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Small quartz silica spheres induced disorder in octylcyanobiphenyl„8CB… liquid crystals:
A thermal study

M. Marinelli, A. K. Ghosh, and F. Mercuri
Dipartimento di Ingegneria Meccanica, Universita` di Roma ‘‘Tor Vergata’’ and Sezione INFM Rome II, 00133 Roma, Italy

~Received 6 December 2000; published 29 May 2001!

A photopyroelectric technique has been applied to the study of specific heat and thermal conductivity of
homeotropically aligned mixtures of small quartz spheres~aerosil! and octylcyanobiphenyl~8CB! with con-
centration 0<rs<0.04 g/cm3. Thermal conductivity data show that, even at these very low concentrations, an
annealing of the disorder introduced by the aerosil takes place on cooling at the smectic-A–nematic
(Sm-A–N) phase transition and not only at the nematic-isotropic (N-I ) one. This means that there is some
elastic strain in the nematic phase of the sample which is not quenched. Accordingly the suppression of theN-I
transition temperature as a function ofrs does not fit a random field with a random dilution model that
accounts for random quenched disorder only. High resolution specific heat measurements at theA-N andN-I
transition show the effect of the aerosil is not the same. While in the first case its peak is suppressed with
increasing concentration, in the second case there are some indications that outside the two-phase coexistence
region it is enhanced. The effect of surface-induced alignment is also discussed to explain some discrepancies
between our data and the ones reported in literature. It is concluded that the amount of disorder in the sample
does not depend onrs only, but also on other variables such as external fields. Finally, a relaxation phenom-
enon in the aerosil network that partially compensate the disordering effect of the particles is suggested to
explain the concentration dependence of the transition temperatures.

DOI: 10.1103/PhysRevE.63.061713 PACS number~s!: 61.30.2v, 66.60.1a, 82.70.Gg
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I. INTRODUCTION

Considerable attention has been paid in recent years to
study of random disorder in liquid crystals~LC! @1#. A vari-
ety of techniques have been used to study the physical p
erties of LC confined in randomly interconnected porous m
dia such as aerogel@2,3# or noninterconnected anisotrop
Millipore membranes@4#. More recently@5–9# it has been
shown that confinement can be also achieved via a disper
of small silica spheres~aerosil! in LC which produces a gel if
their concentration,rs5(ms /mLC)rLC;(ms /mLC)1 g/cm3,
where the suffixess refer to silica, is larger than 0.01 g/cm3.
This is due to the hydroxyl groups on the particle surface t
induce hydrogen bonding among particles. Moreover, the
drophilic coating produces a strong homeotropic anchor
of polar LC molecules at the surface that, in the orde
phases, can be regarded as a distortion of the local orie
tion and therefore as induced random disorder. With incre
ing rs (,0.1 g/cm3) the gel becomes stiffer and stiffer an
being the induced disorder more fully quenched, it resemb
the rigid aerogel structure. It must be pointed out, howev
that an aerogel1LC sample of a givenrs is more rigid than
a mixture of LC1aerosil with the samers and it therefore
contains more quenched elastic strain~ES!, which affects its
properties, as shown in Ref.@9#.

The situation is completely different at lowrs
(,0.1 g/cm3) where the gel is soft and the aerosil particl
can rearrange themselves to reduce the ES in the syste
has been proposed@9# that in this regime the ES is partiall
annealed.

According to this hypothesis a random field~RF! model
with random dilution~RD! has been considered a viable a
proximation for these mixtures@9#. Some recent results@10#
1063-651X/2001/63~6!/061713~9!/$20.00 63 0617
he

p-
-

on

t
y-
g
d
ta-
s-

s
r,

. It

on a mixture withrs50.005 g/cm3 have shown that, even a
this very low concentration, some not quenched ES
present in the nematic phase of octylcyanobiphenyl~8CB!
after cooling from theI phase and an annealing takes place
the smectic-A–nematic (Sm-A–N) transition also. Doubts
have therefore been raised on the applicability of the
~RD! model to these mixtures with lowrs .

It turns out from what was stated before, that the physi
mechanisms associated with the generation and the evolu
of the disorder in mixtures of aerosil and LC at lowrs are far
from being fully understood. A deeper understanding of
dynamics of ES can have very important consequences in
study of LC physics as recently suggested@11# by some the-
oretical and experimental results, showing that even a v
low amount of quenched disorder destroys long-range o
and that the residual order is short ranged. This can o
new scenarios in many fields and in particular in LC pha
transition studies.

In this paper we report on photopyroelectric measu
ments of homeotropically aligned aerosil dispersions in 8
LC with rs ranging from 0.005 to 0.04 g/cm3. It is shown
that the decrease of the transition temperatures at
Sm-A–N (TA-N) andN-I (TN-I) transitions with increasing
rs disagrees with the RF~RD! model predictions. The spe
cific heat~c! and the thermal conductivity~k! have been de-
rived from the experimental results. Thec data at theA-N
transition are in a very good agreement with the data
ported in Ref.@9# and show a suppression of the specific h
peak and a decrease of the critical exponenta as rs is in-
creased. On the contrary, there are some indications in
data suggesting that the specific heat values close to theN-I
transition, but outside the two-phase coexistence region,
crease for increasingrs . Some contradictory results are re
©2001 The American Physical Society13-1
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ported in the literature@5,9# on this issue and this is probab
due to the difficulties in obtaining reliable specific heat v
ues in the temperature region where theN and I phases co-
exist. Our data seem to suggest that the coexistence regi
our samples is narrower than the one found in Ref.@9# and
this is probably due to the presence in our samples
surface-induced alignment. The thermal conductivity d
show, for all mixtures, a hysteresis similar to the one
ported in Ref.@10# for the mixture withrs50.005 g/cm3 and
therefore confirm that the ES present in the sample is
completely annealed at theN-I transition if the sample is
cooled down from theI phase. It is also shown that th
increase of orientational order with decreasing temperat
has approximately the same temperature dependence fo
mixtures on heating from the smectic-A phase, though it is
affected by the not annealed ES on cooling from theI phase.
Finally the mechanisms associated with the disorder in
duced by the aerosil particles are discussed and a tent
explanation of the observed behavior of the transition te
peratures and thermal conductivities as a function ofrs is
given.

II. EXPERIMENT

The hydrophilic aerosil particles we have used have
diameter of approximately 7 nm@12#. They have been mixed
with a solvent-diluted 8CB and the mixture was put in
ultrasound bath for one night. During this period the solv
was allowed to evaporate and, to complete this process
mixture was heated to about 50 °C for 12 h in vacuum.

A standard back detection photopyroelectric~PPE! setup
@13# has been used for the measurements, with the sam
30 mm thick, sandwiched between the pyroelectric tra
ducer and a glass plate. A temperature oscillation~;1 mK!
was produced on one side of the LC and detected by
transducer on the opposite one. Measurements were
formed in the optically opaque and thermally thick regime
which the amplitude and the phase of the photopyroelec
~PPE! signal are given for a homogeneous sample by@14#

uVu}
1

A11~2p f te!
2

e2Ap f /Dl s

~es /ep11!
, ~1!

w52arctan~2p f te!2Ap f /Dl s ~2!

wheref is the frequency of the temperature oscillation,l s is
the sample thickness, 1/2pte is the transducer plus detectio
electronic cutoff frequency,D5k/rc is the sample therma
diffusivity, and es,p5A(rck)s,p are the thermal effusivities
of the sample and transducer, respectively.

The two surfaces in contact with the LC have been trea
with a trimethylcetylammonium bromide solution in chlor
form which induces homeotropic alignment. The sample c
was put in an oven with a temperature rate change that
approximately 10 mk/min for measurements on a wide te
perature range and 1 mK/min for high resolution runs clo
to the phase transitions.
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III. RESULTS

A. Transition temperatures

Figure 1 shows the PPE signal phase as a function
temperature for bulk 8CB and four mixtures withrs ranging
from 0.005 to 0.04 g/cm3 for f @1/2pte . The PPE phase, in
our measurements, is proportional to the sample thermal
fusivity @Eq. ~2!#, but this is not true close toTN-I . This is
due to the fact that theN-I is well known to be a weakly
first-order phase transition and there is, therefore, a temp
ture region close toTN-I in which the nematic and the iso
tropic phases coexist. The sample is not homogeneous in
region and the above described model, which allows the
termination of the thermal parameters from the PPE sig
amplitude and phase, cannot be applied.

The two dips present in each curve represent theA-N and
the N-I transitions and assuming that the two minima cor
spond toTN-I andTA-N respectively, it turns out, as expecte
that the two transition temperatures are lower in the mixtu
than in the bulk.

In Fig. 2 the transition temperatures vsrs are reported.
Both TA-N and TN-I rapidly decrease for 0<rs

FIG. 1. PPE phase for bulk 8CB and mixtures as a function
temperature.

FIG. 2. A-N and N-I transition temperatures as a function
aerosil concentration.
3-2
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<0.01 g/cm3, slightly decrease for 0.01<rs<0.02 g/cm3 but
then increase forrs.0.02 g/cm3. A similar behavior has
been observed in Ref.@9# where, however, the increase aft
the initial decrease ofTA-N and TN-I was observed forrs
.0.052 g/cm3 and was followed by a monotonous decrea
for rs.0.092 g/cm3. The measurements in Ref.@9# have
been performed in mixtures with 0.022<rs<0.436 g/cm3,
while in our case, due to the characteristics of our techni
that have been in Ref.@10#, we have focused our attention o
mixtures with lowrs . Nevertheless, a comparison betwe
the transition temperature shifts we have obtained
samples withrs50.02 and 0.04 g/cm3 and the ones obtaine
in Ref. @9# for samples withrs50.022 and 0.052 g/cm3 can
be attempted. In our case we have obtained a downshif
TN-I and TA-N that are 0.54 and 0.59 K forrs50.02 g/cm3

and 0.50 and 0.54 K forrs50.04 g/cm3. These values are in
all cases smaller than the ones reported in Ref.@9# which are
0.79 and 0.75 K forrs50.022 g/cm3 and 0.94 and 0.85 K
for rs50.052 g/cm3, respectively. Such a disagreement ca
not be due, in our opinion, to the difference in the conc
trations in the two cases. A possible explanation for the
ferent results we have obtained could be due, as discu
later on, to the fact that our samples are aligned, while
ones in Ref.@9# are not.

It has been suggested@9# that the temperature shifts fo
low rs mixtures appear to be described in a random fi
~RF! with a random dilution~RD! model, even though this
can be regarded as an approximation and more realistic t
ries are needed. The basic idea of this model is the follow
Because of the hydrophilic layer covering the aerosil,
molecules are aligned perpendicular to the almost sphe
particle surface. Since this is a strong anchoring, those m
ecules having a different orientation with respect to the
rector can be considered as the sources of quenched ran
disorder in the sample. Using a mean field approach, it
been obtained@9# that the depression ofTN2I is given by

TN-I~p!5TN-I~0!~12p!, ~3!

whereTN-I(0) is the transition temperature of the bulk m
terial whilep represents the fraction of quenched LC that h
been estimated by assuming around each aerosil par
there is a spherical shell of the thickness of one molec
lengthl and that in the case of 8CB three is approximately
Å of quenched disorder. Considering that the specific a
covered by hydroxyl groups has been found to
a50.3 cm2/g @9#, and taking into account the density of th
aerosil particles, it turns out thatp5 lars5p8rs;0.6rs .

Some doubts have been raised, however, on the des
tion of aerosil1LC mixtures in terms of the RF~RD! model
@10#. It has been experimentally shown, even for a very l
concentration (rs50.005 g/cm3) that theTN-I depression is
much smaller than the one predicted by the model@10#.
Moreover, it has been found that, at the same concentra
there is some disorder in the nematic phase which is
quenched as shown by the annealing process found atTA-N .

The data reported in Fig. 2 allow an experimental ver
cation of Eq.~3! and also a more accurate determination
the p8 (5p/rs) value. An approximately linear dependen
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betweenTNI(p) andrs has been found, as shown in Fig.
in the range 0<rs<0.01 g/cm3 and this seems to agree wit
what is predicted by Eq.~3!. If we calculate the slope
p8TN-I(0)52DTN-I /Drs of the curve, however, in the
same range, we getp8;0.17, which means that theTN-I
suppression with increasingrs is less steep than the on
suggested in Ref.@9#.

A possible reason for such a small value could be due
the clustering of aerosil particles that at this concentrati
are known to form strands that forrs.0.01 g/cm3 are inter-
connected to give rise to a soft gel. Thep;0.6rs relation has
been obtained considering that the surface area which
duces quenched disorder in the LC is approximately the s
of the surface area of all the aerosil particles present in
sample. Due to the above-mentioned clustering, the ae
area available for quenching the LC molecules could
smaller and therefore the amount of quenched materia
reduced. This essentially means that the specific areaa could
be smaller than 0.3 cm2/g. We do not believe, however, tha
such an effect can account for thep8 value we have found.

We should also consider the possibility that the surfa
induced alignment induces some ordering of the aer
strands or network. If, for the sake of simplicity, we consid
the case of mixtures below the gelation threshold, then,
der the effect of the aligning field, they tend to align perpe
dicular to the director. With respect to the zero field case
which the strands are randomly oriented, the fraction of m
ecules in the spherical shell around each silica particle
has a different orientation with respect to the direction of
aligning field and gives rise to quenched disorder could
smaller. This should cause a reduction of thep8 value that,
again, can hardly justify the obtained results.

We have restricted the analysis reported above toTN-I
only because the proposed RF~RD! model uses a mean fiel
approach, which is known to be not applicable to theA-N
transition. On the other hand, the similarity between theTN-I
and TA-N behavior as a function ofrs seems to envisage
some common physical aspects in the two cases that
theoretical description should consider.

We believe that this small value ofp8, despite the linear
dependence found betweenTN-I and rs for 0<rs
<0.01 g/cm3, gives an additional indication that the pro
posed RF~RD! model could not be appropriate to descri
the behavior of the mixtures. A more accurate theoreti
description, which considers not only quenched disorder
as we shall see later on, also some residual ES in the ord
phases of lowrs mixtures, is therefore needed. Some ind
cations in this direction can be found in the theoretical a
experimental results obtained in nematic elastomers@15#,
where elastic effects have been included in the RF mode
in the theory of Bragg glasses@16#.

Apart from the above-mentioned downshift of the pha
transition temperatures, it is clearly evident from Fig. 1 th
the effect of the aerosil particles is not the same at theA-N
andN-I transitions. An increase ofrs produces a suppressio
of the dip in the PPE phase atTA-N , while the one atTN-I
becomes more pronounced. This last feature is somew
surprising and seems to indicate that the effect of the dis
der introduced in the sample by the aerosil is not the us
3-3
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one that normally produces a suppression of the anomalie
the transition temperatures as in the case of theA-N one, but
it induces some other physical effects. Before any attemp
clarify these aspects, it could be interesting to understan
the temperature region in which the dip increases atTN-I is
contained or not in the two-phase coexistence region. If
is the case, in fact, the explanation of the above-mentio
behavior atTN-I could be very complicated and not eas
compared to the one atTA-N , where no coexistence region
present. It is well known that ac calorimetry does not allo
any direct measurement of the width of this region and in
following we shall try to overcome, at least qualitatively, th
limitation.

Figure 3 shows high resolution PPE signal amplitude a
phase, measured simultaneously, of pure 8CB close toTN-I .
The phase minimum is at approximately 10 mK below t
amplitude one. A similar effect has been detected at theN-I
transitions of all the investigated mixtures, but also at fir
order phase transitions of other liquid crystals. At theA-N
transition, on the other hand, the two minima almost coinc
and the above-mentioned effect can be therefore poss
related to the presence of latent heat. At present no qua
tative explanation for the above-mentioned results is av
able and an attempt of theoretical modeling is presently
derway.

A change in the slope in the amplitude of the PPE sig
below TN-I at T5313.412 K and aboveT5313.477 K is
clearly evident. If we assume that this drastic change in
temperature dependence is due to the presence of the
phase coexistence region, then it turns out that this reg
has a width of 65 mK~vertical lines in Fig. 3!, which is in
very good agreement with the value of approximately 60 m
found in the literature for 8CB@17#.

Applying the same criteria to high resolution measu
ments of the mixture withrs50.02 g/cm3, we found that
DT~coex!.100 mK. This value and the values we ha
found for the other mixtures are systematically smaller th
the ones reported in Ref.@9#. As discussed in more detail
later on, this could be due to the fact that our samples
aligned.

Extending this argument to all the mixtures that have b
investigated, it turns out that the temperature region in wh

FIG. 3. PPE amplitude and phase for bulk 8CB as a function
temperature at theN-I transition.
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increases of the dip atTN-I with increasing aerosil concen
tration have been observed is not completely contained in
coexistence region.

If the analysis reported above is correct, then the coin
dence of the PPE signal amplitude and phase atTA-N seems
to suggest that theA-N transition is a second-order one.
has been recently proposed@18#, however, that it has, in bulk
8CB, a first-order character, but our results cannot rule
this hypothesis due to the very small latent heat that sho
be involved in the transition. It could well be, in fact, that th
resolution of our measurements is too small.

B. Critical behavior of the specific heat

1. A-N transition

Figure 4 shows high resolution specific heat data at
A-N transition for bulk 8CB and for the mixtures. It is clear
evident that by increasingrs a decrease of the peak value
c and an increase of the rounding close toTA-N takes place.
The data have been fitted with the expression

c5B1E~T2Tc!1A6uT2Tcu2a~11D6uT2Tcu0.5!
~4!

and the results are reported in Table I. Thea values we have
obtained are consistent with the ones of Ref.@9# and we
show that the critical exponent deceases with increas
aerosil concentration. This behavior is quite similar to t
one observed in bulk materials with increasing nematic ra
@19#. In this case the decrease of the ratioTA-N /TN-I pro-
duces a weakening of the coupling of the smectic and n
atic order parameter and a crossover to a three-dimensi
~3D! XY critical behavior has been observed. Therefore
has been suggested that the same mechanisms take pla
the mixtures where the aerosil particles and the disorder
sociated with their presence is responsible for the abo
mentioned decoupling.

The variation of theA2/A1 ratio with increasing concen
tration is within the statistical uncertainties and its value is
all cases consistent with the bulk one. The same is also
for theD2/D1 ratio whereTA-N /TN-I does not considerably

f
FIG. 4. Specific heat as a function of temperature for bulk 8

and mixtures.
3-4



SMALL QUARTZ SILICA SPHERES INDUCE DISORDER . . . PHYSICAL REVIEW E 63 061713
TABLE I. Best-fit results obtained fitting the data with Eq.~4!.

rs a A2/A1 D2/D1 B E Tc xn

0 0.3260.01 0.9760.05 061 2.0060.02 0.2060.03 306.8060.01 1.02
0.005 0.3160.01 1.060.2 20.261.1 1.9960.08 0.09660.002 306.5060.04 1.03
0.01 0.2760.02 1.0560.29 0.560.6 2.0560.10 0.08060.001 306.2560.01 1.03
0.02 0.2460.01 1.2460.26 1.1960.082 2.0860.06 0.04560.002 306.2360.01 1.01
0.04 0.1260.03 1.1660.85 20.5860.43 1.2860.41 0.01360.012 306.2660.01 1.1
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change but the obtained values are, considering the un
tainties, consistent with the value of approximately 1 wh
is expected for the bulk@20#.

The variation of theB andE coefficients are quite sma
for 0<rs<0.02 g/cm3, while a significant decrease of bot
values have been obtained forrs50.04 g/cm3. These coeffi-
cients are connected with the nonsingular background t
in the specific heat. We think that this background could
affected by the presence of the aerosil, especially for la
concentrations, and this could be the reason for the obse
behavior. If we assume, however, as in Ref.@9#, that the
variation in the background term from mixture to mixture
negligible, then the variation ofB is entirely due to its criti-
cal partBC . This leads to the conclusion thatBC decreases
with increasingrs as was also found in Ref.@9#.

It must be noted that the analysis of the critical behav
of the specific heat becomes more and more difficult w
increasingrs as the uncertainties found in the fit of the mi
ture with rs50.04 g/cm3 clearly demonstrate. This is esse
tially due to the suppression of the specific heat peak
also to the rounding. For small concentrations, on the o
hand, the differences found in the critical exponent and in
A2/A1 ratio could be too small, thus giving a clear indic
tion of the limitation of such measurements for the study
the disorder introduced by the aerosil.

2. N-I transition

Though the results shown in Fig. 1 are in qualitati
agreement with the results reported in Ref.@9#, there are,
however, some discrepancies. The specific heat reporte
that paper shows a double peak structure forrs
.0.022 g/cm3 that has been attributed to annealed ES~peak
at higher temperature! and to ES coarsening with increasin
concentration ~rounded peak at lower temperature!. No
double peak structure has been found in our samples
this, as discussed in Ref.@10#, could be due to the fact tha
they are aligned. The surface-induced order can help in
ducing the amount of strain in the sample, as was also sh
by the smaller depression of the transition temperatures
found with respect to the Ref.@9# temperatures and this coul
be the reason why we do not find the peak at low tempe
ture.

Using the criteria described above for the evaluation
the width of the two-phase coexistence region, we have
culated the specific heat of the mixture withrs
50.04 g/cm3 outside this region but close toTN-I . We have
tried to compare our data for this mixture with the data c
responding to the mixture withrs^0.052 g/cm3 reported in
06171
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Ref. @9#. We have found that the two data sets almost ov
lap, apart from the temperature region of the low temperat
peak in Ref.@9#. It could be, therefore, that the increase
the coexistence region found in Ref.@9# is mainly due to the
presence of some ES which is larger than the one prese
our samples.

It is interesting to note that while this conclusion is su
ported by this last result and also by the smaller downshif
the transition temperatures and the smaller coexistence
gion close toTN-I , thea critical exponents obtained from th
fit of our specific heat data at theA-N phase transition and
the critical exponents obtained in Ref.@9# almost coincide.
These results clearly indicate that the specific heat crit
behavior has a limited sensitivity to the presence of disor
in the sample.

Calculating the specific heat for all the mixtures as for t
one withrs50.04 g/cm3, it turns out that the peak value ofc
out of the coexistence region increases with increasingrs .
This result seems to be consistent with the one reporte
Ref. @5#, but in contradiction with the one in Ref.@9#. We do
not think at this point that, mainly due to the qualitativ
determination of the coexistence region, any definite conc
sion can be drawn on the critical behavior ofc close to the
N-I transition and more measurements are therefore nee

C. Thermal conductivity

Figure 5 shows the thermal conductivity vs temperat
for a homeotropic and planar bulk samples and for hom
tropic mixtures obtained on heating~gray symbols! and on
cooling~black symbols!. While in the isotropic phase there i

FIG. 5. Thermal conductivity for bulk 8CB~homeotropic and
planar! and mixtures~homeotropic!.
3-5
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no significant difference among the various samples, in
nematic and smectic phases thek values of the mixtures are
smaller than the homeotropic bulk and larger than the pla
one.

It is well known @21# that, due to the anisotropy of th
thermal conductivity, which in the case of 8CB results in
larger value ofk along the long axis of the molecule (ki)
than the one perpendicular to it (k'), the better the homeo
tropic ~planar! alignment, the larger~the smaller! theki (k')
value is in the ordered phases. Thek temperature dependenc
can therefore be easily understood in terms of sample al
ment. For homeotropic bulk samples it remains appro
mately constant in the isotropic phase and increases with
sample ordering when the temperature decreases, while
planar bulk samples it decreases below the isotropic va
when the sample enters the nematic phase and continu
decrease slightly with the increase of planar ordering w
decreasing temperature. The introduction of aerosil indu
some disorder in the sample which degrades the alignm
and therefore reduces theki values and increase thek' ones
below TN-I . In the following, since we are considering on
homeotropic mixtures, we shall omit thei suffix in the ther-
mal conductivity.

It is interesting to note that forrs50.04 g/cm3, there is
only a very small increase ofk in the ordered phases wit
respect to the value in the isotropic phase. Thek temperature
dependence is approximately a straight line; this means
the amount of disorder in this case is so high that, from
thermal transport point of view, the sample is almost isot
pic at all temperatures. This gives an indication on the s
sitivity of the above-reported measurements to the prese
of disorder. No useful information on the amount of disord
can be obtained forrs.0.04 g/cm3 but, on the other hand
the sensitivity is quite large for very lowrs .

It must be pointed out at this point that in a sample wh
the alignment is induced by the surface treatment of the
walls, there are essentially two mechanisms associated
the introduction of the aerosil particles responsible for
degradation of the sample alignment. The first one is
already-mentioned mechanism associated with the distor
of the local orientation produced by the homeotropic anch
ing of the molecules at the particle surface. This distorti
moreover, produces a ‘‘screening’’ of the orientational ord
induced by the treated surfaces, thus introducing a sec
effect which results in a reduction of the strength of t
aligning field that the molecules away from the surface fe
once the aerosil concentration is increased. This could
duce an inhomogeneity of the alignment of the LC across
cell that becomes more and more important with increas
rs , thus decreasing the thermal conductivity values obtai
as average values over the sample thickness. This also m
that if the alignment of the sample is obtained via oth
methods, such as electric or magnetic fields acting homo
neously over the whole sample volume, then the amoun
disorder present in the sample could be different.

A different behavior of the thermal conductivity in th
nematic phase on heating from the smectic phase and
cooling from the isotropic one is evident in Fig. 5 for mix
tures 0.005<rs<0.02 g/cm2. This effect has been alread
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described for the lowest concentration only in a previo
paper@10# and it has been attributed to the annealing of
disorder that takes place not only at theN-I transition but
also at theA-N one and in the nematic phase. The sugges
scenario is the following. A rearrangement of the aero
takes place at theN-I transition and reduces the ES present
the sample. The annealing is not complete, as shown by
increase ofk at theA-N transition on cooling, this increas
being much larger than the one due to the smectic laye
contribution to the orientational order that is evident in t
homeotropic bulk@19#. This increase means that the samp
alignment has improved and this can only be due to a furt
reduction of the disorder following an annealing process
the sample is heated from the smectic phase back into
nematic one, the amount of ES is now lower, and thek val-
ues are therefore larger than the one present in the sa
cooled from the isotropic phase, as can be easily seen in
figure.

It has been shown in 7CB@10# that a rearrangement of th
aerosil, and therefore a reduction of the ES, can also t
place away from the transition temperature in the nem
phase as a consequence of the increase of the order
decreasing temperature. These effects can be seen in
samples because of the surface-induced alignment. The
crease of the amount of disorder with increasingrs degrades
the alignment and makes the effect of the annealing on
orientational order, and therefore onk, less and less eviden
This effect also produces the reduction in the average s
that thek curves have in the ordered phases with increas
concentration. The increase of the disorder produces, in o
words, a reduction of the absolute variation ofk and there-
fore also a reduction in the sensitivity of the thermal cond
tivity to variations produced by the increase of the order.

Figure 6 shows the thermal conductivity of the homeot
pic bulk and of the mixtures in the isotropic and nema
phase. The data are the same obtained on heating from
smectic phase and have been already shown in Fig. 5
they have been rescaled in the following way: a const
background@k050.0016 W/~m K!#, extrapolated from thek
temperature dependence in the isotropic phase, has been
tracted from the data in the nematic phase and they h
been subsequently normalized so to have the same valu

FIG. 6. Rescaled thermal conductivity for bulk 8CB and mi
tures as a function of temperature.
3-6



th
th
v
c

o
n
p
a
e
as
th
ha
ev
t

e
t

g

pla
he
ng
n

t a
c
f
fo
n-
ct
s
d

e

R
th
le
W

re
u

th
th
s
le
th
tr

u

orted
the

low
the
At
ork,
res-
ted

red.
and

l-
the
sor-

in
r. If

s
a

en-
re-

fore
rder
,

nsa-
ion

e

rger

e
in a

tion
cate
cha-
with

an
n
oc-

s is
ced
nd

SMALL QUARTZ SILICA SPHERES INDUCE DISORDER . . . PHYSICAL REVIEW E 63 061713
T5310.15 K. The normalization factor was 1.34 (rs

50.005 g/cm3), 2.60 (rs50.01 g/cm3), 4.75 (rs

50.02 g/cm3), and 13.10 (rs50.04 g/cm3). This procedure
has been adopted to try to highlight a relative variation in
thermal conductivity due to the temperature evolution of
orientational order. It turns out that all the samples ha
almost the same temperature dependence and lead to the
clusion that the temperature dependence of the macrosc
orientational order parameter is not affected by the prese
of aerosil, at least at these low concentrations and in sam
where the disorder has been drastically reduced by the
nealings in the ordered phases. On the other hand, it is
dent from Fig. 5 that samples cooled from the isotropic ph
have a less rapid increase of the orientational order in
nematic phase with decreasing temperature to those that
been heated from the smectic phase. This is particularly
dent for samples withrs50.005 g/cm3, becomes less eviden
with increasing rs , and almost disappears forrs
50.04 g/cm3. Therefore, it can be that the temperature d
pendence of the orientational order is affected, at leas
samples with low aerosil concentration, by the presence
ES in the nematic phase, while nothing can be said for lar
concentrations due to the limitations of our technique.

We have performed measurements on mixtures with
nar alignment~not shown!. From these measurements t
thermal conductivity perpendicular to the molecular lo
axis can be calculated, thus leading to the determinatio
the orientational order parameterS}ki2k' . We faced many
problems during these measurements and we did not ge
useful result. The main reason for this was that the surfa
induced planar alignment~grazing angle deposition o
quartz! in the mixtures is less efficient than the one used
homeotropic alignment and it is very difficult to have mo
odomain samples. Nevertheless, we have found, as expe
an increase of thek' values with increasing concentration
in the ordered phase that is obviously due to the disor
~remember that the poorer the quality of theplanar align-
ment, the larger thek' value, while the opposite is true forki

in homeotropicsamples!.

IV. DISCUSSION

The results we have shown, and particularly the therm
conductivity ones shown in Fig. 5, suggest that, even at v
low rs , there is some ES that is not annealed at theN-I
transition on cooling. This is probably the reason why the
~RD! model, which considers only quenched disorder at
aerosil surface due to the anchoring of the LC molecu
does not succeed in explaining the experimental data.
believe that distortions of the local orientation in the orde
phases away from the particle surfaces play a role and m
be properly accounted for in the theoretical description of
system. If this is true, then it immediately comes out that
amount of disorder present in the ordered phases depend
only onrs but also on other variables, such as, for examp
applied fields that can be responsible for the reduction of
disorder present in the sample at a given aerosil concen
tion and a given temperature. Differences in the strength
these fields can produce differences, in terms of the amo
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of disorder, in samples with the samers and be the origin of
the discrepancies between our results and the ones rep
in literature for the transition temperature suppression,
width of the coexistence region, and the shape ofc close to
the N-I transition.

In the case of the coexistence region, for example, at
values ofrs we expect that it increases due essentially to
disordering effect of the particles that act as impurities.
concentrations much larger than the ones used in this w
on the other hand, due to the strong confinement, a supp
sion of the first-order character of the transition is expec
and therefore the coexistence region must decrease@22#. The
narrower coexistence region we got forrs50.02 g/cm23

with respect to the ones reported in Ref.@9# is therefore
consistent with the fact that our samples are less disorde

Regarding the behavior of the transition temperatures
particularly the slight increase observed forrs
.0.02 g/cm3, we think that it can be explained in the fo
lowing way. If we assume, as we have done before, that
depression in the transition temperatures is due to the di
dering effect of the aerosil, then an increase ofTA-N andTN-I
can be associated with the fact that in the sample withrs
50.04 g/cm3 this effect is weaker than in the one withrs
50.02 g/cm3.

Let us consider mixtures withrs below the gelation
thresholdrg : almost isolated aggregates of aerosil float
the LC and they are responsible for the induced disorde
rs increases, still remaining belowrg , the disorder simply
increases. Now, if we have a mixture withrs.rg in the I
phase and cool it down in theN phase, another effect come
into play. The anisotropic properties of the LC produce
relaxation of the aerosil network that lowers the elastic
ergy of the system through particles rearrangement. This
laxation reduces the disorder of the system and we there
expect that it partially compensates the increase of diso
due to the increase ofrs . It is obvious that the larger the ES
the more evident the relaxation and therefore the compe
tion. This can explain the slower decrease of the transit
temperatures observed just aboverg50.01 g/cm3 with re-
spect to the one forrs,rg and also the slight increase of th
TA-N andTN-I for largerrs50.02 g/cm3. In this last case, it
could be that the compensation due to the relaxation is la
than the increase of the disorder whenrs is increased from
0.02 to 0.04 g/cm3. A further increase of rs
(.0.092 g/cm3) makes the gel stiff, no relaxation can tak
place, and the transition temperatures decrease again
monotonous way.

The results we have obtained on the behavior of transi
temperatures as a function of concentration seem to indi
that an overall decrease of the disorder due to the me
nisms described above takes place only in the sample
rs50.04 g/cm3.

A similar increase in the transition temperatures after
initial decrease as a function ofrs has been also reported i
Ref. @9#. The concentration value at which the increase
curs, however, is 0.052 g/cm3, approximately a factor 2
larger than the one we have observed. We think that thi
due to the presence in our samples of the surface-indu
alignment which enhances the anisotropy of the LC a
3-7
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therefore the relaxation of the gel, thus making this eff
detectable at lower aerosil concentrations.

It must be pointed out that this ‘‘ordering effect’’ and th
reduction of the disorder that takes place forrs
.0.02 g/cm3 is very small. The increase ofTN-I is, in fact,
much smaller than the reduction ofTN-I that we found in the
pure sample with respect to the mixture withrs
.0.005 g/cm3. The amount of the disorder that could b
removed by the ordering effect must be, therefore, m
smaller than the one introduced in the mixture at the low
concentration.

Following what was stated before on the importance
the strength of a possible external field on the determina
of the disorder present in samples with the samers , it must
be pointed out that the same fields can affect the hyster
found in the thermal conductivity in the nematic range. R
cent DNMR @23# measurements performed in mixtures w
rs50.005 g/cm3, in fact, do not show such hysteresis. The
measurements require strong magnetic fields and it co
well be that such fields anneal the disorder responsible
the above-mentioned hysteresis.

A question may be raised at this point: why is the abo
mentioned ordering effect not detected in the thermal c
ductivity, where a monotonous decrease of thek values in
the nematic range with increasingrs has been found? It mus
be pointed out that while the transition temperatures dep
on the intermolecular interaction potentials which are a
affected by the disorder of the system, the thermal cond
tivity mainly senses the macroscopic orientational order@21#.
It could be, in other words, that the reduction of the disor
in the system following the relaxation of the aerosil netwo
does not imply in all cases a detectable improvement in
homeotropic alignment of the molecules. This improvem
has been, however, observed in our samples, apart from
mixture with rs50.04 g/cm3, as a consequence of theA-N
transition as shown by the hysteresis in Fig. 5. It is parti
larly evident for very lowrs and decreases with increasin
rs . This can be easily understood if we consider that in
sample with thers50.005 g/cm3, only isolated strands o
aerosil are probably present in the LC. A reduction of ES
this particular case, can take place only if the strands a
perpendicular to the direction of the aligning field. This r
arrangement means an improvement of the homeotr
e
r

ys

ni
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alignment and therefore an increase ofk. If rs increases, the
strands start to interact and form a gel and they are there
less free to move even though the gel is soft. Their ability
align perpendicular to the director is reduced and so is
improvement of the orientational order after the annealing
the ES. This means that when the above-mentioned re
ation occurs, because of the constraint in the network,
effect on the orientational order is less evident than the
on the transition temperatures. We can therefore concl
that the relaxation is stronger in the mixture withrs
50.04 g/cm3 than in any other mixture, as suggested by t
transition temperature dependence onrs , but the orienta-
tional part of this relaxation decreases with increasingrs ,
both for the increased screening of the surface-induced o
and also the rigidity of the gel.

V. CONCLUSIONS

The results and the discussion reported above allow u
draw the following conclusions: ~i! the RF~RD! model that
follows from the assumption that all the strain in the sam
is annealed in ordered phases and that quenched disord
only present very close to the aerosil particle surface d
not seem applicable to lowrs mixtures;~ii ! it is not sufficient
to consider onlyrs as the variable that describes the amou
of disorder present in the mixture, but applied~ordering!
fields must be taken into account due to their influence in
strain annealing;~iii ! the behavior of the transition tempera
tures as a function ofrs seems to suggest that a relaxation
the aerosil network takes place forrg,rs,0.04 g/cm3 that
partially compensates the depression ofTA-N and TN-I in-
duced by the disorder.

It has been also shown that the effect of the aerosil is
the same at theA-N andN-I transition. While in the first case
the usual suppression of the anomalies with increasingrs has
been observed, the situation is completely different at theN-I
transition where the peak of the specific heat, in the conc
tration range we have investigated, increases.
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