PHYSICAL REVIEW E 75, 061705 (2007)

High-resolution x-ray scattering study of the effect of quenched random disorder
on the nematic—smectic-A transition

M. Ramazanoglu,l’4 S. Larochelle,l C. W Garland,2 and R. J. Birgeneaul’3
1Department of Physics, University of Toronto, Ontario M5S 1A7, Canada
2De;mzrz‘mem‘ of Chemistry, Massachusetts Institute of Technology, Cambridge, Massachusetts 02139, USA

3Department of Physics, University of California, Berkeley and Lawrence Berkeley National Laboratory, California 94720, USA

4Department of Physics and Astronomy, McMaster University, Hamilton, L8S 4M1, Canada
(Received 12 September 2006; revised manuscript received 28 March 2007; published 14 June 2007)

Using high-resolution x-ray scattering, the effect of quenched random disorder (QRD) on the second-order
nematic—smectic-A (N-SmA) phase transition in butyloxybenzilidene-octylaniline (40.8) has been studied.
40.8 is a nonpolar liquid crystal (LC) with a monomeric smectic-A phase. The QRD is created by aerosil
nanoparticles which gelate to form a three-dimensional network, confining the LC. The QRD caused by the
aerosil gel generates quenched random fields acting on both the nematic and smectic-A order parameters. This
results in the destruction of the quasi-long-range order of the smectic-A phase. The x-ray scattering data are
modeled with a structure factor composed of two terms, one thermal and one static, corresponding to the
connected and disconnected susceptibilities, respectively. Unlike previous studies, the two parts of the structure
factor are decoupled by allowing different thermal and static correlation lengths. Our fitting procedure involves
temperature-dependent and temperature-independent (global) variables. The amplitude and the parallel corre-
lation length for the thermal part of the line-shape show critical-like behavior both above and below the
transition temperature. Detailed analysis reveals that the thermal correlation length does not truly diverge at the
phase transition. This effect is discussed on the basis of a cutoff for the divergence caused by the random fields
generated by the aerosil network confining the liquid crystal. The intensity of the static term in the line-shape
behaves like the order parameter squared at a conventional second-order phase transition. The effective order
parameter critical exponent shows an evolution with increasing aerosil gel density ranging from the Gaussian
tricritical value to the 3D-XY value. The results of a pseudocritical scaling analysis are compared to an analysis
of 40.8+aerosil heat capacity data and discussed using a phenomenological correlation between the nematic

range of pure liquid crystals and the aerosil mass density, p;.
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I. INTRODUCTION

The effects of random disorder on phase transitions have
been studied in liquid crystals for more than a decade [1].
Liquid crystals (LCs) are interesting because of their rich
variety of phases. Of course, all LCs have impurities but
these typically impose annealed disorder on LC phase tran-
sitions. However, it has been observed that with appropriate
care, mixtures of some thermotropic LCs and aerosil nano-
particles can form a gel phase with the aerosil partial volume
fraction as low as 0.01. The resultant aerosil network acts as
a source of guenched random disorder (QRD) on any LC
phase transitions. The aerosil density may be varied by more
than a factor of 10. The density of the aerosil can be directly
associated with the strength of the quenched disorder im-
posed on the LC [2]. The earliest works in this field focused
on the closely related system of LC+aerogel mixtures
[1,3,4], where the LC is injected into an aerogel. Aerogels
were previously known to have interesting effects on phase
transitions from the numerous studies which had been con-
ducted on both the 4He+aer0gel system and *He-*He binary
liquid mixtures embedded in aerogels [5].

In LC+aerogel systems, where the gel couples directly to
the smectic LC order parameter, the resultant disorder is
quite large because of the rigid chemically bonded structure
of aerogels and the nematic—smectic-A transition features are
severely smeared. Therefore, the interesting pseudocritical
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thermal properties are largely masked by the static random
fluctuations [6,7]. Furthermore, aerogels only allow the ex-
ploration of a limited range of gel densities. For these rea-
sons, we have used aerosils, which are ~7-nm-diameter
spherical nanoparticles covered with hydroxyl groups on
their surfaces, instead of aerogels to study the effects of
QRD on the nematic—smectic-A (N-SmA) phase transition. It
is found that aerosils perturb the host material in a less de-
structive way than aerogels [7,8]. Because one can produce
stable gels with an aerosil volume fraction as low as 0.01, it
is possible to control the QRD effects to quite low levels.
This makes the study of LC+aerosil gels particularly inter-
esting. It should also be noted that the weak hydrogen-bond
interactions between aerosil particles may allow some re-
shaping of the aerosil network as the LC changes phases;
that is, there may be some partial annealing of the disorder
[9]. There is some indirect but not conclusive evidence for
such partial annealing. The effect of correlated disorder was
discussed by Weinberg and Halperin [10]. However, this will
not alter the fundamental nature of the phases and the phase
transitions [11]. LC+aerosil mixtures have been studied us-
ing a number of different techniques including nuclear mag-
netic resonance (NMR)[12], dielectric susceptibility [13],
light scattering [14], and calorimetry [7,8,15].

The effects of the aerosil gel confinement on the N-SmA
phase transition have been studied in detail using x-ray scat-
tering techniques in 8CB+aerosil and 8OCB +aerosil gels
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FIG. 1. Structure of 40.8 LC. 40.8 is a nonpolar LC with a
monomeric smectic-A,, phase.

[16—-20]. Unlike 40.8, both 8CB and 8OCB have incommen-
surate partial bilayer SmA, phases, caused by the cyano
group on one end of the molecule. From these pioneering
experiments, it has been observed that even the weak
quenched disorder introduced by a low-density aerosil gel
destroys the quasi-long-range order (i.e., quasi is due to the
Landau-Peierls instability [21]) in the SmA phase and instead
produces a short-range-ordered (SRO) state. This result is
seen even for a gel mixture containing the lowest amount of
silica aerosil, with mass density p,=0.022 g/cm?® [22] which
corresponds to a volume fraction of 0.01. This density is just
above the gelation threshold of p;=0.015 g/cm?. These re-
sults are consistent with the theoretical studies of Radzi-
hovsky and Toner [11] as we shall discuss in Sec. IV of this
paper.

The molecular formula for 40.8, a monomeric smectic-A,,
phase liquid crystal, is shown schematically in Fig. 1. The
phase transition sequence for pure 40.8 is given as [8]

CrK+ CrB+ SmA « N+ I,
~311.2 K ~322.6 K ~336.9 K ~352 K

where I, N, SmA, CrB, and CrK stand for the isotropic, nem-
atic, smectic-A, crystalline B, and crystalline K phases, re-
spectively.

In previous studies, an x-ray scattering structure factor
composed of the spherical average of a Lorentzian and its
squared form was chosen to characterize the SRO in the
SmA phase. These two terms are the thermal and static fluc-
tuation structure factors corresponding to the connected and
disconnected susceptibilities, respectively. Above the N-SmA
effective transition temperature T (p,), only the Lorentzian
part of the structure factor was necessary to model the scat-
tering data. In this temperature range, thermal critical
smectic-A fluctuations in the nematic phase were observed.
Below the transition temperature, both terms in the line
shape were required to model the data. The amplitudes of the
structure factors and the parallel correlation length were fit-
ted as functions of temperature. In these fits, a strong corre-
lation was observed between the amplitudes and the correla-
tion length which made the analysis difficult [16—18]. In
order to stabilize the analysis in the 8CB+aerosil study, the
thermal amplitude was held at a constant value for 7" <T.
This way, it was possible to obtain consistent behavior be-
tween the intensity of the random term and the aerosil mass
density [19]. The same problem manifested itself as large
nonmonotonic variations of the thermal amplitude and the
correlation length in the N-SmA transition in the 8OCB
+aerosil study [18].

In the current study, a different approach has been fol-
lowed to analyze the data. First and most importantly, the
Lorentzian and Lorentzian squared terms of the structure fac-
tor are allowed to have independent correlation lengths. Sec-
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ond, some of the parameters are assumed to be temperature
independent. These are fitted to a global value which is the
same for all of the data. Third, all of the scans for a given p;
are analyzed simultaneously, thus giving optimal values for
the global parameters.

In this study, the short-range SmA order in 40.8+aerosil
gels is studied using high-resolution x-ray scattering as noted
above. The results are discussed on the basis of the three-
dimensional (3D) XY model in the presence of a random
field [16,17,36]. A linear scaling between the aerosil mass
density and the McMillan ratio for pure LCs is used to com-
pare the extracted exponents from the analyses of x-ray scat-
tering and heat capacity experiments.

In Sec. II, we present various experimental details includ-
ing sample preparation and the x-ray scattering measure-
ments. In Sec. III, the experimental results and the details of
the line-shape analysis are presented. Section IV presents a
scaling analysis of the x-ray data with comparisons to heat
capacity experiment results.

II. EXPERIMENTS AND METHODS
A. Sample preparation

The 40.8 LC was used as purchased from Frinton Lab
[23] without any further purification. Hydrophilic type-300
aerosil, obtained from Degussa Corp [24], was used in this
study. The nanoparticles of silica had a Brunauer-Emmet-
Teller (BET) surface area of 300 m? g~!' and a diameter of
roughly ~7 nm. Before being mixed with 40.8, the aerosil
particles were dried on a hot plate at ~300 °C under a rough
vacuum (~1072 atm) for at least 3 days. Stochiometric
amounts of 40.8 and dried aerosil particles were mixed in an
absolute ethanol solution. The samples were characterized by
the aerosil mass density p, which is the ratio of aerosil mass
in solution to the 40.8 LC volume. Homogeneity of the mix-
ture was achieved by sonicating the ethanol solution of
40.8+aerosil for at least 1 h. The ethanol solvent was then
removed by evaporation for one day at 75+1 °C, just below
the boiling temperature of ethanol [25]. After drying, a small
amount of mixture, about ~0.1 g, was placed into a LC cell
using a hot spatula. The LC cells had Kapton windows of
5 mm diameter on the top and bottom of the cells in order to
let the x-ray beam pass through the sample. After their trans-
fer, the samples were left for several hours on the hot plate at
77+2 °C in order to anneal the mixture in case the aerosil
network was mechanically perturbed during the cell filling.
Most of the data were collected between the temperatures of
353 K and 323 K with the temperature decreasing. When
necessary, subsequent runs were also taken in both cooling
and heating directions especially near the phase transition. It
was found that the data repeated themselves in both heating
and cooling directions without any significant temperature
hysteresis, consistent with the previous results [12]. This is
in sharp contrast to the pronounced hysteresis seen in many
experiments in random field Ising magnets (RFIMs) [26].
This reversibility also provides evidence that the samples
were not significantly damaged by x rays during the expo-
sure time used in the experiment, which was less than 2 h for
each sample.
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FIG. 2. Scattering intensity I(g) for 40.8

| T=334.25 K

A

+aeosil gels with p;=0.040 g/cm? (sample B).
Panels are drawn to demonstrate the fit of the
total structure factor, Eq. (2), represented by the
solid lines. For panels (a) and (b), the data are
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modeled by the thermal part of the structure fac-
tor alone, which is shown by the dashed lines.
For the four lowest temperatures, the static part
contributes to the profile and grows rapidly on
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part is diminished in this temperature range

(shown as dashed lines).
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B. X-ray scattering

X-ray diffraction experiments were carried out at the Na-
tional Synchrotron Light Source (NSLS) at Brookhaven Na-
tional Laboratory (BNL). Beamlines X-20 A and X-22 A
were used. These are bend magnet beamlines with Ge(111)
and Si(111) monochromators, respectively. The synchrotron
x-ray beam energy was tuned to 10 keV for X-20 A and
10.7 keV for X-22 A. The experiments were performed in
transmission geometry with a vertical @-20 diffraction con-
dition. The direct beam was measured after each temperature
scan and used as the instrumental resolution function in the
analysis. The momentum resolution was approximately Ag
=0.001 A~! [full width at half maximum (FWHM)] for both
beamlines.

III. EXPERIMENTAL RESULTS AND ANALYSIS

Figure 2 shows the evolution of the smectic structure fac-
tor for a 40.8+aerosil gel of p,=0.040 g/cm? as the sample
is cooled from near the isotropic phase through the nematic
to smectic-A phase transition. The six different scans shown
in this figure range in temperature from 7=343 K, where the
sample is in the nematic phase, to 7=323 K, where the
sample is deep in the smectic phase, just above the SmA-CrB
transition. Most of the experiments were conducted within
this temperature range. Higher-temperature data where the

0.23

sample was in the / phase were also collected. These data
were necessary to determine the global background function.
For all of the 40.8+aerosil samples, ranging from that with
the lowest disorder p,=0.025 g/cm? to that with the highest
disorder p,=0.3 g/cm?, the smectic peaks are found to be
broader than the instrumental resolution. This is illustrated in
Fig. 3 for smectic peaks scanned at 7=323.15 K, where the
SmA,, phase is fully developed. As is evident in the figure,
the smectic peak broadens progressively as the aerosil mass
density p, is increased. This confirms that the random field
from the aerosil gel destroys the LRO of the smectic A,
phase; specifically, only SRO is observed in each of the
samples even when the relative aerosil volume fraction is as
low as 0.01. We will discuss the significance of these quali-
tative results below.

A. Line-shape analysis

Radzihovsky and Toner [11] have presented a comprehen-
sive theory for the behavior of nematic and smectic-A LCs in
a quenched random environment such as the LC+aerosil gel
system. From the point of view of this paper, the most im-
portant feature of their theory is that the gel generates a
random tilt field which couples linearly to the nematic direc-
tor and a random positional field which couples linearly to
the smectic-A order parameter. Radzihovsky and Toner fur-
ther show that the fractal structure of the gel is irrelevant;
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FIG. 3. Scattering intensity /(g) for all 40.8
+aerosil gels used in this study at the lowest ex-

perimental temperature, 7=323.15 K. In the
analysis, the whole data range [0.1-0.35] A~" is
used; however, in order to show the resolution
widths only the central part of the scans are
shown. The solid lines show the total fit of the
scattering structure factor, Eq. (2), plus the back-
ground. As seen in each panel, $”" makes a
significant contribution only to the tails while
§static  represented by dotted lines, defines the
peak. The FWHM of the instrumental resolutions
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are shown with horizontal lines. In low- p;
samples [panels (a) and (b)] the resolutions
widths are still slightly narrower than the smectic
peaks.
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that is, the smectic density wave will only be sensitive to the
short-range disorder. Thus, as a good approximation, the
N-SmA phase transition in the LC+aerosil gel system should
be a realization of the 3D XY model in a random field.

We now discuss a phenomenological model for the
smectic-A structure factor. A structure factor composed of a
Lorentzian plus a Lorentzian squared has been used previ-
ously to analyze random field systems—for example, ran-
dom Ising magnets [26,27]. This structure factor is in part
motivated by mean-field theory for quenched random field
systems where the order parameter couples linearly to a ran-
dom field. As noted above, the aerosil particles will fix the
phase of the smectic mass density wave and hence act as a
source of random fields. In a single crystal or more generally
a system with orientational long-range order, the structure
factor is given by

S(q) — Sthermal(q) + Sstatic(q) , (13)
where

g
1+(q-q0) &+ & +cqt &)

Sthermal(q) — (lb)

0.225

ax(§€)
[1+(q-q0)& +q & +cq €

Equation (1a) must be spherically averaged to describe the
smectic fluctuations in the LC+aerosil gel system which has
only short-range orientational order and hence is orientation-
ally isotropic. Equation (1b) describes the thermal fluctua-
tions while the second term given in Eq. (1c) describes the
static fluctuations due to the random field. These parts of the
structure factor correspond to the connected and discon-
nected susceptibilities, respectively.

In the equations above, gy=2m/d is the position of the
peak corresponding to the smectic layer thickness d. g is the
scattering momentum component parallel to the smectic
mass density wave vector—that is, the component perpen-
dicular to the smectic layers. Likewise, ¢, is the scattering
wave vector component perpendicular to the smectic wave
vector. § (§,) is the correlation length parallel (perpendicu-
lar) to the smectic mass density wave vector. It should be
noted that because of the anisotropic nature of the fluctua-
tions arising from the splay elastic distortion, a fourth-order
term (~q‘i) is needed to fit the data [28]. The fourth-order
term scaling constant ¢ decreases as the temperature ap-

Sstatic(q) — (1C)
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proaches the N-SmA transition temperature and is generally
between 0.25 and 0. The thermal term amplitude o is pro-
portional to the connected susceptibility of the material. The
critical behaviors of the heat capacity and the susceptibility
show good internal agreement in pure LC systems, especially
for those with large nematic ranges [29]. Specifically, the
correlation volume exhibits model 3D XY behavior remark-
ably well [30]. However, because of the QLR nature of the
smectic phase, which is described by a power-law singular-
ity, it is not possible in the pure materials to measure the
critical behavior of the susceptibility and the order parameter
below the transition temperature. In the previous analysis of
LC+aerosil x-ray scattering data, the perpendicular correla-
tion length &, and the fourth-order term constant ¢ were
calculated from & assuming that the relative power-law de-
pendences observed in the pure LC x-ray scattering data for
T> Ty, held for the LC+aerosil systems at all ternperatures.1
This assumption only affects the observed longitudinal pro-
file in second order.

In the analysis of our 40.8+aerosil gel scattering data, we
start from Egs. (1) except that we relax some of the previous
assumptions. The most significant change in the new line-
shape analysis is that the static longitudinal correlation
length is assumed to be distinct from the thermal correlation
length. This is, for example, the situation which would be
obtained if the transition were into a smectic Bragg glass
(SBG) phase. Thus, the static term may be treated entirely
independently. It turns out that the peak profile in the
smectic-A phase is rather insensitive to the fourth-order term.
Therefore, in the analysis presented in this paper, this qua-
dratic term has been omitted in the static part to simplify the
structure factor. In the analysis, we have fitted simulta-
neously all of the scans at various temperatures for a given
sample. That is, a complete data set on one p, sample, con-
taining 30-35 different temperature scans, is fitted simulta-
neously with both temperature-dependent and temperature-
independent variables (global variables). Importantly, we
have found empirically that the static longitudinal correlation
lengths may be fixed at their lowest temperature values.

The cross section then becomes

S(q) — Sthermal(q) + Sstaric(q) , (2&)
Sthermal(q) — g1 , (Zb)
L+ (g - qo) &l + 41 €1 +cqt &)
T 2
Sstatic(q) - a2(§\|2§ L2) (2C)

[1+(gy-q0) &+ @ E2,

Again, the measured cross section corresponds to the spheri-
cal average of Egs. (2) since there is no orientational long-
range order. In Eq. (2¢), the tilde correlation lengths in the
static term are fitted to values which are assumed to be con-
stant for all temperatures.

The fit procedure follows the same steps described in pre-
vious studies [16—19]. As noted above, because of the orien-

ITNA is the N-SmA phase transition temperature for the pure LC.
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tational isotropy, it is necessary to carry out an average over
all angles of Egs. (2) in order to compare the model cross
section with the experimental data. This is, in essence, a
microcrystal model for the smectic-A structure factor. This
spherically averaged structure factor is then convoluted with
the 3D instrumental resolution function. The powder averag-
ing of the model and the convolution are performed numeri-
cally. The result is fitted to the experimental data with a
temperature-independent background function using a non-
linear least-squares fit routine. As in previous LC+aerosil gel
studies, the background is chosen as a constant plus a Porod
term which describes the scattering from the Kapton win-
dows, air, and mostly the aerosil particles [16—-19]. A Porod
background has been confirmed for aerosil gels from small-
angle x-ray scattering (SAXS) measurements [15,31]. The
functional form is thus bp/q*+b.. The typical g range was
chosen to be between ~0.1 A~' and ~0.35 A~ for the
analysis, even for scans in the SmA,, phase. The analysis
over a wide range of ¢ was necessary in order to distinguish
the tails of the smectic peak from the background [9,17].

The Kapton film, which was used as windows of the LC
cell, has a broad scattering peak at ¢=0.4 A~!, outside of the
selected range. In order to improve the background determi-
nation, the whole data set was also analyzed with a more
complex background function which included the Kapton
scattering. The latter did not produce any significant differ-
ences in the overall results [9].

Each data set was fitted several times with different
temperature-dependent and temperature-independent (global)
variables. One of the global parameters used in this study is
m,=v, /vy, the ratio of the perpendicular and parallel corre-
lation length critical exponents. The value m,=0.81 for pure
40.8 was used as a starting value for the fits [28]. When m,,
was allowed to vary with p,, large nonmonotonic variations
were observed? The data set was also analyzed assuming
m,=1(fixed)—that is, isotropic critical behavior. It turns out
that the quality of the fits and the overall y? are insensitive to
the explicit assumptions concerning m,. For simplicity, in the
final fits we fixed m,=0.81, and the ratio of the bare lengths
was also fixed at the pure system value. Representative fits
are shown in Figs. 2—4. It is evident that Eq. (2) with mini-

mal adjustable parameters [o(7), &(T),a(T),qo(T) ,E”] plus
an assumed temperature-independent background works ex-
tremely well. The results obtained from these fits are listed in
Table I. As noted above, the perpendicular correlation
lengths in both the thermal and static terms of the structure
factor are calculated from the longitudinal correlation length
assuming the pure 40.8 critical behavior for the ratio &, /§.

The results of an analysis in which £ |5 1s fitted as a freely

adjustable global variable are discussed later in Sec. III E.
We also analyzed the data using Egs. (1); in general, the

results for the parallel correlation lengths at the lowest tem-

peratures,fﬁT, agree very well with the guz values deduced
using Egs. (2). However, overall, Egs. (2) give lower values
for x? and also a clearer picture of the behavior around the
nematic to smectic-A transition, as we shall discuss below.
Finally, we have carried out a limited number of fits in
which the static term, Eq. (2¢), is chosen as a Gaussian-
rather than Lorentzian-squared function. The overall behav-

061705-5



RAMAZANOGLU et al.

PHYSICAL REVIEW E 75, 061705 (2007)

FIG. 4. Scattering intensity /(g) of the pre-
transitional smectic fluctuations in bulk 40.8
[panel (a)] and in three different 40.8+aerosil
gels. The intensities for panels (b), (c), and (d)
are normalized according to the a,/bp ratios
given in Table I. The dotted lines show the back-

x10°
g 900 :
bulk 40.8 g (a?& p=0.025  (b)
— én'500110 ool | =160:20 A
Nl g ]
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ground. All of the scans are measured at T
=338.15 K, except the bulk 40.8 sample which is
measured at 7=337.15 K. The solid lines show
the fit results of the thermal structure factor (plus
the background) given by Eq. (2a). The best-fit
values of the calculated parallel correlation
lengths are given in the panels.

ior is closely similar to that obtained with the Lorentzian
squared except, of course, the lengths so deduced are larger
because of the differences in definition of the underlying
intrinsic lengths. Generally, the Lorentzian-squared static
cross section yields lower values for the y? although the
Gaussian fits are quite good overall. We will discuss the
physical significance of the parameters deduced from the
varied cross sections in section IV.

B. Pretransitional smectic fluctuations

We show in Fig. 4 the pretransitional smectic fluctuations
in the nematic phase for bulk 40.8 and for samples with
three different values of p,. As may be seen from this figure,
the presence of the aerosil changes the background dramati-
cally. This can be seen by comparing panels (a) and (b)

where for (a) only a linear background is needed. These pre-
transitional smectic peaks are analyzed by using the thermal
structure function given in Eq. (2b) with the static amplitude
a, set to zero in Eq. (2¢). The variables o7, ¢, and §, are all
temperature-dependent fit parameters. As is evident in Fig. 4,
the peak intensity decreases with the increase in aerosil den-

Sity pj.

C. Smectic x-ray peak position

As may be seen from the high-temperature peak profiles
in Figs. 2(a) and 4(b)-4(d), the smectic fluctuations in the
nematic phase produce very weak scattering. Because of the
poor statistics, fits to the high-temperature data generally in-
volve large uncertainties for the peak positions. This is illus-
trated for four different aerosil densities in Fig. 5(a) in the

TABLE I. Parameters for nine 40.8+aerosil gel samples. Shown are the density p, in g/cm?, the mass of
aerosil per volume of LC; the pore volume fraction ¢; the parallel correlation length of the static term of the

structure factor 5‘2 in A; the order parameter exponent 3; low-temperature static amplitude a,; 7 (the average
of two lowest temperatures) normalized by the Porod amplitude bp(X 107#); and the transition temperature 7"

in K. g\\z is assumed to be independent of temperature.

s

Ps ¢ &n B apt/bp T

0.025A 0.99 15200 (600) 0.23 (2) 3.64 (8) 334.29 (2)
0.025B 0.99 16500 (750) 0.25 (2) 2.85 (9) 334.28 (2)
0.040A 0.98 9800 (200) 0.25 (2) 2.69 (7) 334.05 (3)
0.040B 0.98 8000 (200) 0.25 (2) 2.31 (5) 334.1 (1)
0.062 0.97 3970 (150) 0.22 (1) 1.46 (3) 333.61 (5)
0.096 0.96 3250 (100) 0.26 (2) 0.98 (4) 333.2 (1)
0.15A 0.93 1260 (30) 0.31 (3) 0.53 (1) 333.1 (1)
0.15B 0.93 1230 (35) 0.31 (2) 0.5 (1) 333.3 (1)
0.3 0.88 580 (15) 0.38 (4) 0.27 (1) 332.9 (1)
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FIG. 5. Temperature dependence of the smectic-A,, peak posi-
tion and corresponding layer thickness. The layer thickness d(T)
=21/q,(T) is calculated for p,=0.025 from its peak positions, and
Ad=d(T)—-d(T") is plotted with respect to AT=T-T", where T" is
the effective critical Ty, transition temperature.

temperature range 7> Tk(ps). However, once the smectic
correlations are well developed, the smectic peaks are con-
comitantly sharp and ¢, may be determined precisely.
Throughout the smectic phase, as seen more clearly from the
inset graph of Fig. 5(b), there is a monotonic increase in ¢
on cooling. In this regime, the peak positions are very
weakly dependent on aerosil density. Relative to the peak
position in pure 40.8 [28]—that is, ¢((40.8)
=0.2222(1) A~'—the change in the peak positions for the
aerosil gel is less than ~0.1%. This is consistent with the
results of a similar study on 8CB+aerosil [16,17]. Thus it
can be concluded that the aerosil dispersion does not signifi-
cantly alter the layer spacing of the smectic A,, in 40.8 LC.
Unexpectedly, the temperature dependence of the layer thick-
ness of 40.8+aerosil gels is similar to the behavior seen in
smectic A; LC gels like 8CB +aerosil or §OCB +aerosil. This
is shown for the p;=0.025 sample in Fig. 5(b). In this figure
Ad=d(T)-d, versus AT=T—-T"(p,) is plotted, where d, is
the layer thickness at the N-SmA transition temperature. As
discussed in Sec. III E, the transition temperatures T" (listed
in Table I) are calculated using Eq. (3). The variation in Ad
with respect to AT indicates a positive linear thermal expan-
sion coefficient «; in contrast to the negative «; which was
observed for the SmA,, LCs 8S5 and 10S5 [32,33]. This
difference may be related to the fact that 40.8 has a rigid

link between the rings in its core in contrast to 7S5 LCs
which have flexible links.

D. Thermal fluctuations and the thermal correlation length

The structure factor given by Egs. (1) has only
temperature-dependent parameters, except for the back-
ground. Most importantly it has a single correlation length to
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FIG. 6. The thermal amplitude of the structure factor versus
temperature for three aerosil densities. Since the thermal amplitudes
decrease with an increase in the disorder in the gels, the amplitudes
of the p;=0.096 and p,=0.3 samples are multiplied by 3 and 5,
respectively. The solid lines are the results of power-law fits with
o,=~(T"=T)7” to the data above T" with y exponents as specified.

determine both the thermal and static correlations. Fits to
Egs. (1) yield a parallel correlation length which increases
continuously with decreasing temperature below the transi-
tion and saturates at a value which characterizes the random
static correlations in the disordered LC medium. In general,
in fits to Egs. (1) the two amplitudes of Eq. (1b) and (Ic) are
strongly correlated. This results in large correlated fluctua-
tions of a, and oy, making it difficult to determine them
reliably.

In this study, as discussed in Sec. I, this problem is re-
solved by decoupling the two parts of the function and using
two distinct correlation lengths, given in Egs. (2b) and (2c¢).
The parallel correlation thermal length & and the thermal
amplitude o are considered to be temperature-dependent pa-
rameters. The static correlation length is treated as tempera-
ture independent. The results for the static susceptibility are
described in the next section. The fitted values of o and §
are shown in Fig. 6 and 7 for three different values of p,. The
corresponding perpendicular thermal correlation lengths are
calculated assuming that the ratio of &/& is the same as that
in pure 40.8 [28].

As may be seen in Fig. 6 the thermal amplitude o exhib-
its pseudocritical behavior both above and below T". This
behavior is in good agreement with the results of heat capac-
ity measurements [8]. Detailed analysis shows that an in-
crease in the aerosil mass density of the samples suppresses
the thermal fluctuations and decreases the thermal amplitude.
Because of this decrease, the amplitudes for p;
=0.096 g/cm® and p,=0.3 g/cm? are multiplied by 3 and 5,
respectively, in Fig. 6. It should also be noted that especially
for the lowest-density samples it is difficult to determine o,
and § in the smectic-A phase where the scattering is domi-
nated by the static part of the structure factor. Thus only the
high-temperature data—i.e., T7>T (p,)—may be fitted to
power laws, as indicated by the solid lines in Figs. 6 and 7.

In Fig. 8 the thermal correlation lengths are shown for
four different 40.8+aerosil gel samples as a function of re-
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FIG. 7. Thermal correlation lengths versus temperature. The
solid lines are the results of power-law fits with &=~ (T"-T)™" of
the data above the T" with v exponents as specified.

duced temperature t=(T—T")/T". The pure 40.8 correlation
length is shown as a solid line. As is evident in the figure,
there is a systematic deviation of the fitted values of & from
the pure 40.8 values as t becomes small. There is a plateau
indicating saturation starting at t=5X10~* and r=5xX 1073
for the lowest and highest disordered samples, respectively.
The correlation lengths at these plateaus are ~1.5-3 times
smaller than the corresponding [, void size of the aerosil
network calculated for each p, [34] and about 3-18 times
smaller than the limiting smectic correlations length in the
SmA phase for the high and low densities, respectively.

E. Static fluctuations and static correlation lengths

As stated above, the two parts of S(g) are decoupled by
using two different parallel correlation lengths as shown in
Eq. (2). As a result, the nonmonotonic variations in the cor-
relation lengths and the amplitudes seen in previous analyses

T a T T
10* O 5,=0.025 | <
i O 520040
(& p=0.15
* ps=0.3
——Pure 40.8]
< 3
: o _
e 10 ]
— ]
N
10° b 3
A L L

10" 10° o 10?
t=(T-T )T

FIG. 8. Thermal correlation lengths of four different aerosil den-
sity samples, specified in the figure, versus reduced temperature.
The data shown are for the smectic fluctuations above T"(py).
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due to the coupling between these parameters are decreased
noticeably. In the present study, the static term amplitude a,
is essentially zero in the high-temperature nematic phase.
This means that the thermal term of S(g), Eq. (2b), describes
well the x-ray scattering peaks measured in the nematic
phase, as shown in Figs. 2, 9, and 10. To facilitate the fits, a,
is set to zero for the high-temperature scans above 338 K.
Since the N-SmA transition for pure 40.8 is Ty,=336.92 K
and T"(p,) < Ty, setting a,=0 does not alter any results and
helps increase the fit stability of the other parameters. The
behavior of the structure factor as the temperature is lowered
into the SmA phase is shown in Figs 2, 9, and 10. As is
evident from these figures, the static contribution grows rap-
idly below a temperature which is close to, but lower than,
Ty, The solid lines are the results of fits to Eq. (2) at each
temperature for the different samples. The values of a, ob-
tained for four different aerosil densities are shown as func-
tions of temperature in Fig. 11. Figure 12 displays the low-
temperature static amplitude a,; 1t as a function of p,. Here,
ay 7 is the average of the static amplitude for the lowest two
temperatures. The low-temperature a, values are normalized
by the Porod amplitude bp to account for the volume of the
sample in the beam. The solid line in Fig. 12 is the power-
law form a,;1/bp~ p, where p; is the reduced aerosil mass
density which can be given as (1-p,)/p,. This implies that
the scattering intensity is proportional to the LC mass in the
x-ray beam path [9] as one would expect.

At low temperatures the static term of S(g) totally domi-
nates over the thermal term in the fits as shown in Figs. 2, 9,
and 10. The dashed lines in these figures correspond to the
thermal term contribution plus the Porod background which
contributes significantly only to the tails of the smectic
peaks. Since a, is proportional to the integrated intensity of
the static term, a,(7) can be considered as proportional to the
square of the order parameter. The solid lines in Fig. 11
drawn for four different aerosil gels are the results of power-
law fits with

a, ~ (1 -TIT")*. (3)

This behavior of the order parameter is consistent with the
results of previous LC+aerosil x-ray scattering experiments,
but the results here are much clearer because of both the
density of data points and the improved method of data
analysis. The values for B and T" obtained from the fits are
given in Table I and discussed in the next section. The inset
of Fig. 11 is drawn to demonstrate the rounding effect of the
order parameter for p,=0.040 g/cm?. These data were fitted
using a Gaussian distribution of transition temperatures in
Eq. (3). The full width at half maximum for p
=0.040 g/cm? is found to be ~0.17 K. As discussed in Ref.
[17], the deviation from the expected power-law behavior in
highly disordered samples may be due in part to the finite
size of domains reached at =~ 1 X 1073. The size of the smec-
tic domains will in turn be limited by the nematic correlation
length as well as any additional effects of the positional ran-
dom fields. The rounding will also include any effects of
macroscopic heterogeneity in the gel. The transition tempera-
tures, listed in Table I, show a systematic decrease with an
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FIG. 9. Scattering intensity /(g) for the least
disordered 40.8+aerosil gel, p;=0.025, shown as
the sample cools down. The solid lines represent

the results of the fits with the model given by Eq.

(2), plus the background. As seen in panel (a), the
fit is achieved using only the $”¢™ term. The

| (Q) [agb.units]

static part of the structure factor begins to con-
tribute by panel (b) and defines the peak at low
temperatures while S9! describes the tails of
the peaks as is evident in panels (c) and (d).

0.220 0.224 0.228

q[A"]

apparent precipitous drop of about 2 K from the pure 40.8
transition temperature as shown in Fig. 13.

The static parallel correlation lengths 5‘2, obtained as glo-
bal parameters, are shown in Fig. 14 as a function of aerosil
mass density. These values are also given in Tables I and II.
The values of guz extracted from the fits are larger by about a
factor of 3 than €, the calculated mean void size of the
aerosil network [16], as was also observed in 8CB and 8OCB
studies [17-19]. Unlike the results of disordered 8CB and
8OCB studies, 40.8+aerosil analysis reveals a somewhat

different scaling exponent for the 5”2 ~ p;” relation. The thick

x10°

solid line in Fig. 14 gives y=1.4(1) for our 40.8 +aerosil gel
experiment while the dashed line shows the combined be-
havior of 80CB +aerosil and 8CB +aerosil gels with y=1.
Interestingly, the effective exponent y for the smectic corre-
lation length in the 40.8+aerosil gel is close to that of the
nematic correlation length determined in the 6CB+aerogel
system, which has ygcp=1.6(1). In the 6CB +aerogel experi-
ment [35] the nematic correlation length was measured using
light scattering. The measured nematic correlation length
values are about 7 times larger than 40.8+aerosil smectic
correlation length. The finite size of the nematic correlation
length is consistent with the prediction of Radzihovsky and

T T

x10°
(@) T=335.65K

I

N

FIG. 10. Scattering intensity /(¢) for the most

disordered 40.8+aerosil gel, p;=0.3, obtained on
cooling. The solid lines show the fits with the
total structure factor plus the background. As
seen in panel (a), the fit is achieved with only the

» O

| () [arb. units]

Sthermal term. This part of the structure factor di-
minishes in panel (d) (low temperatures) where
almost all the scattering is modeled by S*@, The
relative contribution of the two parts of the struc-

N

o

ture factor can be easily seen in the inset figure of
panels (b) and (c).
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FIG. 11. Normalized static amplitude of the structure factor ver-
sus temperature. The solid lines are the power-law fits with Eq. (3),
as described in the text. The data are shown for four different den-
sity aerosil samples. The inset figure shows the rounding effect seen
in the p,;=0.040 gel (sample B). The Gaussian distribution used in
the power-law fit for this sample yields a FWHM of ~172 mK for
the observed rounding of 7~

Toner [11] for the effects of the random tilt field.

We also carried out some fits in which the static perpen-
dicular correlation lengths, £,, were treated as independent
freely adjustable global variable. The results are shown in
Table II.

The agreement between 5”2 values extracted from the two

types of fitting analyses is compelling. This shows that guz is
a robust fitting parameter and the line shape is primarily
given by 2”2 while E 2 has only second-order effects on the
line shape. The fit 2 analysis yields noticeably larger values
for the putative perpendicular correlation lengths than those

used in fit 1. Interestingly, the larger E 5 values are close to
the corresponding values of the mean void size of the aerosil

az(m/bp [arb.units]

‘0.1 . 1
p, [gfem’]

FIG. 12. Normalized static amplitude of the structure factor ver-
sus aerosil mass density p,. The line shows the power-law fit with
ay/b,~ p, where p=(1-py)/p; is the reduced aerosil mass density.
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FIG. 13. Transition temperatures versus aerosil mass density.
The data represented by the open circles are the results of the
present study while the heat capacity results [8] are shown with the
open squares.

network €= £,,. This could be interpreted as a finite-size
effect (FSE) where {,=¢,, is the maximum (cutoff) length
scale. This is shown in Fig. 15(b). Here the observed FSE
corresponds to the conventional finite-size scaling, argued by
Iannacchione et al. [16] where the maximum length scale is
set by the natural length of the confinement. The mean cor-

relations lengths &=(§,& )" calculated from the results of

the two analyses presented in Table II are shown in Fig.
15(a) as a function of p,. The line shows the mean void size

® 8CB+aerosil

10 b o 80CB-+aerosil| |

° Y 40.8+aerosil | 1
=<
N
N

10° b 3

a
102 N M 1

01 ‘3 . 1
p, [g/em’]

FIG. 14. Static correlation lengths versus aerosil mass density
shown for disordered 8CB+aerosil, 8OCB+aerosil, and 40.8
+aerosil gels. The values shown for 8CB+aerosil and 80CB
+aerosil studies are the average low-temperature correlation lengths
which are the results of the analysis using Eq. (1), as described in
the text. The static correlation lengths for 40.8+aerosil gels are the
best global fit values é?\\z, which are also listed in Table I. The heavy
solid line and the dashed line are the results of power-law fits with
&n~ py’. The nematic correlation length for 6CB+aerogel [35] and
the calculated void size € for aerosil gels are indicated in the
figure.
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TABLE II. Static correlation lengths for nine 40.8+aerosil samples. Shown are the aerosil mass density
ps in g/cm?, the mean void size of the aerosil network €, and the static correlation lengths. All length

parameters are in A units. In fit 1, 5“2 is taken as a global (temperature independent) fit parameter while 3 12

is assumed to have a value set by pure 40.8 &, (§)) dependence. In fit 2, both :g;m and E o are taken to be

independently free adjustable global fit parameters.

EHZ ng SI\Z ELZ
Ps € Fit 1 Fit 1 Fit 2 Fit 2
0.025A 2700 15200 (600) 902 (65) 14700 (500) 3180 (600)
0.025B 2700 16500 (750) 965 (78) 16100 (600) 2200 (300)
0.040A 1700 9800 (200) 631 (27) 9700 (150) 1870 (120)
0.040B 1700 8000 (200) 535 (15) 8000 (100) 1780 (120)
0.062 1075 3970 (150) 302 (21) 4000 (60) 1100 (130)
0.096 694 3250 (100) 257 (15) 3200 (50) 670 (50)
0.15A4 444 1260 (30) 119 (5) 1270 (20) 330 (15)
0.15B 444 1230 (35) 117 (5) 1300 (20) 410 (20)
0.3 222 580 (15) 63 (3) 580 (10) 140 (8)

of the aerosil network as a function of p,. This can be seen
more clearly from the comparison of perpendicular correla-

tion lengths &, , (fit 1) and &, , (fit 2) in Table II. The ratio of

EH/EL for fit 1 is found to be ~17 for the low-p, and ~ 10 for
the high-p; samples. In the second analysis with free global

values for Eu this ratio is decreased by a considerable
amount to ~4 for all aerosil gel samples. Given that the
transverse correlation length is not well defined in the LC
+aerosil gel systems which is orientationally isotropic, the
above analysis is at best suggestive.

2 . 2

0.02

10

0.1 , 03
p, [g/cm’]

FIG. 15. Volume-averaged static correlation and perpendicular
static correlation lengths versus aerosil mass density. Open circles
and squares are the values obtained from the fits when i o are
calculated from the pure 40.8 critical behavior. Solid circles and
squares are the values from the fits when i |5 are fitted as free
global variables. The solid line is the void size of the aerosil gel, €,
shown in both panels.

Finally, the results obtained from the fits in which Eq. (2¢)
is replaced by a Gaussian yield similar results except that the
fitted values for §p, are 2-3 times larger than those obtained
using the Lorentzian-squared static function. Thus, in the
Gaussian model the smectic correlation length in 40.8
+aerosil gel is approaching the size of the 6CB nematic cor-
relation length in 6CB +aerogel system [35].

IV. DISCUSSION AND CONCLUSION

These 40.8+aerosil gel experiments have shown that dis-
persed aerosil, which gelates to form a gel network with
40.8 in the interstices, significantly affects the phase transi-
tion properties of the N-SmA transition. Most importantly,
the quasi-long-range-order (QLRO) smectic-A,, phase in
pure 40.8 is replaced by a SRO SmA state as a consequence
of the quenched random fields imposed by the aerosil gel.
This change is observed even for the sample with the weak-
est disorder, p,=0.025. This is consistent with expectations
for the 3D random field XY model (3DRF-XY) as discussed
by many authors [11,36]. In Fig. 14, the static correlation
lengths are presented for 8CB +aerosil, 80OCB +aerosil, and
40.8+aerosil gels. These are the low-temperature (saturated)
correlation lengths obtained from the 8CB+aerosil and
8OCB +aerosil studies. The values for the 40.8+aerosil gel
samples have been obtained using the analysis technique dis-
cussed above. Essentially all of these analyses yield reliable
values for the limiting static longitudinal correlation lengths.
These results can be compared with those of Ref. [37] where
it was suggested that in the 8CB+aerogel system there may
be a second-order phase transition from the nematic phase to
a short-range-ordered smectic A phase, so-called SBG. Our
data seem to be consistent with a second-order transition into
a state with a finite positional correlation length except for
the rounding of the phase transition close to 7" shown in Fig.
11. However, the rounding is only observed for reduced tem-
perature less than ~2X 107 and it could arise either from
macroscopic inhomogeneities in the sample or from the finite
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FIG. 16. Critical order parameter exponent obtained from the
fits using Eq. (3) versus aerosil mass density. The 23 values for
pure LCs were obtained from data given in Ref. [29] and are plotted
versus Ry, This allows a comparison of pure LCs and disordered
40.8+aerosil gels, as discussed in the text.

nematic correlation length. For a true SBG or XY Bragg
glass phase, the nematic correlation length must be infinite.
Heat capacity data [8] seem to rule out a conventional
second-order transition at least for high densities, p,>0.1.
The latter may also be affected by macroscopic inhomoge-
neities. Further work on the possibility of a smectic Bragg
glass phase would be invaluable. We should note that re-
cently Liang and Leheny [38] have argued that they observe
an XY Bragg glass phase in anisotropic 8CB+aerosil gels.
They used a modified Gaussian line shape in their analysis.
Overall, their results and analyses are consistent with ours. It
should also be noted that a similar SBG phase which is pre-
dicted to exhibit power-law singularities at the Bragg peak
positions has been discussed by Fisher [39].

In Fig. 16, the critical exponents (3, extracted from fits to
the order parameter using Eq. (3), are shown as a function of
p,- The mass density of the aerosil, p,, can be viewed as a
parameter which represents the strength of the quenched ran-
dom field in the sample [16]. However, it should be noted
that the exact relation between p, and the disorder field
strength A caused by the aerosil in LC+aerosil gels is still
unknown. Figure 16 gives a comparison of 28(p;,) for 40.8
+aerosil with the behavior of effective 2 in pure LCs as a
function of the McMillan ratio R,; which is the ratio of the
N-SmA transition temperature T, to the /-N transition tem-
perature Ty (Ry;=Tna/ Tyy). This parameter characterizes the
strength of the coupling between the nematic order param-
eter S and the smectic order parameter ¥ (de Gennes cou-
pling). For pure LCs, as the nematic range ATy=T;y—Tya
decreases, R), approaches 1, the nematic susceptibility in-
creases, and this coupling is strengthened. The result of the
strong coupling of the nematic and smectic-A order param-
eters is to drive the N-SmA transition toward tricritical and
ultimately first-order behavior. As ATy increases, the nematic
susceptibility decreases, which makes the coupling weaker
and drives the transition towards the 3D XY regime. Since
smectic phases in pure LCs have QLRO, it is not possible to
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FIG. 17. Heat capacity critical exponent a versus aerosil mass
density p,. In order to compare this with the bulk LCs behavior, the
same scaling between R, and p, used in Fig. 16 is also used here.
Open and solid diamond data are the measured « values for 40.8
and three 40.8+aerosil samples [8]. Stars show « values for the
pure LCs, taken from Ref. [29].

measure the order parameter directly because of the power-
law singularity in the cross section. However, the suscepti-
bility critical exponent 7y and the heat capacity critical expo-
nent « are known from x-ray diffraction and from
calorimetry measurements, respectively [29]. The corre-
sponding 23 values can be calculated for pure LCs using the
Rushbrooke scaling equality a+ y+28=2.

Linear scaling between R,; and p, has been used to com-
pare the behaviors in quenched random disordered 8CB and
pure LCs [16,17]. The details of the scaling used in this
study are given in Ref. [17] where the concept of an effective
McMillan Rigf(sil) is introduced for a LC+aerosil system.
This is defined by R%/(sil)=RY,—ap,, where RY, is the Mc-
Millan ratio for the pure LC which, in this case, equals 0.958
for 40.8 LC. The overlay in Fig. 16 was achieved using a
=0.45 which is close to the value of a=0.47 used in the
8CB +aerosil study [17]. As may be seen clearly in Fig. 16,
an increase in the disorder strength has similar effects on the
N-SmA critical exponent 23 of 40.8+aerosil as a decrease
in R, has on that of pure LCs. The nematic susceptibility is
suppressed by increased p,, and this in turn drives the
N-SmA transition towards the 3D XY regime. This effect of
aerosil dispersion is consistent with the results of previous
experiments in which N-SmA transitions were studied in
8CB and 80CB. Figure 17 displays another comparison be-
tween the 40.8+aerosil gel system and pure LCs. In this
figure, the heat capacity exponents « obtained from the
40.8+aerosil calorimetry experiment [8] are shown along
with the corresponding « values of pure LCs [29]. With in-
creasing p;, the quenched random field drives the measured
critical behavior of the N-SmA transition towards the 3D XY
regime. This result is in agreement with the behavior of
B(py)-

The static parallel smectic correlation lengths of 8CB,
80CB, and 40.8 LC+aerosil gels have been displayed in
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Fig. 14 as functions of the disorder strength. These are all
based on an assumed Lorentzian-squared cross section for
the static susceptibility. As stated in the Results section, the
nematic correlation lengths &y for the 6CB+aerogel system
are shown by the upper line in this figure. The larger corre-
lation lengths of 6CB are due to the nematic domain size
which is physically, by necessity, larger than the size of
smectic domains. The values shown for the smectic correla-
tion lengths of 40.8 are larger than the values of 8CB or
8OCB in the low-density regime. One possible explanation
for the larger correlation lengths of 40.8 at small p, is the
molecular structure of the 40.8 LC. 40.8 does not have a
dipolar group at either end of the molecule unlike 8CB and
80OCB which both have a CN~ terminal group. Thus it is
expected that the influence of the aerosil surface anchoring
the 40.8 molecules may be weaker compared to that for
8CB +aerosil and 8OCB +aerosil gels. This could cause the
smectic domains of 40.8 to be less perturbed by the aerosil
network, thus allowing larger correlations to grow. This ar-
gument was also discussed by Clegg et al. [40] for 8S5
which is another nonpolar LC. All of the correlation lengths
shown in Fig. 14 are several times larger than the mean void
size £, of the network. This means that when the smectic
domains form, they span many voids in the network.

The scaling of the correlation length as a function of dis-
order strength A has been discussed theoretically by Aharony
and Pytte [41]. They deduced the scaling relation ¢
=A""4rd where the lower dimensionality of a continuous

PHYSICAL REVIEW E 75, 061705 (2007)

random field XY system is d;=4. This implies that, for the
N-SmA transition which is a typical 3D continuous phase
transition (d=3), the correlation length dependence on the
random variance is £~ A~!. Assuming that A ~ p, this yields

& ~p, - The corresponding scaling shown in Fig. 14 is §H2
~p, 14(1) for this 40.8+aerosil study compared with
~p, 11 measured in the 8CB+aerosil study [16]. Given the

overall uncertainties in the data we regard this as a satisfac-
tory agreement, especially since the assumption A~p is
heuristic.
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