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Smectic ordering in liquid-crystal—aerosil dispersions. I. X-ray scattering

R. L. Leheny! S. Parlké* R. J. Birgenead;? J.-L. Gallani®*" C. W. Garland, and G. S. lannacchiofie
!Department of Physics and Astronomy, Johns Hopkins University, Baltimore, Maryland 21218
2Center for Materials Science and Engineering, Massachusetts Institute of Technology, Cambridge, Massachusetts 02139
3Department of Physics, University of Toronto, Toronto, Ontario, Canada M5S 1A1
“Department of Physics, Worcester Polytechnic Institute, Worcester, Massachusetts 01609
(Received 8 July 2002; published 31 January 2003

Comprehensive x-ray scattering studies have characterized the smectic ordering of octylcyanobiphenyl
(8CB) confined in the hydrogen-bonded silica gels formed by aerosil dispersions. For all densities of aerosil
and all measurement temperatures, the correlations remain short range, demonstrating that the disorder im-
posed by the gels destroys the nem#&hi¢ to smecticA (SmA) transition. The smectic correlation function
contains two distinct contributions. The first has a form identical to that describing the critical thermal fluc-
tuations in pure 8CB near thd-SmA transition, and this term displays a temperature dependence at high
temperatures similar to that of the pure liquid crystal. The second term, which is negligible at high tempera-
tures but dominates at low temperatures, has a shape given by the thermal term squared and describes the static
fluctuations due to random fields induced by confinement in the gel. The correlation lengths appearing in the
thermal and disorder terms are the same and show a strong variation with gel density at low temperatures. The
temperature dependence of the amplitude of the static fluctuations further suggests that nematic susceptibility
becomes suppressed with increasing quenched disorder. The results overall are well described by a mapping of
the liquid-crystal—aerosil system onto a three-dimensighéimodel in a random field with disorder strength
varying linearly with the aerosil density.

DOI: 10.1103/PhysRevE.67.011708 PACS nuniher61.30.Pq, 61.30.Eb, 64.70.Md, 61.10.Eq

[. INTRODUCTION both because lower volume fractions are possible with aero-
sils and because the compliance of the aerosil gels leads to
Liquid crystals have long served as important model syspartial annealing of the disorder. This work on liquid crystals
tems in statistical mechanics. For example, experiments oim aerosil dispersions, including calorimetfy], nuclear
phase transitions in liquid crystals have provided many of thenagnetic resonancg8], dielectric susceptibility[9], and
most detailed tests of the modern theories of critical phenomstatic light scatterinj10], has revealed important differences
ena. Recent studies in liquid crystals have investigated thbetween such systems and liquid crystals in aerogels, which
effects that quenched disorder produces in phase behavioan be ascribed to the weaker nature of the aerosil disorder.
and mesophase ordering, and a fruitful strategy in experiin particular, an x-ray scattering investigation into the nem-
ments for introducing quenched disorder has been throughtic to smecticA transition in a prototypical thermotropic
confinement in random porous media. The fragile nature ofiquid crystal, octylcyanobiphenyBCB), in the presence of
the mesomorphic phases and the importance of surface intedispersed aerosil gels has shown that the aerosil gel can be
actions make such a confinement particularly well suited fojuantitatively — understood as introducing weak-to-
liquid-crystalline systems. For example, a series of experiintermediate strength random fields that compete with smec-
ments[1-5] has characterized the effects on the nematic taic ordering in the liquid crystal11].
isotropic and nematic to smecti{ransitions of liquid crys- Random-field sytems have been fruitful models for ex-
tals confined in aerogels—highly porous, chemically bondedloring effects of quenched disorder, and experimentally,
silica gels. The primary conclusion of this work has been thatandom-field Ising magnets have been at the center of this
the transition behavior becomes severely smeared and thafork [12]. The nematic to smectic transition breaks a three-
long-range nematic and smectic ordering is suppressed hgimensional(3D) XY symmetry; thus 8CB with dispersed
the aerogel. In particular, these studies have verified theoregerosils provides an opportunity to study experimentally
ical expectations about the fragility of the smectic phase t@ random-field system that breaks a continuous symmetry
disorder[6]. [13-18. In this paper we provide a comprehensive picture
In order to access a weaker regime of disorder than i®f the smectic correlations in 8CB confined in aerosil gels, as
possible with aerogel or other rigid porous media, severatietermined by the x-ray scattering. The analysis we apply
recent studies have focused on liquid crystals confineédopts a random-field picture, and consistent with theoretical
within aerosil gels—weak, thixotropic gels comprised of na-predictions for a 3DXY system with random fields, we find
nometer scale silica particles. The disorder imposed by aerahat the smectic phase is destroyed by the disorder and is
sil gels can be made less severe than in the case of aerogaisplaced by the growth of short-range smectic correlations.
The results in this paper build on the preliminary findings of
Ref.[11], providing a refined and greatly extended analysis
*Present address: NCNR, NIST, Gaithersburg, MD. of the x-ray data including detailed comparisons with theory.
"Permanent address: IPCMS-GMO, Strasbourg, France. A feature of these x-ray results and corresponding calorimet-
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ric studies[7] worth noting is the lack of any measurable consists of 70-A-diameter SiOspheres, and the type 300
hysteresis or time-dependent effects that would indicate outgerosil used in this study is strongly hydrophilic.
of-equilibrium behavior. In the random-field Ising magnet,  The aerosil gels were formed directly in the liquid crystal
slow dynamics and metastabilitg9,20 severely complicate  fo|lowing established procedurgg]. Appropriate quantities
efforts to understand the underlying equilibrium behavior.¢ degassed 8CB and dried aerosil powder were mixed with

The observed absence of such problems for the nematic {1, nurity acetone, and the suspensions were sonicated for
smectic transition in aerosil, presumably a consequence %f

) . L _several hours to achieve a uniform dispersion. The suspen-
the system’s continuous symmetry, indicates an opportunity; . <\ ere then gently heated to 315 K to evaporate the
to view equilibrium behavior in a random-field system. The

companion paper that follows this papg21], hereafter acetone slowly. After no signs of acetone remained, the

called Paper Il, compares the x-ray and calorimetry results tégg]?!ets v;/er:;e \p/)lacid ltJrnder vrz?lcuunrp anzlﬂf?\r/r I]c;r %2 B atrb d
reveal scaling behavior in the smectic ordering in the pres: 0 remove any trace amounts of solvent or absorbe

ence of the aerosil gel water vapor. For aerosil densities above a gelation threshold

ton il . .
Recent theoretical work has emphasized the strong effe f ~1% _S|I|ca by VO"Jme' the f?su!“”g !“”ate“a' was a
ighly uniform soft solid that maintained its shape when

of confinement in random media on liquid-crystal phase 0 .
[17,18,22—24 A detailed study by Radzihovsky and Toner eated abpvé’N, . Small-angle x-ray scattering has revealed
[17], which models the confinement as introducing randonfh@t aerosil gels formed under this procedure bear a strong
fields, has predicted the destruction of the smeatiphase ~esémblance to rigid aerogells,7]. Paper Il provides a de-

by arbitrarily weak quenched disorder, consistent with ex-2iled discussion of the gel structure formed by aerosils, in-
periment, and has introduced the possibility that a topologi-CIUd'”g an account of its characteristic length scales and their

cally ordered “smectic Bragg glass” phase may appear a e_p_endence on density as well as a descriptiqn of the s_imi-
low temperatures. The smectic Bragg glass is a possibl rities and differences with the more extenswely_studled_
manifestation of the anomalous elasticity that the theory pre2€rgel system. The samples in this study ranged in aerosil
dicts for the smectic phase in the presence of disorder. Digdensities fromps=0.025 g silica/cr 8CB, which is just

tinguishing features of this anomalous elasticity and smecti@0Ve the gelation threshold, jg=0.341 g silica/cr 8CB.

Bragg glass phase are the smectic correlations in the systerg€Vera! efforts to prepare samples below the threshold den-
Thus, x-ray scattering, which can directly probe the smectiS!ty produced macroscopically inhomogeneous materials that

correlation function, is an ideal probe for testing some ofWere unsuitable for study.

these ideas, and recent analysis of x-ray studies on 8CB in

aerogels has been reported to show agreement with many of B. X-ray scattering

these prediction$6]. The weaker nature of disorder from  The x-ray scattering studies were conducted on the X20A
aerosil gels should place 8GHerosil samples more firmly and X20C beam lines of the National Synchrotron Light

in the regime addressed by the theory. However, as shown i§oyurce at Brookhaven National Laboratory using 8-keV
the present work, the agreement between the observed smgcrays. The samples were placed in aluminum holders with
tic correlations in 8CB in aerosil gels and more detailed Preepoxy-sealed Kapton windows designed to maintain a
dictions of the theory is limited. _ sample thickness of1 mm, closely matching the attenua-

Section Il of this paper describes the sample preparatiofon |ength for the 8-keV radiation through the material. The
and the details of the x-ray scattering measurements on 8CRy|ders were mounted in a brass block, which in turn was
in aerosil gels, and Sec. Il outlines the results of the x-rayyositioned in a beryllium can containing dry nitrogen gas. A
line-shape analysis, which yields insight into both thermaknermoelectric cooler mounted on top of the beryllium can in
and static smectic fluctuations and the temperature depe@pnjunction with a resistive heater powered by a home-built
dence of correlation lengths and smectic susceptibilitiesp_| temperature controller maintained a set temperature for
Section IV provides a discussion of the pseudocritical struCthe prass block. Preliminary x-ray scattering measurements
tural behavior of 8CB in weak aerosil gels. Paper Il extendsshowed that the crystallization of 8CB was suppress@dk
this discussion with the analysis of scaling behavior and,y confinement in aerosil gels. Because such crystallization
comparisons with calorimetry. irreversibly damages the aerosil gels, we limited our studies

to temperatures safely above this point. The measurement
temperatures ranged from 287 20 K below theN-SmA
Il. EXPERIMENTAL PROCEDURES transition in pure 8CB, to 318 Ks=4 K above theN-I tran-
sition. The temperature stability during a measurement was
better thant0.001 K.

The 8CB used in this study came from a single synthetic The scattering intensity was measured in transmission in a
batch obtained from Aldrich Corp. The liquid crystal had avertical scattering geometry. The scattered beam was re-
quoted purity of 99% and was used without further purifica-flected from a single-crystal germanium analyzer to achieve
tion. In the absence of disorder, pure 8CB undergoes an is¢righ wave-vector resolution and was measured with a point
tropic (1) to nematic(N) transition atTy,=313.98 K and a scintillation detector. Because the scattering intensity from
nematic to smectiéx (SmA) transition atT,=306.97 K the liquid-crystal—aerosil gel composites had the azimuthal
[7]. Below 290 K, 8CB forms a three-dimensional orderedsymmetry of a powder pattern, two sets of slits between the
crystal phase. The aerosil, obtained from Degussa Corpsample and the analyzer were used to define tightly the hori-

A. Sample preparation and characteristics
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FIG. 1. Scattering intensity for 8CB in an aerosil gel wjij -4 i *® ]
=0.161 g/cm at three temperatures spanning M¥SmA transition 8 04} ° ; %. -
of the pure systemT,=306.97 K. The curves for 300.7 K and g L 0. -
306.7 K have been shifted by factors of 100 and 10, respectively, = 00le ®° ‘: O;.geec
for clarity. The strongly temperature-dependent peak negar - " .O°°8| | | J

=0.2 A™* corresponds to scattering from smectic modulations.

0.12 0.16 020 024 0.28

zontal acceptance, and thus provide an undistorted measure-  ~ 4t
L . . = °
ment of the scattering intensity as a function of wave-vector S 1.0} ° e (c) -
transfer,1 (q) [25]. & ¢ o °
Preliminary measurements of the scattering from ivy * Ceo

: ; o 051 . -
8CB+aerosil samples revealed damage to the material from = . o o°
prolonged exposure to the x-ray radiation. This damage was \fi . o 0@ o5
reflected in irreproducibility in the observedq) and a pro- = 0018 ,9°%e ° o'o'—'
gressive temperature shift in the onset of the short-ranged = °© '. o “e°9
smectic order described in Sec. 11l D. To combat this prob- osb® . " o0
lem a protocol was developed, which made these effects im- 012 0.16 020 024 0.28
measurably small. Immediately after the sample was loaded 1
into the scattering cell and before any x-ray measurements q (A )
were made, the material was heated<t818 K, several de- FIG. 2. Comparison of the smectic Bragg peak measured for

grees abovél'ﬂ,. The material was then cooled through a8C_B in aerosil gels with that measured for pure 8CB. AIL peak
series of temperatures at which measurements of the scattéieights have been normalized to (&) At low temperature Tya
ing intensity I (q) were made. A process of trial-and-error —19 K shown hergthe width of the peak for pure 8CBine) is
during preliminary studies revealed the appropriate eXposur@.ssentl_ally identical to _that set by the experl_mental regolutlon, as
times for the final measurements to optimize statistics whilglétermined from the direct x-ray beam profile. The %‘”der peaks
avoiding measurable damage. After the series of measurdleasured for 8CB in aerosil gels wihs=0.025 g/cm (solid
ments ending at the lowest temperature was complete, tHa¢/es andps=0.220 gler (open circleg indicate that the smec-

. ' tic correlations remain short-ranged to low temperatures due to the
material was reheated and measurements were repeateddlstorder imposed by the gelth),(c) Above T, the line shapes

several temperatures to assure that no measurable ChangesrnlcQasured for 8CB in aerosil gels and those measured for pure 8CB

the scattering had occurred. Finally, the material was heategre indistinguishabletb) ps=0.078 g/cr (solid circle$ and pure

back to 318 K, and a mea_surement with a long countl_ng timgcp (open circleseach at 308.3 K; antt) ps=0.031 g/cni (solid
was cond_ucted to determine the background scattering frorardeg at 310.8 K and pure 8CEopen circles at 310.5 K.
the aerosil gel structure.
gel structure. The temperature-dependent peak results from
Il RESULTS smectic modulations in the 8CB. The shape of this peak is a
direct measure of the smectic correlation function for the
8CB confined in the aerosil gel.

Figure 1 displays representative results f¢g) from a For the full range of aerosil densities and to the lowest
sample withps=0.161 g/cm at three temperatures spanning measurement temperatures, the observed smectic peak is sig-
the N-SmA transition temperature in pure 8CBl'ﬁA nificantly broader than the resolution limit set by the x-ray
=306.97 K. The scattering line shape contains two salienoptics, as illustrated in Fig.(d). Measurements of pure 8CB
features: a broad, sloping background that is approximatelbelowTﬁ,A, shown by the solid line in the figure, revealed a
temperature independent and a strongly temperaturdine shape whose width is virtually indistinguishable from
dependent peak that develops on cooling near 0.2. Ahe  that of the resolution, which we determined from the shape
background consists primarily of scattering from the aerosibf the profile of the direct x-ray bear(The subtle increase in

A. Line-shape analysis
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width in pure 8CB due to the Landau-Peierls instability is
not resolved. The solid circles in Fig. @) are the line shape
measured for an 8CBaerosil sample witlps=0.025, the
lowest aerosil density, at 287.8 IZI'%A— 19.2 K). The larger
width of the aerosil peak with respect to the resolution re-
flects the finite extent of the smectic correlations in the pres-
ence of the aerosil gel, and the consequent destruction of the
transition to a quasi-long-range ordered smectic state by the
guenched disorder. The length scale for this short-range or-
der depends strongly g, as revealed by the contrast be-
tween the low-temperature width for the=0.025 sample
and that for gpg=0.220 sample, shown by the open circles
in Fig. 2@).

To characterize these short-range correlations, we model
the structure factor for the smectic ordering with the form

I(q)

I(q)

s() >
V@ a0l rod e , ,
i) 20001 ' .
(g6, X
+ , 1
[1+(a)—do)?& + 02 & +cql €112 W - 1500
_ _ = 1000

where the wave vectay is along the smectic layer normal
and q, is perpendicular to it. The first term i8(q), an 500k
anisotropic Lorentzian with quartic corrections, has the same
form as the structure factor in pure nematic 8CB and repre- 0
sents the smectic susceptibility, withy equal to the magni-
tude of the susceptibility at the ordering wave vectpt 1000
This term characterizes the critical thermal fluctuations on 00
approaching theN-SmA transition[26]. The second term,
whose shape is given by the susceptibility squared, is de- = 600
signed to account for the static fluctuations induced by the = 400
guenched disorder. This second term is motivated by studies
on random-field systems. Such an expression, known as the 200
disconnected susceptibility, has been shown to describe ac- 0
curately the short-range correlations induced by the static 0.10 0.15 0.20 0.25 0.30
fluctuations in random-field Ising magné®y/] and has been 21
justified theoretically[28—30 for these systems. A very a(a )

S|m|lar expression ha; also been derived speC|_f|caIIy for FIG. 3. Scattering intensity(q) for 8CB in confined aerosil

smecu_c Ilqwd crystals in the presence of random fi¢I.  gels.(a) ps=0.025 g/c at 288.5 K,(b) ps=0.025 g/crd at 307.6

In the limit of long-range order, the second term evolves intog (©) ps=0.282 glcr at 300.6 K, and(d) ps=0.282 g/cr at

a Bragg peaka, 5(q;—do) 5(q, ) [31]. In applying Eq(1)to  306.6 K. The solid line in each panel is a fit with Eq$) and(2),

the smectic correlations of 8CB in aerosil gefs,andc are  and the dashed line is the background contribution from the aerosil

treated as functions &fj, with £, () andc(§) set by their  gel structure. In panel&) and(c), the dash-dotted line is the con-

relations in pure 8CB, which are known to high precisiontribution from the first term in Eq(1), representing thermal fluc-

[26]. tuations, plus the background, and the dotted line is the second
The total measured scattering intensity is fit to the powdeterm, representing static fluctuations, plus the background. In panels

average of5(q) from Eq.(1), convolved with the resolution, (b) and(d), the temperatures are above a pseudotransition tempera-

plus a term to account for the background scattering from théure T* defined in Sec. 1lI D, and the smectic correlations are de-
aerosil gel shown in Fig. 1: scribed entirely by thermal fluctuations.

Appendix. The convolution with the resolution function,

Res(@@), was performed numerically. The shape of the back-
ground,B(q), was taken from measurements at a high tem-
perature, where scattering from the aerosil gel dominates,
The powder average, represented by the integral over solidnd this quantity is multiplied by a temperature-dependent
angles, can be solved analytically for t8€g) form given by  parameterA(T), which accounts for variations in the scat-

Eg. (1). The details of this calculation are provided in the tering contrast between the silica and 8CB due to differences

I(q)=fdq’fdQS(q’)Res{q—q’)+A(T)B(q)- (2
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. v . , . FIG. 5. The ordering wave vectog, extracted from the fits with
FI(.;' 4. Smectic peak measured foB% confined in an aerosil Egs.(1) and(2) for smectic correlations in 8CB confined in aerosil

gel with ps=0.030 glenf at 3_39'04 K, 2.56 Kabovethe N-SmA gels with threepg values as specified. Temperature is plotted as the

transition temperature of pures8. The solid line is a fit with Eqs.  gifference fromT*, the onset temperature for static fluctuations.

(1) and (2), using values ok, (£)) andc(&)) from pure 85 and  Values forT* are given in the inset of Fig. 7.

with a,=0, so that only the thermal fluctuations are included in

describing the smectic correlations. The strongly asymmetric ling?owder average of the thermal term in Eg). The solid line

shape is a consequence of the powder averaging. in Fig. 4 is a fit with Eqs(1) and(2) with a,= 0 [32], so that

only the thermal term is included in describing the smectic

in their thermal expansion. We found tha(T) typically  fluctuations abovéya. _ _ _
differed from unity by less than 10% over the full tempera- _ While the symmetry in the line shape for 8CB in aerosil
ture range of the measurements. highlights the importance of including a quartic terma (

At temperatures near and aboV%A, the measured line =>0) in Eq.(1) to account correctly_ for the measured forms,
shapes in the aerosil samples are described very well by tHe stress that the smectic correlations transverse to the nem-
thermal fluctuation term along.e., fitteda, are very small, atic _di_rector cannot be determined quantitatively with high
and one can set.=0 with almost no effect on the other Precision by the measurements. The powdered nature of the
parameters ThuszforT>T° the smectic correlations in liquid crystal in aerosil restricts measurements to effectively

) NA oA ;
aerosil samples are very similar to the critical fluctuations Oilongltudlnal wave vectors, and the behavior transverse to the

the pure liquid crystal. This strong similarity is demonstratedgggif;ﬁ;tegjvgglya?;?;%s d'itl?rzt;]%r:st;]ne;ge dlir;igrr]t?(l)%?;r;ve
in Figs. 2b) and Zc), which compare the smectic peak for P ging. ’

two values ofpg with that measured for pure 8CB at tem- their mostl pronounced effect in the far wings of th.e line
shape, which are obscured by the background scattering from
peratures several degrees abdvg, .

. . i . the aerosil. Consequently, the measurements cannot demon-
Figure 3 shows representative results for fits to the line d Y

shapes of two samples with Eq4) and(2). The solid lines strate with certainty that Eql), with ¢, (¢)) andc(¢)) iden-

) . ) . tical to pure 8CB, is unique in describing the data. For ex-
in the figure correspond to the full fit while the dotted, daSh'ampIe, the spatially isotropic disorder of the aerosil could

dotted and dashed lines correspond to contributions made . : .
each of the three terms, staticpfluctuations, thermal quctu%i‘tﬂeTS fa:odn?cﬁisleg?ot? Surégglc%’ t\/c\)/h;cca:lzjggcelssaerr)p;?)l(l- as
tions_, an(_j background, respectively. As mention_ed above, iPecent theory indicatefs]. Howev'er as Fig. 3 iIIustrate’s

th.e fits with Eq.(1), £, andc are treated as fu_nct|0ns af, Egs. (1) and (2) with £, (£) and C(%H) set by pure 8CB’
with £, (¢)) and c(£)) set by their relations in pure 8CB. | o5  describe the data accurately over the entire investi-
Thus, each f't. has only five free parametarg, A(T), .§||' gated range of densities and temperatures. Therefore, this
o1, anda,, with two parameters anda, /oy controlling description of the smectic phase with quenched disorder,

the shapeof the peak_s. . .. which in some sense represents a minimal departure from the
We note that the line shapes of the smectic peaks in F'g%ure system, is fully consistent with the data

1-3 are nearly symmetric mab_out the peak position. Such In measurements on pure 8CB aboM , we observe a
highly symmetric shapes are, in general, not expected from

powder averaging Eq1), and we interpret this symmetry as very broaq liquid struc_ture peak near 0.3 A This feature
a consequence of the relative valuestof &, andc, which vanishes in the nematic phase bel@yy, . Careful measure-

conspire to produce such a shape. To illustrate this point, Fi(\i_nents' alssglgrevea}l_eddeyldence .IOf IT'S \?\/eak "’t‘t T;]gf: ttﬁ'm?era-
4 shows the measured scattering peak from smectic fluctu Hres in confined In aerosil gels. vve note that this fea-

. . . — . ture introduces a small inconsistency in our treatment of the
tions in pentylphenylthiol-octyloxybenzoate $8) confined background in Eq(2). Specifically,B(q) is obtained from

in an aerosil gel witps= 0.030 at 2.56 Kabovethe N-SmA the scattering intensity abovig,,, but any high-temperature
transition temperature of pureS5. For a giverf), the quar-  |iquid-crystal contribution should not be included as part of
tic coefficientc is considerably smaller in®5 than in 8CB. the background belowy, . However, we have found that the
This difference leads to a more asymmetric shape of théiquid-crystal contributions t@B(q) are sufficiently small so
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FIG. 7. The integrated areg) of the static fluctuation term in

FIG. 6. Amplitude of the thermal fluctuations;;’, for 8CB  gq) for three values ops: 0.051(solid circleg, 0.105(open tri-
confined in aerosil gels of several densitigsas specified. Tem- angles, and 0.341 (solid squares The values for pg

perature is plotted as the difference frdih, the onset temperature — g 51 g/lcm andps=0.105 g/cm have been multiplied by 7 and
for stati(_: fIL_Jctugtions. Values far* are given in the inset of Fig. 7 5, respectively, for clarity. The solid lines are fits with E6). The
The solid line is the temperature dependence of the susceptlblll%pen circles in the inset are the valuesTéf, the onset temperature
for pure 8CB, withT* (pure)="Ty. for static fluctuations extracted from these fits, as a functiopsof

) ) ) ) The solid circles in the inset are the peak positions in the specific
that including or excluding them does not influence the charneat as obtained from calorimetry studj@

acterization of the smectic peaksegt 0.2 A~ . The relative

strengths of the aerosil and liquid-crystal scattering canlow temperaturesy, appears to be virtually independent of
however, provide a method for normalizing the scatteringpg and increases slightly with decreasing temperature. This
intensity and thus for comparing the intensities from differ-temperature dependence is shown in Fig. 5 as a function of
ent samples. In particular, we decompddgq) into two  the difference in temperature frofi, the temperature be-

separate contributions: low which the magnitude of static smectic fluctuations be-
comes nonzero. The procedure for obtainlrigand its value
I(QaT>Tl(31|):B(q):USBS(q)+ULCBLC(q)v 3) as a function ofpg are discussed below in Sec. Il D.

The temperature dependence dgrwas also measured for

where the shape of the liquid-crystal contributiBpc(q), is ~ Pure 8CB belowr 3 ,. Due to small systematic uncertainties
obtained from measurements on pure 8CB, and the aerodfitroduced by variations in the x-ray optics, precise compari-
gel contributionBg(q) is assumed to have a simple power- SONs on an absolute scale between the valueg ébr pure
law form [7]. The ratio of the prefactors, /v scales with 8CB and those for the aerosil samples could not be made.
the aerosil volume fraction as expecfé8]. The prefactor to However,q, for the aerosil samples at low temperatures and
the liquid-crystal contributiony| ¢, which is proportional to ~ for pure 8CB in the smectic phase showed very similar tem-
the quantity of 8CB in the beam, provides a method forperature dependencies, and we estimate that for a given ef-
placing the scattering intensities on an absolute scale. Wctive temperature differenc&—T*, the fractional differ-
define normalized strengths for the thermal and static flucence ingo between pure 8CB and any aerosil sample is not
tuation terms by more than 0.2%. Thus, the presence of the aerosil has little, if
any, effect on the partial bilayer smectic layer spacing in
8CB.
U?:O'llec, (4)
C. Thermal fluctuations

ay=ay/vic, (5) The amplitude of the thermal fluctuation terardy , is dis-
played in Fig. 6 as a function of temperature for several
values ofpg. Consistent with Figs. ®) and Zc), the tem-
perature dependence oﬁ' at temperatures well abovE*
tracks that of the susceptibility for pure 8CB, which is shown
B. Smectic layer spacing by the solid line in the figure. However, unlike the pure
The wave vectog, in Eq. (1) characterizes the spacing of System, where the susceptibility divergesTat,, o for
the smectic |ayersy and F|g 5 disp|ays the Va|ueq(péx- 8CB confined in aerosil gels remains finite through the
tracted from fits for three aerosil densities. At high tempera-transition” region.
tures, where the smectic peak has a large width and small At temperatures belowT*, o} exhibits a roughly
amplitude, the scatter igg is too large to determine confi- temperature-independent value. In Fig. &) for the pg
dently any systematic dependence on temperatuyg; oAt =0.220 anths= 0.282 samples are shown as free parameters

which give the sizes of the two terms for each sample nor
malized by the scattering volume of 8CB for that sample.
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FIG. 9. Amplitude of the thermal fluctuationsf'l\', Versus cor-
relation length& for 8CB confined in aerosil gels. The plotted
values span the full experimental rangepafand temperature. The
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whereB, x, andT* depend orps. Values forB, x, andT*
T - T* (K) are tabulated in Paper Il. As the figure illustrates, this expres-
sion describes the temperature dependen@%‘ajuite well.
The significance of this functional form is discussed in
Sec. IV.

Fits with Eq. (6) provide unambiguously the onset tem-
peratureT* of static fluctuations induced by the quenched
to low temperatures in order to illustrate the very weak tem-disorder. The open symbols in the inset of Fig. 7 are the
perature dependence at lolv Below the pseudotransition resultingT* values as a function gbs. As the inset illus-
region nearT*, the thermal term should be dominated by trates, the onset of static smectic order becomes increasingly
long-wavelength excitations, and the scattering intensitysuppressed in temperature @sincreases. This suppression
from these contributions should be dictated by the Bose ocn T* quantitatively tracks the decreasing position of the
cupation factor, which gives)(T)=T. Over the narrow ab- peak in the heat capacity withs observed in calorimetry
solute temperature range=@90 K-307 K) belowT*, the  studieg7] and shown in the inset with solid symbols. Due to
roughly constant behavior far}' is consistent with this ex- the considerable uncertainty in the valuesTdf extracted
pectation. On the basis of this observed Iow-temperaﬂ?‘re from the fits with Eq.(6), the nonmonotonic variation in
behavior in unconstrained fits, we have repeated the fittingtransition” temperature withpg that was observed calori-
with Egs.(1) and(2) for eachpg for T<T* with o} fixed at metrically for ps<0.1[7] cannot be resolved.
the average low-temperature value for that density. This sec-
ond iteration of fitting was designed to obtain better stability
in the results for the other fit parameterﬁmely,a’z\' and§)) . ) ,
that are coupled tor) [34]. The results fops=0.025, 0.041, Cor_1$|stentlw_|th Ililgs.éb) and ZC)'dtrf‘e valﬁesf_ of thﬁ
0.051, and 0.105 in Fig. 6 show! held constant at low STECUC correation lengt 5, extracted from the fits wit

temperature under this procedure. Near and abidvewe Egs. (1) and(2) for T>T*, are like those of pure 8CB and
treata’II as a free, temperature-dependent parameter, leadi track its temperature dependence. Figui displays¢ at

. o Y@mperatures abovE* . Any possible systematic variation in
to the behavior shown in Fig. 6. & V\E)ith ps IS overwhelme):jpby the scyatter in the data. The
solid line in the figure it for pure 8CB[26], where we use
TﬁA for T*. A detailed scaling analysis of the temperature

As mentioned above, the scattering intensity from 8CB independence expected féf of 8CB+aerosils abovel™ is
aerosil gels abov@, is well described by thermal fluctua- provided in Paper II.
tions alone, and the static term in H4) is effectively zero. As with cr'f, & for aerosil samples fails to track the di-
With decreasing temperature, the contributions from statiwerging behavior of the pure system througk, and re-
fluctuations rise sharply from zero. Figure 7 displays themains finite to low temperature. At temperatures belBiy
temperature dependence of the static fluctuation Eé}‘rfnr &) approaches an essentially temperature-independent value.
three values ops. The solid lines in the figure are the re- Figure 8b) shows the correlation lengths at low temperature
sults of fits with the form for four densities of aerosil. The variation of the low-

FIG. 8. The smectic correlation lengt) for 8CB confined in
aerosil gels(a) & for T>T* compared with that of pure 8C[Bolid
line with T* (pure)= T3] for values ofps as specified in Fig. 9b)
£ values at low temperatures for four valuespef.

E. Smectic correlation length

D. Static fluctuations
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RM 8CB. The success of E@l) indicates that these effects can
be modeled as random fields. Consistent with theoretical pre-

095 090 0.85 i . s .
dictions, the random fields destroy the transition to a quasi-

0.70 L_3D-XY ° Iong-range—ordered smectic phasg and replage it With the for-

R m e T LT mation of short-ranged correlations. In this section, we
0.65F — investigate the relationship between the strength of this dis-
«.0.60 _ order and the corresponding short-ranged smectic order, in-

~ cluding possible connections with theoretical predictions, as
R*O.SS - T° { T well as aspects of the pseudocritical behavior exhibited by
0.50 _{I tricritical | 8CB confined in aerosil gels.

.. {.
0.45 % I @
'."."I"."I."."."I' ','I.".".";".I'.".".' As Figs. 6 and &) illustrate, the smectic scattering in
03k _ 8CB confined in aerosil gels aboW& resembles, to a first
approximation, thermal critical fluctuations unaffected by
quenched disorder. This close connection between the ther-
mal term in Eq.(1) for 8CB+aerosils and the corresponding
term for pure liquid crystals in the nematic phase is strength-
ened by considering the scaling relation betweé‘randgu.
In a pure isotropic critical system foF>T., one haso;
«t™ 7 and&oct ™, which leads tar;o £Y"= ¢~ 7. For liquid
crystals, which exhibit critical anisotropy in the behavior of
the correlation lengths, one obtaing > fny/“”, where y/ v,
=2—m,. This scaling relation between the thermal

A. Pseudocritical behavior

0.2

3 0.1
0.0
-0.1

2.1 susceptibility and the parallel correlation length for
. . 8CB+aerosils can be written as
tricrit _
e 20--FF----1------ - -Fe o
& BT TIRRY T AL ®
19, » ° -
I . where the subscript on has been dropped for convenience.
1.8% R - Figure 9 displays a log-log plot Qf’i‘ versusé| for a series
Lissatessslosssbaanalonsntonnslonsily OfsampIeSOfvaryin@Sandalinerepresentir@l(ng.AS

the figure demonstrates, the scaling relation holds for 8CB

0.0 0.1 0.2 3 0.3 confined in aerosil gels over the entire experimental tempera-
PS (g/cm”) ture range, both in the pseudocritical regime ab®Veand at

low temperature, where botH, and &) have only weak tem-

perature dependence. Further, the scaling amplifusieows

no systematic variation withg. Indeed, the successful col-

. . o . . . lapse of data from different samples in Fig. 9 suggests the
circles for a series of pure liquid crystals with varying MacMillan L . N
ratios Ry =Ta/ Ty, as determined from data given in RE3S]. validity of the norma}llzathn procedure fm‘llusmg ULc-

The effective exponent spans the range from near a tricritical AISO clear from the figure is the fact that-2 is close to 2
value, 28=0.5, at smallps to a 3DXY-like value, 28=0.691, at for 8CB+aerosils. The mean field and the Gaussian tricriti-
largeps. (b) The effective exponent from calorimetric studies on ~ €al value of 2- 7 is 2.00, and the 3D XY value is 1.962.
8CB confined in aerosil ge[d] (open circlesalong with values of ~ Furthermore, the value of/v| is 1.88 for pure 8CH26].

a (filled circles for a series of pure liquid crystals with varying The correspondence between the scaling given in (.
Ry, as given in Ref[35]. (c) The effective exponent 25 ob-  applied to 8CBraerosil gels of varying g and that for pure
tained from fits with the formr})'=A¢f~ 7 versusps (open circles  liquid crystals is discussed below.

FIG. 10. (a) The effective exponentfrom fits toa,(T) with Eq.
(6) for 8CB+aerosil samplegopen circleg versuspg. Also given
are values of the squared order parameter expongnt(flled

and the critical exponeny/ v (=2- 1)) for a series of pure liquid This pseudocritical behavior of 8CB confined in aerosil
crystals as a function dRy, . Note that the linear scaling between gels also extends beloW*, wherec in Eq. (1) approaches a
psandRy, given by Eq.(8), is the same for all three plots. small constant value, and, becomes proportional to the

integrated intensity of the static fluctuation term (ig)). The

growth of this intensity, shown in Fig. 7, strongly resembles

that of an order parameter squared, as the success of the fits

of a, with Eq. (6) illustrates. Figure 1@ shows the values

of the effective exponenk extracted from these fits as a
As the results outlined in Sec. Ill demonstrate, confinefunction of pg. For pure liquid crystals, the critical behavior

ment by aerosil gels strongly affects the smectic transition irobserved at th&l-SmA transition is affected by the proxim-

temperature correlation lengtf "= & (T<T*) with pg is
described in Sec. IV.

IV. DISCUSSION
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through the Rushbrooke scaling equalitg22— o — 7y [37],

for a series of pure liquid crystal85] with varyingRy, , are
included in Fig. 10a). The effective 8CB-aerosil exponents

X span the range from near the tricritical valug=20.5 (like
pure 8CB at smallpg to 3D XY-like, 28=0.691, at large
ps. With increasingps, the quenched disorder has the ap-
parent effect of suppressing the nematic susceptibility and
thus the coupling that drives the critical behavior of the
N-SmA transition in pure liquid crystals away from 3BY
universality.

This trend agrees very closely with the corresponding be-
havior observed in specific heat studies of 8CB with dis-
persed aerosil$7]. Figure 1@b) shows the values of the
effective heat capacity exponemt from the calorimetric
study versugs. As the figure illustratesy decreases toward
the 3D XY value with increasings. The solid circles in Fig.
10(b) are the critical exponents measured for pure liquid
crystals as a function oRy . The same linear scaling be-
tweenpg andRy, successfully collapses the aerosil data onto
the pure liquid crystals in Figs. 18 and 1@b) and suggests
the notion of an effective MacMillan ratio for 8CB in aerosil
gels,

R (sil)=0.977-0.47ps. (8)

This general relationship betwedf, '(sil) and pg for two
distinct pseudocritical behaviors strengthens the idea that the
presence of quenched disorder suppresses the nematic sus-
ceptibility in 8CB nearT*. This suppression likely results
from the role of surface anchoring on the gel strands in
changing the properties of the nematic phase, since the ob-
served ratiolTya/ Ty, for 8CB+aerosils varies little withpg

[7]. Figure 1Qc) displays values of 2 7, extracted from fits
with Eq. (7) to o) and &) values obtained for differents
samples. Also shown in Fig. 1€ are values ofy/v| (=2

— 7)) for pure liquid crystals as a function &, . Due to the
small difference in 2- 7 between the tricritical and 3BXY
values and the large scatter in the results both for pure liquid
crystals and for 8CB aerosil samples, systematic trends like

6CB) measured by static light scatterifit0], and the dashed line is those seen in Figs. 18 and 1@b) are less clear for 2 7.

the mean aerosil void siZg. The long-dashed line represents the
form & Tcpgt. (b) The ratioa)/ o} (low T) at the fixed tempera-
ture differenceT* —T=6 K as a function ofpg. The long-dashed
line is the relatiora}/ o) (lowT) = p2. (c) The ratioa) &%/ o (lowT)
at the fixed temperature differencE* —T=6 K as a function

Of Ps-

Tabulated values for 2 » are given in Paper Il.

B. Low-temperature correlations

As Fig. 8b) demonstrates, the correlation length for
smectic order in 8CB confined in aerosil gels saturates at low
temperature. Figure 14) shows these low-temperature par-

ity of the higher-temperature nematic to isotropic transitionallel correlation IengthsfhT as a function ofpg. The solid
through a coupling between the nematic and smectic orddine in Fig. 11(a shows the trend in theematiccorrelation
parameterse.g., de Gennes coupling; see Papg[3b]. The  lengths of the homolog 6CB with dispersed aerosils, as mea-
strength of this coupling depends on the magnitude of theured by Belliniet al. [10] with static light scattering. These
nematic susceptibility afy,, which for pure liquid crystals light scattering studies demonstrate that the nematic order in
depends on the width of the nematic range and can be liquid crystal with dispersed aerosil breaks up into very
roughly parametrized by the MacMillan ratioRy large, but finite, domains. Since smectic layering forms
=Twa/Tn- When Ry, becomes small Ry~0.7), the within regions with nematic order, the nematic domain sizes
N-SmA transition is observed to approach 30¥ behavior set upper limits for the range of the smectic correlations.
but still exhibits a small anisotropy in the critical correlations However, §ﬁT remains well below these limits for ajig,

[36], while it approaches tricritical behavior and then be-demonstrating the sensitivity of the smectic phase to
comes first order aRy— 1 [35]. Values of 28, determined quenched disorder. The dashed line in Figalis the mean
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second, Radzihovsky and Tongt7] develop a detailed
theory for smectics with random quenched disorder.

=

§ >0 The strength of the disorder imposed on smectic 8CB by
= confinement in aerosil gels clearly correlates with the density
© -6.0 of the aerosil; however, the precise relation between density
= and disorder is unknown. Within the simplest assumption,
% confinement in the gels induces random fields whose disor-
Y -1.0 der strength is proportional to the gel density. With this as-
) sumption, the scaling arguments of Aharony and Pytte pre-
;-80 dict ng*1Mpg1, whereA is the strength of the random-
== field disorder. The exponent 1 is obtained from—1/(d,

iy 2.0 24 28 32 —d) whered=3 is the spatial dimension ardi=4 is the

=2 log 10({3) lower critical dimension for the random fieXlY model[38].

The long-dashed line in Fig. 18 is the power-law form
FIG. 12. The ratia}/o}(lowT) at the fixed temperature differ- &['>pg*. Over the range ofps covered experimentally,
enceT* —T=6 K as a function of. The solid line is a power-law measured values @ﬁT appear roughly to follow this behav-
fit giving an exponent value of 2.68. ior. A best fit to a power-law form over the full range p§
gives¢f T pg 122, The scaling arguments of Aharony and

aerosil void sizd, as a function ops [7,21]. Over the range  PYtte further lead tay/oy<A% The long-dashed line in

of densities studiec" exceeds, by a factor of 3 or more, Fi0- }\l](bL is this relation, again assumin§j=ps. As with
consistent with an intermediate strength disordering field§|+ /01 follows a trend crudely consistent with the pre-
Paper Il provides a detailed discussion of the rold ofn d!cted power-law behavior, but clear dewatlons from the pre-
setting the range of the smectic correlations. d!cted form_ are also apparent. One poss@le source for these
Figure 11b) displaysa'z“/aT as a function ofps for T dlscrepanmes could be a more subtle relation be_tvpgemd
1 K. o lt s et raernant or a doneto "S5 R Paber) oo on e pe,
characterize the magnitude of the fluctuations, in order t P P

9] ; e N, N ot
remove any errors that the uncertaintiew i might intro- den(‘te of dlsorder_ops, we plotin .F|g. 12a2/01. against. ,
duce through the normalization. Because the expoment N this plot we use rather tharg; since the scaling theory is

characterizing the growth (ﬂy below T* is only weakly for an isotropic system, ang® represents the correlation
dependent ompg, the trends observed for this ratio are in- volume. According to the s_caling theoa)g‘/oT should vary
sensitive(on a logarithmic scaeto the temperature differ- with correlation length likes 3, while a best fit shown by
enceT* —T used to evaluat@y . Figure 11c) shows the the solid line givest 288925 This relatively good agree-
quantity al£%/ o, where£=(£,£2)? is the mean correla- Ment with the theory is also reflected in the weak variation

tion length at low temperature. This quantity, which is ap-Wwith the disorder strength ah &% o) shown in Fig. 11c).
proximately the ratio of the integrated intensities of the ther- A second possible source of discrepancy between the

mal and disorder terms at low temperature, shows littleSmectic correlations in 8CBaerosil and the scaling argu-
variation with ps. ments of Aharony and Pytte is that additional disordering

effects enter the confined smectic beyond those of the
random-field 3DXY system. In their discussion of smectic
liquid crystals with quenched disorder, Radzihovsky and
As mentioned in the Introduction, random-field models Toner identify two sources of disorder: tilt disorder, which
have served as important examples for understanding poseuples to orientatiofi.e., the nematic directprand a layer
sible consequences of quenched disorder, and extensive thdisplacement disorder, which couples directly to the smectic
oretical work has been devoted to random-field systems. Fasrder parameter. While the latter corresponds to the disorder
the case of transitions that break a continuous symmetry inf the XY model, the former is predicted to be the dominant
three dimensions, such as the nematic to smekticansi-  disorder for the smectic. An important prediction of the work
tion, the domain wall energy arguments of Imry and Maof Radzihovsky and Toner is that the disordered smectic
conclude that the transition is unstable to arbitrarily weakshould possess anomalous elasticity, and one consequence of
random fields[13]. Subsequent theoretical work has rigor- this prediction is that the correlation length raffp/&, is
ously established this conclusidgd5], consistent with the reduced from that of the pure system. In our modeling of the
short-ranged smectic order measured for all 8@Brosil smectic correlations with Eql), we find that maintaining
samples well belovﬂ'ﬁA. For quantitative comparisons with £/¢, equal to its values in pure 8CB produces good fits to
these short-range smectic correlations, two theoretical effortdhe data. However, the powder nature of the measured line-
provide guidance. In the first, Aharony and Pytt&] apply  shapes creates considerable uncertaintied inso that we
scaling arguments to predict the low-temperature form of thecan not exclude some reduction in the correlation length ra-
structure factor for systems with transitions breaking contio. Despite this inconsistency, the prediction from Radzi-
tinuous symmetries in the presence of random fields. In th@ovsky and Toner tha‘thocA‘1 is roughly consistent with

C. Comparisons with theory
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our results in Fig. 1), assuming agaim «pg holds ap- introduction of quenched disorder through confinement in

proximately. aerosil.
Radzihovsky and Toner further predict thai(T)
«B(T)Y" at low temperature, whe®(T) is the layer com- ACKNOWLEDGMENTS

pression modulus of the pure liquid crystal. Within this i
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below T2, [39], so a direct test of this scaling prediction is supported by the Natural Science and Engineering Research
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note that this conclusion differs from that reported for 8CB

confingd in aerogels,_ in which the anglysis of.those X-ray APPENDIX: ANALYTIC POWDER AVERAGING

scattering resu_lts ylelc_iedg(T) consistent _V\_/lth §(T_) OF THE SMECTIC STRUCTURE FACTOR

«B(T)*" and with marginal Bragg glass stabilifg]. This

contrast between the aerosil and aerogel results is somewhat The x-ray structure factor for the smectic fluctuations in
surprising since the validity of the prediction of a Bragg 8CB confined by aerosil gels, given in Ed), includes two
glass is within a regime of weak disorder, and the aerosil gelterms. The first terniLFC) is an anisotropic Lorentzian with
impose a more gentle perturbation on the smectic than aere- fourth-order correction in the transverse direction that
gels. One source for the differeff(T) behaviors could be accounts for critical thermal fluctuations. The second term
the partial compliance of the aerosil gel with the elasticity of(LFC2) is proportional to the thermal term squared and
the liquid crystal, a feature that is not incorporated into theaccounts for random-field induced static fluctuations.
theory and may complicate comparisons with it. However, aAlthough an anisotropic Lorentzian raised to a power
number of differences also exist between the approach usedong the transverse directionS(q)=a/[gf(qu—qo)2

for analyzing the smectic line shapes in the aerogel study- (1+¢2g?)*~7-/2], is equally successful in describing the
[3,6] and the analysis presented here for aerosil samples. Fefiermal fluctuation§40], we use the LFC because its powder
8CB+aerosil data, analysis such as that used in the aerogalerage can be calculated analytically. The structure factor
study has strong consequences ). Further study of for a powdered sample is equivalent to that for a single-
other liquid crystals would clearly help in determining domain sample averaged with equal weight over all orienta-
whether the contrast between the aerogel and aerosil systemisns of the smectic wave vectgg, relative to the scattering

in their agreement with Bragg glass stability is a consewave vector,

guence of elastic coupling that is not considered in the theory

or, perhaps, an artifact of the differing approaches to the 1

line-shape analysis. Such studies would also be invaluable in spowdeq) = EJ' dQ, S(q). (A1)
testing the generality of trends observed for 8CB, such as the

crossover to 3DXY behavior shown in Fig. 10, with the For the LFC term, the integral has the form

g
Spowder(q):_ )
e 4m] 004 g (ay—a0) 2+ €207 +cglql)
11 . o
szidcosu 2 24 #2120 4 4
1 {1+ £f(qcosb—qo)*+ £ g°sin* 6+ c&t gsin’ 6}
= Uf d ! (A2)
2) ¥ av2BurCcuttDu’
|
where D=cé&tg. (A3)

— 2.2 2 82 4 4
A=1+gaotera+ce an, This integral in turn can be written as

B=—&fqo0, L
—_—, (A4)

111
powder \__ T
SiFc (Q) Df_ldMH (i—a)

m
i

C=(&—-&)g°~2célq,
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where «; are the roots with multiplicitym of the quartic wherea=ag+iq,.
equation The analytic powder averaging of the LFC2 term follows
the same approach:

A+2Bu+Cu?+Du*=0. (A5)
With the integrand in this form, it can be expanded into a gpowder
sum of terms, LFc2 (O)
1 o
1 Cij = J dQ
—_—= E— A6 - q
i ey (A6) am) 01+ (a0 2+ £ 0P +oél gl 1
where the coefficient€;; are obtained through the expan- _ fjl d 1
sion process. At this stage, each term can be evaluated ana- 2)_1 'u(A+ 2Bu+Cu?+Du*)?
lytically using elementary definite integrals, such as
24 o " [* dull — (A8)
1 1 1 1-aRr) +a 1- = 13 Bl e
[ e i P S 202) 2N (e
-1 mma 2 (1+ ag)®+ o @,
+tan ! 1+ ag (A7) As with the LFC term, this integral can be expanded into a
Q) series of elementary definite integrals.
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