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Effect of a quenched random field on a continuous symmetry breaking transition:
Nematic to smectic-A transition in octyloxycyanobiphenyl-aerosil dispersions
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High-resolution x-ray diffraction and ac-calorimetric experiments have been carried out on the liquid-crystal
octyloxycyanobiphenyl in which aerosil particles are dispersed. The measurements were made over a tempera-
ture range around the bulk nematic to smectic-A transition temperature. At this transition the liquid crystal
breaks translational symmetry in a single direction. The silica particles, which hydrogen bond together to form
a very low density gel, provide the quenched disorder. The random gel leads to observable broadening of the
x-ray reflection from the smectic layers. The structure factor is well described by modeling the effect of the
aerosils as a quenched random field. Dispersed aerosils are thought to pin both the direction of the translational
ordering and the position of the layers. The latter appears to have the greatest effect on the x-ray line shape. We
show that the aerosil surface area, as verified by small-angle scattering, equates to the variance of the random
field. Calorimetric results reveal substantial change in the specific heat peak associated with the nematic to
smectic-A transition. As the concentration of aerosil increases, the specific heat peak remains sharp yet de-
creases in magnitude and shifts in temperature in a nonmonotonic fashion. In this regime, the critical exponent
a becomes progressively smaller. For the samples with the largest concentrations of aerosil particles the
Cp(N-A) peak becomes highly smeared and shifts smoothly to lower temperatures.

DOI: 10.1103/PhysRevE.67.021703 PACS number~s!: 64.70.Md, 61.30.Eb, 61.10.2i
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I. INTRODUCTION

Recent studies of the nematic~N! to smectic-A (SmA)
transition in octylcyanobiphenyl~8CB!-aerosil dispersions
by Park and co-workers using x-ray scattering@1,2# and by
Iannacchione and co-workers using calorimetry@3# have
shown that this system has clear quenched rand
field characteristics and that the finite ordered domain s
creates finite-size scaling effects@4#. Here we present a
complementary study of a different liquid crystal—
octyloxycyanobiphenyl~8OCB!. Measurements on 8OCB
enable us to test further our understanding of liquid-cryst
aerosil dispersions. This material has a wider nematic ra
than 8CB; it has larger elastic constants in the nematic ph
and, has a smectic phase that is more sensitive to chang
density. The final point is illustrated by the reentrant nema
phase that 8OCB exhibits at high pressures or when dilu
with a shorter homolog@5#.

The effect of quenched disorder on phase transition
havior can be profound. Of interest here is quenched rand
disorder that couples linearly to the order parameter.
have studied the effect of this apparent random field on
nematic to smectic-A (N-SmA) phase transition in the
liquid-crystal material 8OCB. The smectic order parame
involves the amplitude and the phase of a one-dimensio
density wave@6#; this is a three-dimensional~3D! two-
component order-parameter system.

The molecule 8OCB has a rigid biphenyl core, a po
cyano head, and an aliphatic tail. At;353 K there is a tran-
sition from the isotropic to the nematic phase. Below t
1063-651X/2003/67~2!/021703~13!/$20.00 67 0217
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temperature the molecules become orientationally orde
At TN-A

0 .340 K a transition occurs from the nematic to
partial bilayer smectic-A phase. The 1-atm phase sequen
for 8OCB is @7#

Crystal ——→
;327.9 K

SmAd ——→
340.27 K

N ——→
353.39 K

I ,

where the reproducible crystal-SmA melting temperature is
given. Due to coupling between the nematic order param
and the smectic order parameter as well as couplings inv
ing the fluctuations, the nematic to smectic-A transition is
not a simple member of the 3D-XY universality class.
Rather, it exhibits complex anisotropic critical behavior@8#.

The effects of random fields on single component ord
parameter magnetic transitions have been studied for m
years @9#. This has been carried out using the Fishma
Aharony trick: a random-field Ising ferromagnet can be c
ated by applying a magnetic field to a diluted Ising antife
romagnet @10#. However, it is not possible to use th
technique for systems with more than a single ord
parameter component. The applied field will always resul
a uniaxial random field rather than matching the symmetry
the system. Common realizations of multicomponent ord
parameter random-field systems are pinned vortices in t
II superconductors@11# and pinned charge-density wave
@12,13#. In both of these systems, the disorder strength
substantially more difficult to control than the applied ma
netic field in the random-field Ising model~RFIM! systems.

The nematic to smectic-A transitional behavior in pure
liquid crystals has been studied extensively using hi
©2003 The American Physical Society03-1



g
ci
n
t

y

ed
g
e

ul
rd
fie
o
o.
f i

o
s

b

th
u

er
n
v
a
s
, t
su
in

th
he
s

al

s

du
he
qu
te
th
e

in

e
st
of
c
o

-
ori-
tic
fies
and
3D-

u-
ec-
ter
ior.

ve

us-

of
be-

to
ched
tic
that

m
gli-
do-
ins

the
lso
ss
of

ith
im-
ave
pic

e

del
ing

dy-
in-

ust
nge
ults
id-

tant

P. S. CLEGGet al. PHYSICAL REVIEW E 67, 021703 ~2003!
resolution x-ray diffraction. An attractive feature of studyin
the effect of disorder on liquid-crystal behavior is the pre
sion with which the pure system structure factor is know
High-resolution measurements have demonstrated that
smectic correlations in the nematic phase are described b
anisotropic Lorentzian structure factor@14#. The results
clearly show that a fourth-order correction term is requir
which diminishes as the transition is approached. Althou
this behavior is well characterized empirically, it is not y
fully understood.

The study of the nematic to smectic-A transition in a ran-
dom field presented here is important because it is a m
component order-parameter system for which the diso
strength can be easily controlled. The quenched random
is created by a gel of aerosil particles. The strength and
entation of thefield are random with a mean value of zer
The scale of the perturbation is parametrized in terms o
variance which can be varied by changing the density
aerosils in the dispersion. The aerosils are silica sphere
about 70-Å diameter; they hydrogen bond together to form
random gel. Studies have previously been carried out
various groups on liquid crystals in an aerogel medium@15–
17#. Using aerosil as the disordering medium facilitates
creation of gels with a higher pore volume fraction and th
opens up a physically interesting regime. The aerosil or a
gel surface pins both the direction of the layer normal a
the position of the layers. Small-angle x-ray studies ha
shown that the aerosil dispersion has a fractal structure
has no preferred orientation@3#. Since the fractal correlation
are on much longer length scales than the smectic order
gel surfaces are effectively uncorrelated. The random
faces provide a random pinning field, overcoming the intr
sic problem with magnetic systems.

To understand the effect of the aerosil network on
N-SmA transition, it is necessary to first consider how t
disorder disrupts the orientationally ordered nematic pha
The aerosil network dilutes the nematogens and addition
creates a preferred orientation@18,19#. The latter effect is the
most important and contributes to the total free energy a

Fr
N5E d3x@2g2~h•n!2#, ~1!

where n is the orientation of the molecules andh is the
random influence of the sil surface. This term is squared
to the effective inversion symmetry of the molecules in t
nematic phase. Since the nematic order parameter is
dratic inn, this term is linear in the nematic order parame
and hence this constitutes a random field. In support of
conjecture, light scattering measurements show that the n
atic phase in liquid-crystal aerosil dispersions breaks up
large but finite-sized domains@20–22#. As the sample is
cooled further, smectic correlations develop within finit
sized nematic domains. The free energy of the liquid cry
close to theN-SmA transition can be written as the sum
the de Gennes free energy, the Frank free energy for dire
fluctuations, and the contribution due to the influence
aerosil. The latter can be expressed as@18,23#
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Fr
SmA5E d3x@2g2~h•n!22Vc2V* c* #. ~2!

Here n is again the director whilec is the complex order
parameter for the smectic-A phase. The first term is the con
tinued influence of the aerosil surface on the molecular
entations. This interaction limits the ability of the smec
correlations to increase the nematic order. It also modi
the relationship between the nematic and smectic phases
as a result makes the system behave more like a standard
XY system@3#. The second pair of terms represent the infl
ence of the aerosil environment on the position of the sm
tic layers. This term is linear in the smectic order parame
c and is likely to create the observed random-field behav
The pinning of the layer position at theN-SmA transition is
similar to the pinning of the phase of a charge-density wa
by random impurities.

Previously, 8CB-aerosil dispersions have been studied
ing high-resolution x-ray diffraction@1,2#. The structure fac-
tor used to analyze the scattered intensity as a function
wave-vector transfer was motivated by analogy with the
havior of magnetic random-field systems. This appears
support the idea that the aerosil network creates a quen
random pinning field. The correlation length for smec
fluctuations was observed to saturate at a finite value
was density dependent. Thus no true SmA phase exists in
aerosil samples. However, there is aneffective N-SmA tran-
sition temperatureT* , below which static quenched-rando
effects dominate and above which they are close to ne
gible and thermal fluctuations dominate. The smectic
mains that form are much smaller than the nematic doma
that precede them@1,2# ~the nematic correlation lengthjN

>5j̄, wherej̄ is the orientationally averaged smectic-A cor-
relation length at low temperatures@22#!. Here we build on
the 8CB-aerosil work by showing that the dependence of
x-ray scattering for 8OCB on the aerosil concentration is a
in agreement with theoretical expectations. We will discu
the similarities and differences between the responses
these two systems to the quenched disorder.

Other studies have been carried out on liquid crystals w
an aerosil dispersion using a variety of techniques. Calor
etry measurements on 8CB with an aerosil dispersion h
yielded detailed information on both the nematic to isotro
(N-I ) transition and theN-SmA transition @3#. Deuterium
nuclear magnetic resonance~DNMR! measurements hav
also been made on 8CB with an aerosil dispersion@24#. Both
calorimetry and DNMR results are consistent with a mo
in which the nematic susceptibility decreases with increas
aerosil density.

Promising results have been obtained concerning the
namical behavior of 8CB-aerosil dispersions using x-ray
tensity fluctuation spectroscopy@25#. Measurements of the
aerosil dynamics were carried out with x-ray energies j
below the Si absorption edge and in a wave-vector ra
sensitive to the large-scale silica gel structure. The res
show that the silica gel motions are damped by the liqu
crystal elastic medium and that the relaxation time cons
increases substantially at theN-SmA transition.
3-2
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TABLE I. Parameters for seven 8OCB-aerosil dispersions studied with x rays. Shown are densitiesrS and
rP in g of SiO2 per cm3 of 8OCB; ratio of transmitted to incident beam intensityI /I (0); thicknessd in mm;
ratio of random-field amplitudea2 to thermal amplitudes1 at low temperature~LT! in units of 1
31025 Å21; low-temperature parallel correlation length (j i) in Å and, pseudotransition temperature (T* )
in K.

rS rP I /I (0) d a2 /s1 (LT) j i (LT) T*

0.025 0.02760.001 0.46 1.46 340.0260.03
0.051 0.04560.002 0.65 0.70 0.04260.010 3670610 340.0460.07
0.078 0.07660.003 0.54 0.87 0.02260.010 3290610 339.8160.10
0.105 0.10860.004 0.37 1.28 0.02660.007 2995610 336.0660.10
0.220 0.23860.008 0.34 0.97 0.27360.056 96565 338.2460.06
0.347 0.34160.011 0.22 1.06 0.42960.131 82065 337.6760.47
0.489 0.34360.034 0.41 0.51 5.2561.82 41065 337.3061.61
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This paper is organized as follows. Section II describ
the preparation of the 8OCB-aerosil dispersions. In addit
the configurations for the high-resolution x-ray diffractio
measurements and the ac calorimetry techniques will be
scribed. Given in Sec. III is a presentation of the results
a description of the data analysis. The choice of x-ray l
shape is motivated by results with 8CB and from magne
RFIM systems. The correlation lengths and peak intensi
derived as a result are shown as a function of the aer
density, which is proportional to the silica aerosil surfa
area. The dependence on aerosil density of theN-SmA spe-
cific heat peak and enthalpy are also presented. All res
are then discussed in Sec. IV and related to results f
previous aerogel and aerosil studies and to theoretical
dictions. The discussion section includes suggested di
tions for further study.

II. EXPERIMENTAL TECHNIQUES

The 8OCB liquid crystal was used as purchased from
drich. Type 300 aerosils, hydrophilic due to a surface coa
of hydroxyl groups, were obtained from Degussa@26#. The
specific surface area measured by the manufacturer
Brunauer-Emmett-Teller isotherms is 300 m2g21, each par-
ticle having a roughly 70-Å diameter. Prior to dispersal, t
aerosils were dried by heating on a hot plate to;570 K
under vacuum. The appearance changes from being hi
fluffy to being more powderlike when dry. The seven diffe
ent density samples studied with x rays are listed in Tabl
Each was created by mixing appropriate quantities of liq
crystal and aerosils. The density is quantified asrS , the mass
of aerosil divided by the volume of liquid crystal@3#, which
is related to the surface area of the random gel. The resu
mixture was dissolved in high-purity ethanol with very lo
water content, and the solution was then dispersed usin
ultrasonic bath for about an hour. As the solvent slow
evaporates from the mixture, a fractal-like gel begins
form. The aerosil particles hydrogen bond together to g
the structure that is disordered on the length scales of inte
here. At room temperature 8OCB is a crystalline solid. It w
imperative to avoid crystallization of the 8OCB once
aerosil dispersion is formed, since this was observed to g
rise to phase separation in the sample. While the ethanol
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being evaporated, the samples were kept on a hot plat
;338 K to insure that crystallization was avoided.

For the calorimetric study, rapid cooling of the samp
and cell~in seconds! due to its small mass prevented the u
of the approach detailed above. Instead, the sample was
pared in high-purity acetone and after the solvent evapora
was allowed to crystallize. The solid sample was transfer
to the calorimetry cell, sealed, and the heater and the t
mometer attached. Then the cell was heated aboveTN-I by
passing a constant calibrated current through the heater,
the cell was placed in an ultrasound bath for over an hou
remix the sample directly within the cell. By maintainin
current through the heater, the cell and sample’s tempera
was kept elevated while mounting into the calorimeter. Th
there is a small difference in sample preparation between
x-ray and ac-calorimetric studies.

A. X-ray details

The high-resolution x-ray diffraction measurements we
carried out at the X20A beam line at the National Synch
tron Light Source. This is a bending magnet beam line an
this case the energy~wavelength! was chosen to be 8 keV
(;1.54 Å). The monochromatic incident beam was co
mated using slits while the diffracted beam was collima
using slits and the~111! reflection of a Ge single crystal. Th
liquid-crystal–aerosil dispersion has a random isotropic d
tribution of domains. Smectic fluctuations give rise to a ri
of scattering. The resolution along the radius of the ring w
D2u;0.02°.

The sample environment for the x-ray measureme
comprised a single stage oven within a dry nitrogen envir
ment. The sample temperature was controlled via a resis
heater stabilized by a proportional and integral controller
better than60.05 K. The diffraction measurements we
necessarily carried out in transmission geometry. The sam
was sandwiched between two Kapton windows and ha
diameter of;5 mm and a thickness of;1 mm. Care was
taken that the sample remained well above the freezing t
perature as it was transferred to the diffractometer.

Prior to taking data, each sample was held in theI phase
at ;353 K for 6 h to allow the gel to equilibrate in the
holder. Measurements of the line shape corresponding
smectic correlations were made over a range of temperat
down to 315 K. Cooling was carried out at a rate<1 K h21.
3-3
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The number of scans of intensity as a function of 2u was
kept limited and the counting time low in order to minimiz
the amount of x-ray damage. The sample thickness was
ied with density in an effort to ensure that approximately o
absorption length of material was in the beam. This w
carried out so as to improve measurement statistics an
decrease the effects of beam damage.

Key parameters that characterize the composition and
of each sample are listed in Table I. The first column is
densityrS in g of SiO2 per cm3 of 8OCB. The second col
umn is an empirical determination ofrS from the back-
ground scattering and is designatedrP . In addition to study-
ing the smectic correlations as a function of temperatu
measurements were made of the small-angle backgro
scattering and of the absorption in the sample. The sm
angle background scattering primarily results from the ae
sil network. The intensity as a function of wave-vector tran
fer is plotted in Fig. 1 for a range of aerosil densities. The
measurements were made at 353 K to minimize the con
bution of smectic correlations to the scattered intensity. T
wave-vector dependence of the intensity is well modeled
the Porod law@27#:

I ~q!5
A

q4
1B. ~3!

The parameterA is proportional to the total surface area
the scattering objects while parameterB is the wave vector
independent background, which is likely to be due to b
disordered liquid crystal and air scattering. The densityrS is
the mass of aerosil per volume of liquid crystal and is p
portional to the surface area of the aerosil particles. The

FIG. 1. X-ray scattering intensity as a function of wave-vec
transfer for three 8OCB-aerosil dispersions at 353 K, which
;13 K above theN-SmA transition temperatureTN-A

0 in pure
8OCB. The scattering is predominantly due to the aerosil parti
and corresponds well to Porod’s law:I (q)5A/q41B. Inset: a plot
of theq24 coefficientA, corrected for absorption and normalized
the volume of liquid crystal, againstrS , the mass of aerosil pe
volume of liquid crystal.
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ues of the parameterA can be related torS values by cor-
recting for absorption, dividing by the volume of liqui
crystal and then finding the optimum proportionality consta
using a least-squares fit; in this form they are listed in Ta
I. The fit results are shown in the inset to Fig. 1 and indic
good agreement between the experimentalrS values and the
rP values derived from Eq.~3!. The relationship breaks
down for the highest density. In this case the very sm
volume of liquid crystal in the beam results in substant
errors in the value ofrP .

Also listed in Table I are the ratios of the transmitted
the incident intensity and the thickness of the sample deri
from this ratio. The ratio was determined by measuring
straight-through beam intensity in the absence of the sam
I (0), and the straight-through beam intensity with th
sample in place,I. For accurate measurements and minim
x-ray damage, the optimal sample thickness is such tha
average each photon scatters once givingI /I (0);e21. Our
measuredI /I (0) values are scattered around 0.4, indicat
close to optimal thickness.

B. Calorimetry details

High-resolution ac calorimetry was performed on tw
home-built calorimeters at WPI. The sample cell consisted
a silver crimped-sealed envelope;10-mm long,;5-mm
wide, and;0.5-mm thick~closely matching the dimension
of the heater!. After the sample was introduced into a ce
having an attached 120-V strain-gauge heater and 1-MV
carbon-flake thermistor, a constant current was placed ac
the heater to maintain the cell temperature well aboveTN-I .
The filled cell was then placed in an ultrasonic bath to rem
the sample. After remixing, the cell was mounted in the ca
rimeter, the details of which have been described elsewh
@28#. In the ac-mode, power is input to the cell asPace

ivt

resulting in temperature oscillations with amplitudeTac and a
relative phase shift ofw[F1p/2, whereF is the absolute
phase shift betweenTac(v) and the input power. The specifi
heat at a heating frequencyv is given by

Cp5
@Cf illed8 2Cempty#

msample
5

Paccosw/vuTacu2Cempty

msample
, ~4!

Cf illed9 5
Pac

vuTacu
sinw2

1

vR
, ~5!

whereCf illed8 andCf illed9 are the real and imaginary compo
nents of the heat capacity,Cempty is the heat capacity of the
cell and silica,msample is the mass in grams of the liqui
crystal ~in this work, ;20 mg of 8OCB-aerosil sample
which corresponds to 13-20 mg of 8OCB!, andR is the ther-
mal resistance between the cell and the bath~here,
;200 K W21). Equations~4! and~5! require a small correc-
tion @28# in order to account for the finite internal therm
resistance compared toR, and this correction was made fo
all samples studied here@29#. Measurements were conducte
at various frequencies in order to ensure the applicability
Eqs.~4! and ~5! by checking thatCf illed9 '0 through the ef-
fectiveN-SmA transition atT* and thatCp was independen
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of v. All data presented here were taken atv50.1473 s21 at
a scanning rate of less than6100 mK h21, which yield es-
sentially staticCp results. All 8OCB-aerosil samples exper
enced the same thermal history after mounting; 6 h in the
isotropic phase to ensure homogeneous gelation, then a
cooling deep into the smectic phase before beginning the
detailed scan upon heating.

III. RESULTS

A. X-ray results

High-resolution x-ray diffraction measurements were c
ried out for 8OCB with the aerosil densities listed in Table
over the temperature range 353 to 315 K. Figure 2 shows
scattering intensity as a function of wave-vector transfer
three different aerosil densities. The displayed results are
the lowest temperature studied (;TN-A

0 225 K). The resolu-
tion width, determined from the profile of the straigh
through beam, is indicated by a horizontal line. The addit
of aerosil particles leads to peak broadening beyond the r
lution limit even at the lowest temperature studied. Unfor
nately, at the lowest density studied (rS50.025 g cm23),
any peak broadening is unresolvable for the beam pro
available in this work. At higher densities of the aerosils,
peaks are broader than the resolution and thus the sm
correlation lengths are finite even at the lowest temperatu
There is a clear qualitative change in the reflection pro
with increasing density; and the solid lines are the results
fits to a model of the x-ray scattering structure factor, wh
will be described below.

For each aerosil density the reflection line shape evo
as the temperature is reduced. Figure 3 shows the x-ray
tered intensity as a function of wave-vector transfer for t

FIG. 2. Normalized x-ray scattering intensity of 8OCB-aero
dispersions due to smectic-A order at low temperatures~approxi-
mately TN-A

0 225 K) versus wave-vector transfer. The broaden
due to increasing disorder is evident. The lines are the results o
to a model described in the text. The width of the resolution fu
tion is indicated by the horizontal line labeledR.
02170
ow
st

-
I
he
r
or

n
o-
-

le
e
tic
s.

e
f

h

s
at-

temperatures at the same aerosil density. At high temp
tures~e.g., 338 K! short-range smectic fluctuations are ev
denced by a broad peak in the scattered intensity. The re
tion becomes narrower and sharper at lower temperatu
Again the solid lines are the results of fits with the model
the structure factor given below.

The x-ray structure factor for smectic thermal fluctuatio
has been studied intensively. The most commonly used
pression is@14#

ST~q!5
s1

11j i
2~qi2q0!21j'

2 q'
2 1cj'

4 q'
4

. ~6!

This is an anisotropic Lorentzian with a fourth-order corre
tion. j i (j') is the correlation length parallel~perpendicular!
to the smectic layers;q0 (2p/d, whered is the smectic layer
thickness! is the wave vector corresponding to the peak
the reflected intensity;s1 is related to the thermal fluctuatio
susceptibility;c gives the scale of the fourth-order corre
tion. The coefficientc has the value;0.25 at high tempera-
tures, hence the perpendicular profile is a Lorentzian squa
intensity distribution.c tends to 0 as the transition is ap
proached. This line shape has been used to analyze x
scattering from pure 8OCB and many other smectic liq
crystals. The reduced temperature dependence of the fo
order correction and the ratioj' /j i are consequently wel
known for 8OCB@30#.

The x-ray structure factor used to analyze the scatte
from the 8OCB-aerosil dispersions is motivated by studies
random-field magnets. A random field gives rise to fluctu
tions of the ordered state with a different wave-vector dep
dence than that for thermal fluctuations. Experimental st
ies @9# support the idea that random-field fluctuations beha
like thermal fluctuations with the lower marginal dimensio
ality shifted up by two. This leads to the structure factor

l

ts
-

FIG. 3. Normalized x-ray scattering intensity due to sho
ranged smectic-A order for an 8OCB-aerosil dispersion withrS

50.105 g cm23 versus wave-vector transfer. The profile chang
between T5338 K5T* 11.94 K and T5315 K5T* 221.1 K.
The lines are the results of fits to a model described in the text
3-5
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SRF~q!5
s2

@11j i
2~qi2q0!21j'

2 q'
2 1cj'

4 q'
4 #2

. ~7!

The denominator is the square of the thermal fluctuation
nominator. Ford>4 the dimensional change argument c
be justified theoretically@31#. The numerators2 is related to
the disconnected susceptibility. Smectic correlations in
8OCB-aerosil dispersions are influenced by both ther
fluctuations and the random-field fluctuations. Aharony a
Pytte @32# have shown that for a random-field system t
structure factor should have the low-temperature sca
form

S~q,j!5jdS̄~qj!. ~8!

For smectic liquid-crystal fluctuations there are different c
relation lengths in the directions parallel and perpendicu
to the smectic layer normal. We assume by analogy with
isotropic result that the structure factor should have the s
ing form

S~qi ,j i ,q' ,j'!5j ij'
2 S̄~qij i ,q'j'!. ~9!

Comparison of this form with Eq.~7! leads to the conclu-
sion that, for a random-field system, the amplitude can
written as

s25a2~j ij'
2 !, ~10!

which defines the parametera2.
The total structure factor thus consists of two terms:

S~q!5ST~q!1SRF~q!. ~11!

The thermal structure factor dominates at high temperatu
while the random-field structure factor given by Eq.~7!
dominates at low temperatures. There is a concurrent cha
in the reflection line shape as the balance between these
structure factors changes. It should be noted that Eq.~11!
provides an excellent description of the x-ray line shape
8CB-aerosil dispersions@1,2#. In order to compare this
model with the data, it is necessary to perform a pow
average and then to convolve the resulting line shape w
the resolution function. The powder average involves in
grating over the random orientations of the smectic doma
and the resolution function is measured as the profile of
straight-through beam. The handling of the resolution fu
tion follows that discussed in detail in Ref.@2#. In the present
work, we implemented the powder average by recasting
integral as an ordinary differential equation and solving t
using a commercial implementation of the Runge-Ku
method. In Refs.@1# and@2# the powder average was carrie
out by expanding the line shape as a series and then e
ating the integral analytically. The performance of these t
approaches has been compared for 8CB-aerosil data an
been found to be fully consistent.

The powder average of the structure factor given by
~11! has been fitted to the measured wave-vector tran
dependence of the scattered intensity. The background in
sity was taken to be a straight line
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I Bk~q!5Mq1C ~12!

over the limitedq2q0 range of the smectic scattering. No
that M is negative. The free parameters over which the fi
optimized areM ,C,q0 ,a1(5s1 /j ij'

2 ),a2 ,j i . The values of
j'(j i) andc(j i) are assumed to retain the same behavior
they exhibit in pure 8OCB. This assumption is physica
reasonable for the weak disorder imposed by the aerosil
and was also used for the 8CB-aerosil study@2#. An initial
fitting of the data was made with all six parameters fre
Subsequently,M and C were held fixed at their low-
temperature average values for each sample to remove
unphysical fit noise. The remaining four paramete
q0 ,a1 ,a2 ,j i were then redetermined. A background fixed
its low-temperature best fit parameters is chosen in pre
ence to a high-temperature background in order to reduce
influence of scattering from the disordered liquid cryst
This approach yielded lowx2 values@33#. The temperature
and density dependence ofq0 ,s1 ,a2 ,j i are discussed below
The low-temperature limiting values of various paramet
are shown in Table I. Examples of the correspondence
tween this structure factor and the measurements are give
Fig. 2 for different densities and in Fig. 3 for different tem
peratures. The agreement between the data and the mo
observed to be good.

The peak positionq0, and its temperature dependence d
play little variation between samples for all densities exc
the highest value studied. ForrS50.489 g cm23, q0 is
slightly but noticeably lower~by ;0.0007 Å21) at all
temperatures. For all other 8OCB-aerosil samples, theq0

value varied from 0.198160.0002 Å21 at TN-A
0 to 0.1998

60.0002 Å21 at TN-A
0 225 K, and this weak common tren

with temperature is completely analogous to that shown
8CB-aerosil dispersions in Fig. 6 of Ref.@2#. The robust
value of the peak position for low disorder is surprising. Pu
8OCB exhibits a partial bilayer smectic-A phase, hence the
ordering wave vector is incommensurate with the molecu
length. Since the balance of interactions in the liquid-crys
system is likely to be altered by the silica it might have be
anticipated that the peak position would change for even
lowestrS samples. The independence ofq0(T) on rS up to
0.347 g cm23 demonstrates that the partial bilayer smectic
8OCB-aerosil dispersions, although not long range, has
same local packing as in pure bulk 8OCB.

Figure 4 presents the results for the peak amplitudes.
parametera2 is close to the integrated intensity for th
random-field contribution, Eq.~7!; the temperature depen
dence ofa2 multiplied by ac-dependent correction is show
in Fig. 4~a! for three of the aerosil densities studied. No
that, as with 8CB-aerosil dispersions, there is an effec
transition temperatureT* , below which static quenched
random effects dominate and above which they are ne
gible.

The thermal fluctuation term given in Eq.~6! would also
describe the pretransitional behavior of a pure liquid crys
The observed behavior ofs1 is shown in Fig. 4~b!. It was not
possible to make sufficient measurements to explore fully
high-temperature behavior without subjecting the sample
3-6
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excessive x-ray damage. Three densities are shown in
4~b!, and in general the amplitude rises to a maximu
around the pseudotransition temperature before settling
ward a constant low-temperature plateau value. The max
nearT* could be the remnants of the divergent susceptibi
at the pure nematic to smectic-A transition.

At high temperatures the scattering is dominated by
thermal fluctuations while the random-field fluctuatio
dominate asT falls below an effective transition temperatu
T* . It has been shown in Ref.@2# that the temperature de
pendence ofa2 can be represented by an effective power l
(T* 2T)x, whereT* marks the temperature above which t
integrated intensity of the random-field componentSRF is
essentially zero, as shown for 8OCB in Fig. 4~a!. With both
8OCB-aerosil and 8CB-aerosil@1,2# studies the number o
scans of scattered x-ray intensity was kept limited in orde
minimize damage to the sample. For the 8CB-aero
samples it was possible to make measurements dow
;15 K belowT* and hence the data are somewhat focu
around the pseudotransition. With the 8OCB-aerosil sam
measurements were made down to;23 K below T* . This
has the advantage that the line shape can be characte
well below the pseudotransition and the disadvantage
there are fewer scans around the pseudotransition regio
self. As a result, the present 8OCB-aerosil data are too sp
to yield a good set of values for the exponentx as a function
of rS ; they can, however, be used to determineT* values
and these are given in Table I.

The amplitude ratio of the random-field term to the th

FIG. 4. ~a! Integrated intensity of the random-field termSRF(q)
versus temperature.~b! The amplitude of the thermal contribution t
the scattering versus temperature. TherS50.220 g cm23 values
have been multiplied by 2 and therS50.489 g cm23 by 20.
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mal term far below the pseudotransition is predicted to
related to the varianceD of the random field@32#. It has been
shown @4# that the relationship can be written asa2 /s1
;D3. Note that the quantitya2 /s1 is independent of the
normalization of the intensities. The low-temperature rat
are taken to bea2 /s1(LT), where both parameters are th
average values forT,320 K, i.e., DT5T2T* ;221 K.
While neithera2 nor s1 are quite saturated at these tempe
tures, this is the best available comparison with the the
The ratio values, given in Table I and displayed in Fig.
show qualitative agreement with the relationa2 /s1;rS

3 .
This relationship will be discussed in Sec. IV. Also shown
Fig. 5 are thea2 /s1(LT) values for 8CB-aerosil@4#. The two
systems can be seen to show good agreement over mo
the rS range.

In our analysis, only the parallel correlation lengthj i was
taken as a free parameter; the relationship betweenj i andj'

was assumed to be the same as that for the pure 8OCB li
crystal. The fitj i values for three densities are shown in F
6. The correlation length is observed to grow sharply
cooling towards the pseudotransition, but rather than dive
ing as in a pure material the value saturates and rem
roughly constant at low temperatures. The saturation va
decreases monotonically with increasing density. For h
densities, where the scattering intensity was smallest, th
was an occasional difficulty extracting an unambiguous c
relation length in the transition region. This can be observ
in Fig. 6 as the slight peak forj i close to T* for rS
50.220 g cm23; the associated error bars~not shown! for
correlation lengths are large. The equivalent feature for
rS50.489 g cm23 sample has been removed from Fig. 6 f
clarity. The average low-temperature~below 323 K! j i val-
ues are listed for each density in Table I; they are shown
dashed lines in Fig. 6. Many models of the effects of disor
on phase transition behavior apply to systems where the

FIG. 5. Variation ofa2 /s1(LT) versusrS . The full circles are
for 8OCB-aerosil while the open circles are for 8CB-aerosil@4#. For
8OCB a2 and s1 are the average values forT,320 K, i.e., DT
5T2T* ;221 K. The data points show large scatter but a
roughly consistent witha2 /s1(LT);rS

3 ~solid line!.
3-7
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relation volume is isotropic. In order to make quantitati
comparisons we assume that the cube root of the correla
volume gives the extent of SmA order. The valuesj̄LT

5(j ij'
2 )1/3 have been plotted in Fig. 7. The dependence

j̄LT on rS can be well described by the power lawj̄LT;rS
z

with the exponentz;21. This relationship will be dis-
cussed in Sec. IV. Also shown in Fig. 7 are thej̄LT values for
8CB-aerosil@4#, which are in good agreement with the r
sults presented here.

FIG. 6. Parallel correlation lengths for smectic order as a fu
tion of the temperature for three 8OCB-aerosil samples. The va
saturate rather than diverge. The dashed lines show the
temperature average values,j i(LT), which are listed in Table I and
described in the text.

FIG. 7. Low-temperature correlation length for smectic ord

j̄LT5(j ij'
2 )1/3 versusrS . The full circles are for 8OCB-aerosi

while the open circles are for 8CB-aerosil@4#. The power law

shown by the line, which isj̄LT;rS
21 , is expected for a random

field system ifD;rS . The open square is the nematic correlati
lengthjN for 8CB-aerosil@22#.
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B. Calorimetric results

The heat capacity of the pure 8OCB liquid crystal used
making the 8OCB-aerosil samples was determined in or
to make quantitative comparisons with aerosil data. The
cess heat capacity associated with theN-SmA transition,
shown in Fig. 8, is in good agreement with previously pu
lished results@7,34#. We find for our pure 8OCB material th
transition temperatures TN-I

0 5352.53 K and TNA
0

5339.52 K. The N-I two-phase coexistence width wa
'95 m K, and theN-SmA transition enthalpy wasdHN-A

0

50.42 J g21. These thermal features indicate that the 8OC
material used for both x-ray and calorimetric studies was
reasonably good quality. A summary of the calorimetric
sults for our pure 8OCB and 8OCB-aerosil samples is giv
in Table II. Except for the additionalrS50.036 g cm23 and

-
es
w-

r

FIG. 8. Specific heat due to theN-SmA phase transition,
DCp(N-A), as a function of temperature aboutT* for bulk 8OCB
and 8OCB-aerosil samples with densities fromrS50.036 to 0.647
g of silica per cm3 of liquid crystal. See figure inset for a definitio
of the symbols.

TABLE II. Summary of the heat capacity results for the 8OC
aerosil samples. Shown are transition temperatures for theN-I
(TN-I) and theN-SmA (T* ) phase transitions in K, the nemati
temperature rangeDTnem5TN-I2T* , the N-SmA transition en-
thalpy dHN-A in J g21, and heat capacity maximum~value atT* )
hM[dCp

max(N-A) in J K21 g21.

rS TN-I T* DTnem dHN-A hM[dCp
max(N-A)

0 352.53 339.52 13.01 0.420
0.036 352.53 339.64 12.89 0.385 0.326
0.051 352.79 340.22 12.57 0.334 0.167
0.078 351.08 338.61 12.47 0.268 0.146
0.105 351.02 338.51 12.51 0.284 0.213
0.220 351.20 338.61 12.59 0.230 0.100
0.347 352.31 338.85 13.46 0.202 0.044
0.489 352.05 338.05 14.00 0.149 0.027
0.647 351.41 337.30 14.11 0.050 0.014
3-8
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TABLE III. Results from fitting Eq.~16! to the N-SmA excess heat capacitydCp(N-A) of the 8OCB-
aerosil samples. Units forTc are in K,A6 andBc are in J K21 g21, while D6 are dimensionless.

rS Tc a A1 A2 D1 D2 Bc xn
2

0 339.519 0.18 0.103 0.101 1.871 2.253 20.264 1.017
0.036 339.639 0.17 0.087 0.082 0.874 1.643 20.189 1.147
0.051 340.215 20.04 21.321 21.367 20.179 20.470 1.098 1.098
0.078 338.612 0.14 0.081 0.089 20.159 1.371 0.160 1.157
0.105 338.508 20.01 24.979 24.999 20.121 20.161 4.712 1.854
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0.647 g cm23 samples, the samples studied with calorime
were from the same batches as those studied by x rays. H
ever, as explained in Sec. II, the sample handling diffe
slightly.

In order to determine the excess heat capacity assoc
with the N-SmA transformation shown in Fig. 8, two back
grounds were subtracted. The total sample heat capacity
a wide temperature range had a linear background,Cp ~back-
ground!, subtracted to yield

DCp5Cp2Cp~background! ~13!

as the excessCp due to theN-I and N-SmA phase transi-
tions. The excessCp due to the N-SmA transition,
DCp(N-A), was found by subtracting a mimic function~a
simple power lawCpower

N-I ) depicting the low-temperatur
DCp(N-I ) wing variation:

DCp~N-A!5DCp2Cpower
N-I . ~14!

The parameters for each 8OCB-aerosil sample of the em
cal low-temperatureCpower

N-I wing were determined by fitting
DCp after removing aT* 65 K window of data related to
the N-SmA contribution. See Fig. 1 given in Ref.@3# and
accompanying text there for details about obtain
DCp(N-A). The resultingDCp(N-A) data are shown for
pure 8OCB and all 8OCB-aerosil samples in Fig. 8, wh
the units are J K21 per gram of liquid crystal. TheN-SmA
transition enthalpy is then given by

dHN-A5E DCp~N-A!dT, ~15!

where consistent limits of the integration,65 K aboutT* ,
were used for all samples.

The behavior ofDCp(N-A) as a function of temperatur
for various aerosil densities is shown in Fig. 8. TheN-SmA
Cp peak remains sharp for aerosil densities up torS
50.105 g cm23. Above this aerosil density,DCp(N-A) be-
comes significantly rounded. The increasingly asymme
shape ofDCp(N-A) with increasingrS , observed for 8CB-
aerosils @3#, is also observed for 8OCB-aerosil sample
though to a weaker extent. Since the change in shape
DCp(N-A) has been interpreted as a disorder driven cro
over toward the underlying 3D-XY critical behavior, the
more subtle change for 8OCB-aerosil is not surprising as
bulk critical exponent for 8CB (a8CB50.30) is higher com-
pared to that of 8OCB (a8OCB50.20 @8#!. In this light, the
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8OCB-aerosil system has to vary less in order to reach
3D-XY fixed point (a3D-XY520.013).

To characterize the change in shape of theseDCp(N-A)
data, a transitional power-law form@8# in terms of the re-
duced temperaturet5uT2T* u/T* is used to analyze the ex
perimental specific heat data associated with theN-SmA
phase transition:

DCp~N-A!5A6t2a~11D6tD1!1Bc , ~16!

where the critical behavior as a function of reduced tempe
ture t is characterized by an exponenta, amplitudesA6

above and below the transition, a critical background te
Bc , and corrections-to-scaling terms characterized by the
efficientsD6 and exponentD1.0.5. An increasing tempera
ture gap of excluded data about theDCp(N-A) peak with
increasingrS was required to perform the fitting. These
results are presented in Table III and show a systematic e
lution of the effective critical exponenta toward the 3D-XY
value consistent with previous studies on 8CB-aero
samples@3#. The exception is therS50.051 g cm23 8OCB-
aerosil sample, which exhibits an exponent that does no
well with the trend in the othera values, and this is possibly
an indication that the sample in our cell had an inhomo
neous dispersion. This sample also strongly deviated fr
the general trend at theN-I transition.

The N-I andN-SmA transition temperatures, the nemat
temperature rangeDTnem, the N-SmA transition enthalpy
dHN-A , and the heat capacity maximumhM[dCp

max(N-A)
are tabulated along withrS in Table II for the 8OCB-aerosil
dispersions studied by calorimetry. TheN-SmA pseudot-
ransition temperatureT* , and the transition enthalpydHN-A

can be normalized by the corresponding bulk values,TN-A
0

anddHN-A
0 , respectively, in order to make quantitative com

parison with the results for the previously studied 8C
aerosil system@3#.

The N-SmA transition enthalpy, as determined from E
~15!, for the 8OCB-aerosil samples is sensitive to t
changes in shape of theDCp(N-A) peak and complement
the power-law analysis of the evolving critical behavio
Here we takedHN-A

0 50.42 J g21 for our bulk 8OCBN-SmA
transition enthalpy. These enthalpy results, scaled by the
LC value, are shown versusrS in Fig. 9 for 8OCB-aerosil
and 8CB-aerosil samples. Note that the same fractio
change inN-SmA enthalpy occurs for 8OCB-aerosil an
8CB-aerosil samples as a function ofrS . Two rS regimes are
evident. For 0,rS&0.1, there is a rapid drop indHN-A ,
3-9
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while for rS values greater than;0.1 the decrease is mor
gradual. For therS50.647 g cm23 sample, dHN-A has
nearly disappeared indicating that the SmA absolute stability
limit must be near this aerosil density for 8OCB-aero
samples.

Values ofT* for theN-SmA transition are given in Table
II. For 8OCB-aerosil samples, there is a slight increase inT*
up torS50.051 g cm23 which is not fully understood. How-
ever, above this aerosil density, a sharp drop inT* is ob-
served on the order of that seen for the 8CB-aerosil syst
Also, the recovery and subsequent slower decrease inT* for
rS*0.1 appears broader inrS as compared to the 8CB
aerosil samples. Table II also gives theN-I transition tem-
peratures and these track the same trend.

The heat capacity maximum at the pseudotransition is
indication of the finite-size effects that are inherent in su
studies. Figure 10 depicts a log-log representation of the
capacity maximum as a function ofrS for the 8OCB and
8CB-aerosil samples, where again the error bars indicate
producibility. Since the mean distance between silica s
faces scales asrS

21 , the construction presented in Fig. 1
should reveal a straight line having a slope equal toa/n i for
simple finite-size scaling effects. For pure 8OCB,a/n i
50.28 @8# whereas the slope for the 8OCB-aerosil samp
varies from 0.75 forrS,0.1 to 1.77 forrS.0.1. However,
as described in detail for the 8CB-aerosil system@4#,
corrections-to-scaling terms play a significant role and a
the expected finite-size behavior.

A more complete finite-size scaling~FSS! analysis should
begin with the power-law form of the excess specific h
given by Eq.~16! and the power-law form describing th
correlation length of the ordered phase taken as

j i5j iot2n i. ~17!

FIG. 9. TherS dependence of theN-SmA pseudotransition en
thalpy dHN-A5*DCp(N-A)dT scaled by the transition enthalpy o
pure 8OCB,dHN-A /dHN-A

0 , for the 8OCB-aerosil samples. Als
shown aredHN-A /dHN-A

0 for 8CB-aerosil samples taken from Re
@3#.
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For smectic liquid crystals the parallel correlation length
always larger than the perpendicular one, and so our ana
uses this length scale for the definition of the minimum
duced temperature. Defining the maximum possible corr
tion length asjM , one solves Eq.~17! for the minimum
reduced temperature aboveT* as tm

15(jM /j io)21/n i. It is
not possible to define a similar minimum reduced tempe
ture below the transition since the correlation length beh
ior below TN-A

0 is not known. Substitutingtm
1 into Eq. ~16!

gives the relationship for the heat capacity maximumhM at
the N-SmA transition as a function of the cutoff correlatio
length as

hM5A6~jM /j io!a/n i@11D6~jM /j io!2D1 /n i#1Bc .
~18!

Because of the importance of corrections to scaling for
analysis ofDCp(N-A), a log-log plot ofhM2Bc versusjM
would not yield a straight line of slopea/n i . The FSS effect
on the N-SmA transition enthalpy is obvious since it in
volves replacing the singularDCp(N-A) peak betweentm

1

andtm
2 by hM and thus decreasing the integral ofDCp(N-A)

over T.
Plotted on Fig. 10 are FSS trends given by Eq.~18! for

8CB-aerosil and 8OCB-aerosil samples using thebulk
N-SmA 8CB and 8OCB critical parameters, respectively, a
the mean distance between silica surfaces~mean void size!
,o52/arS @3,4#, wherea is the specific surface area, for th
cutoff correlation lengthjM . This closely follows the proce-
dure laid out in Ref.@4#. The result for 8CB-aerosil sample
are in very good agreement despite the change in the ap
ent critical behavior of the specific heat. However, this int
esting result is not seen in the 8OCB-aerosil samples wh
thebulk finite-size scaling analysis is everywhere lower th
that observed. Despite the uncertainty in the 8OCB-aer

FIG. 10. Behavior of theN-SmA heat capacity maximumhM

[DCp
max(N-A) at T* as a function ofrS for the 8OCB-aerosil

samples and the 8CB-aerosil samples taken from Ref.@3#. The solid
~dashed! line shows the finite-size scaling prediction for 8OC
~8CB! -aerosil samples.
3-10
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EFFECT OF A QUENCHED RANDOM FIELD ON A . . . PHYSICAL REVIEW E67, 021703 ~2003!
results, the agreement seen between FSS using the bulk
cal parameters and the 8CB-aerosil samples must be
garded as accidental. Also, the change in shape
DCp(N-A) described by the changing fit parameters given
Table III is more important than FSS for the enthalpy var
tion with rS as shown in Fig. 9.

IV. DISCUSSION AND CONCLUSIONS

Results have been presented from high-resolution x
scattering and ac-calorimetry experiments on 8OCB-aer
dispersions. In this section, we compare these results
equivalent experiments on 8CB-aerosil and 8CB-aerogel
with theoretical models.

A. 8OCB-8CB aerosil comparison

A detailed comparison of the behavior of 8OCB and 8C
aerosil dispersions is illuminating. The x-ray structure fac
for liquid-crystal ~LC!–aerosil dispersions has been d
scribed using a random-field model that accounts well for
data. The correlation length and amplitudes for this mo
have been presented as a function of the aerosil densitrS
for each sample. These parameters for 8OCB-aerosil dis
sions are fully compatible with existing results for 8CB
aerosil dispersions@1,2#. The dependence of the cube root
the correlation volume at low temperaturej̄LT on rS for 8CB
and 8OCB is seen in Fig. 7. This shows that the disor
strength experienced by these two liquid crystals is v
similar. Perhaps this is no surprise since the two syste
have the same polar cyano end groups that are likely to
chor to the aerosil and that the strength of smectic inte
tions in the two systems is likely to be similar. The high
sensitivity to changes in density for 8OCB@5# appears to
have little effect on the results. The small departure of
8OCB trends from both theory and the 8CB trend at l
disorder strength~Fig. 5 and Fig. 7! could possibly be due to
the unusual phase diagram for this material. Unlike 8C
further cooling takes 8OCB back towards the nematic pha
This could lead to a higher sensitivity to disorder in regim
with similar characteristics to the pure material.

The calorimetry results show that the specific heat p
associated with theN-SmA phase transition remains sha
for low disorder while evolving in its critical behavior with
increasingrS towards the underlying 3D-XY behavior. See
Fig. 8 and Table III. For higherrS samples, theN-SmA
transition becomes highly smeared, concomitant with the
creasing correlation volume with increasingrS . The de-
crease in the transition enthalpy, Fig. 9, and in the spec
heat maximum, Fig. 10, with increasingrS is very similar to
those observed for the 8CB-aerosil system@4#. However, the
shift in the pseudotransition temperatureT* with respect to
the pure LC transition temperature between the 8OC
aerosil and 8CB-aerosil samples, while similar, differs in
quantitative dependence onrS . These results are consiste
with the disorder induced by the aerosil gel, altering the c
pling between the nematic and smectic phases@4#.

The specific heat exponenta reflects the complexity of
the pure material transitional behavior@8#. For a wide nem-
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atic rangea is close to its 3D-XY value whereas a shor
nematic range leads to tricriticality. The difference in beha
ior of a between 8OCB-aerosil system, 8CB-aerosil syst
@3#, and 4O.8@35# is likely to be due to the different initia
values. As aerosils are added both systems move tow
3D-XY behavior—the 8CB system starts with a highera
value and hence has to change further to reach the 3DXY
fixed point. The variation ofa with rS is thought to be due to
changes in the coupling between nematic and smectic ph
due to the aerosils@4#.

B. Aerosil-aerogel comparison

The x-ray results for 8OCB-aerosil dispersions presen
here provide an important comparison with 8CB in an ae
gel medium@15,17#. The studies of the aerogel system sho
the N-SmA transition being destroyed with the line sha
corresponding to smectic fluctuations observed to broa
significantly. The temperature dependence of the correla
length and peak amplitude have been compared with ex
tations for a model of anomalous elasticity@17#. The 8CB-
aerogel system is thought to be close to the putative sme
Bragg glass state. Our x-ray scattering measurements a
good agreement with those on 8CB-aerosil dispersio
These aerosil data, contrary to predictions@23#, show that the
low-temperature correlation length is independent of te
perature rather than varying like some power of the p
smectic layer compression modulusB(T). As discussed for
8CB @2#, it is surprising that the weaker disorder aerosil sy
tem seems to resemble the putative smectic Bragg glass
than the aerogel system@17#. It should be stressed that th
analysis used for these LC-aerosil x-ray data differs gre
from that used in Refs.@15,17# to analyze the data for 8CB
aerogel. The approach presented here for 8OCB-aerosil
that for 8CB-aerosil@1,2#. is motivated by the following
three key ideas.

~i! The random-field contribution to the structure fact
has the form of the thermal contribution squared.

~ii ! In a random medium the underlying line shape will
the powder average of the structure factor.

~iii ! As the disorder strength decreases, the behavior of
system should converge on pure liquid-crystal behavior.

The first idea is implemented via Eqs.~6!, ~7!, and ~11!
and, consistent with the second idea, an accurate pow
average is evaluated. The third idea is implicit in our therm
and random-field structure factors, Eqs.~6! and ~7!: the an-
isotropy and fourth-order correction are assumed to retain
same behavior as for the pure material. In the 8CB-aero
analysis@15,17# two components to the scattering are al
considered, in line with the first idea; however, in all oth
respects the analysis differs from that presented here an
Refs. @1,2#. For the aerogel analysis in Refs.@15,17#, the
thermal contribution is taken to be a broad isotropic Lore
zian. The anisotropy, the necessity of powder averaging,
the fourth-order correction are all ignored. For the rando
field contribution, the necessity of performing a powder a
erage is considered; however, the scattering is taken to
described by an anisotropic Lorentzian squared, ignoring
3-11



th
on
on
r

an
th
s
p

c

el
co

e
th
tio
o

ow

s,
ty

es

u

e
a

on
is

g

ith
of
w

h
hi
ys
he
si
Th
s-
u

ith
ant
er
ing
e
rials
ties

tical

el
his

w-
ure.
at
ure

ur-
res
t
and

else-
of

lue

be
ent

gly
he

the
opic
ctic
that
on-

R
uid
no
hen
t
s
ctor

ns

ave

here
try
the
or
ctic
em

P. S. CLEGGet al. PHYSICAL REVIEW E 67, 021703 ~2003!
fourth-order correction, and making an approximation to
powder average. The thermal and random-field contributi
to the scattering are taken to have different peak positi
and correlation lengths. This is inconsistent with theo
@23,32,36# and common practice@9,37#. We conclude that a
direct comparison of the fit parameters for the aerogel
aerosil results is not possible. The necessity of using
analysis presented here becomes stark and unavoidable a
smectic correlation lengths become increasingly anisotro
~for 8̄S5 see Fig. 4 in Ref.@2#!. It is observed that 8S̄5-
aerosil x-ray scattering is unanalyzable using the proto
employed in Refs.@15,17# ~for further details see Ref.@38#!.

C. 8OCB-aerosil–theory comparison

The observed breakup into finite-sized domains@11,12,39#
as well as the characteristics of the line shape@32# are con-
sistent with random-field behavior. Theories of random-fi
behavior predict the relationship between the saturated
relation length and the random-field varianceD which de-
pend on the dimensionality of the system and on its low
marginal dimensionality as a random-field system. Since
system is anisotropic, we take the appropriate correla
length for comparison with the theory to be the cube root
the correlation volume at low temperaturej̄LT. For a 3D-XY
phase transition, the lower marginal dimensionality, bel
which long-range order is not possible, isd,52. Due to the
Landau-Peierls instability, the pureN-SmA transition has a
lower marginal dimensionality ofd,53. The pioneering ob-
servations of the algebraic decay of smectic correlation
hallmark of a system at its lower marginal dimensionali
were made on pure 8OCB@40#. However, on the length
scales accessible in this work, the SmA phase of pure 8OCB
is ordered. Indeed, broadening of the peak beyond the r
lution limit is unobservable even forrS50.025 g cm23.
Thus the distinction between a 3D-XY and aN-SmA transi-
tion is not important on the length scales probed here; p
smectic ordering can be reasonably thought of as havingd,

52. Random-field fluctuations are more effective than th
mal fluctuations at destroying an ordered state. They
thought to have the same effect that thermal fluctuati
would have in a system with two fewer dimensions. Th
implies that we should taked,54 for theN-SmA transition
in a random field. The dependence of the correlation len
on the random field variance should bej̄LT;D21/(d,2d)

5D21 @2,4,32#. The results presented in Fig. 7 agree w
this relation ifD5rS . In addition, the density dependence
the ratio of the random field and thermal amplitudes sho
in Fig. 5 supports this equality sincea2 /s1;D3 is expected
theoretically@4#. The equality betweenrS and the random-
field varianceD is consistent with a picture in which eac
additional aerosil particle perturbs the average phase w
is favorable for the existing aerosils. For an LC-aerosil s
tem, a smectic region forms away from the aerosil and t
grows with decreasing temperature. Eventually the den
wave impinges on the gel structure and is perturbed.
proportionality betweenrS and the surface area of the di
persed aerosil is supported by our analysis of the backgro
scattering.
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The suit of characteristics normally associated w
random-field behavior leads us to conclude that the domin
form of disorder is that which couples linearly to the ord
parameter. This suggests that it is the layer position pinn
from Eq. ~2! which dominates. This would mean that th
system is closely analogous to charge-density wave mate
where the phase of the density wave is pinned by impuri
@12,13#.

Radzihovsky and Toner have made a detailed theore
study of theN-SmA transition in a porous medium@23#.
They find that the tilt disorder that the aerosil or aerog
surface creates is the most pernicious form of disorder. T
corresponds to the first term in Eq.~2!. The results for both
8OCB-aerosil and 8CB-aerosil show that the lo
temperature correlation length is independent of temperat
This is contrary to the tilt disorder model which predicts th
the correlation length should vary as some power of the p
smectic layer compression modulusB(T). The reasons for
the discrepancy between the model@23# and the liquid
crystal–aerosil data are not fully understood. Since no c
rent theory successfully captures all of the empirical featu
of the pure liquid-crystalN-SmA transition, perhaps it is no
surprising that there are discrepancies between theory
experiment in the presence of quenched disorder.

The calorimetry measurements presented here and
where @3,35# indicate a systematic trend in the behavior
the smectic fluctuations in a gel. The exponenta is observed
to decrease with increasing aerosil density down to a va
close to zero. At around this aerosil density theDCp(N-A)
line shape is substantially rounded and can no longer
described by a power law. The final exponent is consist
with the 3D-XY value ofa3D-XY520.013. The indication is
that the pretransitional fluctuations take on an increasin
3D-XY character with increasing aerosil concentration. T
difference between the pureN-SmA transition and the 3D-
XY transition is due to the de Gennes coupling between
nematic and smectic order parameters and the anisotr
coupling between the nematic fluctuations and the sme
order parameter. The calorimetry results strongly suggest
the coupling becomes negligible with increasing aerosil c
centration. This trend is corroborated by the deuterium NM
results that show a steady decrease in the ability of the liq
crystal to realign with a rotated magnetic field. There is
capacity to realign and hence no nematic susceptibility w
rS>0.1 g cm23. Both calorimetry and DNMR results poin
towards a steady decrease in the nematic susceptibility arS
increases. This observation suggests that the role for dire
fluctuations is diminishing approaching theN-SmA transi-
tion in the gel. The enhanced role for director fluctuatio
anticipated under the anomalous elasticity model@23# is in-
consistent with this observed trend.

This research opens new directions for study. We h
demonstrated that the nematic–smectic-A transition with dis-
persed aerosil gels represents a random-field system w
the disorder strength can be well controlled. Ising symme
random-field systems have been well studied using
Fishman-Aharony trick. This technique fails, in principle, f
continuous symmetry phase transitions. Pinning sme
layer positions with an aerosil gel provides a model syst
3-12
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where the order parameter has a continuous symmetry.
opens a variety of possibilities for studying phase diagra
of continuous symmetry systems. Examples are the reen
N-SmA-Nr phase diagram of 8OCB:6OCB mixtures and t
smectic-A to smectic-C (SmA-SmC) transition for 8̄S5. In
the 8OCB:6OCB mixture, a material with a smectic phase
combined with a material that exhibits only nematic ord
Below a critical concentration of 6OCB the smectic pha
still exists but melts on cooling into a reentrant nematic (Nr)
phase. The role of layer pinning by aerosils on this system
closely analogous to the effect of pinned impurities in t
recently observed reentrant vortex system@41#. The
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SmA-SmC transition in 8̄S5 is a true 3D-XY transition that
has mean-field character due to the Ginzburg criterion. O
studies show how this transition is modified by dispers
aerosils@38#.
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