methods were used
determine the starting~ending! pitch of 10OHF~11OHF! on
cooling. For 10OHF, the periodicity of theI p2I s signal was
found to be 6.560.5 smectic layers near the Sm-A–Sm-Ca*
transition after studying many films with consecutive thic
nesses ranging from 44 to 56 layers@11#. For 11OHF the
pitch is too large to make the previous method practic
However, the optical properties appear to evolve conti
ously from the Sm-C* phase. This is further supported b
recent resonant x-ray measurements of the ISHP from
other compound@12#. Thus, the pitch was determined to b
6565 layers below the Sm-C* –Sm-Ca* transition using
NTE. Both ellipsometric parametersC andD are obtained as
a function of applied electric field orientation anglea. The
fitting to bothC(a) andD(a) allow us to determine the siz
of the optical pitch in the Sm-C* phase.

The pitches at other temperatures were found by simu
ing the data until both the maxima and the minima of t
simulatedI p2I s values matched the measured values. T
positions of these maxima and minima were strongly dep
dent on the rate of change of the pitch values used.
amplitude of the oscillations is determined by the biaxial
of the structure that arises from the tilted surface layers,
tilt of the interior layers, and the film reflectivity. The rela
tively small continuous change in amplitude of the oscil
tions in the I p2I s signal demonstrates that the number
surface layers is constant, but the surface tilt increases
cooling as expected. Thus fits were done without varying
number of surface layers. The tilt and the reflectivity can
found by fitting the total reflected intensity of the filmI p
1I s , at the 17.5° angle of incidence. The average value
the I p2I s signal is affected by angle between the polariz
tion of the incident light and the applied electric field dire
tion, which was recorded during the experiment.

For clarity, the temperature variations of ISHP from tw
representative films of each compound are shown in Fig
ISHP results are reproduced with other film thicknesses.
relative resolution of the pitch shown in Fig. 3 was less th
0.1 layers. The results show a clear difference in the ev
tion of the ISHP in these two compounds. Upon cooli
toward the Sm-Ca* –Sm-C* transition, the pitch decrease
gradually to 5.5 layers for 10OHF. In constrast, for 11OH
the pitch increases gradually at first, then rapidly, and
pears to change continuously to'65 layers in the Sm-C*
phase. Cartoons of the ISHP structures with surface la
are shown in Figs. 2~a! and 2~f! for 10OHF and 11OHF,
respectively.

To analyze the pitch evolution found from the data, w
employed the following free-energy expansion due to int
layer interactions up to the next-nearest-neighbor term

G5
1

2 (
j 51

N

@a1~jW j•jW j 11!1a2~jW j•jW j 12!#. ~1!
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Here,j j
W @5u j (cosfj ,sinfj)# is the two-dimensional or-

der parameter describing the magnitudeu j and directionf j
of the molecular tilt in thej th layer andN is the number of
smectic layers. The coefficientsa1 and a2 represent the
strength of the nearest-neighbor and next-nearest-neig
interactions, respectively. Because of the large tilt angleu
variation throughout the Sm-Ca* phase, we used the extende
mean field result for whichu is assumed to have the form
u5A@(Tc2T)/Tc#

0.33 @13#. We also expanda1 and a2 to
second order inu asa152a1bu2 anda25c1du2 where
a, b, c, and d are temperature-independant quantities. T
chiral interaction terms and interactions up to fourth near
neighbors have been included in other expansions to exp
the existence of the other Sm-C* variant phases@14#. From
fitting our pitch data, we have found that the competiti
between nearest-neighbor and next-nearest-neighbor inte
tions is reponsible for the ISHP structure. Beyond select
the handedness of the ISHP, no chiral terms are necess

By minimizing G, we find the approximate solution fo
the change in the azimuthal angle to bedf5arccos@(a
2bu2)/4(c1du2)#. The pitch in smectic layers is 2p/df.
The fits to the pitches as functions of temperature are sh
in Fig. 3 as solid lines. For 10OHF, the fitting yield
bA2/a52.060.3, dA2/a50.560.15, andc/a50.4460.02.
For 11OHF, the results arebA2/a520.7160.10, dA2/a5
25.7360.03, andc/a50.27160.001. For both compound
a1,0, indicating ferroelectric coupling of nearest neighbo
and a2.0, representing antiferroelectric coupling of nex
nearest neighbors. Botha1 anda2 increased slightly toward
the Sm-C* transition in the 10OHF compound. The sma
change in the interactions corresponds to the small chang
the pitch. In 11OHF, botha1 and a2 changed more signifi-
cantly, both approaching zero on cooling to the Sm-C*
phase. The transition temperature for the Sm-C* –Sm-Ca*
given as 93.2°C in the phase sequence corresponds to
inflection point of the pitch in Fig. 3~b!.

The ISHP of the Sm-Ca* phase has been studied in gre
detail as a function of temperature for two liquid-cryst
compounds. We have shown that the addition of a sin

FIG. 3. ~a! and ~b! show the different pitch evolutions used i
simulating the 10OHF and the 11OHF (I p2I s) data, respectively.
In ~a! circles are from a 508-layer film and the squares are from
116-layer film. In~b! circles are from a 121-layer film and squar
are from a 115-layer film. The stars represent ellipsometry meas
ments. Solid lines are fits to the model.
1-3
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CH2 group to the alkyl chain without the chiral group of
liquid-crystal compound can greatly affect the temperat
evolution of the pitch.

The pitch in 11OHF appears to evolve continuously
cooling to the Sm-C* phase. The absence of any detecta
jump in the pitch in our data and in recent resonant x-
results from another compound@12# suggest the possibility
of a continuous evolution of the pitch from the Sm-Ca* to the
Sm-C* phase. Since both phases have the same symm
the transition should be similar to the well-known liquid-g
transition. Generally such a transition without symme
breaking will cross a first-order transition line or exhibit
continuous evolution of some physical parameters, e.g.,
helical pitch in the Sm-C* –Sm-Ca* transition. Between
these two cases, the first-order transition line will end a
critical point. It is important to characterize physical prop
ties near this critical point.
h-
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We have found that a free-energy expansion including
to next-nearest-neighbor interlayer interactions fits our
sults extremely well. The results suggest that the Sm-Ca*
phase arises from frustration resulting from the competit
between nearest-neighbor and next-nearest-neighbor i
layer interactions. Another important observation is th
there are two types of the Sm-C* phase. The conventiona
one has a micron-size pitch that is mainly caused by chira
of the molecules. The other one has a much shorter pi
similar to the one found in 11OHF, which requires the co
sideration of interplay of the chirality, nearest-neighbor a
next-nearest-neighbor interlayer interactions and poss
other terms.
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cussions. This research was supported in part by the Nati
Science Foundation, Solid State Chemistry Program un
Grant Nos. DMR-9703898, 9901739, and INT-9815859.
iq.

the
.
um.

of
@1# M. Fukui, H. Orihara, Y. Yamada, N. Yamamoto, and Y. Is
ibashi, Jpn. J. Appl. Phys., Part 228, L849 ~1989!.

@2# K. Hiraoka, Y. Takanishi, K. Skarp, H. Takezoe, and
Fukuda, Jpn. J. Appl. Phys., Part 230, L1819 ~1991!.

@3# A. Fukuda, Y. Takanishi, T. Isozaki, K. Ishikawa, and H. Ta
ezoe, J. Mater. Chem.4, 997 ~1994!.

@4# P. Mach, R. Pindak, A.-M. Levelut, P. Barois, H.T. Nguye
C.C. Huang, and L. Furenlid, Phys. Rev. Lett.81, 1015~1998!.

@5# P.M. Johnson, S. Pankratz, P. Mach, H.T. Nguyen, and C
Huang, Phys. Rev. Lett.83, 4073~1999!.

@6# D. Schlauf, Ch. Bahr, and H.T. Nguyen, Phys. Rev. E60, 6816
~1999!.

@7# D.A. Olson, S. Pankratz, P.M. Johnson, A. Cady, H.T. Nguy
.

,

and C.C. Huang, Phys. Rev. E63, 061711~2001!.
@8# V. Faye, J.C. Rouillon, C. Destrade, and H.T. Nguyen, L

Cryst.19, 47 ~1995!.
@9# Our optical studies on free-standing films indicate that

phase below the SmCa* may be a ferrielectric phase in 10OHF
@10# S. Pankratz, P.M. Johnson, and C.C. Huang, Rev. Sci. Instr

71, 3184~2000!.
@11# Although the accuracy of the thickness measurement is61

layer, we can easily differentiate incremental differences
one layer.

@12# Preliminary results from a recent resonant x-ray run.
@13# C.C. Huang and J.M. Viner, Phys. Rev. A25, 3385~1982!.
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