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Structure of the chiral smectic-C%, phase
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Ellipsometric measurements of freely suspended films of a chiral liquid-crystal compound possessing the
phase sequence smecfie-smectic€* —smecticC* have been conducted in order to elucidate the structure of
the smecticc* phase. The measured ellipsometric quantifiesnd¥ are compared with values, which were
calculated for model films using the># matrix method. Our results confirm, for the compound under
investigation, predictions of a phenomenological mgdl Cepicand B. Zks Mol. Cryst. Lig. Cryst.263 61
(1995] according to which the smectie? phase is characterized by a short-pitch helical structure.
[S1063-651%99)16711-4

PACS numbd(s): 61.30.Gd, 64.70.Md

I. INTRODUCTION tailed structures are still unknown, with the exception of the
antiferroelectric Smc; phase, for which several experimen-
Smectic€ (Sm-C) liquid-crystal phases can be consid- tal studies[2,4—6 indicated a layer-by-layer alternation of
ered as stacks of molecular layers, each layer correspondingt and polarization direction by- 180°. Recently, resonant
to a two-dimensional liquid in which the rodlike molecules x-ray scattering measuremenitg,8] have provided direct
tend to align along a common direction, denoted by the distructural evidence of periodicities corresponding to two-

rector n, which is inclined by a tilt angle oftemperature layer (SmcC), three-layer (Snef,,), and four-layer

dependentmagnituded with respect to the layer normal If ~ (Sm-Cf,,) superlattices; for the (Sr@7) phase an incom-

the constituent molecules are chiral, a spontaneous electrf@e€nsurate periodicity, varying between five and eight layers,
was observed.

> . , - - The SmC? phase appears usually between the Srand
phase. The direction s is perpendicular to botla andn o conventional SnG* phase, or, in some cases, between
v_vh|le the magnitude oPg is in first approximation Propor-  gm_a and SmC% or SmCZ, . Although it appears optically
fuonal to 6. A second consequence of the molegular Ch'ra“tyuniaxial in a polarizing microscope, S@? is a tilted phase,
is the appearance of a helical superstructure in theGm- 0 iit angle magnitude increases smoothly with decreas-
phase: the azimuthal tilt direction changes by a small amour]p1g temperatur§9,10], similar to the case of a usual second-
when going from layer to layer. The corresponding helicaly der SmMA—SM-C transition. On the other hand, the
pitch is usually of the order of a feywm or several hundred  g|ectro-optical and structural properties of this phase seem to
smectic layer thicknesses. Many compounds show at highehange as a function of temperature and applied electric field
temperatures the smectc{Sm-A) phase in whicl andz  [11,17], one can observe apparently antiferroelectric and fer-
are parallel; accordinglyg and P4 are zero and a helical rielectric behavior.
structure does not exist. The first structural model proposed for the $jj-phase
The prediction and experimental confirmation of ferro-is based on a one-dimensional Ising model exhibiting a Dev-
electric properties in the Si8* phase of chiral molecules il's staircase[13]; if the spin-up and the spin-down states of
[1] has led to a large research effort concerning the@&Gm- the Ising model are assigned to “ferroelectri¢same tilt
phase from both fundamental and applied viewpoints. Ardirection in neighboring layefsand “antiferroelectric” (op-
important discovery was the observation of several modifiposite tilt direction in neighboring layerséayer boundaries,
cations of the Sne* phase showing antiferroelectric an infinitely large number of structural states, characterized
(Sm-Ci,SmC3p), ferrielectric  (SmEC},Sm-Cf,, by different ratios of ferroelectric/antiferroelectric bound-
Sm-Cf,,), or apparently both (Sn&7) properties[2,3]. aries, is expected to occur in the SBj- phase rangf9,11];
Whereas in the conventional S&% phase the tilt direc- as a driving force a competition between interactions favor-
tion, and thus the polarization direction, is locally constant, iting parallel or opposite tilt direction is assumed. A different
is generally assumed that the antiferroelectric and ferrielecproposed structure for the S®% phase results from a dis-
tric properties of the new phases result from complex intercrete phenomenological descriptiph4], which takes into
layer arrangements of the molecular tilt direction. The de-account competing nearest-neighbor and next-nearest-
neighbor layer interactions, and from similar phenomeno-
logical models[15-17. According to [14], the SmC%
* Author to whom correspondence should be addressed. Electronjghase is characterized by a helical structure with a very short
address: bahr@mailer.uni-marburg.de and temperature dependent pitch which may be as small as

polarization|5S is present in each layer of the chiral SBi-
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only a few smectic layer thicknesses. Experimentally, so- F

phisticated microscopic observations of thin droplets indicate Clleso@Co@Coo@coo — CH(CH;) — ety
a helical structure in the suybm range[18,19. Also the 50

resonant x-ray scattering measuremgit8] provide strong 49

support for the short-pitch helical structure. A third proposed ¥ 48t
structure for the Sn€* phase, resulting from circular di- (deg) 47
chroism measurements, consists of a dynamic helical struc- 46 . . . \ . . :

ture with a very long average pitcf20]; this structure is
partially supported by light scattering measuremégty.

We report here results of an ellipsometric study of freely
suspended films of a chiral compound showing the phase
sequence Sk — Sm-CY — Sm-C*. Freely suspended
smectic films[22] consist of an integral number, variable
between several hundred and only two, of smectic layers that
are aligned parallel to the two free surfaces. By ellipsometric
measurements on films consisting of only two, three, or four
layers, the layer-by-layer alternation of the tilt direction in
the SmC} phase could be confirmed]. Concerning the
other types of Sn2* phases we observed for several differ- 0 200 400 600 800 1000 1200 1400 1600
ent compounds that ellipsometry on freely suspended films A (nm)
usually gave noisy and nonreproducible measurement values,
possibly because of multi-domain structures and defects in FIG. 1. Calculated curvefsolid lines, see Eq1) and text of
the film; this behavior is very pronounced for the ferrielectric the ellipsometric quantities and¥ as function of film thicknes.
Sm-C’; or SmC’E| phases. For the Srﬁ-’o‘( phase, for one T_he. symbols arg v_alues o and¥ that_are measured near the
compound reproducible results could be obtained, the intefli9N-temperature limit of the Sm- phase(since the surface layers

pretation of which, however, was not unambiguous: while®f lllHFI?}BM?ﬂlgns are filted evgn 'ntth'lf t(:mtp;]eratqtrs rar:_ge,ﬁthe ;
the discontinuous structural changes observed in thin filméa ues shown above correspond actuafly to the anthmetic mean o
e measured , andA _ values. The refractive index values,

tsff emed io suppotrt the 3?\1'(' ?lstalrcasltcaj Sgru_cttural mt[(ﬁ?J andn, are varied until all experimentally measurad¥ pairs, for
€ measurements on thick Tims cou € INerpreted as reyy iy the corresponding film thicknesses are initially tmt only

sulting from a Short-pitgh Structu{éé}]. In the present StUdy, approximately known, can be placed onto the calculated curves.
we report results obtained on a different compound which

enabled high-resolution and well reproducible ellipsometric
measurements in its Si@% phase. A very characteristic
temperature dependence of the ellipsometric quantitiaad

¥ is observed which unequivocally proves the presence of
short-pitch helical structure.

A weak dc electric field8 V/cm) is applied in the film
plane and perpendicular to the plane of incideftbe plane
gontaining the film normal and the incident laser bgavial-
ues of A and ¥ are continuously collected while the tem-
perature is changed at a slow constant (gteically between
0.4 and 0.2 K/l At least two, in most cases four measure-

II. EXPERIMENT ment runs are conducted: we start with a cooling run which
The compound under investigation, called iS followed by a heating run, then the polarity of the dc field

“11HFBBM7" (the molecular structure is shown in Fig, 1 IS reversed and again a cooling and a heating run are re-
belongs to a group of four homologous series showing &orded. The weak dc field is just sufficient to align the elec-
variety of different SmE* phases[25]; 11HFBBM7 pos- i net polarization of the film, it is too weak to distort the

sesses a several degrees broad Gfnrange, the transition internal film structure. In a nonhelicoidal S@?* film, or in
temperatures of our sample are a film with h<p (h being the film thickness armlthe helical

pitch), n would always lie within the plane of incidence and
Cryst. < Sm-C* « Sm-C* < Sm-A « Iso. only two tilt directions(away from or towards the incident
76°C 94.5°C 98°C 122°C beam, depending on the polarity of the applied fielduld
be possible. We denote the valuestofind¥ belonging to
Freely suspended films are drawn in the 8nphase using a the corresponding field polarities by subscripts-™ or
rectangular, variable-area frame describe@2@. The typi- “—.”
cal film area is 5<10 mm. The beam of a HeNe-Laser passes An important point is the determination of the thickness
through the film with an angle of incidence of 45°. Using aof a given film. In very thin films(below ten layers the
null-ellipsometer(details can be found if27]) we determine  quantization of the film thickness leads to a quantization of
the quantities\ and¥ which describe the state of polariza- the measured and¥ values which can be directly related
tion of the transmitted light. As usuah corresponds to the to the number of smectic layers of the film. Some hint about
phase difference between theands-polarized components the film thickness is also obtainable from the intensity and
of the transmitted lightA = 5,— s, and¥ is related to the color of the light which is reflected by the film when illumi-
amplitudes |T, 4 of the p- and s-components, taW nated with white light[28]. However, the results of this
=|T,|/|Ts]. The polarization of the incident light is de- study concern thicker films consisting of up to several hun-
scribed byA =0 and¥ =45°, dred layers. The thickness of such films can be determined,
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with an accuracy better than 5%, from theand ¥V values face layers are tilted in the whole temperature range of the
measured at the high-temperature limit of the 8nphase, bulk Sm-A phase.

where the films correspond essentially to a thin uniaxial di- Below 98 °C the behavior oA and ¥ changes, as is
electric slab with its optical axis being parallel to the film shown in detail in Fig. 3: The twa curves show a charac-

normal. The complex transmission amplitude ratio of phe teristic oscillation with peaks where the two curves touch or

ands-polarized componentd,, /T, of such a uniaxial slab, €ome close to each other. At the same temperatures, where
possessing two identical slab-ambient boundaries, is givefeA curves show their peaks, the twio curves cross each
by other and show an additional crossing just between Awo

peaks. The distance on the temperature scale between these
T (1—r2 ye~iBp 1—r2 o—2iBs featurgs becomes smz_iller with decreasing temperature. T.he
_P_ Olp’~ o= (1)  behavior changes again at 94.5 °C where suddenly large dif-
Ts  1-rde P (1-rf e 'Ps ferences|/A, —A_| and |V, —W¥_| appear, which are fol-

lowed by two oscillations or crossings, until at lower tem-

Here,r gy, s are the Fresnel reflection coefficients for the airperatures only slight variations df, _ and¥ .. _ remain.
(medium 0/film(medium 1 interface andB,, s are the phase Figures 4 anq 5 shoyv how these features change when the
given in[27]. The values oft and taril are then obtained A-oscillations or¥-crossings is approximately proportional

f h e | | d to the thickness of the films.
rom Eq. (1) as the argumenfangle in complex plarjeand We will describe in Sec. IV how all observations can be

the absolute value off ,/Tg, i.e., A=arg(T,/T9) and ¥ explained by a structural model that consists essentially of a
=arctan(T,/td). For fixed angle of incidence and light wave- short-pitch helical precession of the tilt direction around the
length, the shape of th& versush andW¥ versush curves b layer normal. Already without a detailed comparison of mea-
being the film thicknegsdepends only on the refractive in- suredA and ¥ values and values calculated from model
dicesn, (or nj) andn, (or n,) of the liquid crystal. If these films, we can exclude for 11HFBBM7 two of the structural
values are not known, a number of 15 to 20V pairs, models proposed for the S@7 phase described in Sec. I.
measured on films of different thicknesses, is usually suffi- In the Devil's staircase structure derived from the one-
cient to fit, by varyingn, andn,, the calculated curves to the dimensional Ising model, only two tilt directions, opposite to
measuredA and ¥ values. At the beginning of this proce- €ach other, are possible, i.e., locally the molecules in differ-
dure, the film thicknesses belonging to the measurew €Nt layers filt within a common planghere may be a heli-
pairs are of course not known; of special importance aré:o'dal twist of the tilt plane but only over d|§tances of the
therefore the\-W pairs obtained from thin films, where one og?ﬁtr icr>]f ?E&gﬂ%ﬁ%g&nﬁgjgﬁ tgetthgotlfllt”;z)laglr?en ;\r’%u'ge
g??n%f)te\::vtlr:gsglrg?ilﬁ(girtlﬁgcs )g;%pgglzxr'r;s;ﬁglgstnglcg?esgquse of the appli_ed_dc field the tilt plane _w.ould coir_lcide
the reflected light The result obtained for 11HFBBM?7 is with thle planhe c.)f mmder;ceéthe plane contﬁlnn}% the film
shown in Fig. 1; the refractive index values that gave the bes{gorma and the incident laser beprfor such a film struc-

. _ - : . ure we would obtain alway® ., =V _ (as is indeed ob-
Iﬁi;;ﬁgses_tlff ?/r;in"fin}'igiéghgnafﬁ;gggﬁgrag dacf:r:/eserved in the SmA range, although the surface layers are
9 .ﬁlted) independently from the actual tilt direction in each

shown in Fig. 1 has to be checked about its consistency, i . . ey
the present study this check is provided by a detailed COmpayer(wmch would be either towards or away from the inci

parison of the measuretl(T) and W (T) values of different dent beam Since we observe clearty , £, the tilt di-

films with values calculated for model films as described inreCtion must in some layers deviate from the plane of inci-
Sec. |V dence, and this igin films as thin as 40 to 60 layersot

If the thickness of a single smectic layer is knovwae compatible with the Devil's staircase model.

estimate 4 nm from the molecular length of 11HFBBM7 i Concern.mg theld{]naplc Iong—pnc?dhr:ahcdalll s;ructure,'a he-
the nm or A units of the film thickness scale can be trans- «P0SS€ssIng & pitch of somem would hardly be seen in a

: : - %00 or 200 nm thick film and the film should yield then
formed into layer-number units. Because the most significant. . " .

. : . .+ Similar results as a usual S@* phase. Dynamic changes of
results of the present study are obtained for films with thICk'the helical structure could result in noisy or unreproducible
nesses between 40 and 400 layers, the knowledge of the . o P

. S ; measurements. Both expectations are in contrast to our mea-
exact number of layers of a given film is not crucial.

surements, which are well reproducible in successive heating

and cooling runs and deviate clearly from measurements ob-
lll. RESULTS OF ELLIPSOMETRIC MEASUREMENTS tained on usual SnG* phasegsee, e.9.[30,31)).

Figure 2 shows the temperature dependencg of and
W, _ for a 850 nm (213 layers thick film. Above 98°C,
in the temperature range of the bulk Skphase, we observe Can a helical precession of the tilt direction with a small
¥, =¥_ and an almost constant difference betwe®en  and temperature-dependent pitch produce values afid ¥
andA _, which results from tilted surface layers on a “bulk” as measured in the S@% phase of 11HFBBM7? To answer
Sm-A film. The occurrence of such a surface-induced tilt is athis question we have to compare our measured values with
quite common phenomenon in compounds possessing a bulk and ¥ values calculated for model films possessing ap-
Sm-C phase[29-31. In 11HFBBM?7, the difference be- propriate structures. In the following, we assume that each
tweenA, and A_ persists up to the bulk SrA—isotropic  smectic layer of a model film corresponds to a thin uniaxial
transition temperature, where the film ruptures, i.e., the sureielectric slab possessing refractive indiags=1.545 and

IV. COMPARISON WITH RESULTS FROM MODEL FILMS
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Sm-C*

|
85 90 95 100
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FIG. 2. Temperature dependence of the ellipsometric quanfities and¥, _ inthe SmC*, Sm-C%, , and SmA phases of a 213-layer
film of 11HFBBM7. Each diagram shows two cooling run®:(A, , ¥, ,+: A_,¥_) and two heating rungsmall dots, mostly not
distinguishable from the cooling runs

n,=1.415. The orientation of the optical axis of each layer isthe range froma=0 (same tilt direction in all layers, infi-
determined by angle®; and ¢; which give the tilt angle nitely large pitch to «=45° (helical pitch corresponding to
magnitude and the azimuthal tilt direction in theh layer.  eight layers$. It is obvious that the variation of the azimuthal
The net polarizatiorPs ¢ of the complete film is calculated differencea (or, equivalently, of the helical pitch) in the
and the whole structure is rotated urﬁié - .;would be par- simple que! film leads, on a qualitative level, to qwte. simi-
allel to an external dc field which is assumed to be applied®" A-oscillations or¥-crossings as observed experimen-

perpendicular to the plane of incidence. The valdes _ tally. Even frorr;' Zotme su'btlteh features of thte. calgulart]ed
and W, _ are then calculated where the subscripts— curves one can find traces in the measurements: as is shown

. . . - . in Fig. 6, the contact of the two oscillating curves consists
refer to two opposite orientations &% e corresponding t0 5511y of a double crossing, i.e., a simple intersection and a
the two polarities of the virtually applied field. Details of the discontinuous jump of the two curves; experimentally, this

calculation process, which employs th&4-matrix method  pophavior is seen in Fig. dor the 44-layer film and, to some
[32], are given in[33]. extent, in Fig. 3. ,

We first consider the effect of a helicoidal precession of As can be seen in Fig. 6, the- and V-oscillations are
the tilt direction along the layer normal using a simple mOdeIpIaced equidistantly on tha-,scale. The behavior of («)
film consisting of 100 layers possessing a thickneSs ,qv(4) is a result of a compatibility effect involving two
=4 nm. The tilt angle between the optical axis and the layejengih ' scales: the helical pitgh and the film thickness.

normal is sefarbitrarily) to 16° in each layer. The values of The difference between . and A becomes small when-
A, _and¥, _ are then calculated as function of the angle ’ -

a, which corresponds to the difference between the tilt di-
rections of neighboring layers. Figure 6 shows the result in h=np withn=1,23..., (2)

ver
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w_ 1/ /i 213 layers
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FIG. 3. Oscillation and crossing behavior af. _ and ¥, _
within the SmC? phase of a 213-layer film of 11HFBBMT,_ c*

is the SmA—-Sm-C? transition temperature.

407 layers
—23 v

—24

i.e., when the film thickness is an integral multiple of the A —23
helical pitch, andA , — A _| reaches a maximum in between. (deg) _og
If we measurep and h in layer-number units, we obtain

=np whenevera=n(2=/h). For our 100-layer model film —27

this condition results irv/n=3.6°, which is exactly the dis- —281 g°>2

tance between the oscillations of the calculatecand ¥ L3 . . . .

curves shown in Fig. 6. =5 —4 -3 -2 -1 0 1
The shape of théd and W curves is additionally influ- T —Tacs (K)

enced by reorientation effects caused by the applied field.
Whenevera moves througnx 3.6°, the net polarization of FIG. 4. Temperature dependence of the ellipsometric quantities
the film is inverted and in the presence of an applied dc fields, (O) and A_ (-) in the SmC* phase of various films of
the whole structure changes its azimuthal orientation byl1HFBBM7. The film thicknesses®{5%) are(from above: 177
180°. These reorientations can be seen in the calculatetn, 237 nm, 850 nm, 1.6am, the corresponding approximate
curves as discontinuous jummonounced forV’, small for number of layergobtained with a single layer thickness of 4 nin
A), which are smeared out, but to some extent still discerngiven in each diagran,_cx is the SmA-Sm-C7, transition tem-
ible, in the experimental curvesee Fig. 3. perature, the transition to the usual SPi- phase occurs ar

As described above, the introduction of a short helical=Ta-cx~—3.5 K.
pitch in a simple 100-layer model film explains many of the
experimentally observed features. Our ellipsometric mealecular tilt angleé: in a simple hard-rod approximation, the
surements thus strongly support the short-pitch structurdhicknessd of a single smectic layer would decrease with
model for the SmE* phase of 11HFBBM7. The next step C0s6, i.e.,
consists in an attempt of a quantitative fit of the experimental
curves with the aim to obtain the temperature dependence of
the helical pitch in the SnG* phase. Besides a temperature
dependence ofr (or p) we have to consider a temperature
dependence of the tilt angle magnituéeand possible sur- Wwith dy being the layer thickness fat=0. Experimentally,
face effects resulting in a temperature-dependent structuratray studies have been reported in whidhand 6 were
profile across the film. measured independently and which either directly confirmed

The temperature dependence btan be obtained from Ed. (3) [34] or led to a slightly modified relatiof85]:
the W versusT curves of thick films in conjunction with the
amplitude of the oscillations of th& versusT curves. As is
seen for the 407-layer film data of Fig. 5, there is an overall
decrease ofP with decreasing temperature, which starts at
the SmA to Sm-C% transition. This overall’-decrease re- with R~1.2. Figure 7 gives the decrease of the thickness of
flects the decrease of the film thickness caused by the mat07-layer film determined from the data shown in Fig. 5 and

e d
=arcco ds

, ()

d

=R arcco% —
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48.0 - 0
v . 44 layers
: ’ —4
v 46.0p P W 59 layers 6
(deg) 456F o Pw=~ A
eg &u (deg) —8
45.2 © 1 1 1 1 1
- -10
213 layers ;
476 ;%ﬁ . -2
ie § —14
47.2 /‘E o
Q. 0
v » 49.3
46.8p s
(deg) £
641 g 49.2
46.01 i ‘;
v T 491
456 L ! . ! '
(deg)
476} . 190
472F : 0" 48.9
v 88 i 0 10 20 30 40
(deg) 46.4 /M o a (deg)
46.0 " %o v 407 layers FIG. 6. Calculated ellipsometric quantitias , ¥ . (thick lines
" andA _, ¥ _ (thin line9 as a function of angle which corresponds
4561 g to the difference of the azimuthal tilt directions in neighboring lay-
. ers. The values are calculated for a 100-layer model film as de-
4521 S . . . scribed in the text. The insets give an enlarged view ofttend ¥
-5 —4 —3 —2 ] 0 1 oscillations.

T —Tyc: (K)
on the a-scale over whicha varies in the SnE* phase;
FIG. 5. Temperature dependence of the eIIipso.metric. quantitie%_g_’ we observe seven oscillations for the 213-layer film
W, (O) and W (-) in the SmC; phase of various films of  oqiting inA o= (360°/213)7=11.8°, a similar value is ob-
11HFBBM? (see caption of Fig. 4 tained for all film thicknesses. The main difficulty is to de-
termine the absolute values ef at the high- and low-
the resulting values of) according to Eq.(3). It is well  temperature limits,ap, and a; = ap,—A«. This difficulty
known that the tilt angle determined as described above fromarises especially for large values and thick films, e.g., in a
the smectic layer shrinkage is usually smaller than the tilt
angle of the optical axis measured by optical methods, indi- 20
cating that the aromatic cores are more tilted than the flexible
alkyl chains[36,37]. Indeed we find that thé values result-
ing from Eq.(3) are too small to reproduce the “amplitude”
of the A oscillations shown in Fig. 4. A reasonable fit is 9
possible if we determin@ from Eq. (4) with R=1.4. (deg)
In the following we assume that the temperature depen-
dence of6 in all films is described by th® versusT curve 5
obtained from the thickness decrease of the 407-layer film
according to Eq(4) with R=1.4 (see Fig. 7. We further 0
assume thad shows the same value in all layers of a given
film, with the only exception of the two surface layers, for

which we setf to a constant value of 30° corresponding g 7. Temperature dependence of the thickrresolid line)
approximately to the differenci . —A_| measured for all  f the 407-layer film determined from this data shown in Fig. 5;
films in the bulk SmA temperature range. the dotted line gives the corresponding values of the tilt amgle

Next we have to determine the temperature dependence gcording to the hard-rod approximatifq. (2)]. The dashed line
the anglea that corresponds to the azimuthal difference ofgives theé values resulting from Eq3) with R=1.4, this vs T

the tilt direction in neighboring layers. The number of oscil- curve is taken as a basis for tide and ¥ calculations shown in
lations in the measured curves determines the width« Figs. 8 and 9.

T — Tycs (K)
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—s5l 44 layers v o 44 layers
A ol (deg) 48.0\:#‘%‘
(deg) —TF ¥ 5.8 59 layers
1 L L 1 I 45.4
_f 59 layers (deg) 450 : . . . .
(dAeg) —6F _— 48.0F 213 layers
—TE 47.6
—T7r 213 layers (c‘ll(;g) 472
-8 46.8
AT 46.4
10
(eg) —11 43.0
—12r 47.6
—13L - . . - . 47.2
¥ 468
(deg) 464
46.0 407 layers
407 layers 45.6
45.2
5 4 -3 -2 -1 0 1
T —Ta-c; (K)
_3 _'2 _'1 (') 1 FIG. 9. Calculated ellipsometric quantitigs, (thick lines and

W _ (thin lineg as a function of temperature for four model films
(see text corresponding to the experimentally studied films shown
in Fig. 5; the temperature variation is obtained using a temperature
variation of the angler which is shown in Fig. 10.

T —Ta-cy (K)

FIG. 8. Calculated ellipsometric quantitids, (thick lines and
A _ (thin lines as a function of temperature for four model films
(see texx corresponding to the experimentally studied films shown
in Fig. 4; the temperature variation is obtained using a temperaturealculation. Although the qualitative resemblance to the
variation of the angler which is shown in Fig. 10. measured valuessee Figs. 4 and)as striking, a complete
gquantitative correspondence is not achieved, which may be

100-layer film it is hardly possible to distinguish taeos- ~ due to several reasons: First, the division oNdayer film

cillations in the range from, sayy=35° to 40° from the into two surfa_ce Ia_lyers possessing a co_nstant tilt magnitude

oscillations in the range frona=40° to 45° (see Fig. 6. 0, and N—2 interior layers, in \_N_hlche is depend_en'_[ on

However, our measured data for the 44- and 60-layer filméemperature but not on the position of the layer inside the

are satisfactorily reproduced by the calculated values only ifilm, is certainly an oversimplification. When the S@f; to

we let & vary with temperature in the range from,~18° Sm-C* transition is approached from above, probably a

to a;~7°. Nearly the samex(T) dependencies reproduce Sm-C*-like surface phase, characterized by a smallend

our data well for the 213- and 407-layer films, but for theselarger 6 value compared to the interior S@% phase, grows

films the «(T) curves could be shifted, in steps(@60/213 into the film interior resulting in & and « profile across the

respectively(360/407 degrees, to somewhat largervalues  film; this behavior can be seen in thedata of the 407-layer

without significantly changing the calculated and ¥ film (Fig. 4 where the twoA curves clearly separate from

curves. The measured data in the range of theSnphase each other as the transition to the SB#- phase is ap-

are reproduced with a slight temperature variatiotavdfom proached38]. Second, the calculation of tdeandW¥ values

6° to 4°. shown in Figs. 8 and 9 was done treating each smectic layer
Figures 8 and 9 show tha and ¥ curves which were as a uniaxial slab whereas in fact a SInlayer is optically

calculated as described above; Fig. 10 gives the correspontiaxial[39]. Third, the principal index values, andn, were

ing temperature dependence @fwhich was used for the assumed as temperature independent. Thus, a further refine-
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20+ 39 layers
4 20
15
@ 130 »p
(deg) g (layers) . . . . .
) —4 -3 -2 -1 0 1
1 50
T —Tac; (K)
5
1100 FIG. 11. Calculated ellipsometric quantitids (thick line) and
A _ (thin line) as a function of temperature for a 59-layer model
0 L L L L L 00 film, in which the helical pitch in the SnG% decreases linearly
-4 -3 -2 -1 0 . . . : -
from eight to five layer thicknesses with decreasing temperature as
T =Tscy (K) was observed for the compound 100TBBB1M7 by resonant x-ray

scattering. All other parameters of the model filne., the pitch in
the SmC* phase and temperature dependence of the tilt aagke
left unchanged.

FIG. 10. Temperature dependence of the anrgleEorrespond-
ing to the difference between the azimuthal tilt directions in neigh-
boring layer$, which was used to calculate the and ¥ curves
shown in Figs. 8 and @dots: 44-layer film, short dashes: 59-layer
film, long dashes: 213-layer film, solid line: 407-layer filnThe =~ compound studied i17,8], 100TBBB1M7 [40], p is re-
right-hand scale gives the corresponding helical pjich units of  ported to decrease linearly, from eight to five layers, with
smectic layers. decreasing temperature. For comparison we have calculated

the temperature dependence ofand ¥ for such a linear

ment of our model films would probably result in a still jocrease o in the SMC* range for a 59-layer model film
better agreement of measured and calculateshdV values i, \hich all other properties are left as described above

but the considerably larger calculation and fitting effort.l.he result is shown in Fig. 11. It is obvious that the calcu-

would yield only minor additional physical information. ff;\tedA andW¥ values do not describe the behavior which is

The essential result of our study is that the measured e . ST
lipsometric values of the St phase are well explained by experimentally ob_serve(_‘see_ 59-layer data in Fig,) 4or the
“ compound under investigation, 11HFBBM?7.

mperatur ndent short-pitch helical str re. Al- . .
a temperature dependent short-pitch helical structure As in the case of 11HFBBM7, the S@Z% phase in

though ellipsometry suffers generally from an inversion .
problem, i.e., different refractive index profiles may lead to100TBBB1MY7 occurs between the S-and the Sme

similar A and ¥ values, it is hardly possible to consider a Phase. Intuitively, one would expeptto increase when the
reasonable alternative structure of the §ih-phase which ~ transition to the Sme™ phase, wherp usually amounts to at
can result in the observed behavioroand¥. The existing  €ast some hundred nm, is approacliedd indeed this be-
alternative SmE* models, the dynamical long-pitch struc- havior is observed in the present stidyhe SmC* phase
ture and the Devil's staircase based on the one-dimension#fidth in 100TBBB1M7 amounts, however, only 1 K and
Ising model, are definitely not in accordance with our meathen a transition to a SrG¥,, phase occurs, for which a
surements. 4-layer pitch is observef7,8]. In 11HFBBM7, the Smc*

The temperature dependence of the helical pjicthat  phase below the Sri?, phase is at least 17 K broad and it is
gives the best reproduction of our measured values is showmot known if metastable Sri¥, or Sm-Cx phases exist at
in Fig. 10. There are slight differences between films of dif-lower temperatures. The absence of these phases may be due
ferent thickness but all measurements, comprising a thickio the same reasons which result in the opposite temperature
ness range of roughly 40 to 400 layers, are reproduced by atependence and the generally larger valuespoih the
essentially similar temperature dependence of the helic&m-C* phase of 11HFBBM7 compared to 100TBBB1M?7.
pitch: p increases nonlinearly with decreasing temperature |n the studie$18,19 based on the direct optical observa-
from ~20 layer thicknesses<80 nm) just below the tran- tion of Friedel fringes at the free surface, also
sition from the SmA phase to~40 layers 160 nm) near 100TBBB1M7 and homologous compounds are investi-
the transition to SnE* phase. The SnG;—-Sm-C* transi-  gated. Ifp is smaller than ten layer thicknesses, the relation
tion is characterized by a steep, maybe discontinuous inbetweenp and the observed optical period is not simglé]
crease ofp to ~300 nm; within the SmE* phase rang@  but the results of these direct optical observations are in ac-
increases further te=400 nm. cordance with the x-ray results. [d28,19 a pronounced de-

The short-pitch helical structure of the S@f: phase has pendence of the observed optical period on the thermal his-
now been confirmed by three different experimental methtory of the sample was found. It seems, however, that this
ods: direct optical observation of Friedel fringes at the freedependence is not an intrinsic property of the Siphase
surface of very flat dropisl 8,19, polarization-analyzed reso- but rather a result of the experimental condition$18,19:
nant x-ray scatterin§7,8] in freely suspended films, and el- in both the present study and the x-ray measurements, where
lipsometry of freely suspended films. The temperature defreely suspended films are used, a dependence on the thermal
pendence of the helical pitghobserved in the present study history is not observed and heating and cooling runs yield
is at variance with the results of the x-ray study: for thewell reproducible results.
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V. CONCLUSION ferroelectric SmC* phase. More experimental studies of

We have reported an ellipsometric study of freely sus-d'ﬁerent cpmpounds are needed. .
pended films of the compound 11HFBBM7 possessing the “ccording to the phenomenol2g|cal modeH] the short-
phase sequence SA—Sm-C* — Sm-C*. A detailed com- pitch hgllcal structurg of the Sr@~, p'hases arises from the
parison of the measured ellipsometric quantities with valuedustration of competing nearest-neighbor and next-nearest-
resulting from model films provides strong support of then_e'gh!30r layer interactions fz_ivo_nng pare_1||e| or opposite tilt
short-pitch helical structure of the S@% phase and rules dlrgctlons. The m_olecular chirality adds just a minor modu-
out the the dynamical long-pitch and the Ising Devil's Stalir_Iatlon and determines the sense of the resulting helical struc-

) X L -~ :
case structural models. The best reproduction of the experﬂ”e' thus, the helical pitch in the S should essentially

mental data of films in the thickness range from 40 to 4000t F’epend on the enantﬁomeric excess. Future experime_ntal
layers is obtained with a temperature dependent helical pitciludies could address this point by measurements on chiral-
which increases in the SI phase from~20 to ~40 Acemic mixtures with varying enantiomeric excess.

smectic layer thicknesses with decreasing temperature. This
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