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plot the density from the pressure measurement
versus the sum of the

~
a)- ~d) and

~
b) -

~
c) ESR

signals, p/hT vs nFsR, for T = 310 mK in Fig. 3.
Deviations from equilibrium which would be ex-
pressed by deviations from a straight-line be-
havior are random and at most 14.5 mK. A sys-
tematic deviation at higher densities due to in-
creasing heating, which is proportional to n, is
absent. We thus establish that the Kapitza re-
sistance is not yet a problem for the conditions
studied.
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Measurements of the mass-density fluctuations associated with the first-order nemat-
ic-to-smectic-C transitions in ~S5~ „-7S5„mixtures are reported. This binary sys-
tem exhibits nematic, smectic-A. , and smectic-C phases, and a multicritical point

xNAC. As a function of decreasing temperature for x&x N&L-, the scattering in the ne-
matic phase evolves from smectic-A to pretransitional smectic-C fluctuations describ-
ed by a Lifshitz model of Chen and Lubensky. Important discrepancies remain with the
predictions of the model near xz&c.

PACS numbers: 61.30.Eb, 64.70.Ew

The nematic-to-smectic-A (NA) transition has
been studied in considerable detail. ' On the other
hand, very little accurate information is available
on the NC transition, and indeed the global na-
ture of the entire multicritical NAC region where
the NA and NC lines meet is not understood. To
elucidate the problem, we have carried out a high-
resolution x-ray scattering study of the critical
mass-density fluctuations associated with the
nematic -to-smectic -C transition in mixtures of
octyl and heptyl oxy-p'-pentyphenylthiolbenzoate

(FS5, „-7S5„). By approaching xNAU, one is able
to study the transition as the tilt angle and latent
heat are continuously decreased along the NC

line; this line terminates at a second-order multi-
critical point at concentration x»&, and branch-
es off into second-order nematic-smectic-A and
smectic-A-smectic-C lines (Fig. 1). The NAC

problem has two features which make it a proto-
type for problems of broad interest. First, in
the de Gennes descr iption of an inf inite -dimen-
sional density order parameter, the NC system
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FIG. 1. Upper panel: smectic-Q scattering spectrum
in reciprocal space. Lower panel: NAC phase diagram
reproduced from Johnson et al. (Hef. 6). Hatched sec-
tion refers to the crossover regime which separates
regions of smectic-A. like (t."~& 0) and smectic-g like
(C~& 0} critical fluctuations as discussed in text.
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would be an example of a Brazovskii' type fluctua-
tion-induced first-order transition, and second,
the NAC system is among the few predicted'
Lifshitz systems where the nature of the critical
fluctuations, which provides a strong signature
for such behavior, may be directly accessed by
a scattering probe. A variety of models have
been proposed for the MAC system which describe
the phases either by two, essentially independent,
two-component order parameters' for the density
wave and the tilt angle, or alternatively by an
infinite-dimensional density order parameter
proposed by de Gennes' and Chen and Lubensky. 4

Current experimental information' has been
claimed to support the former approach, whereas
our experiments definitively establish that the
latter approach is more appropriate.

The phase diagram of the binary mixture (FS5, „-
'TS5„) has been mapped out by Johnson et al. ' For
x &x N~c they find a first-order NC transition line
with a continuously decreasing latent heat as x NAc
is approached (Fig. 1). We have carried out x-
ray diffuse scattering studies for five concentra-

FIG. 2. Scattering profiles in the nematic phase for
three mixtures, x =0.50, 0.46, and 0.43, within 0.01
deg of the NC boundary. Solid lines are the result of
fits by the Chen-Lubensky (CL) model for the NC tran-
sition for x=0.50 (tilt= 4.9' ~ ())= 257/qp (i= 8.5/qp,
q 0= 0.2270 A ) and x = 0.46 (tilt = 2.9 i ki = 446/q 0~

g~= 8.4/qp, . qp= 0.2265 A '). The dashed lines are fits
by an alternative model of Chu and McMillan tEq. (2)l.
The broken line shown in (c) is h fit by the CL model
I Eq. (1) with C~& 0] which describes NA fluctuations.
All error bars are within the extent of the data points
shown.

tions, x =0.70, 0.60, 0.50, 0.46, and 0.43; &NAc
= 0.422. The experimental configuration was
identical to that discussed previously. '

In the nematic phase, the critical scattering
near the NA transition is centered at (0,0,+ q ~~').

In the vicinity of an NC transition, the peaks
spread out into two rings at q, = (q~' cosf, q&'sing,
a qt~'), 0 ~P- 2&, and the density order param-
eter p exhibits large fluctuations for an infinite
number of Fourier components p(q, ) near TNc.
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The scattering is shown figuratively at the top of
Fig. 1, where the tilt angle 4 =tan '(qi'/qadi').
The rings intersect the scattering plane at (+qi',
0, q ii'). In all mixtures, we carried out trans-
verse (qi varied, qadi =q |i') and several longitu-
dinal (qadi varied) scans through the edge (q~=+q, ')
and center q =0 of one ring, for each tempera-
ture.

We first discuss the critical behavior at the NC

boundary for a series of concentrations approach-
ing xN~&. We show in Fig. 2 scattering profiles
for scans in the nematic phase in three mixtures,
x =0.50, 0.46, and 0.43, along the NC boundary.
The tilt angles are 4.9 +0.5 and 2.9 +0.5 for x
=0.50 and 0.46, respectively, and for the mix-
ture x =0.43 [Fig. 2(c)] closest to xNAc the data.
allow a tilt value of zero within the experimental
uncertainties. In each mixture the transition is
weakly first order with a concomitant jump of
about 2 in the tilt angle across the phase bound-
ary, We see in Fig. 3(a) (bottom) that for the
large tilt angle (11.2') when x =0.70, a. transverse
cut through the ring yields a double-peaked pro-
file, while in mixtures with smaller tilts for x
=0.50 and 0.46, the overlap of the peaks results
in a flat-top profile.

The data have been analyzed quantitatively with
the predictions of various models. The solid
lines through the data are the results of least-
squares fits of the predicted cross section for the
NC transition of a NAC Lifshitz model of Chen
and Lubensky (CL), '

S(q) =
+a5 II

0 2 2 4

convoluted with the instrumental resolution func-
tion, to the experimental data. Here, the square
of the transverse correlation length is gi'=2 ICJ/
a, a=ao(T —T~U), a=1+Cd'/4aDi, and Ci(0
is the coefficient of the transverse-gradient-
squared term in the Hamiltonian model of CL.
When Ci is negative S(q) peaks on the ring at q,
=(qi'cosg, qi'sing, qadi'), 0 (f(», with q "
=(I C iI /2D ) which is characteristic of the NC
transition. For symmetry reasons, we only con-
sider qadi) 0. In this model, which is based on
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FIG. 3. Transverse profiles for (a) x = 0.70 (top,
center, bottom are for T-7'Nc= 7.12, 4.62, and 0.015
'C), and (b) x = 0.50 (top, center, bottom are for T—T~
= 4.7S, 1.17, and 0.005'C), as a function of decreasing
temperature in the nematic phase. The solid (broken)
lines are fits by the Chen-Lubensky mode1 with Ci(0
(Ci) 0) and the dashed lines are fits by the Chu-Mo-
Millan model as discussed in the text. All error bars
are within the extent of the data point.

the infinite-dimensional density order param-
eter, ' the tilt angle 4 = tan '(q~'/q ii'), with qi"
=(I CiI /2D), is determined by the competition
between the second- and fourth-order transverse-
gradient terms and does not enter as an indepen-
dent order parameter. Clearly, Eq. (1) (solid
lines) describes the data very well for x ) 0.46
along the NC boundary as shown in Figs. 2(a,),
2(b), 3(a) (bottom), and 3(b) (bottom). When Ci
is positive, Eq. (1) peaks for qj =0 and is charac-
teristic of smectic-A fluctuations. " Therefore,
in the nematic phase, a crossover line C i(x, T )
=0 separates regions with A-like (Ci&0) from
those with C-like (Ci & 0) critical behavior. Along
this line which terminates at x»c, S(q) is pre-
dicted to exhibit Lifshitz q~ 4 fluctuations. 4 An
alternative model by Chu and McMillan' which
describes the NC transition through two order
parameters gives for the scattering

I. 1+(ii(qadi —qadi) +5 (q' —q ) 1 I.1+iii (qadi
—

qadi ) +( (q +q ) i
(2)

This form for the critical scattering yields 1/(q, —qi')' tails while a related model by de Gennes' gives
1/I qi- qi'I tails. For comparison, the dashed lines shown in Figs. 2(a), 2(b), and 3(a) (bottom) are
the best fits af Eq. (2) to the data. Quite clearly, models with I/q~ or 1/qi' tails do not describe the
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transverse fluctuations. In fact, quantitative chi-
squared (y') tests show that while typically y' are
of order 15 for fits by Eq. (2), they decrease to
about 1.5 for fits by the Ci model Eq. (1). An
essential feature of the pretransitionat smectic C-
scattering is the high/y non-l. oxentzian trans-
verse density fluctuations quantitatively accounted
for by the CL Lifshitz model for the transition.
In addition, Eq. (1) describes the longitudinal
scans quite well, while Eq. (2) is unable to fit
the scans.

There remain, however, important discrepan-
cies with the predictions of the CL model in the
immediate NAC region. We reported earlier'
that the density fluctuations in a mixture x =0.420,
close but to the left of x»c, are Lorentzian.
Furthermore, we see in Fig. 2(c) that the model
(solid lines) for C, &0 fails to describe the criti-
cal scattering for x =0.43 (xNAc =0.422), although
the transition is into the C phase with a small
but measurable tilt. The broken line through the
scan is a fit with the normally observed' pre-
transitional smectic-A. scattering given by Eq.
(1) for C~&0 and a small transverse q~' term
(c-0.05); here D~=cg~'.

We now consider data at fixed concentrations
x as a function of temperature. Shown in Figs.
3(a) and 3(b) are transverse scans in the nematic
phase as a function of temperature for x =0.70
and 0.50, respectively. The solid and broken
lines are fits by Eq. (1) for C ~ &0 and C ~ & 0, re
spectively. Evidently, while at high tempera-
tures the critical scattering is characteristic of
smectic-A fluctuations, at lower temperatures
in mixtures x &x»& away from the immediate
NAC region, the fluctuations crossover into a
regime with pretransitional smectic -C fluctua-
tions predicted by the CL model for the transi-
tion. In this latter regime, the pretransitional
tilt angle increases as the NC boundary is ap-
proached by decreasing the temperature; this is
most evident for x =0.70 where we see the tilt
angle increase from 3.8' for T —TN& =4.62 C

[Fig. 3(a), center] to 11.2 for T- TNC =0.15'C
[Fig. 3(a), bottom]. For x =0.43 [Fig. 2(c)),
the scattering exhibits smectic-A fluctuations
for all temperatures in the nematic phase. The
crossover region shown in Fig. 1 occurs for
49.50+0.5 T - 51.0+0.5 for x -0.46 and ap-
pears to be hidden inside the first-order NC line
for the x =0.43 mixture. Although scans in this
region [Fig. 3(b), center] can be fitted by Eq. (1)
for C ~ & 0 with a relatively large q j' term (c &1,
D„=c(,'), nevertheless, contrary to the predic-

tions of the CL model, the data never show a
region where the ($~q J' term vanishes.

We now discuss the significance of these re-
sults for understanding both the NC transition
and the global MAC problem. Firstly, we em-
phasize that the CL Lifshitz model for C ~&0
gives a quantitative description of the critical
scattering associated with the nematic-smeetic-
C transition along the NC boundary in mixtures
away from the immediate NAC region, whereas,
the Chu-McMillan model is quite unsuccessful.
Therefore, the tilt order parameter is properly
described as the gradient of the density wave and
cannot be treated as an independent order param-
eter. On the other hand, the CL model as pres-
ently constructed does not predict the proper
location of the crossover line, the nature of the
mass-density fluctuations in the crossover re-
gion, or the nature of the fluctuations in the
immediate neighborhood of the NAC point. How-
ever, since the essential physical ingredients
seem to be correct, a more complete CL theory
which goes beyond a mean-field approximation
and includes especially the divergent phase fluc-
tuations may possibly be more successful.
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