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High-resolution differential optical reflectivity was used to study the temperature evolution of the short
helical pitch in the Sn€?% phase of successive members from two liquid-crystal homologous series. With the
addition of one CH 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 phase We will present data from detailed optical investigations
(Sm<C3) in one liquid-crystal compound, the existence of aof two liquid-crystal compounds from one homologous se-

new mesophase (S@?) intermediate between the St- ries. The general molecular structure of these compounds,

the SmC% and SmE* phases, the liquid-crystal molecules this paper, we will use the abbreviated names: 100HF and

in the SmC?, phase form a layered structure in which the 110';”:' Upon COO”TQ’ the pha}(se seoquences a*re iso:(bpic
molecules have a finite tilt relative to the layer normal but no(124°C), SmA (86°C), SmE, (7§ C), Sme (670 )
long range positional order. Considerable experimental eﬁoﬁrySt‘il (Cn for 100HF andl (120°C), SmA (95.8°C),
has been aimed at characterizing the molecular azimutham<Ca (93.2°C), Sme* (75°C) Cr for 110HF as reported
arrangements in the S@% phase as well as at determining " [8] and from our optical studiel®]. The addition of one
the interactions between layers that cause the complicatédz 9roup in the alkyl-chain without the chiral group pro-
chiral smectic-phase sequences. Applying an electric field t§uces a large decrease in the Slb-phase range from 11 K
their sample, Hiraokat al. [2] observed stepwise increases in 100HF to 2.6 K in 110HF. Our high-resolution differen-
in apparent tilt angle in the SI8* phase of one liquid- tial .opt|pal reflectmty (DOR) measurements reveal a dra-
crystal compound. The devil's staircase mofjl was pro- matic difference in the temperature variation of ISHP be-
posed to account for the observed successive structuf@’een these two compounds. A similar difference also occurs
changes with arbitrarily large modulation lengths. Instead by" then=10 andn=11 members of theOTBBB1M7 ho-
employing resonant x-ray scattering, Maehal. [4] showed molo.gous ser|§$1OOT and 1107, whose molecular struc-
that the SmE? phase exhibits an incommensurate short-1Ure ,'S shown |r[41. ) ) o
helical-pitch (ISHP) structure. The existence of ISHP has Since the SmE;, phase is optically uniaxial, we need a
been confirmed by optical studies from two research groupBrObe that is sensitive to surfape orlgntatlons. In addition, the
[5,6]; however, the results from different compounds differedSM-Cy structure changes rapidly with temperature and thus
in the magnitude and temperature evolution of the ISHP. Th&ecessitates a fast experimental probe. Our DOR measure-
overwhelming experimental evidence supports the ISHPNents on free-standing films, which can be taken roughly ten
structure. times as fast as ellipsometry measurements, satisfy both of
Although chirality is an important symmetry-breaking these constraints, making it an excellent probe for studying
factor in getting the complicated phase sequences exhibiteéle SmE?; phase.
by some liquid crystals, it is too weak an effect to cause The films were prepared in a two-stage oven with a tem-
ISHP. A more plausible explanation for the existence of ISHFperature resolution of 10-mK and a 0.7-atm helium exchange
is frustration resulting from the competition between nearestgas. The films were drawn across a 7-mm diameter circular
neighbor and next-nearest-neighbor interlayer interactiondlole in a glass coverslip with two electrodes on opposite
Such interactions can be either ferroelectric or antiferroelecsides of the opening allowing the application of an electric
tric, and both interactions have in fact been observed in théeld in the plane of the film. The data was acquired during
surface structures of free-standing films exhibiting thetemperature ramps of 50—80 mK/min under an applied elec-
SmC* phase[5-7]. In this paper, two very different tem- tric field of ~3 V/cm. _
perature variations of ISHP in the SB8f phase from suc- Details of our DOR setup can be found|[i0]. We deter-
cessive members of two liquid-crystal homologous series are
reported. Employing a simple free-energy expansion up to F CH;
the next-nearest-neighbor interaction term, we demon_Str_m'CnHsz—Cg—ﬁ—O—@—ﬁ—O—Q—@—O—%*—CGHB
that competition between nearest-neighbor ferroelectric in- b
teractions and next-nearest-neighbor antiferroelectric interac-
tions explains the temperature evolution of ISHP very well. FIG. 1. The molecular diagram ofOHFBBB1M?7.
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FIG. 2. (a) and(f) show cartoons of the ISHP with surface layers found in 100HF and 110HF, respedtivelthe number of surface
layers on each surface aad is the interlayer azimuthal anglén) and(c) show dat&circles obtained from a 116-layer 100HF film during
temperature ramps of 80 mK/min, through the Sh-phase with opposite applied electric fields of 3 V/cm applied in the plane of the film
and in the incidence planéd) and(e) show datacircles acquired from a 115-layer 110HF film in its SBf phase range under the same
conditions as fofb) and(c). In all four cases, the simulations are shown as solid lines.

mine the film thickness by employing two lasers with wave-lated to structural changes in the film’s interior layers. To
lengths of 6328 A and 5435 A and measuring the reflectivityconserve space, we only present data fromrt@#F com-

of the film as a function of incident angle in the Skphase. pounds.

We simulate the data using the Skilayer spacingl and the Although thel,— I signal shows some similar features
ordinary index of refractiom,, as measured by our null- for both compounds, the frequenéyof the oscillations in
transmission ellipsometryNTE). The accuracy of the mea- temperature space are very different. For 100HF and 100T,
surement is+ 1 layer for films up to 100 layers and2  fshows a slight decrease on cooling wherigiasreases con-
layers for thicker films. siderably on cooling for 110HF and 110T. This related to

The DOR signal is obtained using chopped intensity-no\y fast the ISHP changes with temperature. For a given
stabll'lzed 6328-A He:Ne laser Ilght.' The incident beam isg thickness, a fast increase in the ISHP will cause the
polarized by a Glan-Thompson polarizer mounted on a rotaty; 5 ce |ayers to rotate quickly thus giving more oscillations
ing stage. The light reflected by the film is split into two

beams, each having only thpe or s-polarization state, by a |Sr; O\t/CIe I Ap; ICSI ezignaslh;r:/sr? ti)f ttr;]e; %@HE (;r;(t:;e;sigig $rtr)1)(23re
polarizing beam splitter before being directed into separaté Y- y y g

photodetectors where the respective intensiigsand I, and Zc), the rate of change of the pitch on cooling is rather

are measured. The currents resulting in the two detectors an eady becags‘ed.oes not change S|gn|f|cantly. In the 11.OHF
ata shown in Figs. (@) and Ze), however,f increases sig-

immediately subtracted, converted to voltage, amplified, and. ) R ) ;
sent to a lock-in amplifier, yielding thig,— 1, signal. In ad- n!flantly on cooling, indicating a more rapid change in the
dition the current to voltage converter outputsand — I pitch. o _
separately to another lock-in that gives the total reflected AS Shown in Figs. ) and Zc), the DOR signals ac-
intensityl ,+ I 5. The experiment is begun by raising the tem- quired from the 100HF films are almost unchanged, in both
perature of the film into the uniaxial Sm-A phase and rotat-nagnitude and location of the oscillations, by switching the
ing the Glan-Thompson polarizer until thg—1 signal is direction of the applied electric field. This feature is similar
zero. Then upon cooling the film into the SB: phase we o that found in studies of the 100T compoujtd and indi-
measure the temperature variationl gf- 1 and | ,+ . cate an anticlinic surfage—layer arrangement. The data
In the SmC* phase, as the ISHP evolves with tempera-aduired from the 110HF films are shown in Fig¢dj2and
ture the surface layers linked to the interior helix rotate. The2(€). The amplitude of the signal and the locations of the
surface layers provide the optical biaxiality needed to prob@SCi"atiOI’]S are different for opposite orientations of the elec-
the layer structure. As the surface layers rotate about th&ic field, implying a synclinic surface-layer arrangement.
layer normal thel ,— 1 signal oscillates, corresponding to These features do not depend on the film thickness but result
the changing polarization of the reflected laser light. Duringfrom the surface layers in the free-standing films as dis-
each rotation of the structure the net polarization of the filmcussed below.
goes to zero, resulting in a spike in the- 1 signal as the The 4X 4 matrix method was used to simulate our data.
film reorients rapidly by 180°. Simulations are shown as solid lines in Fig. 2. Three essen-
Our DOR data from a 116-layer 100HF film and a 115-tial parametersl, ny, and the extraordinary index of refrac-
layer 110HF film are shown in Fig. 2 for both orientations of tion n, are obtained from our NTE. For 100H&=39.4
the applied electric field. Both dataircles sets display the *0.1 A, ng=1.469+0.005, anch,=1.595+ 0.01. Moreover
above-mentioned features. We studied 18 100HF films rangdy plotting the film thickness in layers versus the number
ing from 24 to 508 layers, 7 films of 110HF ranging from 42 of oscillations in thel,—Ig signal, and fitting to a line,
to 128 layers, and several films of 100T and 110T. For allwe obtain ay-intercept of 10.22 layers. All the 100HF
the compounds, the number of oscillations increases linearlgata are fitted well using five anticlinic layers on each
with film thickness indicating that these oscillations are re-surface. For 110HFd=39.6-0.1 A, ny=1.467+0.005,
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and n,=1.595:0.01. Similarly, three synclinic layers on - - - - - — 80
each surface was found for 110HF. 65-a) 2,
By measuring the value of the helical pitch at one end of )

the SmE* phase and performing simulations of the data, we
can use the oscillations described above to find the ISHP
throughout the SnG* phase. Two methods were used to
determine the startingending pitch of 100HF(110HB on
cooling. For 100HF, the periodicity of thg — I signal was
found to be 6.5 0.5 smectic layers near the S-SmC* 551 % 1 {20
transition after studying many films with consecutive thick- . . '
nesses ranging from 44 to 56 laydrkl]. For 110HF the 10 5 0 4
pitch is too large to make the previous method practical. T-T.(C)
However, the optical properties appear to evolve continu- _ ) _ _
ously from the SmE* phase. This is further supported by FIG._ 3. (a) and(b) show the different pitch evolutions u_sed in
recent resonant x-ray measurements of the ISHP from arpimulating the 100HF and the 110HF,( ;) data, respectively.
other compound12]. Thus, the pitch was determined to be In (a) C|rcle_s are from_ a 508-layer film and the squares are from a
65-5 layers below the Sm*—SmC* transition using 116-layer film. In(b) c!rcles are from a 121-Iayer_ film and squares

. . @ . are from a 115-layer film. The stars represent ellipsometry measure-
NTE. B.oth eIhpsor_netnc pargmgteﬁs andA are obtained as | .ots Solid lines are fits to the model.
a function of applied electric field orientation angle The
fitting to bothW (&) andA («) allow us to determine the size

of thr? opticr?l pitch ikr: the Sn&* phase. ¢ imul der parameter describing the magnitugjeand directiong;
The pitches at other temperatures were found by simulatys yhe molecular tilt in thejth layer andN is the number of

ing the data until both the maxima and the minima of thesmectic layers. The coefficients, and a, represent the
simulatedi,— 15 values matched the measured values. Thegangth of the nearest-neighbor and next-nearest-neighbor

positions of these maxima and minima were strongly depenl'nteractions, respectively. Because of the large tilt argle

dent on the rate of change of the pitch values used. The_ . _.. *
amplitude of the oscillations is determined by the biaxialityvalrlatlon throughout the Sre%, phase, we used the extended

of the structure that arises from the tilted surface layers, th%fi? (ff'f {?7# '5525 Hgﬁcr&/'; :lssséurgxeda:]czhha;/ﬁ dtZe Igrm
tilt of the interior layers, and the film reflectivity. The rela- ~ ¢ c ' pana; 2

i - _ 2 - 2
tively small continuous change in amplitude of the osciIIa-Second order ir¥ asa, a+b¢_9 anda,=c+dg v_vhere
. . : a, b, c, andd are temperature-independant quantities. The
tions in thel,—1s signal demonstrates that the number of

surface layers is constant, but the surface tilt increases 0cnhlral interaction terms and interactions up to fourth nearest

cooling as expected. Thus fits were done without varying th eighbors have been included in other expansions to explain

: P he existence of the other S@ variant phasefl4]. From
number of surface layers. The tilt and the reflectivity can befitting our pitch data, we have found t%at théel c]ompetition
found by fitting the total reflected intensity of the filip '

o o etween nearest-neighbor and next-nearest-neighbor interac-
+1g, at the 17.5° angle of incidence. The average value of. : ; i
. . .~ _“tions is reponsible for the ISHP structure. Beyond selecting

the I ,— 1 signal is affected by angle between the polariza- :
Lo I . . g . the handedness of the ISHP, no chiral terms are necessary.
tion of the incident light and the applied electric field direc- L : ; ;
. ) : : By minimizing G, we find the approximate solution for
tion, which was recorded during the experiment. the change in the azimuthal angle to Beb=arcco$(a

For clarity, the temperature variations of ISHP from two 9 9

—b6?)/4(c+d#?)]. The pitch in smectic layers is7@ .

representative films of each compound are shown in Fig. 3The fits to the pitches as functions of temperature are shown

ISHP results are reproduced with other film thicknesses. Tth Fig. 3 as solid lines. For 100HF, the fiting yields

relative resolution of the pitch shown in Fig. 3 was less than_,,, 7" o -
0.1 layers. The results show a clear difference in the evollljﬂl—)A /a=2.010.3, dA /a—0.5120.15, andc/a—0.44120.02.
For 110HF, the results areA“/a=20.71+0.10, dA“/a=

tion of the ISHP in these two compounds. Upon cooling
— = +
toward the Sme* —Sm-<C* transition, the pitch decreases 5'734_7 O.QB,_andc/a 0'27.1—0'001_' For both comp_ounds
o a,<0, indicating ferroelectric coupling of nearest neighbors,
gradually to 5.5 layers for 100HF. In constrast, for 110HF, . . X .
and a,>0, representing antiferroelectric coupling of next-

the pitch increases gradually at first, then rapidly, and ap- . : .
pears to change continuously te65 layers in the SnG* nearest neighbors. Botly, anda, increased slightly toward

% T
phase. Cartoons of the ISHP structures with surface Iayert%e Sm; transition In the 100HF compound. The small _
are shown in Figs. @ and 2f) for 100HF and 110HF Change in the interactions corresponds to the small change in

respectively. the pitch. In 110HF, botla; anda, changed more signifi-

To analyze the pitch evolution found from the data, Wecantly, both approaching zero on cooling to the G-

o *
employed the following free-energy expansion due to interp,hase' The transition temperature for the Sm-SmCj

layer interactions up to the next-nearest-neighbor term ~ 9iven a@s 93.2°C in the phase sequence corresponds to the
inflection point of the pitch in Fig. @).
LN The ISHP of the SnG* phase has been studied in great
_ = Z Z Z detail as a function of temperature for two liquid-crystal
G= a . +a . . 1
2 121[ SUICEASCCIC A @ compounds. We have shown that the addition of a single

6.0

Pitch (layers)

2 0

Here,g?j [= 0;(cosgy,sing))] is the two-dimensional or-
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CH, group to the alkyl chain without the chiral group of a ~ We have found that a free-energy expansion including up
liquid-crystal compound can greatly affect the temperaturd0 next-nearest-neighbor interlayer interactions fits our re-
evolution of the pitch. sults extremely well. The results suggest that the Gfn-
The pitch in 110HF appears to evolve continuously onPhase arises from frustration resulting from the competition
cooling to the SnE* phase. The absence of any detectabld’etween nearest-neighbor and next-nearest-neighbor inter-
jump in the pitch in our data and in recent resonant X_ra)Jayer interactions. Another mlportant observation is that
results from another compourid?] suggest the possibility there are two types of the S&* phase. The conventional
of a continuous evolution of the pitch from the SBi-to the one has a micron-size pitch that is mainly caused by chirality

SM-C* phase. Since both phases have the same s mmetrOf the molecules. The other one has a much shorter pitch,
phase. 1P Sy dimilar to the one found in 110HF, which requires the con-
the transition should be similar to the well-known liquid-gas

o g ) sideration of interplay of the chirality, nearest-neighbor and
transition. Generally such a transition without symmetry

) ) . e ..~ Ynext-nearest-neighbor interlayer interactions and possibl
breaking will cross a first-order transition line or exhibit a g y P y

: ; . other terms.
continuous evolution of some physical parameters, e.g., the

helical pitch in the SnmE*-Sm<C¥ transition. Between We would like to thank Dr. R. Pindak for numerous dis-
these two cases, the first-order transition line will end at acussions. This research was supported in part by the National
critical point. It is important to characterize physical proper-Science Foundation, Solid State Chemistry Program under

ties near this critical point. Grant Nos. DMR-9703898, 9901739, and INT-9815859.
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