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Effect of the nematic range on the critical behavior and anisotropy
of the heat transport parameters at the smectic-A –nematic phase transition

F. Mercuri,* U. Zammit, and M. Marinelli
Dipartimento di Ingegneria Meccanica, Universita` di Roma and Sezione INFM ‘‘Tor Vergata,’’ Via O. Raimondo 1, 00173 Roma, It

~Received 9 June 1997!

The photopyroelectric technique has been used to study the specific heat, the thermal conductivity, and the
thermal diffusivity at the smectic-A–nematic phase transition of homeotropic and planar samples of
4-n-pentylphenylthiol-48-n-octyloxythiolbenzoate~8̄S5! and 4-n-nonyl-48-cyanobiphenyl~9CB!. It has been
shown that, as in the case of 4-n-octyl-48-cyanobiphenyl~8CB!, the thermal conductivity remains approxi-
mately constant at the smectic-A–nematic (A-N) phase transition and therefore the specific heat and the
thermal diffusivity have the same critical exponent. Though theA-N transition in 9CB is quite close to the
tricritical point, it turns out that tricriticality does not affect the critical behavior of the thermal conductivity.
The temperature dependence of the thermal conductivity anisotropy, which can be considered as a macroscopic
order parameter, has been reported for all the samples investigated. It has been shown that the influence of
smectic ordering on the order parameter becomes progressively more important when theA-N tricritical point
is approached.@S1063-651X~98!02201-6#

PACS number~s!: 64.70.Md
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INTRODUCTION

Photothermal techniques have been applied recently to
study of the critical behavior of dynamic thermal paramete
such as the thermal conductivity (k) and the thermal diffu-
sivity ~D5k/rc, wherer is the density andc is the specific
heat!, close to liquid-crystal phase transitions@1#. These
techniques need to introduce a small temperature gradie
the sample to obtain a good signal-to-noise ratio, thus all
ing a high-temperature resolution in the determination of
thermal parameters close to the phase transition. The re
available in the literature, however, do not provide a cl
picture of the critical behavior ofD andk and the lack of any
quantitative theoretical prediction makes their interpretat
extremely difficult. It is a worthwhile to note that these d
ficulties in understanding the critical behavior of the therm
transport parameters are not surprising at all if one consi
that even the physical mechanism of heat transport in liq
crystals, away from the transition temperature, has not b
explained on a quantitative basis.

A divergence in the thermal conductivity and a dip
the thermal diffusivity have been reported at the smec
A–hexatic-B transition of n-hexyl-48-n-pentyloxybi-
phenyl-4-carboxylate~65OBC! @2#. Again a divergence ink
has been found at the smectic-A–smectic-C (A-C) transition
of N-~4-n-heptyloxybenzylidene!-48-n-butylaniline ~7O.4!,
while a dip with a superimposed peak at the transition te
perature has been found inD @3#. A similar behavior has
been reported for the A-C transition of racemic
4 - ~3 - methyl- 2 -chlorobutanoyloxy! -48-heptyloxybiphenyl
~A7! @4#, the peak inD at Tc being much more pronounce
than the one of 7O.4. Such behavior was related by the
thors to the fact that the latter compound is much close
the mean-field tricritical point than 7O.4. Measurements
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also available at the smectic-A–nematic (A-N) transition for
4-n-pentylphenylthiol-48-n-octyloxybenzoate~8̄S5! @1# and
4-n-octyl-48-cyanobiphenyl~8CB! @5#, compounds having
different nematic ranges. In both cases, a dip in the diffus
ity and a smooth conductivity have been found close to
transition temperature. In the case of 8CB, measurem
were performed on aligned samples, but no differences w
found between the homeotropic and planar cases.

Though the results are puzzling, the situation is somew
less complicated with respect to what has been found in
case of magnetic materials where the same transition in
ferent materials showed different behavior for the therm
conductivity @6#. On the contrary, in the case of liquid crys
tals so far, compounds having the same transition h
shown the samek behavior. Collective long-range phenom
ena and in particular nondissipative mode couplings could
responsible for the divergence ofk for the A-C transition
@4,7#, while the smoothk behavior obtained for theA-N
transition could be explained either with a dissipative mo
coupling between the nonconserved order-parameter m
and the conserved energy density@7# or, more simply, as-
suming that the heat conduction is governed by short-ra
processes. The influence of tricriticality on thek andD criti-
cal behavior is another open question: While it see
strongly relevant in the case of theA-C transition @4#, the
situation is not clear for theA-N one. For 8̄S5 @1# and 8CB
@5#, the conductivity close toTAN could be fit with a linear
temperature dependence and it was therefore possible to
scribe thec and D critical behavior with the same critica
exponent. A very small increase ink at the transition tem-
perature was, however, detected in the latter case. It sh
be noted that 8CB is much closer to the tricritical point th
8̄S5, but not close enough to show a tricritical behavior.

The aim of this paper is to try to clarify the role of tric
riticality on the heat transport parameters, in the case of
A-N transition, in compounds with different nematic range
The photopyroelectric technique has been used to determ
596 © 1998 The American Physical Society
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simultaneously the specific heat, the thermal conductiv
and the thermal diffusivity on aligned samples of 8S̄5 and 4-
n-nonyl-48-cyanobiphenyl~9CB! with a MacMillan ratio
TAN /TNI of 0.936 and 0.994, respectively. The results ha
been compared with the ones already reported for 8CB@5#,
which has aTAN /TNI50.977. It turns out that, in the critica
region,k behaves in a similar smooth fashion in all the i
vestigated samples, thus showing no influence of tricritic
ity. On the other hand, the width of the nematic range affe
the thermal conductivity anisotropy. In fact, belowTAN , ki

2k' ~wherei and' refer to homeotropic and planar align
ments, respectively! shows a feature that becomes more e
dent as the tricritical point is approached. This feature res
from the contribution of the smectic ordering to the orien
tional order parameter. An analysis of the results in terms
a simple qualitative picture for the heat conduction mec
nism previously proposed@8# will be given.

EXPERIMENT

A photopyroelectric setup@9# has been used to determin
simultaneouslyc, k, and D, the sample densityr being
known. In the configuration we have used, the sample
sandwiched between a glass plate and a pyroelectric tr
ducer. One of the sample surfaces was periodically he
and the temperature oscillation introduced at the oppo
surface, which is estimated to be less than 1 mK, was
tected by the transducer. The amplitude and the phase o
photopyroelectric signal, which depends on the sample t
mal parameters@9#, were analyzed by a lock-in amplifie
The transducer was a 300mm thick LiTaO3 single crystal
and the sample was 30mm thick. The surface of the glas
plate in contact with the liquid crystal was coated with
200-nm optically opaque Ti layer, which was thermally th
and therefore had a negligible effect in the heat diffus
process. A 5 mW He-Ne laser, acousto-optically modulate
at 64 Hz and absorbed by the metallic coating, was the h
ing source. The sample and the transducer were containe
a oven. The intensity of the heating beam and sample hea
rate were decreased as much as possible to minimize
effect of thermal gradients. It is well known that the therm
gradients, together with the sample purity, are respons
for the ‘‘rounding’’ that affects data points very close to th
transition temperature. The width of the rounding regio
which in the case of 8CB was about 5 mK fromTAN on
either side of the transition, can be used to derive an up
limit for the extent to which thermal gradients in the samp
affect the resolution of the measurements. For a tempera
scan on a wide temperature range, the heating rate was a
20 mK/min, while for high-resolution measurements close
a phase transition, the rate was 0.5 mK/min. No substan
differences were found in the determination of the therm
parameters when taking into account the temperature de
dence of the sample density@10#, which in the case of 9CB
shows a variation of about 2% in the temperature ra
30 °C–60 °C, or when considering it as a constant. Sam
have been recrystallized several times before their use.

A polarizing microscope was used to check the alignme
Homeotropic alignment was achieved by treating the gl
plate and the pyroelectric surfaces in contact with the liq
crystal with a surfactant agent consisting of a solution
,
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trimethylcetylammonium bromide. In order to achieve op
mum alignment, the volume fraction of the solution was v
ied and theki value at a fixed temperature was monitore
We observed a maximum of this value at the concentra
value of the surfactant of about 5% in weight. Bearing
mind that, as shown later on in more detail, improvements
the alignment result in an increase ofki and in a decrease o
k' , we used such a value of the surfactant concentration
optimum homeotropic alignment. Planar alignment was
tained by sputtering a thin quartz film at a grazing angle
both the surfaces in contact with the liquid crystal and
procedure similar to the one mentioned above was use
optimize the deposition conditions

RESULTS

Figure 1 shows the specific heat for two 9CB liqui
crystal samples with homeotropic and planar alignments
the temperature range 35 °C–60 °C. As expected, the
curves superimpose quite well in the whole temperat
range investigated. The same data sets for the signal am
tude and phase from whichc values have been calculate

FIG. 1. Specific heat as a function of temperature for homeo
pic ~light gray dots! and planar~dark dots! 9CB samples.

FIG. 2. Thermal conductivity as a function of temperature
homeotropic~light gray dots! and planar~dark dots! 9CB samples.
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have been also used to obtain the thermal conductivity
the thermal diffusivity.

Figure 2 shows the temperature dependence ofki andk'

in 9CB. In the isotropic phase the two data sets coincide
the values remain fairly constant from theN-I transition
temperature up to 60 °C. A discontinuity is clearly evident
TNI in both cases, with an increase ofki that is larger than
the corresponding decrease ofk' . In the nematic phaseki

increases with decreasing temperature, but the rate of suc
increase shows a drastic change just below theA-N transi-
tion temperature. Finally, well within the smectic phase,ki

seems to tend to a saturation value. On the other han
slight decrease ofk' with decreasing temperature has be
obtained in the nematic phase, while its value remains fa
constant in the smectic phase down to 35 °C.

Figure 3 showsD i and D' temperature scans in 9CB
Again, the two superimpose in the disordered phase
show a dip at theN-I andA-N transition temperature. The
values ofD i are always larger than the value ofD' in the
nematic and in the smectic phases and this is of course du
the thermal conductivity anisotropy. The temperature dep
dence ofD' in the smectic phase, however, is essentia
connected to the specific-heat behavior sincek' is approxi-
mately flat in that temperature region. The same happ
over the transition temperature, where the dips inD seem to
originate from the peaks in the specific heat.

To check in more detail this conclusion, high-resoluti
measurements have been performed close to theA-N transi-
tion temperature. Figure 4 show the specific-heat behavio
the reduced temperature for homeotropic@Fig. 4~a!# and pla-
nar @Fig. 4~b!# samples, with the solid line representing th
best-fit curve and the dotted one corresponding to data po
in the rounding region that have not been considered in
fit. The data for the specific heat have been fit to the exp
sion

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

where the plus and minus signs refer toT.Tc andT,Tc ,
respectively and where we consider (T2Tc) as (T2Tc)/
@1 ~K!#. The results of the fit have been reported in Table
The two fits for homeotropic and planar samples, as

FIG. 3. Thermal diffusivity as a function of temperature f
homeotropic~light gray dots! and planar~dark dots! 9CB samples.
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57 599EFFECT OF THE NEMATIC RANGE ON THE CRITICAL . . .
pected, are quite similar, showing a critical exponent clos
the tricritical onea50.5 and in a good agreement with pr
viously reported results@11#. The difference between the tw
amplitude ratios is within the statistical uncertainty, while,
expected@12#, the ratio between the parametersD in the fit is

FIG. 4. High-resolution measurements of the specific heat
function of the reduced temperaturet5(T2TAN)/TAN for ~a! ho-
meotropic and~b! planar 9CB samples. The solid line represents
best-fit curve. The dotted line corresponds to a temperature re
that has not been considered in the fit.

FIG. 5. High-resolution measurements of the thermal conduc
ity as a function of temperature close toTAN for homeotropic~light
gray dots! and planar~dark dots! 9CB samples.
to

s

approximately 1 in both cases. It should be noted that
tricritical value ofA1/A2 is not universal in the experimen
tally accessible temperature range@13#, but a value of ap-
proximately 1 has been obtained for polar cyanobiphen
@14#.

Figure 5 shows the temperature dependence ofki andk'

in 9CB in the critical region. In both cases the thermal co
ductivity remains smooth over the whole temperature reg
investigated. A sharp and narrow peak close to the transit
temperature was obtained in photoacoustic measuremen
the k critical behavior in a nonaligned 9CB sample@15#. It
has been shown that the photoacoustic technique need
introduce in the sample a larger thermal gradient than
one needed by the photopyroelectric technique@16# and our
conclusion is therefore that the very narrow peak shown
those data is at least partially contained in the rounding
gion due to thermal gradients. Figures 6~a! and 6~b! showD i

andD' vs reduced temperature and the data have been fi
with the expression

D5
H1G~T2Tc!

B1E~T2Tc!1A6uT2Tcu2a~11D6uT2Tcu0.5!
;

the fit results are reported in Table I. It is evident that it

a

e
on

-

FIG. 6. High-resolution measurements of the thermal diffusiv
as a function of the reduced temperaturet5(T2TAN)/TAN for ~a!
homeotropic and~b! planar 9CB samples. The solid line represen
the best-fit curve. The dotted line corresponds to a tempera
region that has not been considered in the fit.
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possible to fitk with a linear temperature dependence a
that the anomaly in the diffusivity depends on the speci
heat anomaly.

Figure 7 shows the temperature dependence ofki andk'

of 8̄S5. Some differences with respect to 9CB should
noted. No features appear in bothki and k' close toTAN ,
which remaims quite smooth over the entire transition reg
and seems to have reached a saturation value in the sm
phase. Moreover, the decrease ofk' in the nematic phase
with decreasing temperature is more evident than in 9CB.
the other hand, as in the case of 9CB,k' remains approxi-
mately constant in the smectic phase.

Figure 8 shows the temperature dependence of the an
ropy in the thermal conductivityki2k' of 8̄S5, 8CB, and
9CB. It is well known that a macroscopic order parame
can be defined by extracting the anisotropic part of a quan
that has a tensorial nature in the ordered phases@17#. Ther-
mal conductivity fulfills such conditions and we can ther
fore define ki2k' as a macroscopic order paramet
Though the macroscopic and microscopic order parame
are related, a proportionality between the two can be qua
tatively derived only in the case of magnetic susceptibi

FIG. 7. Thermal conductivity as a function of temperature
homeotropic~light gray dots! and planar~dark dots! 8̄S5 samples.

FIG. 8. Thermal conductivity anisotropy as a function ofT
2TNI for ~a! 8̄S5 ~b! 9CB, and~c! 8CB. The arrows indicate the
A-N transition temperature for the three compounds.
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@17#. In many other cases, the two quantities have been c
sidered to be proportional, but this is based on an arbitr
assumption about the correlation function@17#.

The behavior of the order parameter at the transition te
perature depends on the order of the phase transition: A
continuity is expected for a first-order transition, while th
order parameter remains continuous for a second-order
In the isotropic phase,ki2k' is obviously zero and shows
clear discontinuity at theN-I transition. Such discontinuity is
related to the first-order nature of this transition. It should
noted that although the photopyroelectric technique is an
calorimetric technique, it can be used for a straightforwa
determination of the order of a phase transition, thanks to
sensitivity to anisotropy in the heat diffusion process. T
aspect, combined with the ability of the technique to meas
simultaneously and with a high resolution the critical beha
ior of static quantities, such as the specific heat, and dyna
quantities, such as the thermal conductivity, makes it uni
for the study of thermal parameters close to phase tra
tions. It should be noted that other high-resolution ac calo
metric techniques@18# have been used previously to asse
the order of a phase transition. In particular the behavior
the phase lag of the measured ac signal was related to
presence of a latent heat, but this was only possible in a q
indirect and qualitative way.

The anisotropy ofk in 9CB increases with decreasin
temperature in the nematic and smectic phases and resem
the behavior ofki . This can be easily explained considerin
the much weaker temperature dependence ofk' with respect
to ki . Just belowTAN there is a rapid increase of the aniso
ropy with decreasing temperature. Approximately one deg
below TAN , the rate of change of the anisotropy decrea
andki2k' tends to approach a saturation value.

The temperature dependence ofki2k' of 8CB has been
obtained from the data reported in Ref.@5#. The behavior is
approximately the same as the one reported for 9CB. A
continuity at theN-I transition and a continuous behavior
the A-N one, which has been confirmed by high-resoluti
temperature scans~not shown!, have been found. The in
crease of the anisotropy belowTAN seems to be less pro
nounced in this case than in 9CB. To check whether t
effect is related to the width of the nematic range, we ha

r FIG. 9. High-resolution measurements of the thermal conduc
ity anisotropy as a function of temperature close toTAN for 9CB.
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57 601EFFECT OF THE NEMATIC RANGE ON THE CRITICAL . . .
also shown the anisotropy measurements on 8S̄5. The anisot-
ropy shows a smooth behavior overTAN , where it seems to
have reached the saturation value.

Figure 9 shows high-resolution measurements ofki2k'

close to theA-N transition. No discontinuity can be detecte
in the transition region and this leads to the conclusion th
within the resolution of our technique, theA-N transition in
9CB is of second order. It could be, however, that the re
lution of our technique is not high enough to detect disc
tinuity in the order parameter in very weakly first-ord
phase transitions. As already stated, the resolution can
estimated from the rounding region that in the case of
measurements on 8CB was about 5 mK fromTAN on either
side of the transition. This resolution, in the case of speci
heat measurements, is comparable with the resolution
other ac calorimetric techniques@18#, but lower than the one
of adiabatic scanning calorimetry~ASC!, which is at least
0.001 K @19#. The results we have obtained from the fit ofc
data are, however, in good agreement with the ones obta
with ASC. ASC measurements in 8CB at theA-N transition
give an upper limit for the latent heat of 0.4 J/mol a
Thoen, Marynissen, and van Dael concluded that the tra
tion is a second-order one@19#, but recent measurements o
the movement of interfaces between the nematic and sm
phases@20,21# seem to suggest a very weak first-order n
ture. It is important to point out, however, that the ma
characteristic of the photopyroelectric technique is its abi
to perform high-resolution measurements for the study of
critical behavior of dynamic as well as static thermal pro
erties.

DISCUSSION

The behavior of the thermal conductivity in all th
samples investigated can be tentatively explained using
simple arguments introduced by Rondelez, Urbach,
Hervet@8#, which suggest an analogy between the elonga
liquid crystal molecules and grains in a polycrystalline sol
The thermal conductivity in these materials is limited by t
grain size since the phonon mean free path cannot ex
this dimension. Now, considering the molecules as rigid r
and assuming that the intramolecular thermal conductivit
exceedingly high with respect to the intermolecular one
turns out that the heat diffusion in a given direction is dom
nated by the number of interfaces among molecules enc
tered in that direction. The number of interfaces for a fix
sample thickness is larger for a planar sample than fo
homeotropic one and therefore the thermal conductiv
should be larger in the latter case. This is what has b
observed in many liquid-crystal compounds@5,8,22–25#.
Following this approach, the thermal conductivity tempe
ture dependence should be somehow related to the tem
ture dependence of the molecules alignment and therefo
the microscopic orientational order parameterS. The
increase ofS with decreasing temperature should correspo
to an increase ofki and a decrease ofk' . The results ob-
tained forki in this work, as well as the ones found in li
erature, confirm this hypothesis@5,22–25#. The situation is
more complicated in the case ofk' , which shows a weake
temperature dependence with respect toki , a result that is
difficult to explain in terms of the simple description pr
t,
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posed by Rondelez, Urbach, and Hervet. In 9CB,k' de-
creases~slightly! in the nematic phase as a function of tem
perature, but remains fairly constant in the smectic one
similar behavior has been found in 8CB@5# and in 8̄S5,
where the decrease ofk' with temperature in the nemati
phase is more evident because of the progressive increa
the nematic range. In both cases thek'temperature depen
dence is weaker than theki one. Similar results fork' have
been found also for 4,48-di-hexylazoxybenzene~6AB! @22#
and 4-n-pentyl-48-cyanobiphenyl~5CB! @23# below TNI . To
explain the above mentioned behavior ofki and k' , one
should assume thatk is more sensitive to variations o
the molecular long axis direction around the average ali
ment one in the homeotropic case than in the planar o
Another possible explanation could be the that the degre
alignment which can be achieved in the case of pla
samples with the various procedures is always poo
than the one obtained in the homeotropic one. In fact,
above mentioned behavior ofk' was observed using differ
ent procedures for the alignment such as rubbing~6AB! @22#,
magnetic field~5CB! @23# and quartz deposition~this work!.
An even more complicated temperature dependence fok'

has been found inN-~4-methoxybenzylidene!-48-butylaniline
~MBBA ! @24#, p-azoxyanisole ~PAA!, and
p-butoxybenzylidene-p-n-octylaniline ~BBOA! @25#, where
after a minimum belowTNI , it was found to increase with
decreasing temperature. This behavior is surprising sinc
could lead, as in the case of Ref.@24#, to an order paramete
that, after a peak belowTNI , unrealistically decreases wit
temperature.

All these considerations clearly show not only the succ
but also the limits of the simple description proposed
Rondelez, Urbach, and Hervet@8# and lead to the conclusion
that more effort is needed to clarify the mechanisms of th
mal conduction in liquid crystals. In this respect measu
ments on thenCB homologous series, with a goal of clar
fying the role of the molecular shape and interactions,
presently being taken and will be presented elsewhere.

The proposed mechanism for the heat conduction in liq
crystals basically assumes that the thermal conductivity
dominated by short-range processes. What happens whe
transition temperature is approached? Collective phenom
due to the divergence of the correlation length and there
long-range interactions take place and these interactions
responsible for the anomaly observed in many phys
quantities. In dynamics, long-range interactions lead to p
sible coupling of long-lived modes. If the coupling is no
dissipative, a divergence in the thermal conductivity is e
pected, while if it is dissipative, it remains finite@7#. It could
be, however, that short-range processes dominate close t
transition temperature, which could also give a smooth c
ductivity all over the transition region. The results report
in Fig. 5 show no anomaly in the thermal conductivity
9CB at theA-N phase transition as in the case of 8CB a
8̄S5, thereby ruling out the possibility of a nondissipati
coupling between the order parameter mode and the en
density.

9CB is known to be very close to theA-N tricritical point.
Nonetheless, the behavior of the thermal conductivity clo
to the transition temperature is similar to the ones obser
in 8CB and 8̄S5, which have an increasingly wider nema
range. These results suggest that for theA-N transition there
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is no influence of tricriticality on the behavior ofk. On the
contrary, as already stated, it has been suggested that i
case of theA-C transition @4# tricriticality substantially af-
fects the critical behavior ofk, which in all the reported
cases showed a divergence@3,4#.

The proximity of theA-N andN-I transitions, however
seems to have an effect onki-k' close to TAN since the
change in slope of this quantity just below the transiti
temperature is much more pronounced in 9CB than in 8
and is practically absent in 8S̄5. Considering the coupling
between the smectic and the nematic order parameter
turns out that smectic layering induces an increase in
orientational order parameter given bydS5S2S0(T)
5xCr1

2 @17#, whereS0(T) is the order parameter in the ab
sence of the smectic phase,C is a constant,r1 is the first
harmonic of the density modulation in the smectic phase,
x(T) is a response function that increases upon approac
TNI . The observed behavior ofki-k' is therefore related to a
decreasing coupling ofS andr1 going from 9CB to 8CB and
8̄S5 because of the increase in the nematic range. In o
words, asTAN progressively moves away fromTNI , S0 tends
to saturate and cannot substantially change any longer w
the smectic ordering also occurs. A similar contribution
smectic ordering to the nematic order parameter has b
reported in a mixture of 8CB and 10CB in the isotrop
phase close toTNI as a function of applied field anddS has
been estimated@26#. Finally, it should be noted that from
more accurate analysis of the previously reported data of
s.
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thermal conductivity atTAN in 8CB @5#, it turns out that what
had been described as a minor increase ink aroundTAN was
in reality a change in slope similar to the ones describ
above.

CONCLUSIONS

Measurements of the specific heat, thermal conductiv
and thermal diffusivity have been performed on three co
pounds with MacMillan ratios of 0.936 and 0.977 and 0.99
respectively. It has been found that in all the casesk remains
approximately constant close toTAN and the thermal conduc
tivity critical behavior at theA-N transition is not affected
by tricriticality. Results on the temperature dependence oki

and k' for all the compounds investigated have been
ported and they have been discussed according to a des
tion given by Rondelez, Urbach, and Hervet, which assum
that the thermal conductivity is strongly affected by t
shape of the liquid-crystal molecule. It has been poss
with the photopyroelectric technique to study the behavior
the macroscopic orientational order parameterki-k' as a
function of temperature and thus determine the order of
phase transition. It turns out that also in the case of 9C
within the limit of our experimental resolution, theA-N tran-
sition is a second-order one. The influence of smectic lay
ing on the order orientational parameter has been repo
and it has been shown that it becomes less important w
the nematic range increases.
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