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Divergent Thermal Diffusivity at a Mean-Field Tricritical Point
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A sharp divergence is observed in the thermal diffusivity very close to the transition temperature of a
smectic-A4-smectic-C transition that is known to be at a mean-field tricritical point. Similar but less
pronounced behavior near other smectic-4 -smectic-C transitions reveals a relationship between the size
of this anomaly and the proximity of the system to a tricritical point. An application of the Ginzburg
criterion suggests that this novel behavior might indicate a crossover to an asymptotic critical regime.

PACS numbers: 64.70.Md, 61.30.—v, 64.60.Kw

A number of recent papers have reported striking be-
havior that gives insight into the nature of the smectic-A4
(Sm-A) to smectic-C (Sm-C) or chiral smectic-C (Sm-
C*) transition. Measurements of static properties such
as tilt angle, polarization, susceptibility, and heat capaci-
ty are well characterized by a simple Landau model, the
tricritical (TC) nature of which has been demonstrated
explicitly [1-3]. In contrast to this, however, measure-
ments of sound velocity and damping show marked pre-
transitional fluctuation effects [4] above T, for a com-
pound whose heat capacity is well described by the ex-
tended mean-field model [5]. A recent Letter has ad-
dressed this discrepancy using the Ginzburg criterion to
calculate the width of the critical region for the different
quantities in question [6]. The authors propose that the
crossover to critical behavior in the elastic constants
occurs much further away from 7. than for the specific
heat. This is the first time that such behavior has been
recognized. In this paper we present thermal diffusiv-
ity (Dr) data near the Sm-4-Sm-C transition of race-
mic  4-(3-methyl-2-chlorobutanyloxy) - 4’ - heptyloxybi-
phenyl (A7) that show a distinct crossover. This com-
pound is appealing because it is chemically stable and is
known [1], within our experimental resolution, to be at a
mean-field tricritical point (TCP). Over most of the tem-
perature range, Dy exhibits mean-field behavior via the
Landau-Khalatnikov effect. Close to 7., however, there
is a very dramatic divergence. This unusual feature is a
characteristic of all the Sm-4-Sm-C(Sm-C*) transitions
we have studied; however, in the case of A7 it is consider-
ably more pronounced, suggesting a relationship between
the width and height of the observed anomaly and the de-
gree of tricriticality. An application of the Ginzburg cri-
terion reveals that this peak occurs within a temperature
window where fluctuations should be significant, and that

the width of this window increases as the parameter ¢
characterizing the TC Sm-A4-Sm-C transition decreases.
The possibility of a similar link between the critical be-
havior observed in sound-velocity measurements and the
TC nature of the Sm-4-Sm-C transition is mentioned in
Ref. [6]; however, an explanation of why the critical
singularity in thermal transport would be divergent is not
clear.

Our data are analyzed using model C (Ref. [7]), which
follows as a reasonable approximation from a rigorous
hydrodynamic theory of smectic liquid crystals [8]. The
appropriate free energy and equations of motion are

f=rot [ dxlry> +uy* +dyo+ Lo, (Viy)?

+y,myi+ 1 (TCy) ~'m?], ¢))
Ay/dt=—To6f/y+06, )
6m/8t=Tx,~jV,~Vj(5f/5m)+§, 3)

where Cy is the heat capacity per unit volume, k;; is the
thermal conductivity, and the thermal diffusivity is
D¥=Co_'x,-j. There is a dissipative coupling between y
and m via ¥, = —0r/dm=—Cq ' 8r/dT, where r=a(T
—T.)/T.. 6and ¢ are Gaussian noise sources with corre-
lations such that the proper equilibrium distribution is
maintained and the fluctuation-dissipation theorem is sat-
isfied [7). From Eq. (3), the component of the effective
thermal current density along i is

j' n= “DT(ﬁ)ﬁ'V{TC071)JV’2+m} 5
and Dy () =#;D¥A; is given to leading order in y,, by [9]
Dr(f) = 6kgT*ColF,”'(A) +B(A)] ',

where B(ii) is a smooth background and F,”'(d) is the
k— 0, o— 0 limit of

23T [ [ drd?x e =y (x, 1)t Vy(x,1) (0,00 Vy(0,0))o

Here ()¢ denotes an average with respect to the uncoupled free energy. Writing y =(y)+ Sy, this is evaluated in the

Gaussian approximation [9] to give

D =6;T 7' Coly2 CHw) 2t x& 21 + v} Cdrx*(£18283) 7' & kg T, +B;]1 7'
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Since (y)=0 above T., the first term is only present for
T <T, and is the classical “Landau-Khalatnikov” term
that dominates for a mean-field transition. The second
term is the contribution from ““critical” fluctuations both
above and below T., which for a mean-field transition
will be a small Gaussian correction. Cg, {y), and y are
given in terms of the parameter to=u%/3ad from the ex-
tended mean-field model [5]. 7, and I, are dimensionless
integrals, 7 =x/I'p is the relaxation time of w, and
E=(cix) 1”2 1n contrast to the case of strain fluctuations,
where the coupling to w is highly anisotropic [6,10], the
coupling in model C is isotropic, and in Eq. (4) the
thermal transport anisotropy follows the shape anisotropy
of the tilt fluctuations (that of &;), in qualitative agree-
ment with measurements done on smectic liquid crystals
by Rondelez, Urbach, and Hervet [11]. With the excep-
tion of this amplitude anisotropy, Eq. (4) predicts that
the singularity in Dy is isotropic, since &; is believed to
diverge isotropically for the Sm-4-Sm-C transition. In
terms of model C, then, the singular T dependence of D7,
as well as any deviation from mean-field behavior, should
be apparent in unaligned samples, where the effective
correlation length is £=(&,&E3) '3, In Eq. (1) there is a
term in f below 7. from phase fluctuations like
3 pi(Vi¢)% For T <T, this leads to a term ~TI", '(8p/
87T)? in the background. Our data suggest [12] that the
¢ fluctuations are long range (p small) and make no
measurable contribution to Dy for d =3.

The ac calorimetry technique used is described in detail
elsewhere [13]. Co and D7 are measured simultaneously
as a function of 7. Although it is « that appears as the
Onsager coefficient in Eq. (3), it is Dy that is relevant
from a dynamic scaling perspective. Dr is also more sen-
sitive to the fitting, and a fit of x follows trivially from a
fit of Cp and Dr. Cy data for the sample described here,
fitted by the extended mean-field model [1,5], are dis-
played in Fig. 1. T, is 72.206°C and ¢y was found to be

LA B B S S R R S R S

Temperature (°C)

FIG. 1. Heat capacity per unit volume as a function of tem-
perature near the Sm-4-Sm-C transition of A7. The open cir-
cles are measured values and the line is the fit.

1772

less than 10 =3 (£o=0 within the limit of our resolution),
in agreement with previous measurements of Cy on a
different sample of the same compound [1]. For 10=0
both the leading term and the Gaussian contribution in
Eq. (4) have the same singular T dependence, and the
data have been fitted by

pr=@n "' [ da D)
=,'TZ_D?ZC0[Ai|t|_'/2+B]" ,

which follows from Eq. (4) when I’y is a smooth function
of T and the director distribution is uniform [9]. The
fitting parameters are a weakly linear background and an
amplitude above and below 7. (4 ) for a total of four.
The fit of Dr (Fig. 2) is reasonable, except in the im-
mediate vicinity of 7.. The softening of Dy above T,
from the “slowing down” of the Gaussian tilt fluctuations
is barely distinguishable from the background and is al-
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FIG. 2. Measured thermal diffusivity as a function of tem-
perature (open circles) and calculated (line): (a) over the
whole temperature range, and (b) close to 7. where the cross-
over to divergent behavior is very clear.
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most lost in the rounding of the mean-field jump, indicat-
ing that the second term in Eq. (4) is much smaller than
the expected mean-field behavior (4+ =0.034 7). Dy is
more rounded than Cyp, however, and k =CoDr shows a
weak softening just on the high-7 side of the sharp jump
at T.. This suggests that the rounding in Dy for T > T,
is at least in part due to pretransitional fluctuations, and
that such a contribution to D7 is significantly larger than
any similar contribution to Co (which is negligible). As
T— T,., the Dr data begin to deviate from the fit and
show an early minimum at around 12 mK above and 80
mK below 7.. Within this window the data exhibit a
very dramatic divergence, extending considerably beyond
the (10-90)% width of the jump in Co, which for A7 is
about 15 mK (~4.5x107° in reduced temperature).
This behavior is reproducible, and the width and height
are relatively insensitive to sample thickness or the ampli-
tude of the input temperature oscillations. Our data show
three distinct regimes. Over most of the 7 range the
mean-field behavior dominates, as expected from the
mean-field nature of Cy. Just above T,., the Gaussian
corrections to this may be evident. The final regime in
the immediate vicinity of 7, shows a spectacular peak,
which we interpret, using the Ginzburg criterion, as a
possible crossover to asymptotic critical behavior.

The correlation functions in the above analysis are
evaluated with the uncoupled f to obtain the leading be-
havior in y,. For T close to T, the “interaction” due to
the coupling could be significant. To identify the cross-
over temperature, the size of the fluctuations induced by
the coupling must be compared with the leading-order
terms, and the point at which the Gaussian approxima-
tion breaks down identified. For the compound A7, u =0
in Eq. (1), and above T,

f(x)~aty?+ y,my?+ 5 (TCo) "'m?*+0(y®).

Since f is quadratic in m, the standard procedure is to
carry out the integration over m in the partition function,
Z ~ [y smexp(— Bf), to obtain fer in terms of y alone
[71 with the coupling replaced by — % TCoy2w*. As
T— T,, the coefficient of the w? term vanishes like
|7 —T.|, and at |AT| * the |//4 term will be the same size
as the leading term, indicating a crossover to non-
Gaussian behavior [14]. This will occur when (Sy?)
~2CoAT/3a, or when |AT| /T, ~(/EG)° and |AT| ™/
T.~[U/E ) — /1312, where & =(E0E9E9)'3, 13
~kp/Cy(T,), and (I')3~kg/A9. C, and Ag are deter-
mined from the fit of Co. Co=Aolt| =2+ Cy(T)
(T <T.), and Co=C,(T) (T > T,). The crossover tem-
peratures |AT|* =12 mK and |AT| ~ = 80 mK obtained
from the data imply that &' ~11 A and & ~6 A, and
from the molecular dimensions of A7, £,~8 A. Regard-
less of the exact value of &, the width of the critical re-
gime [15] for Co (~k3/ACGEES) would be at least a factor
of (Cp/ACy)? smaller than for Dy. Thus any crossover in
Co would occur well within a 20-mK window around 7,
within the region of rounding. D7 would be more sensi-

tive to fluctuations because the leading term comes from
(W) AV, (x,1)V;y(0,0)), while the leading term in Cp
comes from {y)2/98T.

We observe a similar divergence in Dr near the Sm-
A-Sm-C(Sm-C*) transitions of other compounds whose
Co data yield to values much larger than that for A7
(Ref. [16]). These peaks are correspondingly narrower
and smaller, and again are reproducible. If the above cri-
terion is applied to a system with a finite positive y* term
in the uncoupled free energy, it follows that since the
effective coupling term is negative, the effect would be
suppressed when ACy < Cp, where C, is the background
heat capacity and ACo=a?/2uT. is the heat-capacity
jump at T. (Ref. [5]). As t¢ increases, ACy will decrease
and the width of the peak in D7 should shrink to within
the region of rounding in Cy. Dy data for the other com-
pounds we have studied agree with this interpretation.

An interesting feature of the anomaly is that it appears
to violate extended dynamic scaling. Equation (4) is
compatible with the dynamic scaling hypothesis, since in
the critical regime the leading term is Dr~&27 % The
only new feature is that it treats the large background
self-consistently [17]. Instead of the expected “critical
slowing down,” Dr diverges strongly in the critical re-
gime, which is inconsistent with dissipative equations of
motion [7]. One possible explanation is that a description
in terms of model C is incorrect and there are other non-
dissipative anisotropic couplings that become important
near T,; however, the exact nature of the asymptotic crit-
ical behavior that follows from model C is not at all clear.
From the symmetry of the order parameter, the Sm-
A-Sm-C transition should be in the d =3, n =2 universal-
ity class [18]. Renormalization-group calculations of
model C for n=2 are complicated by the fact that m re-
laxes slower than y, yet the two modes remain coupled,
which suggests a violation of dynamic scaling [19]. The
same problem arises in the dynamics of 3He-*He mix-
tures, where it is evident that any breakdown of dynamic
scaling for model C when n=2 should be most pro-
nounced at a TCP (Ref. [20]). More work is needed to
understand this effect, as well as the fundamental nature
of the Sm-A4-Sm-C transition.

In Ref. [6] Benguigui and Martinoty suggest a possible
link between the strong tilt-angle-strain coupling, which
appears to be responsible for the large critical region ob-
served with ultrasound, and the TC nature of the Sm-
A-Sm-C transition. A recent theory has proposed that
coupling between y and the smectic layer fluctuations can
lead to a first-order transition [21]. It is known that
chiral materials with a large spontaneous polarization
tend to be first order, and in general the continuous Sm-
A-Sm-C (or Sm-C*) transition moves toward a TCP as
the temperature width of the Sm-A4 phase decreases [22].
Hence it is possible that the strong coupling to the strains
(particularly the component normal to the planes) may
be somehow related to the tricriticality of the Sm-
A-Sm-C transition. The strains o; couple to y like
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[6,10] ;‘7,,0'3![/2, %YP(O'|+O'2+O'3)W2, and %C,‘j()’,‘()’j,
with the coupling constants y,=—9r/dc3; and vy,
= —9r/dp. By integrating out the o; (this is equivalent
to the transformation to G in Ref. [6]), an argument
similar to the one above suggests that fluctuation effects
should be apparent above 7, for the compound
terephthal-bis-butylaniline (TBBA) (Ref. [6]). At what
temperature the crossover occurs depends strongly on the
size of y,, ¥, and to. This might explain why one com-
pound shows critical behavior as far away as 10 K while
another appears to show no fluctuation effects [6,23], and
hence it would be interesting to do ultrasound measure-
ments on a strongly TC compound such as A7.
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