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Disorder effects in low concentration dispersions of small quartz spheres
in cyanobiphenyl liquid crystals

F. Mercuri, A. K. Ghosh, and M. Marinelli
Dipartimento di Ingegneria Meccanica, Universita` di Roma ‘‘Tor Vergata,’’ and Sezione INFM Roma II, 00133 Roma, Italy
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A photopyroelectric study of the specific heat and the thermal conductivity of small quartz sphere~aerosil!
dispersions in heptylcyanobiphenyl~7CB! and octylcyanobiphenyl~8CB! liquid crystals with a concentration
rs50.005 g cm23 is reported. The thermal conductivity data show that, even at this low concentration, the
elastic strain introduced in the liquid crystal by the aerosil particle is not completely annealed at the nematic-
isotropic~NI! phase transition. In 8CB, annealing has been found at the smectic-nematic phase transition, while
in the case of 7CB it occurs in the nematic phase also. Moreover, the depression of the NI transition tempera-
ture has been found to be much smaller than the one predicted by a random field model in which quenched
disorder simply affects the average order of the sample and no effects of the elastic strain are considered.
@S1063-651X~99!50911-2#

PACS number~s!: 61.30.2v, 66.60.1a, 82.70.Gg
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It has been recently suggested@1# that hydrophilic small
quartz sphere~aerosil! particles with a diameter of approx
mately 7 nm@2# dispersed in a liquid crystal~LC! form a gel
if their density is larger thanrs50.01 g cm23. These par-
ticles are small quartz spheres that, due to the hydro
groups covering their surface, can hydrogen bond in a
work and allow the introduction of disorder in LCs. This
essentially due to the hydrophilic coating of the spheres
provides a strong homeotropic anchoring of the LC m
ecules at the particle surface and therefore produces a
distortion of the director resulting in an elastic strain~ES!
which increases with decreasing pore size and therefore
increasingrs . If rs,0.1 g cm23, the gel is ‘‘soft,’’ this
meaning that the bonds among the spheres can easily b
allowing a rearrangement of the particle to form a network
which the elastic energy and therefore the ES in the LC
minimized. If rs.0.1 g cm23, the gel is ‘‘rigid’’ and the ES
is quenched.

The mechanisms described above have been used t
terpret the experimental results up till now available in t
literature @1,3–6#. A substantial decrease of the transitio
temperature and a broadening of the specific heat~c! peaks
have been found in dispersions withrs.0.1 g cm23. These
results have been shown to be quite similar to the ones
tained in aerogel@7# and randomly interconnected porou
media@8#, and this is not surprising if one considers the rig
nature of the gel formed at these concentrations. In b
cases the experimental results have been explained in t
of the quenched ES present in the sample@1#. For concen-
trationsrs,0.1 g cm23 the observed behavior of aerosil di
persions@1# differ substantially from the aerogel one: th
decrease of transition temperatures show a complicated
havior as a function ofrs , while the peaks inc remain sharp.
Moreover, the specific heat critical exponenta at the
smectic-A–nematic ~AN! transition tends to the one pre
dicted by the three-dimensional~3D! XY model asrs is in-
creased up to 0.1 g cm23. It has been suggested@1# that in
this so called ‘‘annealed strain’’ regime the ES is mos
annealed at the nematic-isotropic~NI! phase transition
PRE 601063-651X/99/60~6!/6309~4!/$15.00
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through a rearrangement of the particles and that these
persions can be approximately described by a random fi
~RF! model, where the random dilution~RD! of quenched
disorder simply affects the average order in the sample.
elastic strain effects are considered in this model and
description should become more and more accurate with
creasingrs .

No unambiguous experimental evidence has been
ported on this point, however, and the role of the ES at v
low rs has not been completely clarified. This is particula
important if one considers that, at least in a region close
the aerosil particle and because of the strong anchoring o
LC molecules at its surface, some elastic distortion of
local orientation, and therefore some ES, is always pres
Moreover, the dynamics of the annealing of the disorder
troduced by the aerosil is also not completely understo
Let us consider the case of octylcyanobiphenyl~8CB! liquid
crystals in the annealed strain regime (rs,0.1 g cm23): if
the sample is cooled from the isotropic phase to the nem
one, then the appearance of the orientational order induc
particle rearrangement that reduces the disorder in
sample. It is not clear, however, if all the disorder that can
annealed is already removed at the NI transition or if a p
of it is still present in the nematic phase. The presence
quenched disorder in the ordered phases, as recently sh
in Ref. @9#, and its possible annealing at the AN transitio
could have some important consequences on the interp
tion of the experimental results.

In this Rapid Communication we report on simultaneo
photopyroelectric measurements@10,11# of specific heat and
thermal conductivity~k! of 8CB and heptylcyanobipheny
~7CB! small quartz sphere~aerosil! dispersions withrs
50.005 g cm23, in which, being below the gelation thresh
old of rs50.01 g cm23, no gel is formed. We have bee
able to study dispersions with very lowrs thanks to the
sensitivity ofk, that is a transport property and it is therefo
much more affected by the disorder introduced in the
than static quantities. The disorder introduced by aero
which is responsible, in a homeotropically aligned sample
R6309 © 1999 The American Physical Society
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the significantly smallerk values we have found in the LC
ordered phases with respect to the bulk ones, is shown t
~partially! annealed not only at the NI transition but also
the AN one. Some quenched disorder is therefore prese
the nematic phase and this, together with possible ela
effects associated with it, could be the reason for the str
disagreement we have found between the depression ofTNI
in our samples and the one predicted by the RF~RD! model
@12#. It will be shown, in the case of 7CB, which has a mu
wider nematic range with respect to 8CB, that anneal
does not take place at the phase transitions only but als
the nematic phase, the driving force for such a process b
the increase of orientational order. It will also be shown t
the annealing which take place belowTNI is also responsible
for the thermal hysteresis found in the thermal conductiv
behavior.

Figure 1 shows the specific heat versus temperature
for a homeotropic 8CB1aerosil dispersion, obtained o
cooling from the isotropic phase and on heating from
smecticA phase and prepared following the procedure
ported in Ref.@6#. Also reported in the figure are the da
obtained in the same temperature range for bulk homeotr
8CB. A downshift of bothTNI and TAN transition tempera-
tures is evident in the dispersion with respect to the bulk:
the NI transition we found (DTNI)exp5270 mK while for the
AN one (DTAN)exp5310 mK. It is interesting to note tha
even with a very lowrs , such as the one we have used, w
no gel formed, the observedDTNI is approximately one hal
of the one observed in a sample withrs50.02 g cm23 @1#.
This reduction inDTNI , which is obviously associated wit
a reduction of the quenched disorder in the sample due to
lower particle concentration, does not scale linearly withrs .
This result, which is in contradiction with the prediction
the RF~RD! model, whereDTNI is expected to be linearly
dependent onrs , could be, however, due to the fact th
0.02 g cm23 is not a sufficiently small concentration to mak
the ES present in the sample negligible. If we assume, h
ever, that T(p)NI5T(0)NI(12p) @12#, where p is the
amount of quenched disorder, which in our case is appr
mately p.0.6rs @1#, we have (DT)RFI.0.94 K, which is
about three times larger than the experimental value we h
measured. Also in a dispersion withrs50.02 g cm23 the
theoretical value (DT)RFI.4 K was much larger than th
experimental value (DTNI)exp5790 mK. Some doubts the

FIG. 1. Specific heat as a function of temperature for bulk 8
and 8CB1aerosil dispersion.
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arise on the applicability of the RF~RD! model at lowrs . In
our opinion, as will be discussed in more detail later on,
discrepancy we have found between the experimental
theoretical values ofDTNI is due to some non-negligible E
present in our sample, though, as already said, there is no
formed and therefore the ability of the isolated strands
aerosil particles in reducing the strain is increased. In ot
words the description in terms of RF models should inclu
elastic effects associated with the presence of ES. The e
of internal elastic stress in random field models has b
recently studied theoretically@13# at the polydomain-
monodomain transition in nematic elastomers under an
ternal strain field, but no prediction is at present available
the NI transition. The considerations reported above are
valid for the shift inTAN .

We have performed a power law fitting of the high res
lution specific heat data close to the AN transition. The cr
cal exponent we have founda5(0.2860.04) is slightly
smaller the one we have found in the bulk@a5(0.32
60.04) @11##, the difference being, however, within the st
tistical uncertainty. No significant variation has been fou
in the A2/A1 ratio. The results are consistent with the on
reported in Ref.@1# and they show that the critical behavio
of the specific heat is not particularly sensitive to the sm
amount of disorder present in our sample, because of
very smallrs .

Figure 2 shows the thermal conductivity versusT of the
dispersion and the one of the bulk, taken from Ref.@11#, both
being homeotropically aligned. As already discussed in R
@14#, the thermal conductivity of the bulk is approximate
constant in the isotropic phase and has a discontinuity atTNI
due to the first order character of the transition. It is, mo
over, strongly dependent on the orientational order and
accounts for its increase, in homeotropic bulk samples, w
decreasing temperature. A more rapid increase with decr
ing temperature is found close toTAN on the smectic side
and this is due to the smectic layering contribution to t
orientational order.

The data sets obtained on cooling and heating overla
the smectic and isotropic phases but a significant differe
between the two has been found in the nematic phase
particular,k values obtained on cooling from the isotrop

FIG. 2. Thermal conductivity as a function of temperature
bulk homeotropic 8CB and 8CB1aerosil dispersion. Gray and
black dots correspond to data sets taken on cooling and on hea
respectively.
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phase are systematically smaller than the ones found in
nematic phase on heating from the smectic one. Since
said before, a decrease of the thermal conductivity in a
meotropic sample at a given temperature is due to a decr
of the orientational order, the results shown in Fig. 2 sugg
that there is less orientational order in the nematic phase
cooling than the one obtained on heating.

This can be explained as follows: when the sample
cooled from the isotropic phase, the appearance of the n
atic order and the presence of the surface induced home
pic alignment, produces a rearrangement of the aerosil
ticles that anneals part of the ES present in the sample.
residual ES produce a decrease of the orientational o
with respect to the bulk and, therefore, a smaller value ofk in
the nematic phase. The amount of the strain is small eno
not to affect the critical behavior ofc but it could account for
the discrepancy between theDTNI value we have found and
the one predicted by the RF~RD! model. When decreasin
the temperature the sample goes across the AN transition
a further reduction of the ES takes place because of the
arrangement of the LC and aerosil particles due to the al
ing field and the appearance of smectic layering. This p
cess produces the increase ofk in the smectic phase, which i
much larger than the one found in the bulk, where, as s
before, the smectic layering also produces an increase o
orientational order. If the sample is then heated from
smectic phase, the observed decrease ofk is simply due to
the decrease of orientational order with temperature as in
case of bulk samples. To check this point we have renorm
ized thek value obtained on heating to bulk ones and
have found the same temperature dependence.

The scenario that comes out from the analysis of the
perimental results reported above seems to be more com
cated than the one described in Ref.@1# for LC1aerosil dis-
persions withrs,0.1 g cm23. The hysteresis ink clearly
indicates that even with very low concentrations, there
some ES present in the nematic phase and that the des
tion of the dispersion in the in terms of a RF~RD! model
could not be appropriate. Moreover, annealing of this str
occurs at the AN transition due to the appearance of
translational order. Though we have found only minor var
tions in the critical behavior of the specific heat of the d
persion with respect to the bulk one, the presence of st
and its partial annealing atTAN raises some doubts on th
applicability of the usual cross-over from 3DXY to mean
field tricritical description for the AN transition@15#, even
with a very lowrs value. It has been recently suggested@9#
that the presence of an arbitrary small amount of quenc
disorder in a LC can give rise to smectic and nematic Bra
glasses, which have different properties with respect to
usual nematic and smectic phases and, possibly, diffe
phase transitions. We think that the theoretical models m
tioned above~RF with the inclusion of elastic effects, Brag
glasses! could give a more appropriate description of t
system we have investigated, but more theoretical effor
needed on these issues.

A question may arise at this point on the influence of
aligning field due to surface treatment on the conclusi
reported above, and, therefore, on the mechanisms res
sible for the annealing of the disorder. Figure 3 shows s
cific heat versus temperature data for not aligned 7CB1
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aerosil dispersion withrs50.005 g cm23. The two data sets
have been obtained on both cooling and on heating and w
they almost overlap in the isotropic and nematic phase
significantly different behavior has been found in the pha
transition region. It must be pointed out that the model
have used to calculate thec value from the photopyroelectric
signal amplitude and phase, as in the case of others ac c
rimetric technique, is valid for homogeneous samples on
Since the NI transition is of the first order, a two pha
coexistence region is present close toTNI and therefore the
sample is not homogeneous. This means that thec values in
the two phase region are affected by some artifacts, but
believe that qualitatively the difference in thec temperature
dependence observed in this region on cooling and on h
ing is real.

A similar behavior for the specific heat has been alrea
reported for unaligned 8CB1 aerosil dispersions close t
TNI @1#. In particular a double peak structure has been fou
in c for r,0.183 g cm23 and it has been attributed to an
nealed elastic strain~peak at higher temperature! and to elas-
tic strain coarsening with increasingrs ~rounded peak at
lower temperature!. It has been shown, moreover, that wh
increasing the concentration, the latter becomes more
more important and remains the only peak present forrs
.0.183 g cm23. The double peak structure was reproducib
on heating and cooling.

If we assume that the above-mentioned interpretation
also applicable to our sample and therefore that the shou
and the peak inc shown in Fig. 3 are due to annealed a
quenched strain respectively, then we have to explain w
we have different behavior on heating and on cooling. W
think that, a weak homeotropic alignment is present in
sample, as confirmed by thek values found in the nematic
phase that are larger than the ones in the isotropic ph
This effect is probably due to a weak homeotropic anchor
that is always present at the cell surfaces@10# and that, due to
the small thickness of our cell, propagates throughout the
volume. Since this field is much smaller than the one pres
in the case of treated cell walls, its contribution to the a
nealing atTNI is obviously smaller, with an amount of E
that remains quenched larger than the one found in alig
samples. This can account for the peak and the shoulderc
obtained on cooling from the isotropic phase. If the tempe

FIG. 3. Specific heat as a function of temperature for 7C
1aerosil dispersion. Black and gray dots correspond to data
taken on cooling from the isotropic phase and on heating from
smectic phase, respectively.
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ture is decreased belowTNI , the combined action of the
weak aligning field due to the surfaces and the increas
the orientational order further anneals the ES present in
sample, being, as in the case of 8CB, this annealing irrev
ible, unless the sample is heated into the isotropic ph
This is confirmed by the results we have obtained heating
sample from the nematic phase: thek values are systemati
cally larger belowTNI than the ones obtained on coolin
~Fig. 4! and a single peak structure has been found inc ~Fig.

FIG. 4. Thermal conductivity as a function of temperature
bulk 7CB and 7CB1aerosil dispersion~see text!.
ke

ge

ni

ll
of
e
s-
e.
e

3!. Similar irreversible effects due to the presence of
aligning field have been observed in light scattering exp
ments on 8CB1aerosil dispersion under an electric fie
@16#.

To further check this point, we have performed measu
ments on homeotropically surface aligned 7CB1 aerosil
samples. No significant differences inc ~not shown! on heat-
ing and cooling atTNI were found in these samples. Th
suggests that the strong field that is now present is suffic
to drastically reduce the strain at the NI transition. This
confirmed also by thek data reported in Fig. 4, where
systematically larger value, and therefore a larger orien
tional order, is found in the nematic phase with respect to
one obtained in not aligned samples.

We have also performed measurements on unaligned
1 aerosil dispersions~not shown!, and we found a single
peak structure close toTNI . This means that the strength o
the weak aligning field due to the cell walls, is larger for th
compound. This is also confirmed by the thermal conduc
ity data in the nematic phase~not shown!, that are more
closer to bulk value in this case than in 7CB.

A.K.G. is thankful to the ICTP-TRIL Programme for fi
nancial support. The authors would like to thank G.S. Ia
nacchione, D. Finotello, and C. W. Garland for many help
discussions.
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