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X-ray difFraction study of the smectic- A fluid antiyhase and its transitions
to smectic-A, and smectic-A2 phases
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Cambridge, Massachusetts 02139
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A high-resolution x-ray diffraction study has been carried out on a binary liquid crystal mixture of
pentylphenylcyanobenzoyloxy benzoate (DBSCN) and cyanobenzoyloxypentyl stilbene (C5 stilbene) that
is 49.5 mole% C5 stilbene. This mixture exhibits on cooling the phase sequence monolayer smectic-A
(SmA&)-smectic-A fluid antiphase (SmA) —bilayer smectic-A (SmA2). We observe the presence of a
broad coexistence region between the SmA phase and the SmA2 phase, contrary to previous work which

reported a smectic-A crenelated phase. The behavior of the smectic-A fluid antiphase ordering and the

evolution of the system to SmA2 order via a two-phase coexistence region are described in detail. Our

results are compatible with previous high-resolution heat capacity measurements on the same sample.

PACS number(s): 64.70.Md, 61.30.—v, 64.60.Fr

I. INTRODUCTION

Thermotropic liquid crystal systems possess rich inter-
molecular and entropic interactions which allow for a
multitude of ordered structures and a wide variety of
order-disorder transitions [1]. In fact, smectic liquid
crystalline order alone is realized in more than ten
classes, the best known being the smectic-A phases. The
simplest structure of this class is the monomeric smectic-
A~ (Sm A~ },which can occur in nonpolar rodlike meso-

genic molecules. Smectic-A polymorphism is typically
observed in molecules with long (three-ring} aromatic
cores and a polar head group which provides the mole-
cule with a longitudinal dipole moment. Studies of mix-
tures of these dipolar mesogens have revealed a variety of
interesting phases within the SmA class: In particular,
the partial bilayer SmAd, the monolayer SmA „the bi-

layer Sm A z, and a more exotic biaxial phase intermediate
between the latter two —the smectic-A Quid antiphase
(SmA } [2—6]. The hallmark of the SmA phase is the es-
tablishment of a long-period polarization wave within the
layers [7—10].

It is known that for a range of concentrations, binary
mixtures of the polar cyano mesogens pentylphenyl-
cyanobenzoyloxy benzoate (DBsCN) and cyanobenzoy-
loxypentyl stilbene (Cs stilbene) exhibit a smectic Quid an-

tiphase Sm A between the Sm A, and Sm A z phases [3-5].
A partial phase diagram of this system is shown in Fig. 1.
Depicted in Fig. 2 are real space sketches of several SmA
structures including SmA, which possesses a centered
rectangular two-dimensional lattice with rn =ai2 [7].
Reciprocal space pictures of the x-ray scattering associat-
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ed with these structures are also shown in Fig. 2. SmA
order is analogous to the antiphase domain order which
occurs in binary alloys. It consists of two dimensionally
ordered slabs; hence, this phase is characterized by the
usual density modulation normal to the layers and an in-
plane wave vector modulated at q~=q&, where qj is the
transverse component in (qtt, qx, qL }space.

It has been reported that yet another smectic-A Quid
antiphase intermediate between the SmA phase and the
SmAz phase occurs for these systems, and this has been
designated as crenelated smectic-A or SmA«, „[7].The
Sm A „,„phase differs from the Sm A phase in its in-plane
order. In essence, the periodic antiphase domains are
proposed to be slabs of different thicknesses with
nt (a j2, while the longitudinal order remains un-
changed (see Fig. 2). We will show that the region of the

'Present address: General Atomic, San Diego, CA 92121.
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Massachusetts Institute of Technology, Cambridge, MA 02139.

FIG. 1. Partial phase diagram for mixtures of DB5CN and

C, stilbene, taken from Ref. [4]. The narrow region labeled
"coexist region" was formerly assigned to the SmA„,„phase
but is now ascribed to a broad coexistence of SmA and SmA&

phases. X denotes the mole fraction of C5 stilbene, and the ar-

row indicates the composition studied in this work.
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with molecular masses of 413.48 and 395.50 g, respective-
ly. These compounds were synthesized and purified at
the Centre de Recherche Paul Pascal [3], and they are
from the same batch that was used for an earlier C in-

vestigation [11]. The x-ray sample is a mixture with C5
stilbene mole fraction X=0.495, which was previously
used for a high-resolution x-ray study of critical fluctua-
tions in the nematic (N) phase near the N-SmA, transi-
tion [12]. The phase sequence for this sample is
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FIG. 2. (a) Schematic structures for monolayer SmA&, bi-

layer Sm A2, and the fluid antiphase SmA (a centered rectangu-
lar structure with m =a/2); also shown is a structure for the
purported SmA„,„phase where m &a/2. (b) The correspond-
ing reciprocal space x-ray scattering patterns. The dashed ellip-
tical areas represent disuse scattering due to short-range fluc-

tuations.

II. EXPERIMENTAL DETAILS

Pentylphenylcyanobenzoyloxy benzoate (DBSCN) and
cyanobenzayloxypentyl stilbene (C5 stilbene) have the fol-
lowing molecular formulas:

QN„~ii OOC~il COC-~i~ CN ON~ON

OIDC —Q~i CN Cg RbliN:III

phase diagram for DBSCN and C5 stilbene between the
SmA and SmA2 phases corresponds to a broad two-

phase coexistence region, as opposed to a new type of
smectic- A fluid antiphase.

This paper is organized as follows: First, a description
of the experimental apparatus and the sample is given in
Sec. II. Results for the Sm A, phase with its concomitant
Sm A fluctuations, the Sm A phase, the Sm A2 phase, and
the SmA+SmA2 two-phase coexistence region wi11 be
presented in Sec. III. A discussion comparing our results
with previous heat capacity, optical and electron micros-
copy, and x-ray diffraction experiments will be given in
Sec. IV.

where 382-384.4 K represents a broad SnA+SnAz
coexistence range. The transition temperatures cited
above are slightly lower than those reported previously
[11,12] due to a slow drift (approximately —32 mK/day)
in transition temperatures with time over the very long
period (60 days) of x-ray observations.

The experiment was conducted using Cu ECa radiation
from a Rigaku model RU-300 rotating-anode machine
operating at 7 kW and a triple-axis spectrometer with
Si(111}monochromator and analyzer crystals set in a
dispersive configuration. The instrumental resolution for
the in-plane longitudinal direction was well approximated
by a Lorentzian with a half width at half maximum
(HWHM) of 1.4X10 A '. The transverse in-plane
resolution was cansidered perfect ((10 ' A '), while
the transverse out-of-plane resolution was well approxi-
mated by a Gaussian with a HWHM of 0.03 A ' and was
set by incoming and outgoing slits with matching angular
acceptance. Evacuated flight paths with narrow slits po-
sitioned before and after the sample reduced the back-
ground count rate to 0.25 counts per second. The bean
had a spot size of 1.5 X 3 mme at the sample positian.

A sample of mass 180 mg was sealed with indium in a
beryllium ce11 12X12X1.5 mm . This ce11 was placed in
a two-stage oven constructed from two berylliun
cylinders which were individually temperature controlled
thraughout the experiment to 210 mK. The sample was
aligned in the nematic (N) phase in a 5.5-kG magnetic
field by cycling slowly across the N-Sm A

&
transition until

the sharpest transverse scan was obtained. With this
technique it was possible to obtain a sample mosaicity of
0.5' HWHM in the SmA

&
phase in the vicinity of the N-

Sm A
&

transition.

III. RESULTS

The SmA
&

phase is characterized by a sinusoida1 one-
dimensional mass density wave in a three-dimensional
fluid. Short-range, fluidlike order between molecules is
observed in the direction transverse to this density wave.
As is well known, the SmA

&
ordering gives rise in an x-

ray scattering experiment to a single quasi-Bragg peak at
(0,0,2qlr}. For DBSCN and C~ stilbene in the N phase
near the N-SmA& transition, 2q0=0.2481 A ', which
equals 2w/L with an efFective molecular length L of 25.33
A [12). This value is consistent with Levelut et al. [3],
who report that L is close to the value 26.8 A for this sys-
tem with X=0.46, the small difference being mainly due
to slightly different mole fractions X. Well below the N-
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SmA
&

transition, SmA
&

monolayer type order is well es-
tablished; hence, changes in the mosaic are gradual and
there is no measurable change in the resolution-limited
longitudinal 2qp linewidth with temperature. Ho~ever,
despite this essentially "frozen" smectic-A, order, there
are fluctuations of in-plane domain order [7,8] which be-
come larger with decreasing temperature. From ac
calorimetry measurements on this mixture [11],we know
that the Sm A

&
-Sm A transition is accompanied by

significant pretransitional energy Quctuations over a large
range in temperature, indicative of the presence of short-
range Sm A-like order in the SmA

&
phase.

In the x-ray experiment these SmA Quctuations are
demonstrated by the appearance of weak diffuse spots
off-axis which were first detectable about 7 K above the
SmA, -SmA transition temperature. Figure 3(a) shows
five transverse scans along (q j,O, qo ) at temperatures
within the Sm A

&
phase and two scans in the SmA phase.

Figure 3(b) shows the corresponding longitudinal scans in
which qL is varied, with q& held fixed at qz. The diffuse
scattering data were fitted with the empirical form first
suggested by Chen and Lubensky [13] for the E-SmC
transition:

CTp
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2 21+B(qll qo) +Cqi+Dqi
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where
q~~

is the L component and q~ is the H component
of the scattering vector in ( qIr, qx, qL ) space and the
quadratic coeScient C is negative. The results of these
fits are shown in Fig. 3. Following Martinez-Miranda,
Kortan, and Birgeneau [14], we have defined length
scales using the half width at half maxima of the peaks,
which correspond to the size of the smectic-A Quid anti-
phase domains:
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where qz =( —C/2D)'~ is the peak wave vector in the
transverse direction. Below the SmA &-SmA transition,
these off-axis diffuse peaks become resolution limited in
radial scans, thus confirming long-range order in the
Sm A phase. Pure transverse scans in the scattering plane
reveal a mosaic with a roughly Gaussian angular distribu-
tion.

The size of the modulation repeat distance a =2m/qz
increases on cooling, which is clearly shown in Fig. 3(a)
by the change in qz, the off-axis peak position of the

(qi, O, qo) scans. The monotonic trend of the in-plane
modulation distance a with temperature is indicated by
the variation of qr shown in Fig. 4(a). The value of qz.
decreases on cooling to 0.020 A ' (corresponding to
a= 315 A) at the point where two-phase SmA+SmAz
coexistence begins. The smooth curve through the qz-T

0.6-
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- 0.6
401.43K

-=~~-0
402.40K

0.10 0.12

q, (A ')
0.14

FIG. 3. (a) Scans along qH with qL =qo in the SmA& and

SmA phases. {1)Scans varying qL with qH=q& in the SmA 1

and Sm A phases. The open circles are for data along

(+q&,O, qL ) and the solid circles are for ( —q&, O, qL ). The Sve

scans at T& 396 K are in the Sm A
& phase, and the defuse peaks

are Stted with Eq. (1). The arrows indicate the intensity scale
associated with each scan. The two scans at T& 396 K are in

the SmA phase.
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FIG. 4. Scattering wave vectors for DBSCN and C& stilbene:

(a) Transverse position q& of the off-axis (+q&,0,qo) peaks in
the Sml and SmA, phases. The smooth curve through these

qr points in the Sm J phase has the empirical form

(q& —0.02)=0.01 (T—384.4)', and the dashed curve in the
SmA& phase is an extrapolation of this form to higher T. (b)

Longitudinal position of the (0,0,2qo) peak across the entire
range of temperature for this experiment.

data in the SmA phase represents an empirical fit with
the quadratic form

(qz 0 02)=0 01(T 384 4} ~

Note that this formula when extrapolated to higher tem-
peratures is still in good agreement with the qT values
determined from diffuse off-axis peaks in the SmA,
phase.

The position of the (0,0,2qa) peak, shown in Fig. 4(b),
changes linearly with T in the SmA phase and in the
SmA& phase above -400 K. An extrapolation of these
Sm A, values to 426 K yields 2qo =0.2479 A '; this is in

0

good agreement with the value 2q0=0.2481 A ' deter-
mined from the diffuse SmA, scattering in the nematic
phase [12]. One can see from Fig. 4(b) that near the
SmA&-SmA transition, there is a noticeable deviation
from the monotonic increase in 2qo with temperature,
probably due to greater "dimerization" in the fluid anti-
phase than in the SmA, phase. The scatter in the data
points in this region is due to uncertainties in both
b T =T T, ( A —A }due to—T, drifts and 2qa resolution
(klX10 A ). The values of qa for the off-axis

(qz, O, qa } peaks have also been determined as a function
of temperature. For the diffuse peaks in the Sm A

&
phase,

we find that (qa)) —,'(2qa), where (2qa) is determined
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FIG. 5. Intensity and correlation length data for diffuse

(q&,0,qo) off-axis peaks in the SmA, phase: (a) Peak intensities

Ir ( o ) and (b) longitudinal and transverse correlation lengths gl
( ~ ) and g', (CI) for the in-plane modulation obtained from Eqs.
(2) and (3) and Sts to the off-axis scattering protile with Eq. (I).

from the position of the (0,0,2qa) Bragg peak; the ratio

(qa)/(2qa) ranged from 0.5041 at 402.40 K to 0.5010 at
397.76 K. In the SmA phase and in the SmAz+SmA
coexistence region, we found (qa)/(2qa) =0.5 within our
resolution ( +0.0007) for all temperatures. These observa-
tions are in agreement with those reported by Levelut [7].

The peak intensities Iz. of the off-axis diffuse scattering
in the SmA I phase are shown in Fig. 5(a}. Finally, the
correlation lengths gi and gl determined from the difFuse

(qz, O, qa) peaks using Eqs. (1)-(3)are shown in Fig. 5(b).
The uncertainties in these f values are moderately large,
but note that gI and gi only differ by a factor of -2.2.

Before considering the SmA+SmAz coexistence re-
gion, let us Srst describe the low temperature SmAz
phase. The SmAi bilayer phase occurs when antifer-
roelectrically aligned molecular dimers form a double
layer structure, as shown in Fig. 2. The reciprocal space
picture is described by fundamental scattering centered at
(0,0,qa) and second harmonic scattering centered at
(0,0,2qa) [15]. Fluidlike order within the SmAz layers is
present as in the SmA, phase, and there is no off-axis

(qr, O, qa ) scattering in the Sm A i phase.
In the temperature range 382-384.4 K between the

SmA phase region and the 8m A i phase region, a detailed
study was made of the scattering pro61es for ofF-axis

(+qz, O, qa) peaks and on-axis (0,0,qal and (0,0,2qa)
peaks. This is the temperature region where a new
modulated structure, the SmA„,„phase with a regular
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array of two difkrent thickness antiphase slabs with
m (a/2, has been proposed to exist [7]. Contrary to
that description, our results demonstrate that the trans-
formation between the SmA and Sm A2 phases occurs via
a broad two-phase coexistence region. Figure 6 shows 8
rocking curves through the (0,0,qo }peak as a function of
T. Figure 7 shows the temperature variation of the inten-
sity for (qz, O, qo) off'-axis and (0,0,qo) on-axis peaks over
the coexistence range where Sm A transforms into Sm A 2.
As the system is cooled through the two-phase coex-
istence region, the qT and qo positions of the o8'-axis

(qz, O, qo) peak do not change but the intensity of this
peak decreases smoothly. At the same time, the intensity
of the on-axis (0,0,qo) peak grows, as shown by both Figs.
6 and 7. This behavior is exactly what one would expect
if domains of SmAz phase appear with decreasing tem-
perature at the expense of the domains of Sm A.

The presence of two separate types of ordered struc-
ture, SmA2 and SmA, is evident by comparing the mosa-
ics of the on-axis and off-axis peaks. A contour plot of
the scattering intensities observed in the coexistence re-
gion is shown in Fig. 8. If the scattering were produced
by a single ordered phase, there would be only one mosa-
ic distribution as measured from 8 rocking curves. How-
ever, the dramatic difFerence between the angular widths
of the on-axis (0,0,qo) and off-axis ( kqz, O, qo ) peaks rules
out the possibility of a single phase. We should point out
that scattering at (0,0,2qo) can result from both SmA2
and SmA ordered domains, so both contributions must
be considered in the analysis of that mosaic. Figure 9
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FIG. 7. Detail of x-ray intensity data in the SmA+SmA2
coexistence region. The integrated intensities of the (0,0,qp) bi-
layer peak (0) and the (q&,0,qp) fluid antiphase peak (8) are
shown.

0.248

T = 585.75K

shows mosaic data at two temperatures within the coex-
istence region. At T=383.35 K we observe the mosaics
of the off'-axis (kqz, 0,qo) peaks to be consistent with the
on-axis (0,0,2qo} mosaic but strikingly difFerent from the
on-axis (0,0,qo) mosaic. This is to be expected since Fig.
7 shows that the integrated intensity of the (0,0,qo) peak
at this temperature is weak relative to its saturation value
below 382 K. Hence, the Sm A z contribution at (0,0,2qo)
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FIG. 6. 0 rocking curves at constant radial wave vector
through the (0,0,qp) peak in the SmA+SmA2 coexistence re-
gion. The run numbers 1—7 are in chronological order, i.e., the
sample was Srst cooled (1-5) and then reheated (6 and 7).

FIG. 8. Contour plot of scattering intensities observed at
383.75 K in the SmA+SmA2 coexistence region. Features at
(+qT, O, qp) arise from SmA scattering, that at (0,0,qp) from
SmA2 scattering, and that at (0,0,2qp) from both SmA and
SmA2 scattering. Note the mosaic broadening of the ofF-axis

(qT, O, qp) peaks.
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FIG. 9. Comparison of mosaicity widths in the Sm A2+SmA
coexistence region at T=383.35 (left panel) and 382.65 K (right
panel) during a slow cooliny run. q+ and q are the off-axis

peaks centered at (0.022 L,O, q )0and ( —0.022 A, O, qo), re-

spectively; qo is the on-axis (0,0,qo) bilayer peak; 2qo is the on-
axis (0,0,2qo) peak with contributions from both SmA and
SmA2 scattering. The factor by which I (experimental) was
multiplied to obtain the normalized intensity is given for each
scan.

will be qualitatively insignificant. In contrast to this,
Sm A2 domains are quite large compared to Sm A

domains at T=382.65 K, as seen from the integrated in-
tensities shown in Fig. 7. Thus, their contribution to the
scattering at (0,0,2qo) should be quite substantial, result-

ing in a qo-like mosaic for the (0,0,2qo }peak, as observed.
However, the mosaic of the (0,0,qo) peak remains dis-

tinctly different from the mosaics at (+qr, O, qo) and

( —qz, O, qo). One can observe noticeable differences not
only between the absolute angular widths of the mosaics
but also between the features in each peak. Since these
features do not reflect the symmetry of reciprocal space,
they can be attributed to the mosaicity, probably origi-
nating from domains which lack perfect azimuthal sym-
metry about the scattering vector q=(0, 0,q). This is ex-
pected, given that our spectrometer is configured to in-
tegrate over a wide out-of-plane momentum transfer.
This comparison of the two off-axis peaks with the two
on-axis peaks shows clearly the presence of two distinct
mosaics. More precisely, we observe the disappearance
of SmA ordered domains with the simultaneous develop-
ment of SmA2 ordered domains on cooling through a
-2.4-K-wide coexistence region.

The final experiment designed to distinguish
SmA+SmA2 coexistence from a SmA„, phase involved
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FIG. 10. Third harmonic (3q&,0,qo) at qH =0.066 A com-
pared to the fundamental (q&,0,qo) at qH=0. 022 A showing
that the SmA phase in a SmA+SmA2 coexistence mixture ex-
hibits a nearly sinusoidal polarization wave transverse to the
smectic mass density wave. Note that the second harmonic at
(0.044,0,qo) is not allowed by symmetry for a SmA+SmA&
two-phase mixture and is not observed within our resolution.
The error bars for points with q& & 0.035 are comparable to the
size of the symbols since long counting times were employed.

o —I
The dashed curve for q~ &0.048 A represents the large qH
scattering expected in part due to long tails for the fundamental
peak and in part due to mosaic broadening.

scans through the off-axis harmonics (+nqr, O, qo) of the
SmA fundamental (kqz, O, qo}. The data shown in Fig.
10 were obtained at 383.75 K, which is in the coexistence
region. In addition to observing the large on-axis (0,0,qo)
peak and the off-axis (qz =0.022 A ', O, qo) peak, we
made a careful search at the (2qz, O, qo) and (3qr, O, qo)
positions. Long counting time scans were used in order
to achieve a good signal-to-noise ratio in these regions of
weak scattering. The third. harmonic is observed at
(+0.066,0,qo), but there is no indication of the second
harmonic at (2qr, O, qo}. It should be noted that the
latter is not allowed by symmetry even in multiple
scattering for either the Sm A or Sm A2 phases separately
but could occur in a two-phase coexistence region via
double scattering between domains of each phase. Such
(+2qr, O, qo) peaks were indeed reported in Ref. [7] and
were interpreted as evidence of a SmA„,„ordered struc-
ture. The relatively weak integrated intensity of the third
harmonic peak in our data compared to the fundamental
allows us to ascribe a nearly pure sinusoidal shape to the
polarization modulation transverse to the smectic mass
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density wave. Thus, the Quid antiphase domains are
separated by broad domain walls even when SmA order-
ing is as fully developed as possible and SmA coexists
with the SmA2 phase.

It should be noted that for the run during which the
data of Figs. 7—10 were obtained, the lateral position qz-

of the off-axis (kqr, O, qo) peaks was qz =0.022 A ' in-
0

stead of 0.02 A as observed in the run shown in Fig. 4.
Such slight variations in the maximum a value observed
in the coexistence region from run to run are of no con-
ceptual importance.

IV. DISCUSSION

This section will present a discussion of five issues: the
fluctuations of Sm A-like short-range order in the Sm A,
phase, the nature of the Sm A, -Sm A transition, the evo-
lution of long-range lateral modulations in the SmA
phase, the two-phase coexistence region associated with
the Sm A-Sm A2 transition, and the scattering behavior at

qo and 2qo in the SmA2 phase.

A. Fluctuations in the Sm A
& phase

The presence of in-plane SmA-like Quctuations in a
SmA t phase has been detected previously in x-ray [7,9],
viscosity [3], and calorimetry [11] studies. The detailed
behavior of the pretransitional energy Quctuations for
both DB5CN and C5 stilbene and DB6CN and C, stilbene
mixtures is shown in Fig. 11. It is clear from this figure
that b,C+ data above T, ( A, - A ) do not follow a simple
power-law behavior, but the qualitative trend in the ex-
perimental hC values is similar to that predicted from a
"weak crystallization" theory of the Srn A, -Sm A transi-
tion [16]. Although the present x-ray data shown in Fig.
5 for (qi, O, qo) scans in the SmA, phase are too sparse to
test power-law analyses of gi and gi, one can make a con-
sistency check between the behavior of hC+ and the
correlation lengths.
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i

0. 0?5-
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0
-5

+

+~+a~
ooo qpgp o+

~
o

i

-2. 5 0 5 75 102. 5
hT (K) = T —T

FICi. 11. Excess heat capacity associated with the SmAl-
Sm A transition [11]. The open circles are data for DB,CN and
C5 stilbene with X=0.492 and the plus signs are data for
DB6CN and Cz stilbene with X=0.50'. The transition tempera-
ture is denoted as T, although the transition is very weakly first
order.

The concept of two-scale ur. iver sality states that
Fg„«lk~T, where F, is the critical free energy per unit
volume and g„o& is the correlation volume, should be a di-
mensionless constant for a given universality class [17].
In the present case, the correlation length in the y direc-
tion is unknown but can be assumed to vary with T in the
same way as fi does. Thus one expects for SmA fiuctua-
tions,

where C is a constant independent of T. Integrating the
AC~+ data in Fig. 11 to obtain I", as a function of b T and
choosing the x-ray transition temperature to be 397 K
(see Fig. 5), we obtain C = —1.7 at 397.76 K, —2.8 at
399.70 K, —2.4 at 400.31 K, —2.9 at 401.43 K, and—2.6 at 402.40 K. The fact that C is roughly constant
while gift and F, are each varying by a factor of -20 is
an indication of consistency between the b,C+ data and
our difFuse x-ray scattering results.

Another test of internal consistency for the SmA Quc-
tuation behavior is to consider the ratio gigi/Ir. If sim-

ple power-law behaviors g-(hT) ' and I-(b T) r were
to hold, this ratio would vary as (b, T)"",almost indepen-
dent of b, T, since scaling gives y=(2 —g)v and g «1.
For the five data points shown in Fig. 5, we obtain an ap-
proximately constant value for this ratio, which demon-
strates that Ir indeed scales like gigi.

It should also be noted that in the SmA, phase
(qo }&0.5(2qo), where (qo) is the L component of the
off-axis (qr, O, qo) diffuse peak and (2qo) is that of the on-
axis (0,0,2qo) condensed peak. The ratio (qo)/(2qo)
locks in at 0.5 at the Sm A, -Sm A transition temperature.

B. The SmA &-SmA transition

According to a mean-field treatment of the frustrated
smectics model, the SmA&-SmA transition would be
second order, but Quctuation efFects of the Brazovskii
type make this transition first order [16,18]. This is
confirmed by the heat capacity measurements, which in-
dicate a weakly first-order transition with a coexistence
region of -85 mK [11]. No x-ray data were obtained
close to the SmA &-SmA transition temperature, but Fig.
4 suggests that very little change occurs in a =2m/qr on
going from the Sm A, to Sm A phase, which is consistent
with any first-order discontinuity being small.

C. Evolution of lateral modulations in the Sm A phase

The highest temperature x-ray data in the SmA phase
were obtained at 393.75 K. The nearly resolution-limited
ofF-axis peaks shown in Fig. 3 indicate that lateral modu-
lation extends a considerable distance at that tempera-
ture. Although there is no theory dealing with fluctua-
tion behavior at the Sm A, -Sm A transition, Fig. 11 shows
that energy Quctuations are large and distinctly difFerent
above and below T, =T, ( A, - A }. The b,C„data below

T, can be well described by

bC = A ln(~b, T~/T, )+8,
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found to represent the temperature dependence of q& is
an empirical rather than a theoretically predicted result.

As the SmA phase is cooled toward the transition re-
gion where conversion into Sm A z occurs, the integrated
intensity IT increases substantially. This qualitative
trend in Iz- is parallel to that in the heat capacity shown
in Fig. 12. These Cz data represent a truncated version
of the inverted Landau SmC-SmCz heat capacity peak
observed in DB8ONOz and DB,DONORS mixtures of
alkyloxyphenyl-nitrobenzoyloxy benzoates [19]. In the
latter case, the first-order coexistence region is only 0.17
K wide, whereas the Cz data in Fig. 12 indicate a broad
two-phase coexistence region of -2.2 K.

Note that the ratio (qo )/(2qo ) for the L components of
the ofF-axis (q„,O, qo } and on-axis (0,0,2qo } peaks equals
0.5 in the SmA phase. There is a systematic linear in-
crease in 2qo on cooling throughout the SmA phase fol-
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with A =—0.0224 JK 'g ' and B = —0.096 JK 'g
suggesting XY-like Suctuations.

In the middle of the SmA phase, say, 388-394 K, the
lateral dimension of the SmA domains remains essential-
ly unchanged. The mosaic spread of the off-axis peaks
broadens significantly on cooling, but the integrated in-
tensity Iz remains nearly constant, in agreement with an
almost constant Cz across this temperature range [11].
Throughout the entire SmA phase, qT evolves in a
smooth systematic way, until the later a1 period
a =2m /qr reaches a maximum value of 315 A., in reason-
able agreement with the value 335 A given by Levelut [7]
for DB&CN and C5 stilbene. Electron micrographs of a
freeze-fractured DB&CN and Cs stilbene mixture with
X=0.63 show a very clear lateral periodicity of 400-500
A [5] This is consistent with our value since a appears to
increase as X increases and the Sm A phase range shifts to
lower temperatures [5,7]. The quadratic form

(qro —0.02)=0.01(T —384.4)1i2

lowed by a very rapid decrease in 2qo on the transition
into the SmAz phase, as shown in Fig. 4.

D. The SmÃ+SmAs coexistence region

For a DBSCN and C5 stilbene mixture with X=0.5, it
was previously reported that another modulated
smectic-A phase, denoted SmA„,„,which has the struc-
ture shown in Fig. 2, exists between the SmA and SmAz
phases [7]. In contrast to this, we Snd that the
382-384.4 K range corresponds to a broad two-phase
coexistence region. Levelut's key argument [7] for the
existence of a SmA„„phase instead of SmA+SmA2
coexistence was the presence of the (2qr, O, qo} harmonic
of the off-axis (qr, O, qo ) fundamental since even harmon-
ics are not allowed by symmetry for the Sm A and Sm A2
phases separately. However, as shown by Fig. 10, we see
no (2qr, O, qo ) peak although a weak (3qr, O, qo ) peak was
detected. Furthermore, the mosaic structure in Fig. 9, as
discussed in Sec. III, strongly supports the presence of
two separate coexisting phases. It seems that the situa-
tion here is very similar to the recent demonstration that
a proposed incommensurate smectic- A phase Sm A;„„ex-
isting between the Sm Ad and Sm A 2 phases, is in fact a
broad coexistence of SmAd+SmA2 phases that intercon-
vert very slowly [20]. As noted previously, the observa-
tion of weak (+2qr, O, qo} peaks could possibly be ex-
plained by double scattering between two domains in a
SmA+SmA2 coexistence mixture. We should point out,
however, that, according to Levelut [21], her photo-
graphically detected diffraction patterns are inconsistent
with this explanation and the observed scattering in her
experiment necessitates the existence of an intrinsic
SmA„,„phase. We can only state definitively that the
Sm A „,„phase was not observed in our experiment.

The existence of a first-order SmA-SmA2 transition is
consistent with the predictions of Prost's frustrated smec-
tic model [10,22], which does not yield a SmA, „phase
for any set of model parameters. Sluggish two-phase
coexistence is also compatible with the heat capacity re-
sults shown in Fig. 12. Indeed, Ref. [11)describes the C
behavior between the two arrows as being "like a special
type of two-phase coexistence, "and the small phase shift
anomaly bP reported in Ref. [11]for the T„signal could
we11 be due to the motion of domain walls between SmA
and Sm A z regions rather than antiphase Sm A „,„
domain walls. Finally, the microscopic observation of
transient textures in this region [4] can be as well ex-
plained by two-phase coexistence as by a Sm A „,„phase
[23].

E. The smectic-A2 phase

1.95-
i ~ I

382 384
I I I

386 388 390
T (K}

392

FIG. 12. Heat capacity associated with the SmA to SmA&
transformation in DBzCN and C, stilbene [i1]. A broad two-
phase coexistence region exists for temperatures between the
two arrows.

In the SmAz phase there are only the two on-axis
peaks at qo and 2qo, both slightly mosaic broadened in
the same way. At 376.3 K, which is -6.9 K below the
midpoint of the SmA+SmA2 coexistence range and
-48 K below the N-Sm A

&
transition, the ratio of intensi-

ties I(2qo)/I(qo) is 0.3. This value can be compared
with I(2qo)/I(qo) ratios of 0.07 at hT =T—TN„= —2

K in 7APCBB and -0.2 at hT = —20 K in DB&CN [15].
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Since the 085CN and Cz stilbene mixture forms a SmA2
phase from already well-ordered Sm A antiphase
domains, one would expect temperature independent
values of I (qo ) and I (2qo ), as observed, and a
I (2qo)/I (qo) ratio which refiects a saturation value com-
parable to that deep in the SmA2 phase for materials un-

dergoing a X-Sm A2 transition.
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