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Two experimental tests of a fluctuation-induced first-order phase transition: Intensity fluctuation
microscopy at the nematie-smecticA transition
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We have developed a new, extremely sensitive real-space techiigeresity fluctuation microscopyto
probe the order of the nematic—smedic(NA) transition. Using this technique, we show that tRé
transition in 4-n-octyl-4-cyanobiphenyl(8CB) is clearly first order, contrary to calorimetric studies but in
agreement with conclusions drawn from front-velocity measurements. We characterize the strength of the
discontinuity at the first-order transition by the dimensionless quant(Tya— T*)/T*. By precisely mea-
suringty, we have made the first detailed tests of predictions based on the Halperin-Lubengki-Ma
theory of fluctuation-induced, first-order phase transitions. First, we explore the effect of an external magnetic
field on theNA transition. Although modest fieldsf order 10 T are predicted to drive the weakly first-order
transition in pure 8CB second order, we observe no such effect; we establish instead that the lower bound on
this critical field is~30 T. Likewise, we observe no effect in mixtures of 8CB with its longer chemical
homolog 4-n-decyl-4-cyanobipheny(10CB). Second, we examine the dependenceqoés a function of
8CB-10CB mixture concentration and find that the data in mixtures with small nematic temperature range are
well-fit by the parameters derived by Anisimev al. based on calorimetric measurements. As we increase the
nematic rangéby using concentrations closer to pure 8Ctie measurety deviates more and more from the
HLM predictions. Smectic fluctuations, which are neglected in the HLM calculation, are an obvious candidate
to explain such a discrepancy, but one’s naive expectation is that they veslulde  below the HLM levels,
whereas the observed values are too large. However, a recent renormalization-group calculation concludes that
smectic fluctuations, surprisingly, should indeed increagsexplaining the observations presented here.
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I. INTRODUCTION [4]. The importance of fluctuations in soft condensed matter
makes the effect observable in the liquid-crystal system,
One of the most important advances made in our undemhile in superconductors, experiments are well-described by
standing of continuous phase transitions has been the elugihean-field theory.
dation of how thermal fluctuations modify critical exponents ~ Understanding th&l A transition has been an outstanding
from the values predicted by mean-field thefty. But ther- ~ problem in condensed-matter physics in its own righg).
mal fluctuations have another effect, one that is less-wellExperimentally, theNA transition is usually indistinguish-
understood theoretically and studied only to a limited exten@ble from second orde€i7]; however, for materials with a
experimentally: when two order parameters are simultasmall nematic range, calorlmetr_lc measurements have de-
neously present and interact with each other, the fluctuation&cted a small latent heat associated with the phase change,
of the additional order parameter may profoundly alter theVNich is interpreted as a mean-field, second-order phase
phase transition of the underlying system. In high-energ;irans't'on that is driven to first order by the coupling to a
physics, for example, such a situation occurs in the |_”ggéecond, strongly fluctuating order parameter. The second-

. : ! order parameter is associated with a nearby transition, be-
mechanisnj1,2], where the fluctuations of a scalar field can tween the isotropic and nematic phase ). As described

Q)elow, the primary order parameter in our case Ni#eorder

condensed-matter physics, over two decades ago, Halpe”Barameter is a complex numbgérwhose magnitude is pro-

Lubensky, and MaHLM) [3] predicted that fluctuations of ortional to the amplitude of density modulations in the lay-

an additional order parameter could force a system with red smectic phase and whose phase gives the origin in a

second-order phase transition to be first order. They nOteinen coordinate system. The secondeMyorder parameter,
two settings where this should occur: the normal-: : PP,

. T is a symmetric, traceless two-tens@;; =S(3n;n; — §;;)/2,
superconducting phase transition in type-1 superconductors

and the nematic—smecti&{NA) transition in liquid crystals wher«_eSde_:scribes the deg_ree of nematic ordering agives
the direction of that ordering.

In principle, a complete theory must account for thermal
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ics, Kruislaan 407, 1098 SJ Amsterdam, The Netherlands. nematic directom, and the smectié order parameter).
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sity of Pennsylvania, 209 South 33rd St., Philadelphia, PA 19104Sfluctuations but is mean field imand. de Genne§6] and

6396 McMillan [8] showed that smectic layering.e., a non-
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zero i) could increase orientation ordering from its normal cated the importance of fluctuations effects close to the LTP,
value Sto S+ 8S. The 6S-i coupling can then drive first they can barely probe the precise predictions of the HLM
order a transition that would otherwise be second order, but heory. In the present article, we shall introduce a more sen-
does so by adding a negative term to the quartic coefficiergitive experimental technique that, while consistent with the
of the Landau free energy expansion in the smeatiorder Iarger error bars of preViOUS experiments, shows clear devia-
parametexy. This term is large wheffiy  is close toT,y, so  tions from the HLM predictions. One innovation is to ex-
that reducing the width of the nematic range of one’s systen"€SS the current and previous measurements in terms of a
(e.g., by altering the concentration of a binary mixjune ~ common quantity,to=(Tya—T*)/T*, V\ihe_:re Tna is the

can drive the transition first order. ThéS- coupling equilibrium NA transition temperaturel* is the spinodal

changes the values of coefficients in the Landau free ener tmbpl)er?)ture, where th_?é ngmaltlc pthase vzou_ld lbecorr:_(: un-
expansion but does not add any new terms to the series. aple. une can measure via aimost any physical guantity

A more subtle mechanism, proposed by Halperin, Luben-by extrapolating to the temperature at which critical effects

. .~ diverge. Becausg, is positive for a first-order transition and
sky, and Ma(HLM) [3.4], '.cake_S Into accoun'f th_? coupling zero in a second-order transition, it is a useful dimensionless
betweenys and the nematic director fluctuatiod®. Here, measure of the strength of a first-order transition.

the projection of the two-parameter free energy back onto a e present two experiments:
free energy depending only ot is done by integrating out (i) We probe the effect of an external magnetic fielan
the nematic director fluctuations, assuming that the smectithe fluctuation-induced first-order discontinuity of theA
fluctuations are very slow on this time scale. The theorytransition: i.e., we measutg(H). A strong-enough magnetic
treats the nematic fluctuations in the Gaussian approximatiofield is predicted to drive th&l A transition back to second
but is mean field ing. This new coupling, although weak, order. We shall show that external-field effects are much
alters the analytic structure of the free energy, introducing inveaker than predicted by HLM.
effect a negative cubic term that ensures that the transition is (i) We repeat previous experiments on binary mixtures of
always at least weakly first order. Such a term was initially8CB and 10CB, where the nematic range varies with mixture
excluded from the free-energy expansion, whose structureoncentratiorx; i.e., we measuréq(x). Although previous
has thus been profoundly altered by the thermal fluctuationgvork found results consistent with HLM, our more precise
Experimental studies in the small-nematic-range li@it measurements show a clear deviation.
were carried out by various groufls0—15. Systematic mea- A letter describing part of this work was published earlier
surements of the latent heat as a functionTf /Ty, were  [18]. More experimental details may be found in Ref9].
possible because one can tune the nematic range by mixing The plan of the article is as follows: In Sec. Il, we sum-
two almost-similar liquid crystals with slightly different ali- marize the effect of an external field on the HLM mechanism
phatic chain lengths. In the de Gennes—McMillan theory[20]. In Sec. lll, we describe and characterize a new high-
(i.e., taking only thesS-¢ coupling into account the latent  resolution real-space method, intensity fluctuation micros-
heat should vary linearly withx=x—x*, for small 5x,  copy (IFM), which we developed for this study. In Sec. IV,
wherex is the mixture concentration and is the concen- Wwe use IFM to measure the discontinuttyat theNA tran-
tration where the latent heat vanishes and is thus, in th&ition in 8CB and 8CB—10CB mixtures and in the presence
context of this Landau theory, a tricritical point. By conven- of an external magnetic field. Finally in Sec. V, we summa-
tion, x* is known as the Landau tricritical poifitTP). Bris-  rize our results and present directions for future work.
bin et al. [10] and Thoeret al. [11] showed that this is true
well abovex*. Reanalyzing datfl3] from mixtures of two
cyanobiphenyl liquid crystals in a homologous series, 8CBIl. THE “HALPERIN-LUBENSKY-MA” EFFECT IN THE
and 10CB, Anisimowet al. [14] showed that the latent heat PRESENCE OF AN EXTERNAL FIELD
did not go to zero at the LTP but crossed over nonlinearly to
a measurable, nonzero value. This indicated that something
other thansS-¢ coupling was also important, and Anisimov ~ Here, we briefly sketch the results of the HLM calcula-
et al. showed that the experimental results were at least cortion. For a more thorough discussion, see, for example, the
sistent with the HLM predictions. Tamblyet al. [16,17] book by de Gennes and Pr¢6f. The smectic order param-
demonstrated a similar dependence via capillary lefrgtiio ~ eter may be defined as the first coefficient in the Fourier
of the surface tension to the latent heateasurements on expansion of the periodic density fluctuations,
8CB—-10CB mixtures. .
In addition, Cladiset al. introduced a different technique p(2)=pol 1+ Re(ye??)], @
for studying weakly first-order transitions. They measured
the propagation speed of MA front after a step jump in _
temperature. The velocity was a linear function of the temWhere the amplitude of the complex number W€ ®, with
perature jumpAT. For second-order transitions, the front 'V the magnitude of density fluctuations addtheir phase.
propagation speed should be proportionaAf6“2 This re-  Because the phase origin is arbitrary, the free energy must be
sult implied that theNA transition was first order for all ~a function of|y| alone.
8CB—-10CB mixtures, including pure 8CB. Assuming thah fluctuates about theaxis, one can write
Although these previous experiments have clearly indithe free energy as6]

A. Review of the zero-field calculation
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whereén, =(dn,,dny,0). Weassume that close to the tran-
sition,r’ is of the forma’(T—T,)/ Ty, wherea' is tempera-
ture independent. Alsayp=2m/d is proportional to the re-
ciprocal of the smectic layer spacin Cj andC, set the In the zero-field case, massless nematic director fluctua-
rigidity” of smectic fluctuations, and the Frank constants (jons by coupling to the smectic order parameter, induce a
Ky, Ky, andK; are the splay, twist, and bend elastic con-first_order transition. Adding a magnetior electrig field
stants for nematic fluctuations. To simplify slightly the freée 544s mass to these director fluctuations, thus suppressing
energy, we will at different times consider either the limit of their effect. When the magnetic field is strong enough, direc-
equal elastic constanksor the somewhat more realistic limit o fiyctuations can be ignored, and we get XN-type
thatK; andKs are much larger thaKl“- o second-order transition. The length scale over which nematic
The idea of HLM was that in the “type-I" limit(which, st and bend distortions are expelled by the smectic phase
physically, corresponds to small nematic rangee nematic s the penetration length, which, in a mean-field calculation

fluctuations are stronger than the smectic ones and may Q‘énd in the one-constant approximatisp=K,=Ks=K) is
integrated out, yielding an effective free energy of the formgiven by

FIG. 1. Reduced temperatutg=(Tya— T*)/Tna as a function
of the scaled magnetic field.

1 1 1 1 K\ 12
a9 = 312+ SwlulP+Julul*+ SEll°, @) r=[ ) aote %

where the coefficients andu (and @) have been renormal-  Adding a field introduces a new length, the magnetic coher-

ized and where there is a qualitatively new term|y°,  ence length, which is a measure of the distance over which

whose coefficient twist, bend, or splay excitations decay in the nematic phase.
In our notation, the magnetic coherence length is given by

(4)

wo_keTClag(1 1
™ 4K§/2 Kz Ky/’

Xa

—. (8)

K 1/21
H

§(H)=

valid in the limit K;—0. Because of the cubic term, the
transition is first order. Because is small, the first-order
discontinuity is weak. The size of the discontinuity is then

As long asé(H)>\, the nature of the nematic-smectic in-
terface remains unmodified. On the other hand, wéth)

=<\, nematic fluctuations are sufficiently suppressed in both
2 W2 the nematic and smectic phases, and play no role at the tran-
(5)  sition. Arough estimate of magnetic fielitl, needed to reach

the tricritical point can be obtained by settiggH.)=A\. In
reality, the different values foK,, K,, andK; give rise to
different penetration depths and magnetic coherence lengths

any symmetry, since it involves only the magnitudeaf ¢ the hend and the twist modes. A more careful calculation
The original expansion, Eq2), does not contain such terms gives

because they would violate the analyticity assumed in an

=g wu’

The presence of thigs|® term in Eq.(3) does not violate

expansion. However, nothing prevents such terms from being 9 « C,q2]¥2 b
present in areffectivefree energy, derived by integration Ho=|z — — (1__) Jto=HoVio, (9)
over fluctuation terms in the original expansion. 8U Xa 2

whereH, is a scale field that depends on known material

B. Effect of an applied magnetic field parameters andh=K,/(K,+Ks). For 8CB, Hy~3500 T.
Adding a magnetic fieldd along thez axis leads to an Using the experimental valug~ 10°° (see Sec. IV, we
additional term in the free energy, find a critical field ofH.~10—15 T. Further analysis of the

L field effects show that the initial decrease tig{H)x|H|,
Ho_ 3T 2002 where the nonanalytic cusp ldt=0 again reflects the altered
Fha FNA+J d ) XaH"on: . © analytical form of the effective free energsee Fig. 1
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lll. REAL-SPACE MICROSCOPY OF NEMATIC for unidirectional planar anchoring. Two methods of anchor-
DIRECTOR FLUCTUATIONS ing were used successfully: one involved oblique-angle SiO
evaporation, the other unidirectional rubbing of a polyimide
layer coated onto the glass substrate. The glass slides were 1
mm thick microscope slides or 2 mm thick ITO-coated

couples to a “gauge field{vector potential for the supercon- ilédgs’ all clust toa 5'1256 OfElSTTmT.( 15dmm. Thle CUbe§ weLe
ductor, director for the smectié) whose fluctuations di- +2-/ MM<15 mmx15 mm. The liquid crystal occupies the

verge at long wavelengths. Measuring director fluctuations atPace between the slides or cubes, whose thickness was set
long length scales should then be a very sensitive probe gind parallelism measured interferometrically to be constant
fluctuation effects at thBl A transition. Light scattering is the to within 0.5 um across the extent of the sample. Typical
traditional tool for probing fluctuation effects; however, at sample thicknesses ranged from 7.5 to30.
long length scalegsmall q), the scattered light is concen-  We used the liquid-crystal "4n-octyl-4-cyanobiphenyl
trated in small angles with respect to the forward beam and8CB) and its slightly longer homolog ’‘4n-decyl-
requires care to separate it from the unscattered light. By-cyanobipheny(10CB) [23]. Each of these is a well-studied
contrast, in real space, it is easy to probe long length scalematerial, with the relevant material parameters already
(In practice, the sample thickness acts as a long-scale gutoffknown; in addition, the binary phase diagram has been pre-
The idea then is to measure, in real space, the director flugsiously measurefi13]. Above a 10CB concentration of about
tuations as the temperature is lowered towards the smactic-x=0.6 mol%, there is only a smecti&—isotropic transition;
phase. In the smecti&-phase, twist and bend fluctuations below this triple point, one finds a nematic phase, whose
are “expelled,” while splay fluctuations correspond to layer coexistence range increases as one decreases the concentra-
bending and are allowed. One therefore expects that longion x of 10CB.
wavelength director fluctuations should be significantly re- Because the main contaminai®t1—0.2 mol% is water,
duced in the smectié-phase. For a first-ord@A transition,  we purified each liquid crystal in a hot stage whose tempera-
there should be a discontinuity in the fluctuations at the tranture was set slightly above th#l transition and whose pres-
sition. sure was maintained at 50 mtorr. The more volatile water
To visualize director fluctuations, we note that all macro-vapor is pumped away, and the bubbling subsides after about
scopic quantities in the nematic phase, including the refracis min.
tive index, are tensorial quantities that share the symmetry of
the nematic order parameter. Thus an undistorted uniaxial C. Setup
nematic is uniaxially birefringent, and a unidirectional, o . .
planar-anchored nematic behaves as a waveplate, with optic 1€ Setup used a home-built microscope with a working
axis along the average director orientation. When this liquigdistance=5 cm. The illumination for the microscope was
crystal waveplate is placed between crossed polarizers arfRfovided by a xenon flashlani@4], which was coupled by a
light is passed through it, the director fluctuations give rise tgn€ter-long optical fiber. The glass fiber absorbs infrared ra-
local fluctuations of the average intensity. For incident lightdiation that might perturb the liquid-crystal temperature; in

parallel to the optic axis, the intensity varies as a function of2ddition, the multimode fiber scrambles the azimuthal struc-
the angled between polarizer and optical axis as ture of the xenon source, leading to a more homogeneous

illumination field [25]. Images of the planar-anchored nem-

A. Motivation

In the HLM theory, the order parameter of the low-
temperature phasde.g., superconductor or smechg-

1(6)=1qsir? 26 sir(yL/2), (10)  atic sample were taken between crossed polarizers by a 12-
) . ) . bit digital CCD camerd26].
where 1o is the transmitted intensity ap=0 and vy The sample was temperature controlled in a home-built

=2m(An)/\ is the mean phase retardation or length pro-gradient hot stage. The hot-stage was designed to control
duced by the birefringencAn=n, —n; of the nematic as jndependently the temperature of the top and bottom of the
light crosses the sample thickndssHere,n, | are the indi-  sample and thus impose a variable gradient across the
ces of refraction for light polarized perpendicular and paral-samp|e_ The sample plane was vertical in the laboratory
lel to the local director orientation. Neat=m/8,1(6) is  frame of reference. The high thermal mass of the copper
linear, and intensity fluctuations are linearly related to direchjocks in the sample holder enhanced the short-time stability,
tor fluctuations. Of course, the above discussion ignores outyhile rms fluctuations in temperature over long times
of-plane fluctuations and assumes the illumination to be Pert~1 h) were roughly 0.15 mK, they were less than 0.05 mK
fectly normal to the sample plane. In Appendix A, we gyer the durationa few secondsof a measurement. Each
describe the optics of the fluctuating nematic in more detailcontrol loop used its own separate Peltier element. The far
We reported earlier on a preliminary version of this tech-side of each was thermally linked to a waterbath whose tem-
nique [21]. A similar method was independently developedperature control was stable to 10 nfR7]. The Peltier ele-
by Galerneet al. to make quantitative elastic-constant mea-ments then provided fine regulation by pumping heat to and
surement§22]. from the sample. The Peltier current was provided by a
computer-controlled power supp[28], whose output was
updated once per second according to a proportional-
Samples were prepared between glass slides or glagstegral-derivative(PID) algorithm whose input was pro-
cubes. The surfaces bounding the liquid crystal were treatedided by a voltage measured across a Wheatstone bridge that

B. Sample preparation
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was itself kept in a box regulated tb100 mK. The bridges | ! . ! !
were powered by silver-oxide batteries to reduce externalg 25 ! 4 nematic
noise. Two arms of each bridge were fixed resistances; for Ssh";f_ﬁt(')?se
the other two, one was a fixed resistor in series with a tun-2 20

able potentiometer, while the other was a 2@D{platinum q;’
RTD sensor, which was thermally as close as possible to the2 15
sample. Temperature differences across the sample field ¢g 10

view could be varied from 20 mK to about 500 mK without 8
changing the water-bath control temperatures. g 5
D. Calibration of temperature gradient 0 |= i i i
In general, we imposed a small temperature gradient in 02 01 ®/°<> 01 02

the plane of the sample. The gradient was aligned so that it
lay along an image row. We then measured fluctuations by FIG. 2. Probability distribution functions in the nematic and
averaging over each pixel column, along the isotherm. TheamecticA phases, and in a blank field. Solid lines are fits to Gaus-
advantage of this trick is that small temperature gradientsians. Image is 640480 pixels.
mean that each column corresponds to a small temperature
range (10 to 10QwK). We then have an easy way of “scan-  The probability distribution of fluctuating intensities is a
ning” the temperature, simply by processing the data fromGaussian whose mean is, by construction, close to zero see
each column separately. Also, as we shall see below, havindrig. 2). Its variance is
data that crosses thA transition allows us to fix the phase-
transition temperature much better. 2:<5| 2y —(681)2, (11

To calibrate this temperature gradient, we increased by a
common amount the set point of both control loops and obyhere 51 (x,y)=1,(x,y) —1,(x,y) is the difference of the

served the proportional shift of the interface. The plot of theyy o images and where the variance is calculated over the set
interface position varied linearly with temperature, implying of pixels in the difference image that are at the same tem-
that the temperature gradient is linear, too. Typical gradientgerature. Ideally{51)=0, but, in practice, small variations
ranged from 0.1 to 1 K/cm and were sufficiently uniform thatin the flashlamp intensity, etc., led to(harely detectable

the image of the interface on the CCD was flat. mean in the difference image. Figure 2 shows the distribution
of fluctuation intensities in the nematic and smedtic-
E. Characterization of IFM phases, as well as in a blank figldith no sample, and the
] R polarizers uncrossgdvhere the primary contribution to the

1. The variances, and ¢ fluctuation signal comes from the photon shot noise. This

The main step in IFM is to estimate the variance of inten-noise is unavoidable as it comes simply from random count-
sity fluctuations on the length scale of a CCD pixel. Considefnd Statistics of the photons that impinge on each CCD pixel.
two images of the fluctuating planar nematic. If the exposurdn the nematic, where the director fluctuations are a soft
time is less than the characteristic time of fluctuations on anode,( is large and decreases as the temperature is reduced.

length scale set by one pixel, then each image can be comn the smecticA phase,{ is not noticeably higher than the
sidered a “snapshot” of the fluctuations. In our case, thengjse level. The variance of the shot noise is Poissonian,

xenon flashlamp gave an effec_tive exposure t_ime of abo'“g‘s,\,oclo, while the nematic intensity fluctuations scaled és
10 us, much faster than fluctuations on thexin pixel scale wherel,, is the incident light intensity29]

(about!®y o /K~1 ms, wherel~1 um is the length scale The raw variance in the smecti-is indistinguishable

&fwalglxﬁelc,i Yrot~0.1 P |s|the V|3905|t|y OT the nem?ftmr,] and fom the shot-noise background. This is a bit surprising at
NI yn is a typical nematic elastic constanlf the first, because the splay elastic constant in the nematic does
time interval between the two pictures is longer than the, diverge at theNA transition. The smectic bend mode
longest relaxation time scale, then the fluctuations in eac hich corresponds to the nemétic splay mpoiethe nem-
snapshot will be independen(This time scale is roughly atic should then still contribute to the fluctuations; however,

2 — . . .
L yr"‘/Kle.S’ Wr?erg_l]:f s the Sbample thlr(]:kness,- typically the unidirectional planar anchoring in thin samples tends to
30 m). Taking the difference between the two images re,,nreqq the splay mode, making this technique more sensi-
moves any illumination variations and nonuniformities and

) X " “tive to the twist and bend modes, especially for thinner
constant offsets in the CCD response, leaving fluctuatlongamples_
whose mean is very close to zero. Because each individual
pixel is in effect an independent measurement, we can con-
struct an “ensemble average” over the 1.3 million pixels in
the difference image. Averaging over pixels rather than time In order to separate the shot noise from the director fluc-
minimizes temperature drifts during the measurement, whichuations, which both obey approximately Gaussian distribu-

is crucial here. tions of zero mean, we use their different dependencies on

2. Dependence of on the incident light intensity
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intensity. The variance of shot noise is linear in the intensity, (a)

while that due to the liquid-crystal contribution is expected 2000 , , , , , —

to be quadratic. . o Nematic(T @Tys+1°C) 2
When the relation between the angular fluctuations and o Blank Field

the intensity fluctuations is linear, one need not indepen-

dently measure the incident light intensity, as it is propor-

tional to the average transmitted intensity. The average light

intensity can be estimated by the average over the twc =

frames captured, for each pixel: i.el(x,y)=2[1;(x.y) =

+1,(x,y)]. This average can of course be improved by col- ~~ 500

lecting more images, at the expense of greater susceptibility

to temperature drifts. Because any illumination variance is 0 L L !

long wavelength, one can construct an average from just twc 0 500 1000 1500 2000 2500 3000

images by further averaging spatially overl0X 10 pixels. Mean Intensity

This was found to be necessary only when the illumination

intensity variation across the field-of-view was larger than (b)

10%. When well aligned, our optical system gave a 7—10%

—
a
o
o
T

w) Variance
>
o
o
I

intensity variation, mostly along the radial direction. 1.0x10 2 i ' ' ' ' ' -
The shot-noise background is calibrated using a blank

field, with no liquid-crystal sample. The angle between the 5 0.8 .
polarizer and analyzer is varied to set the transmitted light &

intensity. In Fig. 3, we show the variance of nematic and § 06 .
blank-field data as a function of the average transmitted in- £

tensity. The blank-field data in Fig.(@ is well fit by a o 04 T
straight line with a nonzero intercept for most of the range of — i |
intensities. The intercept of the blank-field curve places the ’ iiainit
zero-light offset at 63.% 0.1 gray levels. This offset includes 00k . | , | , .
dark noise(negligible and read noisél.8 gray Ievel}; 0 500 1000 1500 2000 2500 3000

When the liquid-crystal sample is added, the variance is
fit well by a quadratic function. Note that the fit showmist
a best fit to three free parametéconstant, linear, and qua- FIG. 3. (a) The variance of the shot noide, as a function of
dratic coefficientsbut rather is a fit with the offset and linear e mean intensity!) is linear, with a slope of 0.1110.003. The
term held at the shot-noise values. Thasv signal variance yeciprocal of the slope gives the camera’s sensitivity, 2D
has in it a shot-noise contribution as well. Since the signapnotoelectrons/gray level. The variance of the sidiab curve in
variance and shot-noise variance are statistically indepena)] is quadratic.(b) The normalized variancé is independent of
dent, and since both distributions are Gaussian, we may sulean intensity for intermediate and high light levels. See text.
tract /sy from ¢ to isolate the signal variance. Because the
signal variance increases quadratically and the shot-noise liffaxima and minima =0, w/4, m/2,...) should be
ear|y with average intensity' the Signa|-to-noise ratio in-minima for the ﬂUCtuationS; they should be Iargest where the

creases linearly with average intensity. The normalized varimean intensity variation with angle is lineérear 6= /8,

Mean Intensity

ance etc). Here, we are implicitly approximating the optics of the
nematic to be a fluctuating waveplate, where in-plane fluc-
Z_ZSN tuations dominate while out-of-plane fluctuations are higher
= (12 order and are ignored. In this highly simplified approxima-
()= Tosed tion, the fluctuation variancénot normalized by the inten-
is then independent of the incident light intensity, as shownS'ty)
in Fig. 3(b). For lower light levels, the denominator in this Td(1y12
expression becomes small, giving rise to systematic errors in [W xsir? 44, (13

determining¢. In our measurements of for the NA transi-

tion, we use{, measured with sufficient intensity, as our where(I)ocsir? 26 is the mean intensity and is the angle
measure of the nematic fluctuations. between the sample optic axis and one of the polarizers.
Figure 4a) shows that the mean intensity follows the ex-

pected form; however, we do not obseresir? 46. An ad-

In the previous section, the incident light was polarized atitional sirf 26 term is requiredFig. 4(b)]. Intuitively, such
6= m/8 with respect to the director, and we assumed that term can arise from out-of-plane fluctuations, which should
there was a linear relation between angular fluctuations ofollow the same angle dependence as the mean intensity.
the director and the corresponding intensity fluctuations. IrHowever, because the intensity varies quadratically with out-
this linear approximation, one expects that the intensityof-plane fluctuations, one would expect such a term to be

3. Dependence of on the incident light polarization angle
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FIG. 4. Mean intensity and variance as a functioofa) Mean
Intensity is fit toa, sir? 26, with a;=158.6+0.8. (b) Raw Variance
(shot-noise subtractedis fit to a,sirf46+b,sin?26, with
a,=1.58+0.05 andb,=1.91+0.05.

Thickness (um)

small (second order In Appendix A, we argue that the con- Fpagert Spacer2

tribution of out-of-plane fluctuations is higher than one £ 5 The thickness dependence of the mean intensity and the
might expect because the microscope collects rays thaformalized fluctuations in the wedge sampi@. Mean intensity,
propagate at an angle with respect to the optical axis. normalized to the saturation value of the CC) Normalized
fluctuations.
4. Dependence of on the sample thickness
ore tol (x,y). These variations can be mostly eliminated by

aking a difference image. Our samples then had thicknesses
ranging fromL=7.5 to 30um, over which there was no
aystematic variation iy with sample thickness, Sec. IV B.

The thickness of the liquid-crystal sample also introduce
nonideal optical effects in the data. To explore these, w
prepared a wedge sample with wire spacers 12.5 andrb0
thick. We then analyze the variance and mean intensity alon
strips of equal thickness, in effect scanning as a function of
thickness. We inserted an interference filtek <546
+5 nm) to have quasimonochromatic light. Ordinarily, our ~ One might wonder whether the applied temperature gra-
observations were in white light to maximize the intensitydient affects the measurements tgf Experimentally, the
and to minimize the kinds of birefringence effects discussedradients we applied ranged from 0.1 to 1 K/cm, and we saw
here. no systematic variation of, with gradient. We also con-

Both the mean intensity and normalized fluctuatidRig.  ducted a number of constant-temperature measurements,
5) oscillated with thickness. Successive maxima are spacedhich agreed with the values extracted in a gradient. Indeed,
by a distance corresponding to a thickness variation ofrevious “constant-temperature” experiments have had un-
AL=4.4 um. From Eq.(10), we expect(I(L))=sir?yL/2,  controlled gradients=0.1 K/cm.
which impliesAL=\/An, whereAn is the nematic birefrin- We argue that all of this is not surprising; in a first-order
gence. We finddn=0.12+0.01, which is close to the value phase transitiofunlike a second-order opehere are natural
An=~0.14 expected from independent measurements of theemperature and length scales associated with the transition,
refractive indices in 8CB by Karat and Madhusud#§B8].  given by Tya—T* and by the maximum correlation length
The oscillations decrease with thickness, suggesting thaf, (that is, evaluated aty,). Their ratio defines a natural
multiple-scattering effects are important for thicker sampleggradient scaleG*. For smaller gradients, the adiabatic ap-
and implying that the sample thickness should be kept mucproximation we use is justified; larger gradients would tend
less than 5Qum. to suppress the first-order discontinuity. For 8CB, we mea-

To choose an optimal sample thickness, one must balancire Tya— T* =3.7 mK (see below and from[31], one es-
opposing constraints. Minimizing multiple scattering favorstimates that affy,, £,=0.065um perpendicular to the di-
thinner samples. Thinner samples also minimize the effectsector and 0.8%um parallel to the director. Since we used a
of any stray vertical temperature gradients. On the othegeometry where the director was perpendicular to the tem-
hand, below about 2@em, surface defects will begin to be perature gradient, the first length is the relevant one, giving
imaged, and their static variation will contribute more andG* =570 K/cm. (The other geometry would giveG*

5. Dependence of on the temperature gradient
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@ 1 phase transition is located &f 5, which will be determined
g g by fitting, as described below. In Fig. 6, theaxis is T
3 0 b . . .
@ —Tna- We will see below that we can fit for the location of
T .1x10° Tya In the interfacial region.
SmecticA Nematic (3) Interface: We postulate that the linear region about the
5 | RS transition temperature is the result of an unwanted vertical
exiol ™ = _ o 7 temperature differencAT, across the sample thickness. We
i can model the smearing produced by this temperature differ-
6 — ence by convolving our model function f@rwith a kernel
that mimics the averaging that occurs when one looks
g sl i through regions of different temperature:
Power-layv Fit -
2 e e {meadT)= f Lmoge THK(T=THdT', (15
temperature gradient
O ! ! ] where the kerneK(T—T’) is given by
5 4 0 5 10 15
T 1T, (mK) Loy Al AT
- I f— f—
NA K(T-T")={ AT, 2 2 (18
FIG. 6. The fluctuations in the nematic, fit between points A and 0 otherwise.

B by a power law with exponerﬁ=0.5. The extrapolated diver-

gence temperatur@pinodal pointis T*, while the actual transition 7 (T') is given by Eq.(14) for T'>Tya and {, other-

occurs atTy,s. We also show the fit and residuals to a power law yise.

convolved with a kernel corresponding to a vertical temperature  Some important points are well worth noting here. First,

gradient. Data averaged from 16 images of a pure 8CB samplgnere js an abrupt change in fluctuations ath%transition,

L=7.5um andG=0.17+0.01 K/em. quantified by the difference between the transition tempera-
ture and the spinodal temperatufg,—T* =3.7+20.4 mK

=42 K/cm) The actual gradients we applied were two t0[32]. We can characterize this discontinuity by the dimen-

three orders of magnitude smaller than these. sionless measure
) } Taa—T*
IV. REAL-SPACE MAGNETIC-FIELD STUDIES IN PURE to= NA —12+01X10°5. (17)
8CB AND 8CB-10CB MIXTURES Tna

Here, we describe our main experimental results. We firs]i_h i ture diff th le thick
look at a sample of pure 8CB, in order to establish the tech- € temperature |_ererlf:e across the sample thickness was
nigue. We show that the transition is indeed first Ordercalculated to be&TZ._l'Z_O'l mK. . o
(t,>0) and test the dependence of our measurements an Se(_:ond, one notices that the convolution curve fit is sys-
sample thickness. We then study the effects of an applie&em""tICaIIy off from the data over a small_temperatqre range
magnetic field ort, and measure, in various 8CB—10CB "¢ the crossover from the nematic section to the interfacial

section (around T—Tya~1.4 mK). The “rounding” ob-

mixtures. served here in the dataee Fig. 6 could be due either to a
rounded interfacémeniscug or to a nonlinearity in the ver-
A. Fluctuations in 8CB tical temperature gradient.

Once we have calibrated the position of i@ interface Finally, we note that the value we obtain for the exponent
against temperature, we calculdter) individually for each v is consistent with that expectd®1,10,33 for the bend
isothermal strip parallel to the interfa¢Egig. 6). exponentpz=— vyaralei= —0.51 (We expect{=1/K: see

There are three distinct sections to the graph: Appendix A), but not with the twist exponent, = (vparaiiel

(1) Smectic: Here¢=1+2x10 5, and the smectic fluc- —2vperp) = —0.35. Since we have not carried out the more
tuation level is flat and indistinguishable from the noise.  general calculation fof with differentK’s but merely for the

(2) Nematic: The data here fit a power law of the form single-constant approximation, we do not know the depen-
dence of{ on Ky, K5, andKj. Moreover, while our confi-

{ota(T-T%)" (14 dence levels inv will allow distinguishing between 3DXY
and tricritical exponents, they are not good enough to distin-
with  {p=0.1+1.0x107°% a=2.10+0.01x10"°, T*=3.7  guish more subtle effects of anisotropy and the extent of
+0.4 mK, andv=0.50+0.05. The fit was done over the crossover(The main reason is that we do not measure the
largest temperature range that still kept the residualgtbpt  fluctuations over a large enough range in reduced tempera-
curve in Fig. 6. T*, the divergence point of the power law, ture. Such measurements are not needed for an accurate de-
is identified with the spinodal temperature, while the actuatermination ofty, our main goa).
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6x10° T T T T T T perfectly aligned, giving rise to a director twist through the
sample, the effects of which become more and more impor-
5 tant as the sample thickness decreases. The twist imposed
" would vary from sample to sample, but its effect can be
explored systematically in the wedge sample discussed
t0 3 above. If we assume that boundary conditions at the plates
impose a twist, then the situation is analogous to a
2 3 cholesteric—smectié- transition, which is always first order.
S T A R =l The discontinuity at a cholesteric—smedcfictransition is
[34]
0Ll i | 1 | S
0 10 20 30 40 50 2K,u
Thickness (um) to= 7%5'4%» (18)

FIG. 7. The first-order discontinuityy is roughly constant for
thick samples I(=7.5, 30, and 5Qum) but increases for the thin
sample 0.5um<L<2.5 um. The data are fit to the form,+k/L.

where u=|up|(x—x*) and a=r/t are the quartic and the
temperature-independent part of the quadratic Landau coef-
ficients, respectively, and whetg has units of length. An

imposed twist of A@ corresponds to a cholesteric pitch
In general, we found that our measurements for 8CB ha@;oerlL. Adding the “intrinsic” discontinuityt., that ex-

roughly 10% statistical error but had a sample-to-sample;s iy the absence of twist. we thus expect
variation as high as 25%. This compares favorably with Cla- ’

dis’s technique, which had errors of about 50% for pure 8CB Adl,
[15]. For both techniques, the errors were smaller for 8CB— tog=twt I
10CB mixtures, where thg, discontinuity was larger.

(19

The fit to the wedge-sample data in Fig. 7 giies=1.2
B. The effect of varying sample thickness +£0.4x10°, well within the systematic errors for samples

o ) _with thickness ranging from 7.am to 50 um. The second
To try to understand the origins of the systematic varia-gefficient givesA §l,=1.8+=0.4x 10°5 um. Using K,~2
tions we measured ity, we examined the effect of varying 156 dyne, u/ a?~10"8 cm?/dyne we estimate

the sample thickness. On a more fundamental level, w?t~1_4 nm and, hence, a plate misalignmeh®~0.7°
wished to explore whether an anchoring field could, in prin- 0.2, which is reasonable given the way we assembled the
ciple, play a role similar to a magnetic field in suppressingsample_

nematic director fluctuations. The magnetic field sets a .o, 4 practical point of view, with respect to studying
length scale, the magnetic coherence lergih We expect e i M transition, we conclude that one should study

to see magnetic-field effects whép~\, whereh is a pen- g3 mpjes thicker than about/sm and that one must take care
etration Ie_ngth. Similarly, we expec'.[ to see some suppressiop, align the anchoring directions of the two glass plates.

of fluctuations when the sample thickndss:h. _In conclusion, our measurementstgfare not affected by

_ There are, however, complications: First, the magnetiGng finite sample thickness or by any plate misalignment.
field is a clean bulk effect, while the anchoring field is stron-\yhiie the origin of the systematic variations gnthat moti-

ger at the surface and is thus intrinsically nonuniform. Secy,ataq the thickness study remain unclear, a likely candidate

ond, because the expected critical field is small, the magnetige ncontrolled temperature gradients. Our model of a uni-
field has a weaker effect on smectic fluctuations than o

Rorm vertical gradient is probably too crude, and improve-

nematic director fluctuations. The anchoring field suppressegents to our apparatus that diminish these gradients will
the smectic fluctuations to the same order, and is thus I'kegﬁerhaps reduce this source of error.

to be a less sensitive test of the HLM effect. Finally, as on
goes to thinner samples, finite-size effects should round off
the transition, whether first order or second order and convert
it to a crossover. It is not clear whether this effect would in  Magnetic-field effects at the transition were probed by
principle be separable from the effect on the nematic directoplacing the entire experimental apparatus between the poles
fluctuations. of a transverse magnet. Initial runs were done at 1.5 T, but
We explored thickness effects by preparing a wedgethe magnet was unable to provide such fields for long times
shaped sample, where the thicknéswvaried slowly from  without damage to the power supply. Later runs were limited
about 0.5 to 2.5um. We also compiled measurements forto 1.2 T. Contrary to expectations, we saw no suppression of
constant-thickness samples with=7.5, 30, and 5Qum. We  the fluctuations within 50 mK of the transition point and
found that whilet, was roughly constant for samples 7uin ~ hence no shift iriy. The zero field and 1.2 T data sets shown
thick or greater, it increased sharply for thinner samplesn Fig. 8 superpose within statistical errors.
(Fig. 7). This null measurement implies a lower bound on the criti-
One possible explanation for the increasdgris that the  cal field H.. Using the relation fottoy(H) for small H, we
anchoring directions imposed by the two glass plates are ndtave

C. Magnetic-field measurements
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FIG. 8. Effect of magnetic field on 8CB critical behavior. Black ¢ ad rem— : 7]
data: 0 T. Gray data: 1.2 T. The ddfeom a single difference image 20—~ 7
with no averaging are fit to the exponent=0.5 (gray fit line). 10~ 7
L=30 um andG=0.59+0.02 K/cm. 0
=10 1 L 1 1 1 L 1 L H
(] 0.4 0.8 1.2 1.6
mHt, (2.17+0.0DHt, 2 2
= = ~21.7x15T,=33T. H” (Tesla®)
¢ to—to(H) to—to(H)
(20)
6x10° 1 T T T T T L
Here, we have useH,,,=1.5 T, and[ty—to(H)]/tg=0.1, 5| {
since we would be able to observe a 10% changdg.imhus, sk
. . ., -2
the experimentally determined lower bound on the crltlcaIgH Tk
field is two to three times the prediction based on the HLM
mechanism. 2 power-law fitto v=0.5
One might worry whether a null effect is not due to a 1 )
problem in the experimental technique itself; however, deep 1 | | . | | s

in the nematic, we do see a field-induced suppression of the 0 1 2 3 4 5 6
fluctuations. Plotting vs H [see Fig. @a)], we find that this
depression is consistent with a quadratic dependence on th_ T- TNA (K)
field =¢,—gyH?. The temperature dependence of the co-
efficientgy is shown in Fig. %). The reduction in the field T-T,—4°C and(b) at 6.2, 5.0, 3.8, 2.6, 1.5, 0.7, 0.3, and
effect nearTy, results from the divergence of the twist and 70.1N°AC (top to bottor. (c) .Fi’eld.-s’upp.)n,ass.ioh c.oéﬁi(;iélgh. near
bend elastic constants at the transition. Since the magnetjf. \a transition.

coherence lengt,, = (K/x,)?1/H, one reasonably expects

the field dependence to be a function &f; i.e., thatgy  quantitatively the results of different techniques. In our case,
«1/Kee(T—Tya)”. The data are consistent with=0.5, the  an additional advantage is that in practice, tpimeasure-
exponent used to fi. ments are limited to samples with very small discontinuities.
We repeated the field measurements on a mixture oEombining our measurements with others allows a larger
8CB-10CB, with concentration chosen to be close to theange ofty variation to be explored(The limitation arises
Landau tricritical point(LTP). Although the zero-field, is  from the need to use a temperature gradient in order to have
higher, the HLM calculation is on firmer ground at the LTP; enough points to measure the discontinuity accurately.
thus, one might hope that the critical field is closer to the We have already measured the fluctuations in pure 8CB
HLM prediction. But once again, we observed no effect. Asand in a mixture of concentratior=0.41 mole-fraction
in Fig. 9, the coefficieny, goes to zero aly, in a way 10CB in 8CB(at the LTH. We also studied several other
consistent with ar=0.5 power law. mixtures in the range €x<0.44, the largest discontinuity
we were able to measure accurately. The measurements
to(x), shown in Fig. 10 and Table I, can be used to give the
phenomenological Landau parameters. We summarize briefly
Having observed no magnetic-field dependencig,pfve  below.
turned to the 8CB—10CB system, to explore more carefully In Eq.(3), above, there are four free parameters. The val-
the magnitude of the HLM effect as a function of nematicues of two of themy=a[(T—T*)/T*] andw, have been
range. We also wished to check whether the IFM techniqueletermined in previous work35,16. From the solution to
gave results that agreed quantitatively with those from othethe simultaneous equatiofiss0 anddf/dy¢=0, we can de-
techniquegcalorimetry, front velocity. Expressing measure- rive relations between the Landau parameters. The order pa-
ments in terms of the discontinuity allows one to compare rameterys depends on the Landau parameters via the cubic

FIG. 9. Variation of fluctuationg with magnetic fieldH at (a)

D. Variation of ty in 8CB—10CB mixtures
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FIG. 10. Fit ofty data(this work) to the Anisimov parameters, FIG. 11. Entropy-jump estimate based on the fitted Landau pa-

with ug as an additional fit parameter. Top and bottom dashedameters. Also shown is the HLM fit and the calorimetry data of

curves show fits to, for »=0.6 andv= 0.4, respectively(The data  Marynissenet al.[13].
points for these exponent values are not shpwn.

increasesthe value, respectively, df for all samples. The
equation,i®+ (3u/4E) y—w/2E=0. magnitude of this variation due to the choice of exponents is

Both AS/R andt, can be related to the phenomenologicalshown by the dashed lines in Fig. 10. The qualitative nature
Landau parameters, w, u, and E. Previous experiments of the dependence described above is, however, unchanged.
measured scaled latent heats; in the approximdier, u Becauseu, only shifts the HLM predictions up and down,
is scaled away. Near the Landau tricritical poinis written  there is a qualitative and systematic disagreement between
asu=ugy(x—x*) wherex* was also determined in the pre- the HLM fit and the data.
vious experiments. The scaled latent heats are insensitive to We use the parameter set deduced by Anisirabal. to
Uo (although the unscaled ones ar@nalysis[35] of previ- ~ calculateys andr, from which we can calculatey=r/a. We
ous experiments determined the two paramet®& /R  fit for uy and E. The exponent is fixed at=0.5. We get
=0.0261 and3=(—3/8)(auy/E)=0.993, in addition tox*.  up=—0.79+0.03 andE=0.97+0.03. These are both of or-

In the present experiment, we measure directlyder one, as expected. The error bars on a free fit without the
to=r(Tna)/a. Using the simultaneous equatiohs0 and  €xponent held are-0.1. In Eig. 10, we show fits to the HLM
df/d¢=0, r depends ow, uy, andE, while the parameter theory where the exponentis held at 0.5(and, in dashed
a is a function ofuy/E only. Also, AS*/R=a(wW/4E)?®.  lines 0.4 and 0.6 The corresponding values of, in the
These equations give us bathandw as a function ofi, and  three fits are-0.74, —0.79, and—0.88, all = 0.03.

E. Here, we use the values determined in analysis of previous Given a value ofuy, one can then calculate the corre-
experimentd35] for AS*/R and 8. We can then similarly sponding latent heat, as shown in the entropy-jump plot in
computeAS/R= ay?. Fig. 11. We also add the latent heat data of Marynisseal.

In addition, the exponent of the power lawin all cases [13]- In particular, thﬁe calculated entropy change per mole
for 8CB isAS/R~10"3,

Close to the LTP, the zero-field data from the 8CB—10CB
) ) — . i s mixtures(closed circles in Fig. 1)0are consistent with that of
uncertainty (i% *+0.1in t_he value ob. Forcing the fits with Marynissenet al. [13] (open circles in Fig. 10 in this re-
an exponentv=0.4 andv=0.6 systematicallyeducesand gion, it is also consistent with predictions based on HLM

theory (solid fit line in the same figudeusing the phenom-

TABLE |I. t, for different mixture concentrations, with=0.5. enological Landau parameters of Anisimetal. [35]. How-

The first errors quoted are statistical, while the second are systen’?—ver’ for smallew, the discontinuity is systematicallgrger

atic variations from sample to sample. The latter do not affect ‘[hétrhan the_ HLM-predicted value_z. . .
magnetic-field measurements. We tried to account for this by allowing for a quadratic

correction to the dependence of the quartic coefficient

was held fixed tov~0.5, which was close to the value ob-
tained from a free fit. In a free fit, there was always an

Concintratlon Dlsctzntlnwty C=Cy(x—X*)+ Cy(x—x*)2. 21)
0 1.21x10 °+0.10+0.4
0.18 1.24¢10°°+0.15+0.4 Refitting the data now over the whole rangexpfwe find
0.33 2.9<10 °+0.6+0.4 C,>C,, which is not reasonable given that the linear term
0.41 3.8<107°°+0.4+0.4 alone works well for 6<(x—x*)=0.2. Moreover, the fit be-
0.44 13.6<10°5+1.1+0.4 comes much worse over the largerange that was previ-

ously well fit. As a second attempt, we allow the sixth-order
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coefficientE to vary. This does not change the shape of thehough, is that because smectic fluctuations eventually drive
curve significantly, and the data are still poorly fit over thethe transition second order, the HLM prediction should be
entire range, whatever value we take EoWe conclude that progressively larger than experiment. We observe the re-
the discrepancy with HLM for the smatl-data cannot be Verse.

fixed by either of these modifications to the original curve ~Recently, however, Herbut al. have extended the HLM

fits. The measurety, is truly higher than the value predicted Calculation to include smectic fluctuations as a perturbation
by HLM. [37]. The calculation, which is done in the context of the

superconductivity free energy, shows that, surprisingly, the
renormalization of parameters caused by gauge fluctuations
makes a material effectively more type |. For tRé transi-

tion, this means that the nematic range is renormalized to be

, , " smaller than its “bare” value, increasing the predicted
We have introduced and characterized a sensitive neWgrpt et al. then show that, at the cost of introducing a
technique, IFM, for probing long-wavelength fluctuations in o 1o parameter, one can fi§(x) over the entire concentra-

liquid-crystal systems. We can anticipate that this techniquejgp, range.
will be valuable for free-film studieévhere the free bound- As for future work, one can envision several different
ary conditions simplify the calculations of fluctuatiorend  directions. The sensitivity of the IFM technique was, in our
in other, more exotic phaséSm C, ferroelectrics, et¢. In case, limited by uncontrolled static temperature gradients
the present case of ti¢A transition, the method is sensitive that blurred the interface image. If these stray gradients can
enough to clearly establish that the transition in 8CB is firstoe reduced, systems with smaltgrwould be accessible. By
order, even though the difference between equilibrium transtarting from a material with smaller zero figigithan 8CB,
sition and the spinodal is less than 4 mK. one might be able to see external field effects with a mag-
We showed that,, while constant for thick samples, in- netic field[38].
creases markedly for thinner samples. We argue that small Whether by electric or magnetic fields, it would be ex-
sample-plate misalignments, which lead to an overall twist irfremely interesting to probe critical behavior in the vicinity
the nematic, are responsible. The reasoning is the same f6f the postulated tricritical point. Likewise, it would be in-
concluding that the cholesteric—smedtidransition must al-  teresting to measure apparent critical exponents in the pres-
ways be first order. As a practical matter, such misalignmengnce of an external field. In this context, we notice in a
can introduce artifacts in measurements nearNMetransi-  €vView [7] of critical exponents that the correlation-length

tion, for very thin samples. Such artifacts would be presenFXponean has a maximum fofya/Tyy~0.8. Itis tempting
in measurements of other quantitiéatent heat, etg, as to speculate whether this maximum is associated with a tri-

well critical point. Extending thé, measurements to materials
: . - and mixtures with yet larger nematic range could allow one
Our main results are wo tests of the predictions of theto probe the concentration dependence all the way to the
Halperin-Lubensky-Ma theory of the A transition. The first

. : L tricritical point.
is that the discontinuity should be reduced and eventually =\ oo a%ded in proofProfessor C. W. Carland has pointed

eliminated by adding a magnetic field along the director. We, ;¢ that in[11], J. Thoen, H. Marynissen, and W. van Dael
find no such effect,_ although we do see the_ usual field supgsjaim an upper limit to the entropy jump for pure 8CB that is
pression of fluctuations. Because the material parameters @fyivalent toAS/R=1.6x10"4. This would be consistent
our liquid crystals are well known, we can conclude that theyith the HLM prediction, as graphed in Fig. 11, but would
“tricritical” field (where the transition becomes second or-pe inconsistent with the zero-field measurement of 8CB and
den is at least three times higher than the HLM prediction ofthe magnetic-field limit reported here. It is also inconsistent
10 T. A very recent experiment by Lelidis examines the ef-with the recent electric-field measurement of Leliig6]
fect of an applied electric fielfB6]. He gives evidence for a which, like the other measurements, implies an entropy jump
tricritical point at a field of about 13 \{/m, which corre- about ten times higher than the calorimetry result. At present,
sponds to a critical magnetic field of about 130 T, consistenwe do not understand the origin of these inconsistencies.
with our results.

Second, we measure the concentration dependentg of
in an 8CB-10CB mixture. For concentrations where the ACKNOWLEDGMENTS

nematic range is very small, our results agree with both pre- This work was su
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larger than the predicted value. Thus both experimental tests
of the HLM predictions lead to serious discrepancies.

An obvious candidate to explain the discrepancies is
smectic fluctuations, which become more and more impor-
tant as the nematic range is increased and which are ne- In this appendix, we give a more thorough treatment of
glected in the HLM calculation. One’s naive intuition, the optics of a fluctuating nematic film, as observed through

V. CONCLUSIONS AND PROSPECTS

APPENDIX A:

021702-12



TWO EXPERIMENTAL TESTS OF A FLUCTUATION- ... PHYSICAL REVIEW B5 021702

a microscope. Galatola has developed a systematic formal-

ism for treating such a situation, which in principle can be D(O)z(
adapted to our cag&9]. Although such a treatment poses no
conceptual problem, the formalism is rather complex. Here

we limit %urstelx‘es to atl' S|mgl_ert(r:]ak;ula:tl?r:1, whose _goa}[I_s arfween the two polarizationG@long and perpendicular to the
mor€ modest. As mentioned in the text, the approximation 0 irectop per unit length,An is the birefringence\ the

the planar nematic as a fluctuating waveplate is adequate f ravelength, and. the film thickness. Thus, ignoring fluctua-
most of our purposes. We need to go beyond such a tre .

ment only to account for two observations: first, the wave- '
plate approximation leads to the wrong form for the angulakyith
dependence for the varian¢g ) [Eq. (13)]. Second, we

eiL 2 0

0 e*iL 2|1 (A4)

where y=2mAn/\ is the phase difference introduced be-

want to make explicit the dependence obn the nematic © 0 «

elastic constants, in order to justify the expected scaling near ™= 0o 0) (AS5)

the NA transition. Finally, we discuss briefly the effects of

sample thickness. whereay= —i sin(26)sin(yL/2). Note that the transmitted in-
We start by considering the propagation of light through &ensity || aga| reproduces Eq(10), above.

fluctuating nematic liquid-crystalline film in a direction Next, we consider the effect of nematic fluctuations.

perpendicular to the film. We assume the light to be monoymagine slicing the film intaN infinitesimal layers of thick-
chromatic, neglect diffraction effects, and consider the efnasst=| /N, and take the limitN—c. The total transfer

fects of perturbations to the director orientatidgn. For  atrix is

plane waves that propagate alomgat lowest order, only

in-plane director fluctuations in the sample plane contribute

to intensity fluctuations of the outcoming light. Thus, it suf- D=D.D;...D;...Dy, (A6)
fices to represent the electromagnetic field purely by the

electric-field amplitudeE = (E, ,E,) of a plane wave propa- whereD;=D{?+5D; is the transfer matrix of théth slice,

gating along the direction. We write with 8D; the director fluctuations of thgth slice andD(®

=D for all j. The lowest-order contribution, which corre-
EoutzTEin' (A1) sponds to single scattering, is

WhereT is th_e 2X 2 transfer ma.tri>{_40]).9Th'eE component D=DO+ (D(lo))j’léDj(D(lo))N’j. (A7)

of the incoming electromagnetic field E,e'“' and that of ]

the outgoing electromagnetic field éoutei“". The transfer

matrix of the system takes the form Higher-order terms correspond to multiple-scattering effects,
which we ignore.

T=P,RDRP,, (A2) Director fluctuations can either be along the film or per-

pendicular to it. For propagation strictly along thealirec-
tion, perpendicular fluctuations are second order and can be

with neglected. Below, we will consider the effect of light that is
. scattered at an angle with respectztd-or now, we consider
P, — 10 P.— 00 and R cos¢  sind the in-plane director fluctuations. Léw; represent the an-
o o/ "2 \o 1) —sin® cosh)’ gular deviation of the director in laygrfrom the average
(A3) director orientatiord. To lowest order,
representing the two polarizers and the rotation matix, 0 —iyt56;
being the angle between the average director orientation in oDj=| . . (A8)
the film and the first polarizer axis. Thdh is the transfer ~ 1100 0
matrix of a nematic film aligned along the axis. In the
absence of fluctuations, Inserting this into Eq(A7), we find that
0 exgi(N+1—2j)yt/2]i(yt/2) 56,

D=

T | exy —i(N+1-2))yt/2]i(yt/2) 56, 0 : (A9)
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where D=D©+ $D. Finally, the correction to the transfer Thus, to lowest order, the resulting variance in intensity fluc-

matrix is given by

0 a]_)

5T:<0 0

(A10)

;=i ?Z 86;{cos 6 exfi(N+1—2j)yt/2]
J
—sir? exd —i(N+1—2j)yt/2]}

L i .
~j %/f dz86(z)[cog g e'(-~2D72_gjr g~ 1(L 2272
0

Y[t
=I—f dz56(z){cos 20 cog (2z—L)y/2]
2)o

+isin(L—2z)y/2]}. (A11)
The transmitted intensity is then

| =lin(|ag+ @a|?) =~ 1in(| ao|?+ af @y + aget).
(A12)

<59(x,y,21)50(x,y.22)>=f da,da,G(ay,dy;21,22) = <

LA \2
onw

1+

kT
WB > log

tuations is

5 2 ) L L
(12 =(1Y2=129?sir40sirf(yL/2) | dz | dz
0 0

X cog(2z,—L)y/2]cog (2z,—L)y/2]
<50(X,y,21) 50(X1y122)>' (A13)

This gives us the lowest-order relation between director fluc-
tuations and intensity fluctuations. Note that whéé de-
pends onx andy, the correlation functiof 862) does not,
since the sample is laterally homogeneous. Note, too, the
sir 40 term, which matches Eq13).

To proceed further, we need to put in the elasticity laws
for the nematic, which govern th&f fluctuations. We make
the “one-constant” approximation, where the three elastic
constants of the nematic are taken to be equal=K,
=K3=K. In this approximation,

T E f q sin(nzymr/L)sin(nz, /L)
Y TKQE T of (naiL)7]

n

sin(nzyw/L)sin(nz,7/L), (A14)

whereA is the upper cutoff of}, andq,, which in this case should be taken to be/2 with a being the pixel size, around
one micron. In Eq(A14), the Green'’s function has been expanded in terms of eigenfunctions that are periodi& anthe

directions and vanish a=0 andL. Thus,

(12— (1)2=12? S|n24¢93|n2(yL/2)

where

I,= foLdzcos{(Zz— L)y/2]sin(nmz/L)=

for oddn and 0 for evem. Thus,

2
(12— <|>2_|2(%m)sin24esin2(yu2
LA )2 1 2
2nar

o (nm)? (yLY

X log

(A17)

LAVZ
1+ nm Iy, (A15)

E log

n/L
WCOS{LY/Z), (A16)

In the sum Eq. (A17)] the major contribution comes from
the term withns closest toyL~48 (i.e., from n=15).
Qualitatively, it is easy to understand why a term that is
neither too big nor too small dominates. The contribution
from the lowest-order terms vanishes because of the adia-
batic effect: the polarization is simply rotated along with the
nematic. Becauséé vanishes at the top and bottom sample
plates, there is no overall birefringence effect. On the other
hand, modes that vary too rapidly will be averaged over by
the longer wavelength of the light and thus also give only a

where the sum is over odd The important length scales are small contribution. In between, for intermediate scales, lies
L~30 um (most of our measurements used this thickpnessthe maximum.

1

andy ~~0.7 um.

We have so far ignored the main complication that arises
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due to the optics; light is collected over a range of angles L _

from the z axis, where¢ can be as large as 20°. Imagine a In:j dzsin(nmz/L). (A20)
ray passing through the film making an anglewith the z 0

axis. A fluctuationd¢ in the nematic direction perpendicular Thus, we finally obtain

to the film now contributes chang&s,,; by orderd¢ sin 2¢. '

The basic idea is that perpendicular fluctuations of the direc- 7y2LkgT

tor add an extra phase difference between the ordinary and (1%)—(1)2= |%j¢(T> sir 20 sir(yL)sir? 2¢
extraordinary ray which goes aen sin 2¢. Here,An is the

birefringence of the liquid crystal, averaged to take into ac- LA\2] 1

count the azimuthal variation in the effectivia, since the X; log 1+(m) ) (A21)

entire cone of rays coming out at an angleare collected.

This reduces the bargén by ~1/3. . : .
. . where the summation is again over odd values.ohgain,
To estimate the effects of these out-of-plane fluctuations L . . .
; o s the approximations madgncluding the unknown geometric
we once again carry out the prescription of slicing up the,

film into layers and, using EA7), obtain the lowest-order facton, make this result more qualitative than quantitative.

contribution of fluctuations to the transfer matrix. Now, _ Addlnglt.he two variances and noting that ‘s
=sir? 26— 3sirf 46, we find

[i(a®), 0

D=l _i(sd),) (A18) Z(0)=asir’ 20+bsir? 40, (A22)

with 5® being the extra phase difference introduced betweeM/hich matches the experimental resifitg. 4(b)]. _
the ordinary and extraordinary rays as a result of the devia- 1N€ structure of the sums in Eq@\17) and (A21) give
tion of the director from theXY plane.[Compare with Eq. Some hint as to why the coefficierasandb of the two terms
(A8).] We then can estimate the contribution of perpendicu/N@y be comparable. The azimuthal tebris reduced be-

lar director fluctuations to the intensity variance: cause of the adiabatic transport effect. The leading term
(n=3) is roughly 10 times smaller than time=1 term. On
12y sirf* 20 sirP(yL/2)coS(yLI2).T the other hand, the out-of-plane terais reduced by the
. ) factor sirf 2¢. As there is no adiabatic transport of the polar-
: ization, which is a rotation effect, the=1 term dominates
xsir? 2¢J13 dzlfo A2 (x.y,21) dp(x.Y.22)), here. Thus, at least loosely speaking, it is plausible that the

terms are of comparable order. Finally, it is encouraging that

the experimental form foz(#6) fits Eq. (A22), in that it im-
where 8¢(x,y,z) is the out-of-plane director fluctuation at plies that higher-order terme.g.,( 56%) or (5¢%)) are neg-
the point &,y,z). Note again that5¢2) is independent ok ligible.
andy. Note the sifi2g angular dependence. In Ed19), 7, Our other goal was to understand the critical behavior of
is a dimensionless factor that depends on the detailed opticg; Here, we see that in the one-constant approximaton,
it seems reasonable to assume it to be order unity. We intepsK ™ 1.
pret ¢ here as the maximum ray angle collected and absorb Finally, one sees thaf is a complicated function of the
the overall intensity dependence Igfp) into 7, . sample thicknesg. Roughly, oL, but modulated with the
To attempt to evaluata, we use the one-constant approxi- same period agl). While the data in Fig. ®) follow this
mation, as before, and follow Egq$A13)—(A17), with Z,  trend, multiple scattering in the thicker sample regions
now being the integral makes our result only qualitative.

(A19)
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