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High resolution x-ray diffraction study of smectic polymorphism and fluctuations in a mixture
of octyl- and decyl-oxyphenyl nitrobenzoyloxy benzoate
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Reentrant nematic phases and smectic antiphases occur as intermediate states between two one-
dimensionally ordered frustrated smectic phases, characterized by two competing and, in general, incommen-
surate smectic density waves. Using high-resolution x-ray diffraction, we have examined the evolution of the
two density waves as a function of temperature in all phases of a mixture of polar liquid crystals octyl- and
decyl-oxyphenyl nitrobenzoyloxy benzoate~47.4 mol% DB8ONO2152.6% DB10ONO2). This mixture exhib-
its at temperatures below 127 °C the liquid-crystal phase sequence: smectic-Ad , reentrant nematic phasesNd

andN1, smectic-A1, tilted antiphaseC̃, smectic-A2, and smectic-C2 phases. Detailed investigations of several
order-disorder transitions and the evolution of fluctuation effects in this system are reported.
@S1063-651X~97!04411-5#

PACS number~s!: 61.30.2v, 61.10.2i, 64.70.Md
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I. INTRODUCTION

The study of frustrated smectic phases, marked with
competing incommensurate length scales, has been an a
field of research since the first observation in 1979 of ph
transition between two optically identical smectic-A phases
@1#. Polymorphism and frustrations occur in smectic liqu
crystals primarily due to the dipole-dipole interactions b
tween polar molecules that can form antiferroelectric pairs
dimers@2#. The length of the molecular dimer,l 8, is tempera-
ture dependent, and typicallyl 8;(1.421.8)l , wherel is the
molecular length. Thus there are two competing lengthl
and l 8, leading to three kinds of smectic-A phases: a mono
layer smectic-A1 with layer thickness d5 l , a bilayer
smectic-A2 with d52l , and a partial bilayer smectic-Ad with
l<d<2l . A phenomenological model for frustrated smect
was first proposed by Prost and co-workers@3#. This model
has been very successful in explaining smectic polym
phism and predicting diverse phase diagrams and the e
tence of new phases. Two-dimensionally ordered pha
with local smectic order, denoted as the antiphaseÃ and the
tilted antiphaseC̃, have been observed@4–6#, and are two of
the phases predicted as a consequence of an escape
incommensurability between the two density waves.
fluctuation-corrected model for frustrated smectics dev
oped by Prost and Toner@7# predicted the existence of
reentrant nematic region surrounded by smectic pha
Their model also indicated that at a smectic-smectic crit
point, the smectic-layer compressibility would vanish a
the entropy would increase dramatically to unbind dislo
tion loops. Positional order was thus lost and a smectic ph
therefore melted into a nematic phase. The phase diagr
based on the new model present a remarkable variety o
pologies, one of which is in agreement with the observ
nematic ‘‘estuary’’ flanked by the smectic-Ad ~Sm-Ad) and
smectic-A1 ~Sm-A1) ‘‘coasts’’ in mixtures of octyl-
oxyphenyl nitrobenzoyloxy benzoate~DB8ONO2) and
561063-651X/97/56~5!/5575~10!/$10.00
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decyl-oxyphenyl nitrobenzoyloxy benzoate~DB10ONO2)
@8#. A microscopic model developed by Berker and c
workers @9# also provides a theoretical frustrated-smec
phase diagram in very good agreement with the experime
DB8ONO2 and DB10ONO2 phase diagram. One very inte
esting aspect of the Prost-Toner model@7# is the prediction
that a smectic-smectic critical point will be replaced by
nematic region~‘‘lake’’ ! with an associated liquid-gas-lik
critical point between two uniaxial nematics. A first-ord
phase transition between the two predicted nematics,Nd and
N1, characterized by Sm-Ad and Sm-A1 short range order,
respectively, has been discovered recently with high res
tion ac calorimetric and x-ray diffraction techniques@10#.

Mixtures of the polar liquid crystals DB8ONO2 and
DB10ONO2 are one of the classic systems of frustrated sm
tics and have been studied using various experimental m
ods @8,10–12#. Its temperature-concentration (T-X) phase
diagram has been well documented in the literature@8,10–
12#. In the nematic ‘‘estuary,’’ a Sm-Ad2Sm-A12N triple
point is located approximately atT5125.5 °C andX555,
whereX denotes themolepercentage of DB10ONO2. In pre-
viously reported work, a mixture withX552.6 was studied
to provide calorimetric and x-ray evidence of a nemat
nematic phase transition@10# and x-ray evidence for the on
set and evolution of the tilted smectic antiphaseC̃ @12#.
Here, we present results of a comprehensive study of
fluctuation effects in frustrated smectics. In this paper,
will first present the x-ray confirmation of the uniaxia
Sm-Ad2Nd2N12Sm-A1 phase sequence in more deta
and demonstrate the evolution of the two incommensu
smectic density waves as a function of temperature. We t
discuss the onset and evolution of the tilted antiphaseC̃ be-
tween the Sm-A1 and smectic-A2 ~Sm-A2) phases. The tran
sition from the Sm-A1 phase with short range partial bilaye
order to the antiphaseC̃ has been analyzed by analogy to t
transition between Sm-A-like and Sm-C-like fluctuations in
the Chen-Lubensky model@13#. Furthermore, we have
5575 © 1997 The American Physical Society
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closely examined the undulation and tilting of smectic lay
at the onset of the tilted antiphaseC̃ and determined com
pletely the structural evolution and fluctuation effects fro
the Sm-Ad phase to the Sm-A2 phase.

II. EXPERIMENTAL DETAILS

The alkoxyphenyl nitrobenzoyloxy benzoates, denoted
DBnONO2, have the general chemical formula

CnH2n11O–f–OOC–f–OOC–f–NO2 ,

where f denotes the benzene ring andn is the number
of carbons in the alkyl chain. Pure DB9ONO2 exhibits the
following sequence of phase transitions on cooling
atmospheric pressure @14#: I 2~224 °C!2N2~195 °C!
2Sm-Ad82~152 °C!2Nr2~134.6 °C!2Sm-Ad2~124 °C!2Nr

2 ~121.6 °C! 2 Sm -A12~119 °C!2C̃2~100 °C!2 Sm-A2
2~96°C!2Sm-C2. The symbol I denotes the isotropic
phase, and the subscriptr denotes the reentrant nemat
phase. A binary DB8ONO21DB10ONO2 mixture with
X552.6 exhibits the same phase sequence as DB9ONO2.
Partial phase diagrams for this system adapted from R
@14# and Ref.@10# are shown in Fig. 1. Approximately 10
mg of theX552.6 mixture was placed between two 8mm
thick Mylar sheets and mounted in an oven that provide
thermal stability of60.01 K. The sample was chemical
stable over two months. A magnetic field of 0.65 T w
produced by a pair of rare-earth permanent magnets
tapered pole faces, as shown in Fig. 2. These magnets
installed inside the oven to ensure good alignment during
experiment.

The experiment was conducted using a four-circle x-
diffractometer with a copper rotating anode source and
germanium single crystals@~111! surface# as monochromato
and analyzer in a nondispersive setup. CuKa characteristic
radiation was selected and the wavelength of the incid
x-ray beam was 1.54178 Å (Ka doublet was not resolved in
this experiment!. The power of the x-ray generator was he
constant at 15 kW. A pair of slits was placed 135 mm bef
the sample to define the size of the incident beam to a
mension of 1.5 mm in horizontal and 6.0 mm in vertic
directions, respectively. The resolution of the diffractome
was ;431024 Å21 in the longitudinal direction,
;431025 Å21 in the transverse in-plane direction, an
;231022 Å21 in the direction perpendicular to the scatte
ing plane. Two Na~Tl!I scintillation detectors were used t
measure the scattered beam intensity and to monitor the
cident x-ray flux. A thin sheet of Kapton placed in the evac
ated beam line before the sample scattered a small portio
the incident radiation vertically into the monitor. The inte
sity of the scattered beam was normalized against the m
tor counts to remove any possible effects of power fluct
tions in the source. To assure high resolution in the data,
zone modeof four-circle geometry@15# was used to perform
both linear and mesh scans in the scattering plane. The s
ture and texture of the sample in the out-of-plane directi
were examined withx andf scans.

The sample was aligned by first heating to the hig
temperature nematic phase~above 200 °C! and then in the
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reentrantNr phase~T5125.9 °C! with the help of in situ
magnetic field. To improve the alignment, the sample wa
cycled through the reentrant nematic phase by changing
sample temperature between 134 °C~Sm-Ad phase! and
125.8 °C (Nr phase! three or four times. The intensity and
full peak widths at half maximum~FWHM! of the condensed
Sm-Ad peak were 38 000 per 100 000 monitor counts~or
6400 counts/sec!, D2u50.011°, andDv52.0°. Alignment
of the molecules was initially symmetric with respect to th
Qz axis (z being parallel to the director! and nearly perfect.
The minimum mosaic width of the condensed Sm-A1 Bragg
peaks wasDv51.6° measured just below theNr-Sm-A1

FIG. 1. Partial phase diagrams for DB8ONO21DB10ONO2 mix-
tures adapted from Ref.@14# ~upper panel! and Ref.@10# ~lower
panel!. The downward arrow represents theX552.6 mixture used
in the present study. TCP shows the location of a tricritical point
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transition temperature. The shape of the Sm-A1 Bragg peak
indicated excellent alignment of the sample, almost as g
as a single crystal.

III. RESULTS AND DISCUSSION

A. Uniaxial phase sequence: Sm-Ad2Nd2N12Sm-A1

Figure 3 shows the diffraction patterns in the Sm-Ad ,
Nd , N1, and Sm-A1 phases, which clearly illustrated th
competition between two collinear but incommensur
wave vectors corresponding to lengthsd15 2p/2q0 and
d5 2p/q8. The two scattering peaks at 2q0 and q8 in all
phases, either condensed or diffused, are symmetric with
spect to theQi direction defined by an external magne
field. At 126.51 °C in the Sm-Ad phase theq8 scattering was
condensed into a quasi-Bragg peak at~0, 0, 0.1365! Å21,
while the 2q0 scattering was diffuse around~0, 0, 0.2034!
Å21 with two orders of magnitude lower peak intensity,
times wider inQi and ;10 times wider inQ' directions
than those of theq8 peak. The position, intensity, and width
of both 2q0 and q8 peaks as a function of temperature a
listed in Table I. The smectic layer spacing was 46.0 Å
this temperature in the Sm-Ad phase. Ten evenly spaced is
intensity contours are plotted for each peak in Fig. 3, in
cating the nature of condensed and diffuse scatterings co
sponding to the two incommensurate density waves.

At a temperature~125.7 °C! in the Sm-A1 phase, shown
in Fig. 3~d!, the situation was reversed. Scattering at 2q0
condensed into a quasi Bragg peak, whileq8 scattering be-
came diffuse. The smectic layer spacing in the Sm-A1 phase
was 30.9 Å. The ratios of the peak intensities and the in
grated intensities forq8 to 2q0 peaks were 86 and 2, respe

FIG. 2. The sample was mounted inside the oven and alig
with an in situ magnet field. The x-ray wave vectorsKi and Ko

were defined by the incident beam and position of detector. 2u is
the scattering angle andQ is the scattering vector.Qi is the com-
ponent ofQ parallel to the long axis of the molecules defined by t
magnetic field, andQ' is the perpendicular component.
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tively ~after the correction for the Lorentz-polarization fa
tor! in the Sm-Ad phase, 1/73 and 0.45 in the Sm-A1 phase,
respectively. The drastic change of maximum intensities
2q0 and q8 peaks from Sm-Ad to Sm-A1 phases is associ
ated with the dramatic change in the Sm-Ad and Sm-A1
susceptibilities, while a small change in the ratio of int
grated intensities ofq8 to 2q0 peaks is primarily due to the
ratio of form factors.

In a narrow range of;0.8 K between the Sm-Ad and
Sm-A1 phases, the two nematic phases,Nd andN1 shown in
Figs. 3~b! and 3~c!, have been identified previously@10,11#
in agreement with the fluctuation-corrected mean-fi
theory of frustrated smectics proposed by Prost and To
@7#. The confirmation of a first-order transition between the
two uniaxial nematic phases has already been reported@10#.
Both q8 and 2q0 peaks were diffuse@Figs. 3~b! and 3~c!#
indicating the absence of quasi-long range positional ord
The two nematics differ in the nature of dominant smec
fluctuations. Sm-Ad fluctuations dominate in theNd phase
and Sm-A1 fluctuations dominate in theN1 phase. In theNd

TABLE I. The position, intensity per 100 000 monitor coun
and widths of 2q0 andq8 peaks at Sm-Ad and Sm-A1 phases.

Peak T ~°C! Q ~ Å21) DQi ~Å21) DQ' ~Å21) Intensity

q8 126.51 0,0,0.1365 0.0007 0.005 38 000
2q0 126.51 0,0,0.2034 0.0028 0.054 200
q8 125.70 0,0,0.134 0.012 0.08 422
2q0 125.70 0,0,0.2034 0.0009 0.0065 14 000

d

FIG. 3. Competing monolayer and partial bilayer fluctuations
the uniaxial Sm-Ad , Nd , N1, and Sm-A1 phases. Ten evenly
spaced iso-intensity contours are plotted for each peak.
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FIG. 4. Longitudinal~Qi) and transverse~Q') scans of the monolayer (2q0) peak in the Sm-Ad2Nd2N12Sm-A1 phase sequence. Th
transverse scans were performed at theQi peak positions observed in longitudinal scans. The data and the fits have been shifted ve
for clarity.
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phase at 126.11 °C, the susceptibility and the longitud
and transverse correlation lengths of Sm-Ad fluctuations are
more than one order of magnitude stronger than those
Sm-A1 fluctuations. On the other hand, in theN1 phase at
125.82 °C, the dominant fluctuations are due to short-ra
Sm-A1 order. The ratio of the two incommensurate leng
in this system is about 1.49 according to the positions of
q8 and 2q0 peaks in the two reentrant nematic phases.

The temperature dependence of smectic correlations
the two transitions from one of the nematics to the neighb
ing smectic phase were determined by analyzing the
shape using the empirical@13# form

S~q!5
s

11B~Qi2Q0!21CQ'
2 1DQ'

4
, ~1!

convoluted with the resolution function. Heres is the smec-
tic susceptibility,Qi the longitudinal, andQ' the transverse
component of the scattering vector.Q0 represents the pea
position along theQi axis, which could be eitherq8 or 2q0.
The coefficientsB, C, D are adjustable parameters dete
l
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mined by the correlation lengths and the type of smec
fluctuations. The value ofC is positive for uniaxial and nega
tive for biaxial fluctuations @13#. While traversing the
Sm-Ad2Nd2N12Sm-A1 phase sequence on cooling, bo
longitudinal and transverse scans of the two peaks, 2q0 and
q8, were conducted at 0.05 K intervals. Figure 4 and Fig
present the 2q0 andq8 peaks and their fits to Eq.~1!. Only
every other scan has been shown in these figures, and
scans have been vertically shifted for the sake of clarity. T
solid curves represent the best fits.

Following Martinez-Miranda, Kortan, and Birgenea
@16#, the correlation lengthsj i andj' for both uniaxial and
biaxial smectic fluctuations can be calculated from the
rameters obtained from the fits, as follows:

j i5H F B

11 1
2 C~Q'

0 !2G 1/2

, C,0

AB, C.0

~2!

and
j'55
A2D

$2C1@C214D~12 C2/2D !#1/2%1/22A2C
, C,0

F 2D

2C1~C214D !1/2G 1/2

, C.0,

~3!
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FIG. 5. Longitudinal and transverse scans of the partial bilayer~q8) peak in the Sm-Ad , Nd , N1, and Sm-A1 phases. The transvers
scans were performed at theQi peak positions observed in longitudinal scans. The data and fit curves have been shifted vertically for
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where Q'
0 is the peak position along theQ' axis. In the

uniaxial phase sequence whereQ'
0 50, the parameterC is

positive. The values of the correlation lengthsj i andj' for
the uniaxial phase sequence are summarized in Fig. 6.
first orderNd-N1 phase transition is evident from the jump
j i andj' of the Sm-A1 order and a sharp change in slopes

FIG. 6. Evolution of correlation lengths,j i and j' of partial
bilayer ~Sm-Ad , open circles! and monolayer~Sm-A1, full circles!
smectic order in the Sm-Ad , Nd , N1, and Sm-A1 phases.
he

f

j i andj' plots belonging to the Sm-Ad order at 125.97 °C.
A description of the smectic susceptibilities and short-ran
layer spacings as functions of temperature at the first o
nematic-nematic phase transition has been reported p
ously @10#.

B. Fluctuations in the Sm-A1 phase

1. Partial bilayer and antiphase fluctuations

Below theN12Sm-A1 transition temperature~125.8 °C!,
upon cooling from 125.5 °C to 124.5 °C, the condensed 2q0
peak became only slightly broader in theQ' direction due to
a mild increase in mosaicity. But the changes in the diffu
q8 peak were pronounced. Figure 7 shows the profiles of
q8 peak in both longitudinal~Qi) and transverse~Q') direc-
tions as a function of temperature. For clarity, only eve
other data set is shown. The solid curves are best fits to
data with Eq.~1!. The q8 peak position shifted nearly lin
early from 0.1357 Å21 at 125.5 °C to 0.1347 Å21 at
124.5 °C at a rate of 0.001 Å21 per K. The longitudinal
correlation lengthj i of partial bilayer Sm-Ad fluctuations
decreased at first and then remained nearly constant
value of 220 Å below 125.3 °C, as shown in Fig. 8.

The transverse scans were performed through the ce
of the peak at each temperature during cooling. The par
eter C decreased linearly and remained positive abo
124.85 °C. The transverse correlation lengthj' was nearly
constant at 19 Å in this uniaxial fluctuation region for th
partial bilayer short range order in the Sm-A1 phase. As the
temperature was lowered below 124.85 °C,C became nega-
tive and j' started to increase, indicating the onset of a
tiphase fluctuations. This pretransitional region was pre
ously identified as the Sm-A18 phase@17#. The value of the
in-plane wave vectorq'

0 was found to be 0.026 Å21 at the
Sm-A12C̃ transition at 120.49 °C, yielding a value of 242
for the antiphase modulation, which is comparable to
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FIG. 7. Growth of biaxial fluctuations in the Sm-A1 phase, as indicated by the diffuse scattering atq8. TheQ' scans were performed a
the peak positions found in longitudinal scans at different temperatures during cooling. Splitting of theq8 peak into a doublet in the
transverse direction at lower temperature is evident. The peaks have been shifted vertically for clarity.
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longitudinal correlation length, rather than the transve
correlation length, of the short-range partial bilayer~Sm-Ad-
like! order at this temperature.

2. Smectic layer undulations

The evolution of the 2q0 peak across the Sm-A12

antiphase-C̃ phase transition is shown in Fig. 9. High res
lution Qi andQ' scans with fine temperature steps were a
performed for quantitative analysis. In the middle of t
Sm-A1 phase at 125.5 °C, the condensed quasi-Bragg p
was located at~0, 0, 0.204! Å21 with a nearly resolution lim-
ited FWHM of 0.0008 Å21 in Qi and a minimum width of
0.0053 Å21 in the Q' direction. The orientational fluctua
tions increased upon cooling, which reflected a broaden
due to sample mosaicity of the peak that was accompa
by a decrease in layer spacing. AtT5120.5 °C, the mosaic
ity (Dv) of the Sm-A1 domains and the fractional laye
spacing change (DL/L) attained the values of 8° an
20.7%, respectively. When temperature was decrease
10 mK, atT5120.49 °C, two off-axis peaks appeared sy
metrically at (60.025, 0, 0.204! Å21 superimposed on
the on-axis peak with broad mosaicity. The off-axis pea
became sharp and intense without moving inq space,
and they grew at the expense of the intensity of the
axis peak, indicating coexistence and an evolution from
tilted to tilted smectic domains. The peak intensity
(20.025, 0, 0.204! Å21 was about 1.5 times higher than
(10.025, 0, 0.204! Å21, which is attributable to experimen
tal geometry. The similarity of the shapes of the off-ax
peaks inv scans led us to conclude that the layers of
antiphaseC̃ were zigzag shaped with an angle of 14°, twi
the molecular tilt of67° @18#. Figure 10 shows the evolu
tion of the 2q0 peak from the uniaxial smectic-A1 phase to
the biaxial tilted antiphaseC̃. The positions of on-axis and
off-axis peaks are indicated by squares and circles, res
e
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FIG. 8. The correlation lengths,j i and j' , and the fitting pa-
rameterC ~see text! for the q8 peak as a function of temperatur
near the uniaxial-biaxial transition of fluctuations. Near the tran
tion, the longitudinal correlation length does not change noticea
but the transverse correlation length changes from being nea
constant in the ‘‘uniaxial fluctuation’’ region to values that mon
tonically increase on cooling into the ‘‘biaxial fluctuation’’ region
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FIG. 9. Evolution of the 2q0 peak across the Sm-A1–antiphaseC̃ transition. In the Sm-A1 phase, right below theN1 phase, the peak wa
on-axis and sharp. The peak became gradually broader and moved up slightly inQi upon cooling, mainly due to the development
undulations in the smectic layers. At the transition, which occurred at 120.49 °C, the off-axis doublet appeared, indicating the set o
density modulation associated with periodic tilt of smectic layers with respect to the director, which had been fixed in theQi direction by
an external magnetic field.
lf
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tively. The vertical lines represent the full widths at ha
maximum inv scans and the gray scale of the circles a
squares represent qualitatively the intensity of the 2q0 peaks.
As the temperature decreased, the magnitude of sme
layer undulation increased and turned into tilted domains
the C̃ phase. In what follows, we discuss the details of o
the off-axis peak at (20.025, 0, 0.204! Å21, referring to it as
the 2q0 peak. The same description applies to the symme
counterpart peak at (10.025, 0, 0.204! Å21.
d
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C. The Sm-A12C̃2Sm-A22Sm-C2 sequence

Growth of the antiphase modulation is primarily illus
trated via the evolution of theq8 peak, as shown in Fig. 11
In the Sm-A1 phase, Fig. 11~a!, the diffuseq8 peak at~0, 0,
0.135! Å21 arises from the Sm-Ad phase fluctuations which
are incommensurate with the wave vector corresponding
the smectic-A1 modulation. The onset of antiphase fluctu
tions became evident as two off-axis diffuse peaks be
developing at 124.83 °C in the Sm-A1 phase@17#. This off-
cates

FIG. 10. Peak positions~circles and squares! and their full widths at half maximum~indicated by the error bars! of 2q0 scattering near

the Sm-A12C̃phase transition representingC̃ and Sm-A1 layer modulations. The gray scale of the circles and squares qualitatively indi
the intensities of quasi-Bragg and Bragg peaks.
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5582 56SHI, NOUNESIS, GARLAND, AND KUMAR
axis scattering moved to a slightly lower value ofQi and the
intensity increased as the Sm-A1-C̃ transition was ap-
proached, as shown in Fig. 11~b!. At a slightly lower tem-
perature, the incommensurate and antiphase fluctuations
came equally pronounced, a specklelike diffraction patt
consisting of sharp peaks randomly distributed over
broad diffuse ring was observed for scattering nearq8, as
shown in Fig. 11~c!. This diffraction pattern is not the x-ra
speckle pattern that normally contains information ab
fluctuations within a single domain because of the p
transverse coherence length in our setup. This pattern is
not due to the mosaic of the sample since the scattering
densed into two Bragg peaks@Fig. 11~d!# at lower tempera-
tures. A previous study@11# observed excess heat capacity
this region and attributed it to defects in polarization a
mass-density orders and energy changes associated wit
development of a long-rangeC̃ polarization modulation.
This diffraction pattern could be interpreted as being due
random phase shifts introduced by domain walls of the
tiphase modulation. Initially, the tilt domains could be a
ranged in a zigzag pattern in compliance with the antiph
modulations because the antiphase fluctuations were stro
than the orientational fluctuations. The coexisting smecticA1

FIG. 11. Onset and temperature dependence of antiphase m
lations indicated by changes in theq8 scattering.~a! In the Sm-A1

phase, the diffuseq8 peak is due to the Sm-Ad phase fluctuations
~b! The antiphase fluctuations gradually develop into off-axis d
fuse scattering atq18 and q28 . ~c! Diffuse scattering due to broa
mosaic arising from layer tilt.~d! Development of antiphase modu
lation is indicated by the condensation ofq18 andq28 peaks. Note that
only the q18 and q28 peaks are visible in the high-resolution resu
shown here. See the text for further details.
be-
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domains would then serve as domain walls between two
jacent antiphase tilted domains. The lateral size of
smectic-A1 domains could be random, which would intro
duce random phase shifts. The tilted antiphaseC̃ domains
grow at the cost of smectic-A1 domains, as indicated by th
evolution of the 2q0 peaks in Fig. 10. The on-axis pea
gradually became a weaker peak as the tilted antiphase
veloped. An important requirement for generating such
specklelike diffraction pattern is the special attachment ru
@19#, such as those which apply to the antiphase domain
metallic alloys@20#. These rules have been met in our e
periment by both the tilted and untilted domains since th
directors were aligned by an external magnetic field.

The antiphaseC̃ fully developed at 119.02 °C@Fig. 11~d!#
when theq8 peaks condensed into two pairs of Bragg pea
q18 ,q195(2q02q18) with 2q05(20.025, 0, 0.204! Å21 for
one pair andq28 ,q295(2q02q28) with 2q05(10.025, 0,
0.204! Å21 for the other. Theon-axis 2q0 peak of the
Sm-A1 phase eventually vanished. The companion peak
(2q02q18) and (2q02q28) are not seen in this figure becau
they lie outside our high-resolution experimental angu
range. Their positions were determined later with a~low
resolution! Siemens diffractometer.

Figure 12 shows the evolution of various peaks in t
antiphaseC̃ with temperature. The lines of pointsa anda8
represent changes in the position of off-axis peaks atq18 and
q195(2q02q18), respectively. The 2q0 scattering correspond
ing to this pair remained stationary. The projections of t
incommensurate wave vectorq18 parallel and perpendicula
to the smectic layer normal wereq18 cosa and Qx

5q18 sina. Here,a ~522.1°) is the angle between 2q0 and
q18 at 119.0 °C. The period of the antiphase modulation in
smectic plane was 2p/(uq18usina)5130 Å at 119 °C, and it
increased with decreasing temperature with a fixed molec
tilt angle (g57°). Theaverage domain size increased nea
linearly with temperature asq18 and q195(2q02q18) reflec-
tions tended to approach the one-dimensional lock-in p
tion at q0, indicated by the large open circle in Fig. 12. Th
period of the antiphase modulation attained a value of 23
before discontinuously jumping to infinity at th
C̃2Sm-A2 transition at 100.5 °C, as shown in the inset
Fig. 12. At the transition, positions of the peak atq18 andq19
discontinuously jump to the ‘‘on-axis’’ position indicated b
the big open square. The complementary pair atq28 andq29 ,
exhibiting a similar behavior, also jumps to the open squa

Figure 13 shows the longitudinal and transverse sc
through theq18 , q28 , andq0 peaks near theC̃-A2 transition.
At 101.1 °C, the two antiphase peaks were at (60.012, 0,
0.1085! Å21 with some diffuse scattering centered arou
~0,0,0.098! Å21. At 101.0 °C, the antiphase peaks mov
closer towards (60.010, 0, 0.1083! Å21. At temperature be-
low 100.5 °C, a single on-axis condensed peak gradually
veloped from diffuse scattering. This peak is at~0, 0, 0.1025!
Å21, commensurate with the on-axis part of the 2q0 peak at
~0, 0, 0.205! Å21. These two on-axis commensurate pea
gained intensity at the expense of the off-axis peaks, indi
ing the advent of the bilayer Sm-A2 phase. At 100.5 °C, the
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single condensed peak, located now at~0, 0, 0.1030! Å21,
coexisted with two diffuse antiphase peaks at (60.008, 0,
0.1065! Å21. At 100.3 °C the two antiphase peaks disa
peared. At the same temperature and after an equilibra
time of about 10 min,v scans of the peaks at 2q0 ~50.209
Å21) andq0 ~50.1045 Å21) were found to be identical. The
profiles of the quasi-Bragg peaks at both 2q0 and q0 con-
sisted of a strong on-axis peak and two off-axis peaks
v567°. The intensity of the off-axis peaks started to i
crease with time atT5100.3 °C, suggesting the developme
of the Sm-C2 phase. Molecular tilt in the Sm-C2 phase cal-
culated from separation of peaks inv scans increased with
decreasing temperature. The intensity of the off-axis pe
also increased with a decrease in temperature. The
reached 14° at 87.5 °C. The system eventually crystallize
87.3 °C. Since the bilayer smectic-A2 phase appeared for
very narrow temperature range and is not very stable in

FIG. 12. Temperature dependence of the off-axisq18 , q28 , q19
5(2q02q18), q295(2q02q28) peaks and the on-axis (2q0) peaks in
the antiphaseC̃. The 2q0 peaks remained stationary. The positio
of anti-phase peaks indicated by lines of pointsa andb were mea-
sured at 119.0, 116.0, 112.0, 109.0, 107.0, 105.0, 104.0, 10
102.5, 102.1, 101.4, 101.1, 101.0, and 100.5 °C. The sha
squares on lines (a8) and (b8) were obtained from a low resolutio
experiment in the same temperature range. Representative u
tainties in the values of the scattering vectors for these points
shown for one point. Theq18 and q19 peaks moved towards 2q0/2
~big open circle! but jumped to the position shown by the big op
square at the transition to the Sm-A2 phase. The vectors represe
the positions of the scattering peaks in reciprocal space
119.00 °C. The contour map is a plot of theC̃ fluctuations mea-
sured at 120.5 °C. Temperature dependence of the in-plane m
lation, Qx is shown in the inset. At temperatures just below t
transition ~dashed line in the inset!, peaks corresponding to th
antiphaseC̃ and Sm-A2 phase were observed simultaneously.
-
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ture, it could have been missed in previous calorimetric m
surement@11# or in studies of less well aligned samples.

IV. CONCLUSIONS

Using high resolution x-ray diffraction, we have explore
the smectic polymorphism and fluctuation effects in a m
ture of octyl- and decyl-oxyphenyl nitrobenzoyloxy benzoa
~DB8ONO21DB10ONO2) with 52.6 mol% of the decyl-
homolog, a concentration below that for the Sm-Ad2
N2Sm-A1 triple point. The direct observation of a nemati
nematic (Nd2N1) phase transition in the narrow nemat
estuary between the Sm-Ad and Sm-A1 phases is in accor
dance with the dislocation-loop melting theory of reentra
nematics with fluctuations taken into account. The devel
ment of lateral fluid antiphase fluctuations from the part
bilayer fluctuations in the monolayer Sm-A1 phase has been
probed and analyzed by analogy to the transition betw
Sm-A-like and Sm-C-like fluctuations using the Chen
Lubensky @13# model, and the uniaxial-biaxial fluctuatio
transition in this system was quantitatively determined. T
undulations of the smectic layers in the Sm-A1 phase and at
the onset of the tilted antiphaseC̃ were closely examined
The observation of an anomalous speckle-like diffract

.0,
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er-
re

at

u-

FIG. 13. Longitudinal and transverse scans ofq18 , q28, andq0

scattering near theC̃2Sm-A2 transition. Longitudinal scans show
were conducted at the highest peak positions shown in the tr
verse scans.~a! and~a8): the off-axis antiphase peaks.~b! and~b8):
the off-axis antiphase peaks with a single on-axis condensed pe
q0. ~c! and~c8): the condensed peak atq0 gained intensity while the
antiphase peaks became diffuse with decreasing temperature~d!
and ~d8): the off-axis antiphase peaks disappeared as the sam
entered the Sm-A2 phase.
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pattern at the onset of the tilted antiphase indicated a deli
balance of the intermolecular interaction and thermal effe
The observed zigzag arrangement ofC̃ domains also indi-
cated the delicate force balance in this incommensurate
tem. The transition between the tilted antiphaseC̃ and tilted
bilayer Sm-C2 phase was accompanied by a coexisting
layer Sm-A2 phase, which was not detected by calorimet
techniques@11#.
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