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A detailed x-ray scattering and high-resolution ac calorimetric study has been carried out near the smectic-
A to chiral smectic-C phase transition of liquid-crystal compounds 4-�2-methyl butyl� phenyl 4-
n-octylbiphenyl-4-carboxylate �CE8� and p-�n-decyloxy� benzylidene-p-amino-�2-methylbutyl� cinnamate
�DOBAMBC� confined in hydrophilic and hydrophobic aerosil nanoparticle networks. The character of the
transition, which is mean field near a tricritical point in bulk, is changed dramatically with an increase of
aerosil-induced disorder. X-ray measurements revealed pretransitional behavior and compression of the smec-
tic layers, phenomena that are strongly pronounced in high aerosil concentrations. A theoretical model that
takes into account the interplay of relevant mechanisms is proposed to explain the observed phenomena. The
effect of chirality on the interaction of liquid crystals with aerosils is discussed.
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I. INTRODUCTION

The past decade has evidenced a rapidly increasing inter-
est in mixtures of liquid crystals �LCs� with aerosil spherular
particles �1–6�. These mixtures constitute experimental
model systems to study the influence of random-type disor-
der on the behavior of phases with a broken continuous sym-
metry. By changing the mass density �a of the aerosil par-
ticles, at least three qualitatively different random field
regimes experienced by the LC molecules are encountered
�2,3�. In the dilution regime ��a�0.01 g/cm3�, the aerosil
particles almost independently float in the liquid LC
environment ��a=ma /Vlc=ma�lc /mlc, where ma stands for the
mass of silica particles, while mlc, Vlc, and �lc stand for the
mass, volume, and density of LC, respectively�. For
0.01��a�0.1 g/cm3, the aerosil particles form a responsive
gel-like structure, which characterizes the soft regime. Con-
sequently, the LC phases experience partially annealed ran-
dom field-type disorder. The aerosil network can rearrange in
order to partially relax the local elastic stress by the LC
component. For �a�0.1 g/cm3, the stiff regime is entered.
The aerosil network forms a rigid structure that enforces
upon the LC a quenched random field-type disorder.

In addition, these systems are of great interest for the
physics of adaptive networks �7�. In the language of network
physics, the diluted, soft, and stiff regimes correspond to the
so called floppy, intermediate, and rigid network configura-
tion �8�, respectively. LC-aerosil mixtures are also of interest
for their potential for various electro-optical applications,
particularly due to their gray-scale capabilities.

The initial studies mainly focused on the influence of
aerosil particles on the isotropic to nematic �I-N� and nem-
atic to smectic-A �N-Sm-A� phase transitions �2,3,9–18�. One
of the important findings of these studies is that the presence

of aerosils presumably destroys the quasi-long-range smectic
ordering �1,19�. The pseudophase transition-temperature
shifts exhibit in general nonmonotonous behavior as a func-
tion of �a �2,18,20�. High-resolution calorimetric measure-
ments at the N-Sm-A phase transition clearly reveal finite-
size effects �17�. Furthermore, with increased �a the coupling
between the nematic and smectic order parameter is de-
creased �9� leading to three-dimensional �3D� XY-like behav-
ior on approaching the stiff regime �2�.

Studies on the phase behavior across the smectic-A to
smectic-C �Sm-A–Sm-C� or smectic-A to chiral smectic-C
�Sm-A–Sm-C*� phase transitions have also been reported
recently �5,21–29�. The dielectric studies �21,22� on chiral
CE8 liquid crystal reveal that the Goldstone mode exhibits
bulklike response for �a�0.1 g/cm3 and vanishes for
�a�0.1 g/cm3. On the other hand, the soft mode shows dra-
matic changes in the behavior for all �a in comparison with
the pure bulk sample. This is expected to be due to local
variations in smectic layer spacing. The latter prediction is in
line with recent x-ray scattering measurements �5�. These
studies also indicate that the aerosil network enforces a finite
tilt of LC molecules with respect to the smectic layer normal
even in the Sm-A phase. However, this behavior was not

observed in nonchiral 8̄S5 samples �23� in which pure bulk-
like features were observed even for �a�0.1 g/cm3. This
suggests that the weakly polar LC molecules experience a
weaker pinning field due to the aerosil network than the
strongly polar and chiral materials do. Furthermore,
calorimetric studies reveal that with increasing �a, the
Sm-A–Sm-C pseudocritical heat capacity �Cp� anomaly ex-
hibits crossover from a tricritical mean-field �MF� toward a
simple steplike MF behavior �25�.

Note that the presence of quenched disorder in general
triggers glassy features, as minimal theoretical models �i.e.,
Heisenberg or Ising-type models with different origins of
quenched disorder� suggest �30�. In particular, if a pure sys-
tem phase suffers a loss of continuous symmetry, even an*Electronic address: nounesis@rrp.demokritos.gr
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arbitrary weak disorder breaks the long-range order of the
system in spatial dimensions less than 4. This so called
Imry-Ma theorem �31� also predicts that the resulting glassy
phase exhibits a short-range order �SRO�. Glassy features
have been clearly manifested experimentally in various ran-
domly perturbed magnetic systems �30�, with the exception
of the Imry-Ma prediction. Namely, it was shown latter that a
weak enough disorder can give rise to a glassy phase with a
quasi-long-range order �QLRO� �32,33�. The influence of
quenched disorder is expected to be large in various LC
phases because of their soft character and broken continuous
symmetries. However, recent experimental studies in LC-
aerosil mixtures report on apparent glassy features only at
the I-N transition. Thermal history-dependent results were
observed by Bellini et al. �34,35� in different cyanobiphenyl
LCs by means of turbidity study, supported by Monte Carlo
simulations using modified Lebwohl-Lasher �36� interaction.
Care was taken that the observed memory effects were not
due to the restructuring of the aerosil network. In addition,
these studies confirmed the Imry-Ma prediction and SRO for
LC-aerosil mixtures. Particular attention was paid to the
double-peak specific-heat temperature dependence at the
I-N transition �4,37,38�. It was claimed that this feature sig-
nals the transition from the random diluted to random field
regime as the temperature is lowered. Both peaks show hys-
teresis and frequency dependence �4,38�, which is particu-
larly pronounced for the lower-temperature peak. However,
hysteretic effects have not yet been clearly observed in smec-
tic phases �16�. The reason behind this is not yet clearly
understood �4,38�. It is possible that the dynamics of the
system are fast enough to find equilibrium within the experi-
mental time. There are also speculations �38� that in the nem-
atic phase, memory effects appear due to the pinning of to-
pological line defects, the position of which cannot be
significantly altered at lower-temperature smectic phases.

In this contribution, we present a systematic experimental
and theoretical study on the influence of �a of hydrophilic
and hydrophobic aerosil particles on the Sm-A–Sm-C* phase
transition of the LC compounds CE8 and DOBAMBC. For
comparison, measurements on the nonchiral compound 4-

n-pentyl-phenylthiol-4�-n-octyloxybenzoate �8̄S5� have also
been carried out. X-ray scattering and high-resolution calo-
rimetry were used in order to measure the smectic-layer
thickness �d�, the tilt angle ���, and the heat capacity as
functions of temperature and �a. Specifically, we show that
the smectic layer thickness exhibits anomalous compression
with increasing �a. The impact of the nanoparticle density is
more pronounced in chiral samples, revealing a density-
induced soft-stiff transition in the aerosil network. For the
theoretical description, we use the Landau-Ginzburg type of
phenomenological approach in order to discuss different pos-
sible origins that can influence the observed d��a� depen-
dence and related ���a� pretransitional phenomena.

The organization of the paper is as follows. Section II
consists of a brief description of sample preparation and the
experimental setups. In Sec. III, the Landau-Ginzburg model
is described focusing on the Sm-A–Sm-C* phase transition.
The experimental results are presented in Sec. IV followed
by a theoretical analysis in Sec. V. In Sec. VI, the discussion

of experimental results is given within the frame of the
model introduced in Sec. III. Finally, the conclusions are
presented in Sec. VII.

II. EXPERIMENTAL PROCEDURES

Two kinds of silica nanoparticles were used as disorder
agents, the hydrophilic aerosil 300 and the hydrophobic aero-
sil R812. They are both produced by Degussa and they are
spherical in shape, with a diameter of 2Ra�7 nm and an
active surface area of a=300 and 260 m2 g−1, respectively.
The LC compound CE8 was supplied by Merck and was
used without any additional treatment; DOBAMBC was

synthesized at Jožef Stefan Institute and 8̄S5 at Kent State
University.

Prior to mixing with LC, the aerosils were heated up to
700 K for drying and burning of possible organic impurities.
The samples were prepared by dilution of both LC and aero-
sils in ultrapure acetone, using the method described in detail
elsewhere �5,39�. After mixing, the samples were kept in the
Sm-A phase until measurements were performed. For both
x-ray and calorimetric experiments, the samples were in-
stantly heated up to the isotropic phase, and then slowly
cooled down to the smectic phases.

To define the aerosil concentration, in the mixture
with LC, the temperature-independent parameter x=ma /
�ma+mlc� was used. Taking into account that the density of
LCs is very near 1 g/cm3 and ma�mlc in most LC and aero-
sil mixtures, the values of parameters x and �a are relatively
close to each other. Samples of various concentrations were
prepared for both CE8 �x=0.05,0.10,0.12,0.135,0.15,0.25
hydrophilic and x=0.025,0.05,0.15 hydrophobic� and
DOBAMBC �x=0.03,0.08,0.15,0.25 hydrophobic� com-

pounds. One concentration of 8̄S5 �x=0.15 hydrophobic�
was also measured.

For x-ray measurements, the samples were placed in thin
tubes �Hilgenberg-Mark tubes of 1 mm inner diameter� and
were then attached to a computer-controlled heating stage by
Instec Inc., with a temperature stability of ±0.01 K.
Measurements were taken at selected temperatures in both
Sm-A and Sm-C* phases. The x-ray setup consists of a
Rigaku RUH3R rotating anode generator, operating at
5.4 kW and producing a beam of �=1.5416 Å �Ka line of
Cu�. Flat graphite was used as a monochromator. Point fo-
cusing of the beam �0.3	0.3 mm2� was attained by double
focusing mirrors by Molecular Structure Co, in continuous
He flow. The detector was an R-axis IV double imaging plate
system �area of 300	300 mm2� built by Molecular Structure
Co. The pixel size was 100	100 
m2, corresponding to a
reading time of 3 min, and the sample-to-detector distance
during experiments was set to 279 mm. The dynamic range
of this system is 106 and the resolution is 0.004 Å−1 �half-
width at half maximum�. The exposure times were adjusted
from 3 min �bulk LCs� up to 10 min �high aerosil concentra-
tions� in order to achieve a clear spectrum, even for the
second-harmonic Bragg peak.

For the calorimetric measurements, the samples were
placed in silver cells thermally linked to a temperature sta-
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bilized bath through supportive wires and air. The ac Cp data
were acquired by a computerized calorimeter. A detailed de-
scription of this technique can be found in Refs. �40–42�. In
order to obtain the net Cp of the sample, the Cp of empty cell
was subtracted from the raw data. Typical scan rates were
70–100 mK/h near the transition temperature and
200–400 mK/h away from it.

III. MODEL

We consider a nonchiral thermotropic LC exhibiting the
continuous Sm-A–Sm-C phase transition at T=Tc. A sim-
plest possible model is taken into account in order to repro-
duce qualitatively the observed results. We focus on equilib-
rium phenomena. Glassy features that might arise due to the
random character of the aerosil network are not considered.
The LC ordering is described with the nematic director field
n� and the smectic complex order parameter �=�ei. The unit
vector n� reveals the average local orientational ordering of
rodlike LC molecules. The degree of smectic layering is de-
termined by the translational order parameter � and the po-
sition of layers by the phase factor . The model we use can
also well describe the chiral case. This is due to the fact that
the main phase behavior features are controlled by the pri-
mary order parameter �. The tilt-induced polarization, which
is related to the chirality, plays a secondary role within this
context �43�.

In terms of these continuum fields, we express the free
energy F=Fv+Fi of the liquid crystal as the sum of volume
Fv=�fvd3r� and the interface contribution Fi=�f id

2r�. The first
integral is carried out over the entire volume occupied by the
LC phase and the second one over the LC-aerosil interface,
respectively.

In the simplest approximation, we express the volume
free-energy density as �44–46�

fv =
K

2
��n� �2 + CII��n� · �− iq0���2 + C���n� 	 ����2

+ �
p=1,2

Dp��n� 	 ����2�p+1�. �1�

The first term in fv enforces a homogeneous uniaxial or-
dering along the symmetry breaking direction given by n� ,
where K represents an average Frank nematic elastic con-
stant.

The remaining terms in Eq. �1� determine the translational
LC ordering. The term weighted by the compressibility
smectic elastic constant CII is referred to as the compressibil-
ity term. In the Sm-A phase, it tends to establish the layer
periodicity given by q0=2� /d0 for n� pointing along the
smectic layer normal ��s= �

��� . The corresponding phase fac-
tor can be expressed as �r��=q0n� ·r�. The smectic bend elas-
tic term is weighted by the smectic bend elastic constant C�.
This constant is assumed to exhibit a linear temperature de-
pendence close to the Sm-A–Sm-C phase transition tempera-
ture Tc. Thus

C� = C�
�0��T − Tc� , �2�

where C
�

�0� is a constant. For T�Tc, the smectic bend elastic

constant is positive, tending to align n� along �s
� . For T�Tc,

in the Sm-C phase, a tilt of LC molecules with respect to �s
�

is enforced due to C��0. In Eq. �1�, the terms weighted
with the positive elastic constants D1 and D2 are introduced

to stabilize the resulting cone angle �=arccos�n� ·�s
� � at

��� /2. By varying the relative strength of these two terms,
the cases simulating either the mean-field or tricritical-like
mean-field behavior are roughly reproduced. Namely, these
terms are proportional to �2�p+1� for a spatially homogeneous
tilt and ��1.

We can express the volume part free-energy density for
the homogeneous case, in which n� , �, and smectic periodic-
ity q are spatially homogeneous and the phase factor is ex-
pressed as =q��s .r�. It follows that

fv = �2CII�q cos � − q0�2 + �2C�q2 sin2 � + �4D1q4 sin4 �

+ �6D2q6 sin6 � . �3�

By introducing new variables y=q cos � and z=q sin �, we
obtain

fv = �2CII�y − q0�2 + a0tz2 + bz4 + cz6, �4�

where t= �T−Tc� /Tc is the reduced temperature,
a0=C

�

�0�Tc�
2, b=D1�4, and c=D2�6. We minimize the free

energy density for a constant value of �. The solution to the
equations

�fv

�y =0,
�fv

�z =0 yields the following solution in the
elastically undistorted Sm-C phase:

� = �eiq�s
� ·r�, �5�

q = q0 cos � , �6�

� = arctan	
bq0
2

3c
�
1 −

3t

t0
− 1� . �7�

The value of dimensionless parameter t0= b2

a0c distinguishes
�47� well between the MF and tricritical MF-type behavior.
The latter is realized for t0�1.

The corresponding equation for the heat capacity for
small values of � reads �47�

Cp = �A
T

Tc
�Tm − Tc

Tm − T
�1/2

+ B + CT if T � Tc

B + CT if T � Tc.
� �8�

Here A=
a0

2

2bTc
is the heat capacity jump at Tc, Tm= � t0

3 +1�Tc,
and the constants C and B are considered taking into account
a linear background in Cp.

In the interface free-energy contribution, we take into ac-
count only the orientational anchoring term. Using the
Rapini-Papoular formula �48�, we express it as

f i =
W

2
�1 − �es

� · n��2� . �9�

The positive constant W is the surface anchoring strength and

es
� defines the surface easy axis �i.e., the surface free-energy

density term is minimized if n� is aligned along es
� �. In our

samples, the aerosils enforce homeotropic anchoring, for
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which the LC molecules tend to be aligned along the LC-
aerosil interface normal.

The main part of the analysis is carried out in the Sm-A
phase where, in addition to the mean aerosil void size
l0�2/ �a�a� �2� and the aerosil unit radius R, the following
characteristic lengths can be introduced �46�: the orienta-
tional anchoring extrapolation length de and the penetration
lengths �II, ��. They are conventionally expressed as

de =
K

W
, �10�

�II =
 K

�2q0
2CII

. �11�

�� =
 K

�2q0
2C�

. �12�

A quantity of interest is also the layer compression

�d = d0 − d . �13�

Here d0=2� /q0 describes the equilibrium smectic spacing
as observed in bulk samples, and d=2� /q stands for the
spacing that is measured for the LC-aerosil mixtures.

At this point, we introduce the following quantities
characterizing the aerosil-LC mixture, which will be used
later. The spherular aerosil particles of mass density
�s�2.2 g/cm3 have a radius Ra�3.5 nm. These particles
often form aggregates. We describe the average radius of
such an aggregate by R=naRa, where na typically ranges
between 1 and 3. The quantity Na=ma /Ma counts the num-
ber of aerosil particles in the system; Ma is the molecular
mass of an aerosil particle, which occupies the volume
va�4�Ra

3 /3. Taking into account that ma=�aV and Ma
=�sva, it follows that

Na �
3VLC

4�Ra
3

�a

�s
�

3VLC

4�Ra
3

�LC

�s
x . �14�

IV. EXPERIMENTAL RESULTS

In this section, the results for the three LC compounds are
presented, starting from the chiral CE8 and DOBAMBC. The
chemical formula, phase sequence, and transition tempera-
tures for each LC compound—CE8, DOBAMBC, and

8̄S5—are shown in Fig. 1.
In Fig. 2�a�, the normalized intensity of x-ray spectra ver-

sus the wave vector q is shown for bulk CE8 and two hydro-
philic aerosil concentrations x=0.05 and 0.15. In the case of
the aerosil mixtures, one can observe for low q values a
broad scattering peak with a maximum around 6.8 nm cor-
responding to the nanoparticles. With increasing q, the first-
and second-harmonic quasi-Bragg smectic peaks can be
clearly seen. In Fig. 2�b�, the first-harmonic peaks are plotted
as a function of q−qo. Significant broadening is observed for
both aerosil concentrations. This broadening cannot be attrib-
uted solely to the finite-size effects �5�; additional reasons
have to be sought.

As shown in Fig. 3�a�, the smectic layers are also com-
pressed above the transition temperature for CE8 and hydro-
philic aerosil mixtures. This pretransitional behavior in tilt
angle � becomes dramatically pronounced at high aerosil
concentrations �Fig. 3�b��. In the same figure, the solid line
represents a fit of � for bulk CE8 using the extended mean-
field model �47�. The ��T� profiles have thus been fitted us-
ing the Eq. �7� only for x�0.10. Higher concentrations could
not be adequately fitted due to extended smearing of the tilt
angle data near the transition.

The character of the transition is strongly affected by the
concentration of aerosils. Figure 3�b� shows the impact of
concentration on the tilt angle. For high x values, the values
of the tilt angle deep in the Sm-C* phase are increasingly
suppressed, while above Tc the induced pretransitional mo-
lecular tilt can be detected for high temperatures in the
Sm-A phase. Similar behavior was also observed for the hy-
drophobic mixtures, as illustrated in Fig. 4. Slight differences
can be observed in the magnitude of the tilt angle suppres-
sion deep into the Sm-C* phase as well as in the width of the
temperature range in which pretransitional effects are detect-
able.

The strong impact of aerosil-induced disorder upon the
Sm-A–Sm-C* transition of CE8 is also confirmed by mea-
surements of Cp using a high-resolution ac calorimeter. The
plot of Cp versus temperature for CE8 and three hydrophilic
mixtures �Fig. 5� shows the dramatic change in the shape of
the transition. Similar to the order parameter �, the Cp data

FIG. 1. The chemical formulas, phase sequences, and transition
temperatures of the three liquid crystals CE8, DOBAMBC, and

8̄S5.
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for bulk LC can be well fitted by using the extended mean-
field ansatz �8�. With increasing concentration x of hydro-
philic aerosils, the Cp anomaly is strongly suppressed and
increasingly smeared. As aerosil concentration is increased,
the ratio b /c obtained from fits of both x-ray and Cp data
increases �Table I� for both CE8 and DOBAMBC mixtures,
indicating a crossover from the mean-field tricritical to the
classical mean-field behavior.

The impact of aerosils is much stronger compared to the
recently published results on the Sm-A–Sm-C transition of

8̄S5 �25�, where a crossover from mean-field tricritical to
classical mean field �steplike evolution of Cp� was observed.
In that case, even for concentrations higher than the ones
measured here, the trace of the Sm-A–Sm-C transition is
clearly observable. Both x-ray and calorimetric results sug-
gest that the Sm-A–Sm-C* transition of chiral LCs is more
susceptible to the aerosil-induced disorder, in contrast with
the Sm-A–Sm-C transition of nonchiral compounds, which
retains bulklike features even for high aerosil concentrations
�23,25�.

Similar heat capacity results were observed in the case of
the hydrophobic aerosils �Fig. 6� with slightly less pro-
nounced smearing compared to the case of hydrophilic aero-
sils. Variations on the enthalpies, transition temperatures, as
well as the magnitude of the Cp jump are shown in Fig. 7.

In order to check the influence of aerosils on other polar
and nonpolar compounds, the same set of experiments was

performed on DOBAMBC and 8̄S5 hydrophobic aerosil

mixtures. DOBAMBC is more polar but less chiral than
CE8. Furthermore, it lacks N phase, i.e., the Sm-A phase

melts directly to the I phase. In contrast, 8̄S5 is nonchiral and
is less polar than CE8 and DOBAMBC. In Fig. 8�a�, a wide
range x-ray intensity versus wave vector q is shown for

FIG. 2. �a� A wide-range x-ray spectrum of normalized intensity
vs the wave vector q for CE8 bulk �solid line� and two hydrophilic
aerosil mixtures x=0.05 �dashed line� and x=0.15 �dotted line� is
shown. �b� The first harmonic quasi-Bragg peak for all samples is
plotted versus q−qo.

FIG. 3. �a� The smectic layer thickness �d� as a function of
temperature �for clarity only selected data sets are shown� for CE8
and hydrophilic aerosil 300. �b� The tilt angle ��� vs temperature is
shown for CE8 bulk �solid circles�, x=0.05 �open circles�, x=0.10
�open triangles�, x=0.12 �stars�, x=0.15 �open squares�, and
x=0.25 �solid squares�. The solid line represents the fit of bulk CE8
data using the extended mean-field ansatz.

FIG. 4. The tilt angle ��� vs temperature for bulk CE8 �solid
circles� and hydrophobic aerosil mixtures x=0.025 �open circles�,
x=0.05 �open triangles�, and x=0.15 �stars�. The solid line is a fit of
CE8 bulk data using an extended mean-field ansatz.
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DOBAMBC bulk and two hydrophobic aerosil mixtures.
Similar to what was found for CE8, the significant change of
the background intensity is observed with increasing x, and
clear first- and second-harmonic quasi-Bragg smectic peaks
appear at higher values of q. The smectic peaks are becom-
ing more broadened with increasing x �Figure 8�b��, as in the
case of CE8.

Pretransitional behavior of the tilt angle is also recorded
in the case of DOBAMBC+aerosil mixtures, though it is less
pronounced than for CE8. The tilt angle data of small con-
centrations �x=0.03 and 0.08� can be nicely scaled to those
of bulk �Fig. 9� if plotted versus T−Tc, apart from a small
temperature range near Tc where a pretransitional behavior
was observed. This behavior becomes pronounced at higher
x values �x=0.15 and 0.25�. The influence of disorder is

milder compared to CE8, but still more intense than for 8̄S5
�23�. In contrast to CE8, the transition temperature shift is
considerably bigger in the case of DOBAMBC. For CE8,
only a slight Tc shift �smaller than 1 K� increasing monotoni-
cally with x was observed, while in DOBAMBC the tem-
perature shifts are exceeding the 10 K for higher concentra-

tions. The Tc shift in DOBAMBC is plotted in Fig. 10.

The situation is different in the case of 8̄S5. Mixtures of
this compound with hydrophilic aerosils were studied in de-
tail by means of x-ray scattering �23� and calorimetry �25�.
In order to make a direct comparison with the chiral com-

pounds CE8 and DOBAMBC, one mixture of 8̄S5 with hy-
drophobic aerosils was studied here �x=0.15� by x-ray scat-
tering. In agreement to what was previously reported for the
hydrophilic mixtures �23�, a shift of about 3 K occurs for the
transition temperature in the case of x=0.15, while the scat-
tering profiles retain sufficient bulklike features �contrary to
the respective hydrophobic mixtures of CE8 and
DOBAMBC�. In Fig. 11, the smectic layer thickness versus

T−Tc is shown for bulk 8̄S5 and aerosil mixture of x=0.15.
Much smaller compression of smectic layers is observed here
�Fig. 12� than in the case of CE8 and DOBAMBC. Figure 12

TABLE I. The fitting parameters b /c in rad2 as defined in �47�
and Tc obtained from x-ray data of CE8 and DOBAMBC.

Sample x b /c Tc �K�

CE8 0 0.088 357.88

CE8+aerosil 300 0.05 0.134 357.50

CE8+aerosil 300 0.10 0.144 357.25

CE8+aerosil R812 0.025 0.155 357.86

CE8+aerosil R812 0.05 0.229 357.84

DOBAMBC 0 0.016 366.45

DOBAMBC+aerosil R812 0.03 0.091 357.99

DOBAMBC+aerosil R812 0.08 0.105 356.35

DOBAMBC+aerosil R812 0.15 0.131 354.20

FIG. 5. Heat capacity �Cp� peak vs temperature for bulk CE8
�solid circles� and hydrophilic mixtures x=0.05 �open circles�,
x=0.10 �open triangles�, and x=0.15 �stars�. The solid line is a fit of
CE8 bulk data using an extended mean-field ansatz.

FIG. 6. Heat capacity �Cp� peak vs temperature for bulk CE8
�solid circles� and hydrophobic mixtures x=0.025 �open rhombus�,
x=0.05 �open circles�, and x=0.15 �stars�. The solid line is a fit of
CE8 bulk data using an extended mean-field ansatz.

FIG. 7. The enthalpy of the Sm-A to Sm-C* phase transition for
bulk CE8 �solid circles�, hydrophilic �solid triangles�, and hydro-
phobic mixtures �open triangles�. In the inset, the magnitude of the
Cp jump at Tc is shown.
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shows the reduced compression of layers �do−d� /do deep in

the Sm-A phase for all CE8, DOBAMBC, and 8̄S5 mixtures.

V. THEORETICAL ANALYSIS

In this section, we present different mechanisms likely
contributing to the observed behavior. We first estimate the
condition under which the aerosil concentration is high
enough to trigger global structural change upon the LC or-
dering. We then discuss different possible mechanisms giv-
ing rise to the measured smectic layer shrinkage.

A. Aerosil-induced global orientational deformation

We estimate the condition where a global LC elastic de-
formation is expected due to the presence of aerosil particles
in the nematic and smectic-A phase. For this purpose, we
compare the free energies of the system with �i� homoge-
neous and �ii� distorted LC ordering.

In case �i� we assume that the system’s ordering is negli-
gibly influenced by the aerosil particles. The resulting free
energy of the system is then approximately Fhom�AiW. In
this case, all significant free-energy costs arise from the mis-
alignment at the LC-aerosil interface. The subscript “hom”
labels homogeneous structure with negligible pretilt. The
quantity Ai�N4�R2 estimates the surface area of the LC-

aerosil aggregate interface, where N stands for the number of
aerosil aggregates.

In the competing distorted configuration, the conditions at
the aerosil-LC interface are strictly obeyed. Consequently,

FIG. 8. �a� A wide-range x-ray spectrum of normalized intensity
vs the wave vector q for bulk DOBAMBC �solid line� and two
hydrophobic aerosil mixtures x=0.03 �dashed line� and x=0.15
�dotted line� is shown. �b� The first harmonic peak for all samples is
plotted versus q−qo.

FIG. 9. �a� The smectic layer thickness �d� of bulk DOBAMBC
and hydrophobic aerosil mixtures is plotted as a function of T−Tc

�for clarity, only selected data sets are shown�. �b� The tilt angle ���
vs T−Tc is shown for bulk DOBAMBC �solid circles�, x=0.03
�open circles�, x=0.08 �open triangles�, x=0.15 �solid squares�, and
x=0.25 �stars� mixtures. The solid line represents the fit of bulk
DOBAMBC data using the extended mean-field ansatz.

FIG. 10. The shift of Tc vs concentration x for the various hy-
drophobic aerosil dispersions in DOBAMBC. The dotted line is a
guide to the eye.
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the anchoring contribution is negligible. However, this trig-
gers elastic distortions in the remaining volume occupied by
LC molecules. In a volume l0

3 the elastic free-energy density
penalty in the orientational ordering is approximately given
by K / l0

2. Here we have assumed that a typical elastic orien-
tational distortion evolves over the material-characteristic
length l0 of the sample. In the smectic-A phase, we roughly
estimate the smectic elastic free-energy density penalty due
to the deviation of LC molecules from the smectic layer
normal by C��2q0

2��2�. Here the smectic part of the free
energy density is expanded up to second order in the tilt
angle � and �¯� stands for the spatial average. It follows
Fdis�N�Kl0+C��2q0

2��2�l0
3�, where the subscript “dis” labels

the distorted structure in which a global pretilt �t can be
expected in the Sm-A phase.

The tradeoff between these two estimates defines the
threshold condition separating regimes with negligible and
finite pretilt value. The configuration with global elastic de-
formation is expected when Fhom/Fdis� 4�R2W

Kl0+C��2q0
2��2�l0

3

= 4�R2

del0�1+��2�l0
2/��

2 � �1. Taking into account l0�2/ ��aa�
�2/ �x�LCa�, the distorted phase is realized provided x�xt.
In the nematic phase �i.e., �=0�, it follows that

xt �
de

2�R2a�LC
. �15�

Setting K�5	10−12 J /m, a�300 m2/g, R=na	3.5 nm,
na�3, W�wa10−4 J /m2, and �LC�1 g/cm3, we obtain the
threshold condition xt�0.1 for wa=2. Here the estimate for
na is obtained from our x-ray data.

In the smectic phase, the value of xt is increased due to
the presence of additional elastic distortions in the transla-
tional degree of freedom. In the case in which the smectic
contribution is prevailing, we obtain

xt � �2de��2�
�R2��

2 �1/3 1

a�LC
. �16�

For the set of the above-listed material parameters and
���5 nm, 
��2��3° it follows that xt�0.15.

In the following two subsections, we assume that the
aerosil particles enforce a finite pretilt �t at the LC-aerosil
interface. It reflects the compromise between local orienta-
tional elastic and surface anchoring penalties. In the Sm-A
phase, �t can give rise to shrinkage of smectic layers. In
addition, it can cause an inhomogeneous � profile. We study
separately both of these phenomena below. In reality, a com-
bination of both effects takes place.

B. Pretilt driven smectic layer compression

We now set that the aerosil-induced pretilt �=�t is en-
forced at the LC-aerosil interface in the Sm-A phase. Due to
geometrical constraints, the pretilt tends to shrink the smectic
layers.

To estimate the average compression of layers, we assume
that the LC experiences a spatially uniform tilt. For a rela-
tively small value of �, we expand the free-energy density up
to the quartic term in �. After the integration over the volume
VLC occupied by the LC phase, we obtain �see Eq. �3��

F � �atq2�2 + bq4�4�VLC + AiW��t − ��2/2. �17�

We refer to the volume and interface parts in Eq. �17� as
the inherent and external contribution, respectively. The in-
herent contribution, weighted by VLC, tends to impose the
elastically favored ordering. This is embodied in the follow-
ing expressions for the tilt angle: ��T�Tc�=0 and
��T�Tc��
 a�t�

2bq0
2 . On the other hand, the external contribu-

tion due to the aerosil particles enforces �=�t, where Ai
estimates the overall LC-aerosil interface.

In the Sm-A phase, the two contributions result in the
establishment of a global finite pretilt. From �F

�� =0, we get
���t / �1+

2�VLC

WAi
�, where �=atq2. For relatively low concen-

FIG. 11. The smectic layer thickness vs T−Tc for 8̄S5 and
hydrophobic aerosil mixture of x=0.15.

FIG. 12. The reduced compression of layers for CE8 and
hydrophilic/hydrophobic mixtures �solid/open circles�, DOBAMBC

and hydrophobic mixtures �open squares�, and 8̄S5 and hydropho-
bic aerosil mixtures �stars�.
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trations �a and taking into account Eq. �14�, it follows that

�

�t
�

�a

�s

W

�R
� x

�LC

�s

�2

Rde
. �18�

For d=d0 cos ��d0�1−�2 /2�, we obtain

�d �
�t

2x2

2
��LC

�s

�2

Rde
�2

. �19�

C. Global average tilt without smectic layer compression

We next neglect the layer shrinkage and estimate the
influence of �t on the average tilt ��� in the Sm-A phase.
We assume that �t temperature dependence is relatively
weak in comparison to the bulk ��T� response across the
Sm-A–Sm-C transition. This interface-induced distortion
persists over distances that are roughly equal to the “effec-
tive” smectic penetration length,

�eff =
 1

1

�2 +
1

�D
2

. �20�

Here �=
�0


�teff�
�see Eq. �11�� stands for the average bulk

smectic penetration length and teff is the effective reduced
temperature �see Sec. V D�. The bare average penetration
length �0 is comparable to the typical molecular length of the
system and we set C�CII�C

�

�0�Tc. Note that �eff does not
diverge at the pseudo-phase-transition realized at teff=0, be-
cause its value is limited by finite-size effects. We describe
the upper bound by �D, i.e., �eff�teff=0�=�D. In our calcula-
tions we set �D� l0. We henceforth refer to the volume Vt in
which LC molecules are apparently perturbed by aerosil par-
ticles as the aerosil coherence volume.

We estimate an average tilt angle ��� of the sample by

��� �
�tVt + �Vb

VLC
. �21�

The bulk tilt ��T� dependence is given by Eq. �7�.
The quantity Vb refers to the volume occupied by LC

molecules with bulklike local ordering and the quantity
VLC=Vb+Vt to the volume of all LC molecules. Therefore, Vt
refers to the volume occupied by essentially tilted LC mol-
ecules. In estimating the values of volumes entering the ex-
pression for ���, we consider two different cases. In the first
case, the aerosil unit is a spherular aerosil particle or spheru-
lar cloud of them of radius R, which are roughly homoge-
neously distributed. In the second case, the aerosil unit lo-
cally resembles a linelike object of average length l. In both
cases, the average separation between units is given by l0.
We refer to these two examples as the point and line cases.
The corresponding volumes per aerosil unit are then ex-
pressed as

Vt
�point� �

4�

3
��R + �eff�3 − R3� ,

VLC
�point� �

4�

3
��R + l0�3 − R3� ,

Vt
�line� � �l��R + �eff�2 − R2� ,

VLC
�line� � �l��R + l0�2 − R2� ,

and we approximately set 1 / ��eff�2���Tc−T� /Tc� /�0
2+1/ l0

2.
At T�Tc, our expressions yield VLC

�case��Vt
�case�. However,

this description underestimates the density of aerosil par-
ticles. For this reason, we weigh the ratio Vt

�case� /VLC
�case� with

the factor w. In the corrected ratio �=wVt
�case� /VLC

�case�, we
define w from the condition ���eff� l0 /2��1. Therefore, if
pairs of neighboring aerosil particles are separated on aver-
age by a distance, which is less than or equal to 2�eff then the
whole LC body is significantly affected by �t. For such cases,
we set Vt=VLC. Consequently w= ��R+ l0�ncase−Rncase� /
��R+

l0

2
�ncase−Rncase� and

����case��T� � ��T� + ��t − ��T��� , �22�

� =
��R + �eff�ncase − Rncase�

	�R +
l0

2
�ncase

− Rncase . �23�

D. Distribution of phase transition temperatures

We analyze the influence of a distribution of
Sm-A–Sm-C �pseudo� phase transition temperatures upon
the temperature dependence of the tilt angle. We assume that
the inhomogeneous aerosil spatial distribution reflects upon
inhomogeneously distributed smectic layer strain �21�. Fur-
ther, we take into account that elastic distortions in � are also
spatially dependent. These effects give rise to a spatial dis-
tribution of effective local phase transition temperatures.

We first study the influence of layer shrinkage
�d=d0−d on the pseudo phase transition temperature Tc

�d�

for homogenous �-profile. For this purpose, we expand fv
�see Eq. �3�� up to the quadratic term in �. One obtains
�f � fv−�2CII�q−q0�2=�2C�q2�2−�2CIIq�q−q0��2, i.e.,

�f = �2C�
�0��T − Tc

�d��q2�2. �24�

The effective pseudo Sm-A–Sm-C phase transition tempera-
ture is expressed as

Tc
�d�

Tc
= 1 +

�d

d0

CII

C�
�0�Tc

. �25�

Contrary to the N-Sm-A phase transition �45�, the tem-
perature shift of the Sm-A–Sm-C transition is sensitive to
the sign of �d. For dilated ��d�0� and compressed
��d�0� layers, the latter, transition temperature is either de-
creased or increased, respectively.

Temperature shifts can also be due to nonhomogeneous �
profiles. Namely, the gradient elastic contribution ����2 is
proportional to 1/�eff

2 �49�, which could be spatially depen-
dent.
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We further assume that the transition temperatures are
continuously distributed about an average transition tempera-
ture �Tc

�d��. This is due to local variations in the values of the
smectic layer spacing as well as in the values of �eff.

We approximate the Tc
�d� distribution P�Tc

�d�� with the
Gaussian one,

P�Tc
�d�� =

2

�
�
e−�Tc

�d� − �Tc
�d���2/�2

, �26�

� =
�T

2 ln 2
, �27�

where �T describes the half-width at half-height of the dis-
tribution. We calculate the resulting average tilt temperature
dependence as

����T� =� P�Tc
�d����T,Tc

�d��dTc
�d�, �28�

and ��T ,Tc
�d�� is given by Eq. �7�, where t� teff

= �T−Tc
�d�� /Tc

�d� now stands for the effective reduced tem-
perature.

E. Volume depletion and smectic layer compression

We next estimate the effect of volume depletion upon the
layer shrinkage in the Sm-A phase. We set that the system
volume V is constant, i.e., independent of x. Therefore, added
aerosil particles reduce the volume available to LC mol-
ecules. In this estimate, we consider the system that is en-
closed within a cube of volume V=L3. We assume that in the
pure Sm-A phase, the layers are unconstrained and periodi-
cally stacked along one cube length. Therefore L=Ndd0,
where Nd stands for the number of smectic layers along this
direction. When aerosil particles are added, the volume avail-
able to LC phase reduces to VLC=L3−Na

4�R3

3 . Taking into
account Eq. �14�, we obtain VLC=L3�1−�a /�s�=L2Ndd. If the
number of smectic layers is conserved, then VLC/V=d /d0,
yielding

�d

d0
�

�a

�s
�

�LC

�s
x . �29�

Note that our experiments were carried out under a constant
pressure. Consequently, an alternative scenario is also pos-
sible in which the reduced volume available for the LC sim-
ply reduces the amount of LC phase in the volume with a
subsequent reduction of the number of smectic layers with
no compression. Therefore the obtained expression for the
layer shrinkage represents an upper limit estimate.

F. Interaction between aerosil particles

We analyze how long-range interactions between aerosil
particles could influence the extent of layer shrinkage in the
Sm-A phase. These interactions mainly arise from topologi-
cal reasons and are dominantly mediated by an intervening
nematic director field.

To demonstrate this effect, we consider two aerosil
particles. For strong anchoring each of them is equivalent to
a radial hedgehog defect. The latter condition is realized for
WR /K=R /de�1. By setting K�5	10−12 N and
R=Ra=3.5 nm, this condition is fulfilled for W�10−3 J /m2.
If an aerosil unit is made of several particles, that decreases
the threshold value of W, above which a strong anchoring
regime is roughly imposed to surrounding LC molecules.
The radial defect in the orientational order bears the topo-
logical charge of strength one.

If an aerosil particle plays the role of a radial hedgehog
defect, it triggers the formation of a neighboring hyperbolic
defect �50�. The sum of topological charges of both defects is
zero, enabling preferentially homogeneous alignment rela-
tively far from such a pair of defects. The defects attract each
other, but cannot annihilate �51�, because the radial director
field surrounding the aerosil particle is not equivalent to a
real nematic defect for relatively small separations �with re-
spect to the nematic correlation length� of interacting defects.
Consequently, a topological dipole is formed, which in the
nematic phase is surrounded by the director field in a fashion
similar to the electric field of an electric dipole �52�. Note
that it was shown that in case of colloidal particles immersed
in a nematic LC phase, the electrostatic analogy works sur-
prisingly well, at least for predicted spatial scaling relations
�52�.

By adopting the scenario described above, a network of
interacting topological dipoles can be formed in the LC-
aerosil mixture. Let us assume that the neighboring dipoles
are separated in the Sm-A phase by smectic layers and that
the interaction between them on average compresses the lay-
ers. By increasing x, the average distance between dipoles
decreases, yielding a stronger interaction and consequently a
larger layer compression.

In order to estimate the average layer compression, we
express the long-range interaction energy between two topo-
logical defects. In the lowest order approximation, it is equal
to

Udip � 8��KRa
4/r3 �30�

�for a pair of dipoles separated by the distance r that are
aligned along the same direction �50��. The constant � is of
the order of 1. An average compression free-energy density
fcom roughly equals

fcom � CII�
2�q − q0�2 � CII�

2q0
2��d/d0�2. �31�

In the diluted regime �i.e., x�1�, there is on average one
dipole per volume V� l0

3. By setting fcoml0
3�Udip and r� l0,

one gets the estimate

�d

d0
�
 8��K

�2CIIq0
2

Ra
2

l0
3 � 
8��

�IIRa
2

l0
3 . �32�

Deep in the Sm-A phase, �II is comparable to a typical mo-
lecular size. By setting �II=d0, one gets

�d

d0
� 
8��

d0Ra
2

l0
3 �
��

8
d0Ra

2a3�LC
3 x3. �33�
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In the Sm-A phase, however, the strong influence of the
smectic layers on the director field screens the dipole-dipole
interaction, thus reducing the magnitude of layer compres-
sion due to long-range aerosil interactions. We next show,
that this influence is relatively strong and that the presence of
smectic layers plays a role similar to external electric or
magnetic field.

For simplicity, we consider a planar case, where the di-
rector is confined within the �x ,z� plane. We parametrize it as
n� = �sin � ,0 ,cos ��. The external homogeneous electric or
magnetic field is aligned along the z axis. In the nematic
phase, the corresponding free-energy density reads
f =K /2�����2−cos2 � /� f

2�, where � f stands for the external
field coherence length �46�. For relatively small � values,
realized in a relatively strong field, it follows that

f �
K

2
�����2 +

�2

� f
2� + f0. �34�

Here f0=K /2� f
2 is independent of �. We next consider planar

director ordering in the Sm-A phase, where the smectic lay-
ers are homogeneously stacked along the z axis, i.e.,
=q0z. For relatively small deviations of n� from the z axis,
we obtain

f �
K

2
�����2 +

�2

��
2 � . �35�

By comparing Eq. �34� and Eq. �35�, we conclude that the
smectic ordering has a similar influence on n� as an external
field, the strength of which is given by � f ���. Deep in the
Sm-A phase, ���nm� l0, which corresponds to a relatively
strong external field. Such a strong external field, for positive
LC field anisotropy, aligns n� along its direction. Conse-
quently, it screens the influence of a source that enforces
inhomogeneous n� .

Note further that it is also possible that the topologically
driven interaction between aerosil strands simply reduces the
amount of LC between them, with a subsequent reduction of
the number of essentially noncompressed smectic layers.
Therefore, the expression �33� represents the upper limit
estimate.

VI. DISCUSSION

We first comment that so far most studies suggest that the
aerosil-induced disorder destroys quasi-long-range smectic
order �1,16�. Therefore, the LC systems of interest are
expected to exhibit short-range order. However, the
temperature behavior of the heat capacity near the bulk
Sm-A–Sm-C phase transition temperature exhibits a pro-
nounced anomaly, particularly for x�0.1. Already a few
studies contradict these conclusions �53,54�. Consequently,
we henceforth refer to the observed anomalous responses in
our samples as phase transitions, although in reality they
might not correspond to a true thermodynamic phase transi-
tion.

The x-ray intensity profiles I�q�, shown in Figs. 2 and 8,
yield information on the temperature dependence of the av-
erage smectic layer spacing d. In particular, the I�q� profiles

reveal temperature-driven structural changes in the aerosil
network. From the layer spacing measurements obtained as T
and x is varied, the average smectic tilt angle � can be cal-
culated based on the following assumptions: The layer
shrinkage �d=d0−d=�d�t�+�d�o� at an arbitrary tempera-
ture originates either from the tilt of LC molecules from the
smectic layer normal �the �d�t� term� or from other mecha-
nisms �the �d�o� contribution�. The �d�o� shrinkage arises
predominantly due to the aerosil-driven volume depletion
�see Sec. V E�. Moreover, we predict that below Tc, the
�d�T� variation is dominated by �d�t� temperature changes.
We estimate the �d�o� value as �d�o��d0−d�T�, where
T�Tc+5 K corresponds to a temperature deep in the Sm-A
phase. Thus we set that at these temperatures the smectic
layers are compressed on average due to the mechanisms that
do not involve tilting of LC molecules. This prediction is
justified at least in the soft regime. Consequently, we calcu-
late the ��T� dependence via the relation �see Eq. �5��

�d�t��T� = �d0 − d + �d�o��cos � . �36�

The ��T� data are shown in Figs. 3, 4, and 9. They reveal
qualitatively similar LC structural changes on varying x in
both hydrophilic and hydrophobic samples and for all LCs.
In the following, we discuss possible origins of the observed
behavior.

The key assumption is that due to geometrical reasons, the
aerosil particles give rise to tilting of the LC molecules with
respect to the smectic layer normal even above Tc. In this
picture, the aerosil particles can be visualized as forming
short elongated strands, while the smectic layers intervene
between the neighboring strands. On average, the layer nor-
mal is roughly parallel to these strands. In such a case, the
homeotropic anchoring at the LC-aerosil interface enforces
on average a tilt to the LC molecules. We henceforth refer to
the aerosil enforced tilt as the pretilt angle �t, which reflects
the compromise between the anchoring tendency and LC
elastic penalties. Note that it is also possible that the smectic
layer normal is perpendicular to the strand, i.e., the layers are
stacked between the neighboring strands. In this case, either
dilatation �that is not observed� or compression of smectic
layers due to volume depletion is expected. In Sec. V A, we
estimate the critical concentration xt of the aerosils, for
which a global structural change is expected in the LC ori-
entational ordering. The rough estimate suggests that for
common LC materials, these changes are anticipated for
x�0. Therefore, Eq. �36� works well for x�xt. If the pretilt
is the dominant contribution in the observed behavior, two
qualitatively different responses of the smectic ordering can
be expected. For the first one, we assume that �t enforces an
apparent tilt of the LC molecules over the distance given by
the smectic penetration length as analyzed in Sec. V C. The
second possible response gives rise to a global tilting of the
LC molecules due to the pinning of smectic layer thickness
�45�.

We considered the pretransitional phenomena above the
pseudo Sm-A–Sm-C phase transition temperature. Some
representative fits of experimental data, using different as-
sumptions, are shown in Fig. 13. For x�0.05, the measure-
ments could be roughly reproduced solely by introducing a
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distribution �Fig. 13�a� and Eq. �27�� of domain transition
temperatures and setting �t=0. For x�0.05, it was necessary
to allow for a finite value of �t in order to get reasonable
qualitative and quantitative agreement between experiment
and theory. In Fig. 13�b�, we set that the behavior is domi-
nated by the tilt of LC molecules �i.e., we put �d�o�=0 and
use Eq. �6��, while in Fig. 13�c� we use Eq. �36�.

In order to qualitatively reproduce the change in �d�x�
behavior in the Sm-A phase, as x is varied, we had to invoke
into the model pretilt enforced global tilting of LC molecules
�Sec. V B�. In this scenario, the average tilt depends on the
relative strength of the bulk Sm-A elastic and the surface
anchoring orientation free-energy contribution. The bulk
term, favoring �=0, prevails for x�0.1. For large enough
values of x, the anchoring term, enforcing �=�t, becomes
dominant. A crossover between the two regimes takes place
at x�0.1, which coincides with the intermediate-rigid aerosil

network structural transition. Note that this structural transi-
tion makes the response of d as x is varied stronger as an-
ticipated by Eq. �19�. The reason behind it is the lost ability
of the aerosil network to reduce elastic deformations in a LC
phase by local restructuring of the aerosil network.

There exist various possible mechanisms giving rise to the
smectic layer compression �d�o�, which exclude tilt of LC
molecules. It could be either due to the reduced volume
available to the Sm-A or due to the addition of aerosil par-
ticles. Our experiments were carried out under constant pres-
sure. Therefore, the analysis in Sec. V E estimates the maxi-
mal possible layer shrinkage due to this effect, suggesting
�d�x. In Sec. V F, we further analyze how interactions
among aerosil particles could influence the layer compres-
sion. These interactions arise mainly due to topological rea-
sons �50�. We show that the presence of smectic layers
strongly depresses these interactions, making this source of
layer shrinkage negligible well above Tc.

We next comment on the influence of LC chirality on �d.
Our results indicate that with increasing chirality strength the
layer shrinkage increases. This result might be due to geo-
metrical constraints. In case that pretilt dominantly influ-
ences the tilt, one has in general contradicting tilting tenden-
cies at the nearby strands, as discussed in this section.
Consequently the molecules in between the strands tend to
be pushed along the smectic layer normal. In chiral samples
this frustration could be avoided by moving molecules along
the smectic cone, which is energetically less costly �55�.

We further discuss the heat capacity behavior at the
�pseudo� Sm-A–Sm-C phase transition. In bulk samples the
MF, tricritical-type behavior is observed. With increasing x
the smeared steplike MF behavior is approached. This phe-
nomenon could be observed by taking into account the re-
sults of Benguigui and Martinoty �56�. They show that the
coupling between the Sm-C order parameter �the tilt angle ��
and the strains effectively renormalizes the coefficient in
front of the fourth-order term in the � expansion of the free
energy �i.e., the coefficient b in Eq. �4��. For strong enough
coupling this coefficient vanishes, giving rise to the tricritical
behavior. We claim that the aerosil particles, which introduce
into the system a kind of random disorder, decrease the
strength of this coupling. Therefore, the value of b with in-
creasing x increases and the steplike MF behavior is ap-
proached.

We finally discuss the influence of x on the temperature
shift of Tc for the pseudo Sm A–Sm-C phase transition. The
temperature shift in a sample reveals mainly the interplay
between the elastic and surface interactions. Recent results
indicate that finite-size effects �2,42� might also be impor-
tant. Note that the elastic contributions arise due to deforma-
tions in the orientational order and also due to the compres-
sion of the smectic layers, as is shown in Sec. V D. These
sources tend to decrease and increase �for �d�0� Tc, respec-
tively. Further, the surface contribution tends to increase Tc.

VII. CONCLUSIONS

We have studied experimentally and theoretically the in-
fluence of aerosils on phase behavior of various LCs �CE8,

FIG. 13. The tilt temperature variation for different concentra-
tions x. Symbols mark measurements �CE8� and lines represent
theoretical predictions. In �a� we take into account only different
widths of the distribution Eq. �26�, �t=0. In �b� and �c�, we allow a
finite pretilt and assume that the aerosil-induced tilt persists over the
effective smectic penetration length �see Eq. �22��. �b� �d�o�=0;
x=0.05, �0=1.2 nm, �t=1.7°, �T=1 K; x=0.10, �0=0.9 nm,
�t=2.8°, �T=3 K; x=0.15, �0=2.4 nm, �t=9.8°, �T=6 K. �c� In
fitting the x=0.15 case, the full line and dotted line correspond to
the “line” and “point” version of the model described in Sec. V C.
Model parameters are �t=5°, �T=5 K, �0=1 nm, and
�d�o��d0−d�Tdeep�, where Tdeep corresponds to the temperature
deep in the Sm-A phase.

CORDOYIANNIS et al. PHYSICAL REVIEW E 75, 021702 �2007�

021702-12



DOBAMBC, and 8̄S5� in the Sm-A, nonchiral, and chiral
Sm-C phases. We have systematically analyzed the impact of
�i� aerosil concentration x, �ii� hydrophilic and hydrophobic
spherular aerosils’ surface tendency, and �iii� LC chirality on
smectic structural details and on the Sm-A–Sm-C* phase
transition.

In the experimental part of the work, we used x-ray scat-
tering, which directly probes the average smectic layer thick-
ness d and gives information on structural changes in the
aerosil network. The Sm-A–Sm-C* phase transition anoma-
lies have been investigated by means of high-resolution calo-
rimetry. In order to explain qualitatively the experimental
results, we used a Landau–de Gennes-Ginzburg-type phe-
nomenological approach focusing on LC orientational and
smectic layer phase translational degrees of freedom.

The following structural changes have been observed ex-
perimentally on increasing x. In all the samples, in the
Sm-A phase, the smectic layer thickness at a given tempera-
ture decreases monotonically. The effect is comparable for
hydrophobic and hydrophilic aerosils, but it is slightly more
pronounced in the latter case. However, the layer shrinkage
strongly decreases with reduced LC chirality. In chiral
samples, on increasing x, the layer shrinkage exhibits a pro-
nounced crossover behavior in the region where the soft-stiff
transition of the aerosil network takes place. Furthermore, on
increasing x in all samples �see also Ref. �24�� the
Sm-A–Sm-C* phase transition gradually crosses from the
tricritical mean field �MF� at x�0 toward MF behavior re-
alized in the high aerosil density regime �x�0.10�. The

phase transition temperature monotonically decreases with x
in all samples, although the magnitude of the transition shifts
is sample-dependent.

Our analysis suggests that the main reason behind layer
shrinkage is the aerosil-induced tilt of LC molecules with
respect to smectic layers. Taking this into account, we quali-
tatively and quantitatively reproduce the measured d�x ,T�
profiles, provided that the spatial variation of the local effec-
tive temperature is also considered. We believe that the x
driven crossover from the tricritical MF toward steplike MF
behavior is due to weakened coupling between the smectic-C
order parameter and the strain in the system. The main rea-
son behind temperature shifts is elastic distortions, the
strength of which monotonically increases with x.

Note that our analysis shows that experimental data could
be qualitatively well reproduced taking into account the
above described mechanisms. However, it might also be pos-
sible that suppression and the reduction of the LC fluctuation
spectrum in the translational degree of ordering could also
contribute to variations in d. Consequently the system be-
comes stiffer and this might induce reduced layer spacing.
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