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One of the most remarkable properties of smectics is the wide variety of possible equilibrium structures.
In this paper, based on Landau theory of the phase transitions, the transitions between ferroelectric and an-
tiferroelectric phases and structure formed by smectic layers with different azimuthal and polar orientation of
molecules were calculated. This unique structure has been predicted (P.V. Dolganov et al., Pis'ma v ZhETF
76, 579 (2002)) using the minimization of the free energy with respect to the phase and modulus of the two-
component order parameter, but never detected before. Recently non-resonant Bragg reflection, consistent
with the predictions of the model, was found (P. Fernandes et al., Eur. Phys. J. E 20, 81 (2006)) in ferrielec-
tric smectic Cy;; (SmCyryq) phase. In the 3-layer ferrielectric structure with a macroscopic helical pitch the
modulus of the order parameter is larger in anticlinic-like layers and smaller in layers with mixed ordering. The
values of the interlayer interactions were determined for smectic liquid crystalline materials forming different

polar structures.

PACS: 61.30.Eb, 64.70.Md, 68.10.Cr

Tilted smectic liquid crystals [1] form a layer struc-
ture in which the long molecular axis tilt with respect
to the layer normal (Fig.1). Their orientational struc-
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Fig.1. Orientation of molecules (a) and layer structure (b)
in tilted smectics. 6; and ¢;, are the polar and azimuthal
angles. The two-component vector §; is the order parame-
ter. The helix axis is along the z direction

ture may be described by two-dimensional (2D) vectors
&;, where index ¢ stands for the ¢th layer. Modulus of
&; is the projection of the long molecular axis onto the
layer plane and so characterizes the tilt angle 6. Di-
rection of §; characterizes the azimuthal molecular ori-
entations (angle ;). Set of £; may be considered as a
two-component order parameter, whose modula |£;| and
phases ¢; describe the orientational order.

Up to 1975 only one tilted smectic was known,
namely the smectic-C' (SmC) phase (Fig.2a) in which
both polar 8; and azimuthal ¢; molecular orientations
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Fig.2. Schematic representation of nonchiral SmC' and chi-
ral SmC*, SmC}, SmCxj; structures. Orientation of ¢;
is given in the right part of each Figure. Numbers (1, 2,
3, ...) denote subsequent layers. § is the distortion angle
between £; in layers (2) and (3) in the three-layer cell of
the SmC%;, phase. In the SmCFx;, structure the modulus
of the order parameter &; is larger in layer (1) with nearly
anticlinic ordering of molecules

are constant in all smectic layers (synclinic phase). How-
ever since the order parameter of the tilted smectic is
two-component it may be expected that other tilted
structures exist in which phase (p;) and modulus (6;)
of the order parameter change from layer to layer. The
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first smectic with a non-constant over the layers phase of
the order parameter was found in 1975 [2]. It was the fer-
roelectric smectic-C* (SmC™) structure (Fig.2b). Later
in 1989 antiferroelectric smectic-C% (SmC'?) phase and
a number of subphases (SmC?%, SmC4%[,, SmC} ,) were
found [3, 4]. These phases are characterized by variation
of p; from layer to layer. In the SmC* structure &; ro-
tate slightly between nearest layers thus forming a helix
along the layer normal. In the SmC?% phase (Fig.2c), §;
alternate between almost opposite directions in neigh-
boring layers (p; 11 — ; & m, anticlinic phase). In addi-
tion, SmC" phase forms a helical structure. In SmC}
and SmC% , the variations of ¢; are richer with three
and four layer periodicity [5—8].

It was believed for a long time that all smectic struc-
tures are formed by the change only of the phase of the
order parameter. However the discrete phenomenologi-
cal Landau theory predicted [9] the existence of a smectic
structure with a variable modulus of the order parame-
ter. This structure with periodicity of three smectic lay-
ers must appear above the temperature range of the an-
tiferroelectric phase. A reliable candidate for this struc-
ture is the SmC}%;, phase. Theory [9] pointed the way of
detecting this new structure. If the structure is formed
only by change of the azimuthal angle ;, the electron
density is constant in different layers. In such a struc-
ture the satellite Fourier harmonics at the wave vectors
Q = @1 (1 £ n/3), with integer n, may be observed only
in resonant X-ray scattering (Q1 = 2w/d, d is the layer
thickness) [5—8]. However the difference in the modu-
lus of the order parameter 8; leads to the modulation of
the layer thickness d; = dg cos ;. This modulation of d;
should result in one-third satellites to the main diffrac-
tion peaks for conventional (non-resonant) diffraction.
It was a challenge to experiment since this unique struc-
ture was predicted by the model that has already ex-
plained the structure of a number of liquid crystals but
with change of only the phase of the order parameter.
Recently [10] one-third non-resonant Bragg reflections
were indeed found in the SmC'%,;; phase which confirmed
that SmCF.;; phase is the structure with modulation of
electron density from layer to layer in the three-layer
cell.

In this paper, the structure of the SmC7,;; phase was
calculated in agreement with experimental observations
[10]. Values of the interlayer interactions were deter-
mined in materials with various sequences of the polar
phases. In the three-layer structure the modulus of the
order parameter (tilt angle 6;) is larger in the layer with
nearly anticlinic ordering and smaller in two layers with
nearly synclinic ordering between them and anticlinic
ordering between another nearest layer.

The discrete phenomenological Landau model of the
phase transitions [11 —18] was used to describe the many
possible structures observed experimentally. The basic
expression for the free energy with interactions between
nearest smectic layers reads [11-18]:

1 1
F = Z [Ea(T -T*)& + Zboff +

+ %alﬁiﬁiﬂ +0187 (€ 1€ + €iin) | (1)

where the first two terms describe the transition between
nontilted SmA and tilted SmC phases in noninteracting
layers. Next two terms describe the coupling between
the nearest-neighbor (NN) layers. Interlayer interac-
tions stabilize the synclinic structure (SmC') for negative
coefficients a; and b; and anticlinic structure (SmC4) for
positive a; and b;. The fourth term due to biquadratic
interaction becomes more essential at low temperature,
when the tilt angle is larger. The free energy in the form
(1) may describe nonchiral SmC and SmCy structures
and the transition between them.

In our calculations, we also used three additional
terms in the free energy [11—-18]:

F = me & % §i+1]2a (2)
F, = Ef [ﬁz X £i+1]z’ (3)

and
F3 =) astiirs. (4)

The first term describes the energetic barrier be-
tween synclinic and anticlinic structures. The polar
phases are observed in compounds with chiral molecules
[19]. We introduced in the free energy the so-called Lif-
shits term (3) providing the chiral interaction. The third
term F3 favors anticlinic orientation in the next-nearest
neighbor (NNN) layers for positive as. This orientation
is incompatible with both synclinic and anticlinic struc-
tures. Competition between NN and NNN interactions
may lead to frustration and formation of nontrivial com-
promise structures. One of the ways for releasing the
frustration is the formation of the structure with change
of both the phase and the modulus of the order parame-
ter.

In the calculations we set by equal to 1, thus a was
measured in 1/K and the other coeflicients were dimen-
sionless. The calculations of the structures were per-
formed by means of numerical minimization of the free
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energy (1)—(4) over #; and ; in all layers. The method of
numerical minimization was described earlier [17]. The
number of layers was taken from 50 to 500 in order that
the surface effects do not influence the most part of the
sample.

We first consider a simple transition between syn-
clinic SmC* and anticlinic SmC% phases. This transi-
tion may be described by the free energy Fy + F; + F.
In both phases the tilt angle € is constant in all smectic
layers. For comparison with experiments the results of
measurements of the SmC*-SmC? transition [20] were
chosen with a large change of the tilt angle 8 at the
transition between synclinic and anticlinic structures.
Results of the calculation are shown in Fig.3. Arrows
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Fig.3. The tilt angle versus temperature in the phases with
synclinic (SmC™) and anticlinic (SmC?) structures. The
results of calculations correspond to the jump of the tilt
angle in MHPB(F)PBC [20]. The set of model parame-
ters is & = 0.024 K=, a; = —3.32-1072, b, = 7.3 - 1072,
a2=5-10"%, f=10""*

point the temperature of the phase transition and tilt
angles just before and after the transition. The main fea-
tures of the phase transitions [20] may be well described
by the theory. Different terms of the free energy are
responsible for the specific features of the temperature
dependence of the tilt angle. a is responsible for the tem-
perature dependence of # without interlayer interaction.
The ratio between F, and interlayer interactions (two
last terms in (1) and the barrier term F;) determines
the helical pitch p. Notice that for p > 100 layers the
tilt angle and the characteristics of the phase transition
are scarcely affected by the chiral term. The main pe-
culiarities of the transition are determined by quadratic
and biquadratic interlayer interaction in the free energy
Fy. Relative values of a; and b; determine the temper-
ature of the synclinic-anticlinic transition. The absolute
values (with respect to by = 1) determine the change of
0 at the transition. Jump of @ at the phase transition
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points differs essentially in different compounds. The
transition may occur even without noticeable change in
0 [21, 22]. So the value of the interlayer interaction may
vary in a wide range (for the case of the transition in
Fig.3 the value a; equals —3.32- 1072).

The predicted difference of @ in the three-layer smec-
tic stucture [9] depends on the interlayer interaction. In
the investigated compounds with ferrielectric phase the
change of # at the phase transitions was not observed (or
it is too small). It is likely that this was the reason that
the structures with change of both phase and modulus
of the order parameter were not discovered for a long
time.

Now we consider smectics with polar subphases. The
non-resonant peak with wave vector @ = 4/3@Q; in the
three-layer SmC},;, structure was detected in experi-
ment [10]. We remind that previously only resonant
peaks were observed [5—8] that appear since the struc-
ture factor becomes a tensor near the absorption edge of
atoms and depends on molecular orientation in smectic
layers [23]. According to model [9] the non-resonant
scattering in the three-layer SmCF, structure is re-
lated to the difference in #; and hence layer thickness
d; = dg cosf; in smectic layers. In the three-layer cell
of the ferrielectric structure (Fig.2d) the molecules in
layer (1) form nearly anticlinic structures with molecules
in nearest layers. The molecules in layer (2) form nearly
anticlinic structures with molecules in layers (1) and
nearly synclinic structure with molecules in layer (3).
Similar molecular environment exists for molecules in
layer (3). So tilt angle §; and layer thickness must dif-
fer in layer (1) and (2), (3). Modulation in layer thick-
ness leads to non-resonant scattering. In the model with
a sinusoidal electron density within each smectic layer,
the ratio of the satellite Fourier harmonics to the main
harmonic with @; can be easily calculated. For the har-
monics with wave vectors in the vicinity of (); they read:

Ays _ 1243 Ad (5)
A 497 d

for @ = 4/3Q: and
Asjz 45\@& (6)
A1 N 1287 d

for @ = 5/3Q1, where Ad is the difference in layer thick-
ness Ad = dy3) — di- Eqgs. (5), (6) were obtained in a
linear over Ad/d approximation. At Ad/d ~ 2.8-1073
and Af = 6, — 0> =~ 0.7° the ratio of the main Bragg
to satellite peak corresponds to the measured value [10].
To determine Af the mean value of the tilt angle in the
SmCF, phase was taken to be 13° [24]. Additional test
of our model is as follows. According to Egs. (5), (6)
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the ratio between the intensities of two satellite peaks
I/3/1I5/3 = 17.5. Approximately the same ratio was ob-
served in experiment [10].

Non-resonant scattering in the four-layer SmC5 |,
phase can appear due to distortion of the orientational
order when the layers in the unit cell have different elec-
tronic density [25]. However, up to now nonresonant
scattering in the SmC;, phase was not observed.

The non-resonant X-ray diffraction was found in the
three-layer SmC}, structure [10] in chiral liquid crystal
MHPOBC with sequence of phases: SmC%, SmCF;,,
SmC%p,, SmC, SmA. For their description the frus-
tration interaction F3; must be also introduced in the
free energy expansion. Chiral interaction F» leads to
formation of macroscopic helix and nonzero distortion
angle ¢ (Fig.2d) in SmC}, and SmC},, phases [26—
29]. The experimentally observed phase sequence was
obtained in calculations (Fig.4) by choosing appropriate
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Fig.4. The temperature dependence of the tilt angle in
SmC% (circles), SmCF;; (triangles), SmC%;, (squares),
SmC7, (diamonds), SmA (stars) phases. Up and down tri-
angles (SmC7};; phase) correspond to layers denoted 1 and
2(3) in Fig.2d. Schematic representation of the three-layer
cell of the SmC}, structure is shown in the lower part of
the Figure. The set of model parameters is a=0.015K™?,
a1 = 245-107%, by = 4.8 1073, a2 = 5.05 - 107?,
f=98-10"*a3=7-10"2

values of model parameters. The temperature range of
the SmC%; phase correlates with the experimental ob-
servations [10, 24]. In the ferrielectric SmC};, phase the
tilt angle @ splits into two branches. The difference in
the tilt angles Af =~ 0.7° (Fig.4), i.e., corresponding to
the value given above. The tilt angle is larger in layer (1)
forming anticlinic ordering both with nearest and next-
nearest neighbor layers (two layers on each side). Inter-
actions with NN layers for positive a;, by and frustration
interaction (NNN layers) favor anticlinic ordering and
increase the tilt angle 6,. In antiferroelectric SmC’ only

NN interaction favors the structure of this phase. This
is the reason why at SmC%-SmC7,;, transition the tilt
angle 6; is even higher than in the lower temperature
SmC% phase (Fig.4). Layers (2) and (3) form favorable
anticlinic orientation only with two layers. Synclinic ori-
entation with other two layers decreases the tilt angles
in layers (2) and (3).

It is important to note that non-resonant satellite
peaks were found only in the three-layer (SmCpp)
structure [10]. In other phases (SmC%, SmC% ,) the
satellite peaks were observed only in resonant scatter-
ing. This means that SmC'}.}; phase is formed by layers
with different electronic density whereas other phases
are formed by layers with constant thickness and tilt
angle. It is just such structures and X-ray scattering
that were predicted by theory [9]. In summary one may
state that smectic liquid crystal with the change of the
phase and the modulus of the order parameter exists in
the nature.
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