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Effects of fluctuations in the orientational order parameter in the cyanobiphenyl„nCB…
homologous series

M. Marinelli and F. Mercuri
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via di Tor Vergata 110, 00133 Rome, Italy
~Received 23 July 1999; revised manuscript received 7 September 1999!

Photopyroelectric measurements of the anisotropy in the thermal conductivityDk vs temperature in thenCB
(n55, . . . ,9) series are reported. The data have been used to deduce the behavior of the orientational order
parameterQ close to the nematic-isotropic (N-I ) and smecticA–nematic (A-N) phase transitions, respec-
tively. It has been shown that near theN-I transition the data for 5CB and 6CB are consistent with the
so-called ‘‘tricritical hypothesis,’’ which predictsb50.25. This is not true for 7CB and 8CB in which the
order parameter exhibits a behavior that could be caused by the presence of fluctuations that become increas-
ingly important when the transition temperature is approached. A very simple model, which takes into account
the contribution of fluctuations to the orientational order, has been developed close to theA-N transition and
it has been shown that it is in good agreement with the experimental results. A semiquantitative explanation for
the observed behavior in compounds with different nematic range has been also given.

PACS number~s!: 61.30.2v, 64.70.Md, 66.60.1a
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I. INTRODUCTION

The relevance of the order parameter in the study of ph
transitions is well known. Its dimensionality is a key para
eter in the identification of the universality class to which t
transition belongs, while its behavior at the transition te
peratureTc can be used to establish the order of the tran
tion itself. If it is discontinuous~continuous! at Tc , then the
transition is of the first~second! order.

Despite all this, the experimental results up to now av
able in the literature seem, at least in the case of liquid c
tals ~LC!, less useful than the ones obtained from the m
surements of other quantities for testing theoreti
predictions@1#. They are usually affected by large uncerta
ties and poor reproducibility and this is mainly related
some experimental difficulties. The order parameter can
determined from the measurement of the anisotropy of so
macroscopic quantities, such as, for example, the diam
netic susceptibility@2#, dielectric constant@3#, and optical
anisotropy@4# and it is assumed to be proportional to the

In the case of the nematic-isotropic phase transition, or
parameter data have been described in terms of the m
field ~MF! model and there is still some debate on the c
sistency of the observed behaviors with the so-called ‘‘
critical hypothesis’’ ~TCH!. This hypothesis@5,6#, which
was originally based on the analysis of the available exp
mental results, is supported by calculation based on h
resolution specific-heat measurements that showed tha
third and fourth term coefficients in the Landau–de Gen
free energy expansion can be very small@1#. On the other
hand, the specific-heat data did also show some incon
tency between the observed background discontinuity
the expected one, this being, among others, one of the
sons why the TCH is far from being considered fully sat
factory in the description of theN-I transition@1#.

At the smecticA–nematic phase transition a more rap
increase of the orientational order parameter belowTAN with
PRE 611063-651X/2000/61~2!/1616~6!/$15.00
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decreasing temperature has been obtained from the mea
ment of different quantities such as the anisotropy in
dielectric constant~D«! @7#, refractive index (Dn) @4#, and
more recently in the thermal conductivity (Dk) vs tempera-
ture data for 8CB and 9CB@8#. This effect depends on th
width of the nematic range and it is more pronounced
9CB, which hasTA-N /TN-I50.994, less evident in 8CB

where TA-N /TN-I50.977 and practically absent in 8S̄5,
whereTA-N /TN-I50.936@8#. From the microscopic point o
view this means that asTA-N moves away fromTN-I , the
orientational order tends to saturate with decreasing temp
ture and it is not substantially altered by the appearance
the smectic phase. A qualitative explanation for this obs
vation has been given in terms of the coupling between
nematic ~Q! and the smectic~c! order parameters on th
basis of simple MF arguments@8#. A quantitative analysis of
this effect should, however, consider the possible effect
fluctuation on the order parameter behavior close toTA-N . In
fact, it is well known that theA-N transition is fluctuation
dominated and its description in terms of the MF model
not appropriate.

In the present paper we report on the quantitative anal
of the orientational order parameter data obtained from h
resolution photopyroelectric measurements ofDk in thenCB
homologous series, the thermal conductivity data being
ones we have already reported in Ref.@9#. It is shown that,
while in 5CB and 6CB the results are consistent with t
TCH, theb exponent of the orientational order parameter
larger in 7CB and 8CB than the 0.25 value predicted by
TCH. A possible explanation for such a behavior could
the increasing importance of smectic fluctuations in th
two compounds whenTN-I is approached. A quantitative
analysis of theDk data close to theA-N transition in 8CB
and 9CB is also reported. The effect of fluctuations on
order parameter has been estimated assuming a propor
ality between the smectic contribution to the orientation
orderdQ and the entropydSA-N . This leads to an expressio
1616 ©2000 The American Physical Society
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PRE 61 1617EFFECTS OF FLUCTUATIONS IN THE . . .
for Q that contains the specific-heat critical exponenta. Fol-
lowing this approach, and using the specific-heat data t
for each sample, have been obtained simultaneously to
thermal conductivity one to calculatea, we have found an
excellent agreement between theory and experiment.

II. EXPERIMENT

The photopyroelectric setup used for the thermal cond
tivity measurements has been already described in Ref.@10#.
Data have been obtained from a homeotropically (ki) and
planarly (k') aligned samples contained in a 30-mm-thick
cell. The alignment has been obtained treating the cell w
with a trimethylcetylammonium bromide solution in chlor
form and a grazing angle sputtering of quartz, respectiv
The sample plus transducer assembly was contained
oven and the temperature rate change was 30 mK/min. In
case of high-resolution measurements at theA-N transition
in 8CB and 9CB the temperature rate change was 0.3 m
min.

It is well known @11# that a microscopic order paramet
can be assumed to be proportional to the anisotropic pa
a macroscopic tensorial quantity. Strictly speaking this
true only in the case of the magnetic susceptibility, where
intermolecular magnetic interactions are small if compa
to the external field, while in all the other cases, arbitra
assumptions are required if the above mentioned proport
ality will be preserved@11#. In LC, the thermal conductivity
is a tensorial quantity and its value strongly depends on
sample orientational order. In the following, we will assum
thatDk5ki2k'}Q, a detailed discussion on the validity o
this assumption being reported in Ref.@8#.

Apart from the above mentioned assumption and as st
earlier, there are other aspects that in the past have mad
order parameter behavior not very attractive for testing t
oretical predictions. Such a test can be performed thro
the comparison between the theoretical and experime
value of theb exponent or through the determination
Q* (T* ) andQ** (T** ), the lower and higher values of th
order parameter~temperature! for which the isotropic and
nematic phases are stable in the nematic and isotr
phases, respectively. In both cases, however, these quan
are obtained from fits and they are usually affected with re
tively large statistical uncertainties. This is essentially due
the experimental determination of the order parameter t
in most cases, is affected by large errors, poor reproduc
ity, and a temperature resolution that is much lower than
resolution of our measurements. It must be said, howe
that due to the very complicated connection between
thermal conductivity and the microscopic processes of
heat transport, the major drawback of the technique is th
does not giveQ values but only a quantity proportional to i

III. N-I TRANSITION

In the following we will describe our experimental resu
on 5CB, 6CB, 7CB, and 8CB on the basis of the TCH. G
erally speaking, if one considers a Landau-de Gennes
energy expansion in powers of the order parameter up to
fourth order, a tricritical point occurs ifB5C50, whereB
and C are the coefficients of the third- and fourth-ord
t,
he
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terms. This makes essential the introduction of a sixth-or
term in the expansion, whose role is crucial in the descript
of the critical behavior. The approximation seems to be s
ported by some calculations based on experimental res
@1#, but, as said before, is far from being fully satisfacto
and more experimental and theoretical work needs to
done.

Results and discussion

Figures 1, 2, 3, and 4 show theDk vs T data for 5CB,
6CB, 7CB, and 8CB, respectively. The data have been fi
with a nonlinear fitting routine with the following expres
sion:

Dk5k01k1~T** 2T!b. ~1!

The choice of Eq.~1! comes from the assumptionDk
}Q and therefore theb exponent is equal to the order pa
rameter one. k0 , k1 , T** , andb are the adjustable param
eters with the statistical uncertainties given bys i

5ACi , jx
2, where Ci , j is the diagonal element of th

variance-covariance matrix. The fit results are reported
Table I. Theb values obtained from 5CB and 6CB data a
in all cases, consistent, within the uncertainties, with the
critical value 0.25. No significant differences in the fit qua
ity have been found for both compounds ifb was fixed to

FIG. 1. Thermal conductivity anisotropy vs temperature
5CB. Solid line corresponds to fit I in Table I.

FIG. 2. Thermal conductivity anisotropy vs temperature
6CB. Solid line corresponds to fit III in Table I.
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1618 PRE 61M. MARINELLI AND F. MERCURI
0.25 ~fits II and IV!. In 5CB, fixing b ~fit II !, an increase of
k1 but also a decrease ofk0 with respect to fit I to an appar
ently unphysical negative value, which, however, has a la
uncertainty, has been found, while in 6CB~fit IV ! the varia-
tion of k1 andk0 with respect to fit III are within the statis
tical uncertainties. This leads to the conclusion that fit I a
fit III are almost identical to fit II and IV, respectively.

The best fit for 7CB~fit V ! givesb50.3160.01, a value
that differs significantly from the tricritical one. If we fixb
50.25 ~fit VI !, the quality of the fit decreases, as shown
the increase of thex2 value, therefore suggesting that th
data are not consistent with the TCH. Such a contradic
appears to be relevant if we consider that the 7CB data
less noisy than the 5CB and 6CB data and this is reflecte
the statistical uncertainties that are, for all the paramet
smaller than the ones associated with these two compou

Fit VII corresponds to 8CB and it has been obtained c
sidering data in a temperature range of 5.6 K belowTN-I .
We have not included in the fit data points in the nema
phase below 308.1 K, since, as can be seen from Fig. 4
discussed in more detail later on, they are affected by fl
tuations associated to theA-N transition. The obtainedb
value is larger than the one predicted by TCH but also lar
than the 7CB one. Also in this case we have tried to fixb
50.25 but this produces an increase of thex2 value as
shown in fit VIII.

The difference between theb values obtained for 7CB
and 8CB is within the statistical uncertainties that in t

FIG. 3. Thermal conductivity anisotropy vs temperature
7CB. Solid line corresponds to fit V in Table I.
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latter is much larger than in the former. This is mainly due
the much narrower temperature range used in fit VII and
to the quality of experimental data as can be seen from F
3 and 4. We have then tried to apply a three-point adjac
smoothing to 7CB and 8CB data sets and fit them ag
While in the case of 7CB no appreciable variation has b
obtained in the parameters, small changes have been fo
in 8CB and the results correspond to fit IX. Thex2 value of
this fit and the statistical uncertainties are obviously sma
and this makes, in this case, the difference between thb
values in fit V ~7CB! and IX ~8CB! statistically relevant.

There are several possible reasons that could explain
behavior we have found in 7CB and 8CB. One could be
presence of nematic fluctuations. It is, however, quite
likely that the latter can produce such an effect in 7CB a
8CB and are practically negligible in 5CB and 6CB, where
b exponent consistent with the TCH has been found. A
other possible explanation could be the presence of sme
fluctuations and their possible coupling to the nematic on
7CB has no thermodynamically stable smectic phase bu
could not be excluded, at least in principle, that transi
smectic order can appear locally in the nematic phase c
to TN-I . If this is the case, we expect that this effect becom
increasingly important in 8CB and 9CB with a subsequ
increase of theb exponent. Fluctuations, in fact, can be r
garded as a disturbance to the orientational order and
therefore produce a more rapid decrease ofDk close to the
transition temperature that results in a largerb value. While
nothing can be said on 9CB because of its very narrow n

FIG. 4. Thermal conductivity anisotropy vs temperature
8CB. Solid line corresponds to fit XII in Table II.r
a set.

TABLE I. Fit obtained using Eq.~1!. For 8CB, only data 5.6 K below theN-I transition have been

considered. Fit IX has been obtained after a three-point adjacent smoothing of the experimental dat

Fit k0 k1 T** b x2

I ~5CB! (2.662.4)1024 (4.161.8)1024 309.0160.54 0.3260.08 0.92
II ~5CB! (2162)1025 (6.260.1)1024 309.4560.12 0.25 1.45
III ~6CB! (1.861.4)1024 (4.861.2)1024 303.0160.66 0.2760.04 1.02
IV ~6CB! (10.060.8)1025 (5.564.5)1024 303.1060.75 0.25 1.02
V ~7CB! (4.160.2)1024 (4.360.2)1024 315.3960.26 0.3160.01 1.01
VI ~7CB! (21.060.3)1025 (60.060.2)1025 314.5960.26 0.25 1.6
VII ~8CB! (5.261.3)1024 (3.761.0)1024 314.0760.21 0.3760.06 1.1
VIII ~8CB! (1.460.2)1024 (6.960.1)1024 314.4260.05 0.25 1.4
IX ~8CB! (5.460.8)1024 (3.560.6)1024 314.0460.13 0.3860.01 0.5
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PRE 61 1619EFFECTS OF FLUCTUATIONS IN THE . . .
atic range, the results reported in Table I, particularly fits
VII, and IX, show thatb increases from 7CB and 8CB an
that this increase could be statistically relevant. It should
noted that the results obtained for 8CB do not agree w
those reported in Ref.@7#, where, fromD« measurement, ab
value consistent with the TCH one has been obtain
Though we think that more accurate data, leading to a d
nite conclusion, are needed, it seems, however, on the b
of the fit results, that the influence of smectic fluctuatio
cannot be excluded.

Apart from the above mentioned hypothesis, the m
conclusion that can be drawn from the results reported ab
is that the TCH, though it seems to be confirmed in seve
LC, is not generally applicable. We believe that it can p
vide a useful background for the development of more sa
factory theories that will include other effects as, for e
ample, the above mentioned possible effect of fluctuation

IV. A-N TRANSITION

In the following we will discussDk vs T data obtained for
8CB and 9CB. These two compounds exhibit a smectiA
phase and we will analyze in detail the behavior
Dk(}Q) close to theTA-N transition temperature. For thi
purpose simple theoretical models will be introduced a
contrasted with the experimental data.

A. Theory

The order of theA-N transition is still an open question
though most of the experimental results can be describe
terms of a model developed for a second-order phase tra
tion @12#, some recent work seems to suggest that a v
weak first-order contribution could be present@13#. In the
following we will assume a purely second-order nature as
have already done in the analysis of the specific-heat
@8,10#, obtained simultaneously withk.

If, after Landau, we approximate the free energy close
a phase transition as a series expansion and if only term
to the second power are considered, we have

F2F0.
1

2
xN-I

21dQ21
1

2
xA-N

21 ucu21lucu2dQ. ~2!

wherexN-I and xA-N are the nematic and smectic suscep
bility, respectively,l is a negative constant,dQ is the con-
tribution to the orientational order induced by the smec
layering, anducu2 is the amplitude of the density wave th
represents the smectic order parameter. The expression
ply comes out from the sum of the smectic and nema
contribution to the free energy with the addition of a co
pling term between the two order parameters. Minimizi
with respect todQ we obtain

dQ5lxN-I
ucu2. ~3!

xN-I being a response function that increases approac
TN-I , it turns out thatdQ, close toTA-N , decreases ifTA-N
moves away fromTN-I . As already said, this is consiste
with the experimental results reported in Ref.@8#, for 8̄S5,
8CB, and 9CB, but, as pointed out in the same paper, g
only a qualitative description of the order parameter beh
,
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ior. If one wants to go into further details and use the sa
MF approach for a quantitative description of the orien
tional order parameter close toTA-N , the temperature depen
dence ofdQ must be considered. Assuming the MF valu
for the susceptibility and the order parameter exponeng
51 andb51/2, we get

dQ}uT2TA-Nu ~4!

and therefore forT,TA-N

Q5QN1dQ5Q01Q1uT2T** ugb1Q2uT2TA-Nu, ~5!

whereQN is the orientational order parameter in the nema
phase in the absence of smectic order and the usual po
law description for the nematic orientational order parame
has been used, or

Dk5k01k1uT2T** ub1BuT2TA-Nu. ~6!

It is well known, however, that the MF approach cann
be used for the description of theA-N transition that is fluc-
tuation dominated. This means that, at least in the vicinity
TA-N , the behavior of the orientational order could be diffe
ent from that reported in Eq.~5! if one considers the fluctua
tion contribution toQ. Assuming a proportionality betwee
Q and the entropy of the systemS, this contribution can be
easily obtained.dSA-N can be calculated taking the integr
of the singular part of the specific heat

cs5AuT2TA-Nu2a~11DuT2TA-Nux! ~7!

including the correction to scaling term, which will give th
crossover to the regular behavior. We therefore get

Q5QN1dQ

5Q01Q1uT2T** ub

1Q2uT2TA-Nu12a1Q3uT2TA-Nu11x2a ~8!

or

Dk5k01k1uT2T** ub

1k2uT2TA-Nu12a1k3uT2TA-Nu11x2a. ~9!

Comparing Eq.~6! and Eq.~9!, it turns out that the smec
tic order contribution is very different in the two case
While in the MF approach we simply have a linear term th
is added to the nematic background belowTA-N ; in Eq. ~9!
the contribution of the smectic layering has a different te
perature dependence and it is also present on both side
the transition temperature. It should be noted thatdQ de-
creases ifa decreases and that Eq.~9! tends to Eq.~6! when
a goes to zero and the correction to scaling term is not
cluded.

B. Results and discussion

Figures 4 and 5 report theDk vs T data for 8CB and 9CB.
The data have been fitted with the fitting routine mention
above using Eqs.~6! and ~9! and the results are reported
Table II. We have used Eqs.~6! and ~9! both below and
above TA-N , thus implicitly A/A85D/D851 @14#, where
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1620 PRE 61M. MARINELLI AND F. MERCURI
primed coefficients refer toT,TA-N . The value of the criti-
cal exponenta and TA-N have been also fixed to the on
resulting from the specific-heat data, which, as said bef
have been obtained simultaneously with the thermal cond
tivity from the same experimental data set. The values
a8CB50.32 anda9CB50.52. Thex exponent of the correc
tion to scaling term has been fixed to 0.5, this values giv
the best fit in the case of the specific heat.

Fit X in Table II has been obtained using Eq.~6! and
fixing b50.37. As can be seen from thex2 value, the fit has
a rather poor quality. This is also confirmed by the resid
plot ~not shown! that shows a systematic deviation, esp
cially in the smectic region. TheB value is very small and
this clearly means that data can be only fitted if the MF te
which should account for smectic contribution, is practica
zero. Fit XI corresponds to 9CB data fitted with Eq.~6!. To
compensate for the very narrow nematic range present in
compound and therefore for the small number of data po
in this region, we have only considered data points in
smectic region down to 312.44 K. As shown by thex2 value,
also in this case the quality of the fit is rather poor.

As expected, the results lead to the conclusion that
MF model does not succeed in giving a quantitative desc
tion of the order parameter behavior close toTA-N . We can
then conclude, as in the case of other thermodynamic qu
tities, that the observed behavior of the orientational or
parameter in the vicinity ofTA-N , is affected by fluctuations
It should be noted once again that the arguments and
conclusions reported above could be reached because o
high sensitivity and temperature resolution of our measu
ments.

FIG. 5. Thermal conductivity anisotropy vs temperature
9CB. Solid line corresponds to fit XIII in Table II.
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Fit XII has been obtained fixingb50.37, which is the
value we have obtained from fit VII in Table I.k0 , k, and
T** were adjustable parameters and it is interesting to n
that the values we have obtained are consistent, within
statistical uncertainties, to the ones reported in Table I,
VII. Moreover, the uncertainties associated withk0 , k, and
T** are much smaller in fit XII than in fit VII and this
confirms that in this last case they were essentially due to
reduced temperature range used in the fit. We have also
to fit the data fixing their value to those obtained in fit V
and no appreciable variation in the fit quality was detect
The fit quality is excellent as can be seen fromx2 and the
solid line reported in Fig. 4 and it confirms the validity of th
assumptions we have made in the derivation of Eq.~9!.

In 9CB the effect of smectic layering on the orientation
order belowTA-N is more evident than in 8CB as can be se
from Fig. 5 and as expected from Eq.~9!, since a9CB
.a8CB. The vicinity ofTN-I andTA-N makes the data analy
sis more difficult, but, nevertheless, fit XIII, which has be
obtained with Eq.~9! and fixingb50.37, is of a good quality
as shown by thex2 value and by the solid line in Fig. 5. W
have tried to fit the data withb as a free parameter but w
got values with huge statistical uncertainties and fit qua
that did not show any significant variation ifb was fixed to
different values around 0.37. This is obviously due to t
very narrow nematic range of this compound.

Dk vs T data for 8̄S5 has been reported in Ref.@8# and
nothing similar to what was found in 8CB and 9CB could
detected close toTA-N . Obtaininga 8̄S5520.02, this is con-
sistent with what we should expect from Eq.~9!, wheredQ
must decrease with decreasinga and therefore the effect o
smectic layering is less and less evident moving from 9CB
8CB and 8̄S5.

V. CONCLUSIONS

The temperature dependence of the orientational order
rameterQ has been derived from photopyroelectric measu
ments of the anisotropy in the thermal conductivityDk of
cyanobiphenyls, assumingDk}Q. The results obtained fo
5CB, 6CB, and 7CB close to theN-I phase transition have
been contrasted to the theoretical prediction of the so-ca
‘‘tricritical hypothesis.’’ While in the case of 5CB and 6CB
we found a good agreement between the theory and the
periment; this was not possible for 7CB. Possible reasons
this disagreement have been discussed and it is sugge
that the disagreement could be due to the presence of
tuations in a temperature region close toTN-I .

r

TABLE II. Fits X and XI have been obtained using Eq.~6!, while fits XII and XIII have been obtained
using Eq.~9!.

Fit k0 k1 T** B (T,TA-N) x2

X ~8CB! (28.161.3)1024 (12.360.5)1024 317.1960.49 (20.261.2)1026 10
XI ~9CB! (22.666.2)1023 (1.360.3)1023 323.7560.90 (2561)1025 5

Fit k0 k1 T** k2 k3 x2

XII ~8CB! (3.760.4)1024 (4.760.2)1024 314.2760.08 (26.060.1)1025 (3.0060.2)1025 1
XII ~9CB! (10.860.7)1024 (2.460.5)1024 322.7760.14 (214.060.8)1025 (3.060.8)1025 1.4
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A quantitative analysis ofDk vs T in the vicinity of the
TA-N has been also reported for 8CB and 9CB compound
model that takes into account the contribution of the fluct
tions to the order parameter close to theA-N transition has
been developed and compared with the experimental res
We have found a good agreement between the theory an
experiments, the model being also able to account for
3

-
.

A
-

lts.
the
e

different effect of fluctuations inQ reported close toTA-N in
compounds with different nematic ranges.
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