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port is therefore growing for a new model of
area specification in which patterning of the
part of the brain responsible for our higher
functions is coordinated by the same basic
mechanisms and signaling protein families
used to generate patterning in other embry-
onic organs (3-7).

Our findings further suggest one type of
mechanism by which the area map might be
altered in evolution. Area maps in different
species share topological features, suggest-
ing broad similarities in patterning mecha-
nism, but they also differ in area position,
size, and number (/). In primate cortex, for
example, multiple visual sensory areas ap-
pear to have been added in evolution, each
characterized by separate retinotopic maps
that show abrupt mirror-image reversals at
area boundaries. Our observations suggest
that the template of a new area could be
generated by a local modulation in signal-
ing by a single growth factor.
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Universality and Scaling in the
Disordering of a Smectic Liquid
Crystal

Tommaso Bellini,"2 Leo Radzihovsky,! John Toner,?
Noel A. Clark’

We present experimental and theoretical studies of the effects of quenched
disorder on one-dimensional crystal ordering in three dimensions. This fragile
smectic liquid crystal layering, the material with the simplest positional order,
is also the most easily deformed periodic structure and is, therefore, profoundly
affected by disorder, introduced here by confinement in silica aerogel. Theory
and experiment combine to characterize this system to an extraordinary
degree, their close accord producing a coherent picture: crystal ordering is
lost, giving way to extended short-range correlations that exhibit universal
structure and scaling, anomalous layer elasticity, and glassy dynamics.

A major part of condensed matter physics is
directed toward understanding the effects of
disorder, defects, and impurities, which are re-
sponsible for many materials properties and
failures. Theoretical models, which systemati-
cally introduce disorder into well-understood
clean systems, reveal rich and complex phe-
nomena that challenge and broaden our under-
standing of statistical physics. The effects of
disorder can be dramatic, destabilizing phases
(I-3) and producing new ones (4—7), as well as
altering otherwise “universal” behavior near
transitions (8, 9). Liquid crystals (LCs), by vir-
tue of their fluidity, their intrinsically soft elas-
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ticity, and their experimental accessibility, offer
exceptional opportunites for the study of the
structural and dynamical effects of quenched
disorder, which can be readily introduced, for
example, by confinement within appropriate
random porous media. Such studies are also of
interest in connection with composite electro-
optic materials in which randomness is imposed
on the LC, for example, by introduction of
polymer or nanoparticles (/0). The starting
point for developing a theoretical description of
LCs confined in a random environment is to
study the effects of weak random point forces
and torques on the LC order, an idealized dis-
ordering mechanism that affects molecular lo-
cation and orientation in random ways but oc-
cupies as little physical space as possible. This
situation can, in fact, be approached in the
laboratory by incorporating the LC into the
connected void space of an aerogel, a highly
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porous (up to 98% void) fractal-like network of
multiply connected filaments of aggregated 3-
to 5-nm diameter silica spheres (/1) to which
the molecules stick.

We have investigated the effects of aerogel
disordering on the one-dimensional (1D) peri-
odic array of two-dimensional (2D) liquid-like
layers of a smectic A (SmA) LC. We studied
octyloxycyanobiphenyl (8CB) (/2) in the vicin-
ity of and below the nematic-SmA (N-SmA)
phase transition temperature T\, = 33.5°C,
where the layers melt upon heating into a trans-
lationally disordered but long-range orienta-
tionally ordered nematic phase (Fig. 1) [Web
note 1, (Z3)]. Upon approach to the N-SmA
transition, bulk 8CB exhibits precursor critical
phenomena characteristic of a second order
phase change (including growing local smectic
domains for T — Ty, *, softening of the layer
compression modulus for T — Ty, ~, and di-
vergent heat capacity), which have been exten-
sively studied and are understood in many (but
not all) respects using modern theories of crit-
ical behavior [Web note 1, (I3) and (/4)].
Aerogel confinement enables the study of the
effects of additional random perturbation, fixed
in space and time (quenched disorder), on the
smectic layer order (/5). X-ray diffraction
(XRD) (Fig. 1) provides a direct probe of the
layer structure in the presence of this disorder
(16, 17) and, in combination with calorimetry
(18, 19) and static and dynamic light scattering
(19-21), enables a detailed characterization of
the smectic ordering within the aerogel matrix.
Close quantitative and qualitative accord be-
tween experiment and theory (22-26) leads to
considerable insight into the. effects of
quenched disorder. The experiments show that
even very low-density aerogel destroys the 1D
crystalline smectic order, consistent with the
theoretical prediction that any quenched disor-
der—no matter how weak—should do so. The
observed remnant local layer order persists out
to a macroscopic length scale £(T), the “x-ray
correlation length,” which is not equal to any
length characteristic of aerogel structure and
can be calculated on the basis of a competition
between the randomizing effects of the aerogel
and the order-seeking smectic elasticity. On the
length scale of §(T) (Fig. 1C), only elastic layer
undulations are generated; i.e., the disordering
does not involve topological (dislocation) de-
fects of the layering, which may or may not be
produced at longer length scale. The smectic
elasticity itself is altered radically, with the
shape of the x-ray structure -factor providing
evidence for predicted anomalous length-scale
dependence of the elastic moduli, a result of the
disorder-induced layer undulations interacting
via smectic elastic nonlinearity. Lastly, the
structural correlations of the short-range smec-
tic order exhibit universality and scaling rela-
tions; i.e., the host system-specific behavior is
lost once the local order becomes extended, as
it is in bulk systems near continuous phase
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transitions. The theory also predicts that, for
weak disorder, the topological defects can be
expelled by way of a thermodynamically sharp
phase transition to produce a topologically and
orientationally ordered (but elastically distort-
ed) “smectic Bragg glass” phase. Experimen-
tally, the appearance of activated glass-like dy-
namics exhibiting divergent logarithmic-in-
time slowing with decreasing T (2/) in combi-
nation with the evidence for. anomalous
elasticity suggest that the smectic Bragg glass is
approached at low temperature in the 8CB-
aerogel system.

SmA 1D layering is described by the com-
plex order parameter Y(r) = |Y(r)| eiau®,
with |(x)| characterizing the strength of the
density modulation and u(r) the smectic layer
displacement relative to that of perfect 1D
crystalline order of layer periodicity d =
2t/q,. As pointed out by deGennes (27) this
two-component order is analogous to that of
superfluids and superconductors. The clean
bulk N-SmA transition can be described in
two complementary ways, either of which, in
principle, can provide a quantitative theory of
its thermodynamic singularities [Web note 1,
(13)]. The Landau-deGennes (LDG) model
expands the smectic free energy density in

100

symmetry-allowed powers of { and its gra-
dients (28), the first three terms to the left
describing the bulk N-SmA system and the
terms to the right and in curly brackets cou-
pling the random potentials g(r) and V(r) to
n(r) and Y(r), respectively, in order to ac-
count for the effects of disorder

Fioe = F[l 412 + |e - (V = igidnm)y(r)P
+ F[8n(r)] — {[g(r)n ()] — Re[V()(r)]]
(1

Here, the minimum of the polynomial F[| (|2

establishes the most probable value of [

(equal to 0 in the N phase and > 0 in the SmA),
the second (gradient) term stabilizes the layer
thickness to d and the layer orientation to be
locally normal. to the local average molecular
axis orientation, n(r), and F is the energy cost
for spatial variation of n(r), favoring uniform n
(29). The complementary elastic (EL) model,
which, in the SmA phase below T, ,, can be
obtained from the LDG at long length scales,
expresses the energy density in terms of layer
compression d,u(r) and curvature V Lzu(r) and
corresponding compressional (B) and curvature
(X) elastic constants (30)

Fig. 1. X-ray structure factor of
8CB in the ¢ = 0.05 aerogel. (A)
Progressive growth of the smectic
peak for 30°C (green curve) > T >
5.4°C (red curve), showing I(g) on
a linear scale. Comparison with the
much narrower diffractometer res-
olution (dotted curve) indicates
that the smectic correlation length
in aerogel is always finite. (B) X-
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Fg = 1/2 Blo,u — 1/2(V,u)*P
+ K[V, u(n)] = 172 {g,(r)g(r)-V.u

— ()Re[ V(r)e" ]}, ()
The lack of resistance to shear [absence of
the V u(r) term] makes the smectic layer
system especially soft and elastically aniso-
tropic (31), leading to a variety of exotic
elastic effects (30), several of which re-
quire the nonlinear term (32), —1/2(V JLu)z,
the apparent fractional change in the thick-
ness of the layers when they tilt (33). This
nonlinearity must be included in a proper
description of layer distortions in response
to quenched disorder.

The connection between theory and ex-
periment is made by calculating the correla-
tion function and its Fourier transform, the
local structure factor I, (8q) with 8q = q —
q,,, which describes how the local layer order
deviates from that of a perfect smectic (34).
The LDG model with disorder (DLDG) pre-
dicts distinct thermal and disorder compo-
nents of I, (dq|m)

A«hermal
T+ (5oq) + (00,7
Adisordcr
T+ &ay + G0,

where the correlation lengths § and §, char-
acterize the extent of local order parallel and
normal to the local nematic orientation n
(35). In the bulk clean nematic (A oqer =
0), experiment finds (/4) and LDG (36, 37)
or EL (38, 39) theory predicts that §,(T) #
€, n(T) (¢ # ¢, in Eq. 1) and that they
diverge at different rates as T — Ty,. This
divergent bulk anisotropy (§(T)/E  (T) —
) is unique to the N-SmA transition among
the analogous two-component order parame-

Lioo(3q | m)prpg *

(3)

Fig. 2. Temperature dependence of the
smectic correlation length £ (T) and
susceptibility x(T) of 8CB in aerogels.
£(T) (A) and x(T) (B) increase only
gradually with decreasing T, with £(T)
requiring ~10°C below the bulk Ty, to
begin to saturate a low T value, which
depends on silica volume fraction ¢
(77). This contrasts with the bulk be-
havior (solid lines) and with the corre-
lation lengths measured in Millipore
(gray squares) which abruptly saturate
at T = T, at values governed by the
pore size, f (42). The inset plots &(T)
versus x(T), where these quantities are 3
scaled to overlap for 25°C < T < 33°C,
showing that in this regime where the
disordered LDG description should ap-
ply and k =~ 1, the predicted x « &2
scaling relation is obeyed. This scaling
breaks down at lower T in the lowest
density aerogels, where k > 1 due to
anomalous elasticity. Solid circles are in
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ter systems, arising from the coupling of n(r)
to the layer ordering (/4). The g and V terms,
which couple disorder directly to n and ¢ of
the smectic, are forbidden by gauge symme-
try in superconductors and superfluids, en-
abling, for example, the normal-superfluid
transition in “He to survive aerogel disorder-
ing (8). Because g and V are predicted to
dramatically enhance the effects of disorder
in smectics (24), it is of interest to see how
the deGennes analogy between smectics and
quantum systems fares in the presence of
quenched disorder.

8CB in aerogel. The x-ray scattering
structure factor I(q) of 8CB (/2) in the least
dense aerogel studied is shown (Fig. 1). Even
in the aerogel of lowest solid fraction at the
lowest temperature studied, where the effects
of the aerogel on smectic order should be the
weakest, we find that the width Aq of the
smectic layering peak is finite and measur-
able (/7) (Fig. 1A), in contrast to the effec-
tively resolution-limited Bragg reflection of
bulk 8CB (/5). Thus, the bulk smectic quasi—
long range order is suppressed at lengths
greater than £ ~Aq~'. Quantitatively, the
peak due to the layering is obtained by re-
moving from I(q) the effects of the diffrac-
tometer resolution and the background scat-
tering (40). The resulting structure factor
data, I (89 = q - q,, T) must be compared
with the orientational (powder) average of
Iloc(Sqln) the averaging over n accounting
for the overall isotropy of the aerogel system.
Figure 1, D and E, shows that the disorder
term is the dominant feature of 1 ,(8q) for
T < Ty, but that the disorder and the ther-
mal components are identifiable; the thermal
part appears in the tails because of its weaker
decay in comparison to 8q, as in Eq. 3. The
disorder component of 1,.(3q) was fit to the
simple theoretically motivated function
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the growth of correlation regime and the open circles in the quenching of fluctuations regime (see

Fig. 3).

x(T)

LOWD = TRRmeg™™ )

which provides an excellent description of
I,.(8q,T) and yields k =~ 1 throughout most
of the (¢, T) range. Such a result supports the
DLDG model, because Eq. 4 with k = 1 is
the powder average of the disorder term of
the DLDG I of Eq. 3 (41). However, the
exponent k is found to systematically in-
crease to k =~ 1.3 for low ¢ and low T (Fig.
1, D and E, and Fig. 4B). Calculation of the
tails of I, .(8q) and I,(3q) using the disor-
dered EL (DEL) model (26) shows that this
increase of k provides evidence for a cross-
over to “anomalous elasticity.”

The x-ray susceptibility x(T) and correla-
tion length §(T) extracted from the fits (Fig. 2)
are quite remarkable. The disordering is strong
enough to make &(T) small compared with the
bulk nematic correlation length & (T) for T >
T4 and to exhibit no sign of the bulk diver-
gence of §,(T) as T — Ty, Nevertheless, the
smectic layering is able to expel disorder, albeit
only gradually, over a broad range of T < Ty,.
Thus, & is set neither by the bulk behavior nor
by some intrinsic pore size of the aerogel, but
rather by the competition between the disorder-
ing influence of the aerogel and the smectic
elasticity, whose rigidity increases with de-
creasing T (42, 43). The amplitude x(T), shown
in Fig. 2B for three aerogels, is proportional to
the susceptibility of the system to a periodic
perturbation at wavevector q,, and, like &(T),
continues growing for T well below Ty, . Plots
of x(T) versus &T) (Fig. 2C) show that the
scaling relation x o« &2, a general feature of
fluctuations near second order transitions and
approximately satisfied in bulk 8CB for T >
Ty (44), also holds for smectic ordering in the
aerogel over much of the ¢,T range. This, along
with the finiteness of &(T), indicates that the
aerogel-LC system is behaving as if the smectic
phase is being approached but never reached.
The rounding of the peaks of AC (T), the heat
capacity anomaly associated with the smectic
ordering (18) (Fig. 3), and their shift to lower T
are also indicative of the elimination of the
N-SmA phase transition. However, the basic
peak structure indicates the survival of the two
regimes of ordering characteristic of the bulk.
For T > T, . ACp increases with decreasing
T, a result of the increased noise in the enthalpy
coming from the increased fluctuation ampli~
tude at small q that accompanies growth in
correlation. For T < T, AC,, decreases with
decreasing T, indicating progressive quenching
of the fluctuations about the local smectic order.
In the bulk, the phase transition singularity
makes the distinction between these two re-
gimes sharp, whereas in the aerogel it appears
as a continuous crossover (at the maximum in
AC,). The characteristics of this change from
growth of correlation (solid circles in Fig. 3) to
the quenching of fluctuations (open circles in
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Fig. 3) can be understood by noting that the
rounding and shift of AC, is reminiscent of the
critical behavior of finite-size systems (45, 46),
wherein the AC, peak occurs at the T (L) where
the bulk correlation length of fluctuations about
the ordered state (§(T) in the SmA) (Fig. 3)
becomes comparable to the system size L,
which is also the maximum correlation dimen-
sion (achieved when T crosses T,). For the
aerogel-confined LC, we find that it is the con-
tinuously growing &T, ¢), the cormrelation
range actually achieved for T < T,, that acts
as the effective finite-size cutoff, playing the
role of L. This condition is expressed by the
geometrical constructions in Fig. 3: The posi-
tion T ., of the AC, peak is predicted by the
orange line construction to ocour when §(T .
$) = §s(T,en)s the peak value of AC, pre-
dicted by the gray line construction, is the value
the bulk AC_ would have achieved due to order
fluctuations in the bulk nematic when §
&(Tpearo ) The (AC,, T) coordinates of the
peak obtained in this way (colored diamonds)
agree well with those of the AC, data in the
different aerogels. Thus, although the bulk sec-
ond order N-SmA transition is suppressed, the
length scale &(T) of the remnant local order is
sufficiently large that the principal characteris-
tics of AC(T) can be understood on the basis
of the generalized finite size scaling behavior of
a bulk clean system cutoff by &(T) (47).
Theory and Interpretation. The orienta-
tional and positional pinning of smectic lay-
ers produced by aerogel confinement is intro-
duced to the theoretical description of the
N-SmA system by the functions g(r), repre-
senting the random torque on the local aver-
age molecular orientation n(r), and V(r), the
local random force on the smectic layers
(Eqgs. 1 and 2). Note that V(r) is a periodic
function of the layer displacement u(r), with
a period equal to the smectic layer spacing,
reflecting the discreteness of the layers and
the fact that the pinning cannot be selective as
to which specific layer to pin; i.e., a randomly
pinned smectic is invariant under relabeling
of the layers. This periodicity has important
consequences at long length scales, where,
because of the growth of the fluctuations of
u(r) induced by the random torque g(r), the
V(r) term effectively averages to zero, be-
coming subdominant to g(r) for static corre-
lations [although remaining dominant for dy-
namics (26)]. Because the pinning of the LC
to the aerogel varies on a sub-nanometer
scale, the disordering potentials g(r) and V(r)
are random functions with only short-ranged
correlations, despite any long scale (e.g.,
fractal) correlations in aerogel density. In this
case g(r) and V(r) are the potentials neces-
sary and sufficient to account for all long
length scale manifestations of disorder. We
have recently made considerable progress in
developing theoretical tools that enable de-
tailed understanding of smectic ordering in
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random structures (22—25), and we have used
these tools to analyze the long-scale proper-
ties of both the DLDG (25) and DEL models
(22-24), finding substantial agreement with
experiment (48-51).

A key prediction of the theory, emerging
from both the DLDG and the DEL descriptions
is that the deGennes’ analogy does not survive
quenched disorder (52). Specifically, the intro-
duction of g(r), which is forbidden at long scale
by gauge symmetry in the in quantum systems,
destroys the layering of the bulk clean smectic.
The analysis of the LDG equation with disorder
incorporated as a perturbation shows that any
amount of disorder, however weak, effectively
drives Ty, — O for spatial dimensions D < 4
(23, 53). The correct and detailed interpretation
of this result emerges from the DEL description
(rigorous for weak disorder), which predicts
that 3D smectics are unstable in the presence of
any—even infinitesimal—amount of disorder.
Quantitative contact with the x-ray measure-
ments near Ty, is made by calculating I, (5q)
with the use of a Gaussian approximation to the
DLDG with, as input, correlation lengths that
are finite for all T; derived from an independent
calculation and perturbative in the disorder vari-
ances Ay, and A, of V(r) and g(r), respectively
(25). The result is a simple, random-field XY
model (50), with all the effects of g(r) and some
of the effects of V(r) incorporated into the finite
correlation lengths, which leads to I, (8@)p; pg
of Eq. 3 with renormalized A....(T, A,),
Adisorder(T’ AV)’ and €||,J.(T’ AV) that depend
only on A, (25). As A, increases, the disorder
(A,) term comes to dominate the T dependence
of [, (8q,T) for T < Ty, giving the powder
average 1,(8q,T) of Eq. 4 with k = 1 in agree-
ment with the symmetric line shapes observed

Fig. 3. Generalized finite-size scaling.in 400 -

disordered smectic. (A) Correlation

length £(T) and (B) specific heat AC (T)

(78) measured in the aerogels for e
Tua: along with bulk correlation lengths 2z

(red lines) and bulk AC,(T) (black lines). 7 200

AC, data from the ¢ = P0.27 aerogel are
not’ reported because the peak is. de-
pressed to the point of being undetect-
able. For T > T, (solid circles), the
system is thermale nematic-like, with
U fluctuating around a O average,
whereas for T <T_,, (open circles), the
dominant behaviér is the smectic-like
quenching of fluctuations about a non-
zero local §. An argument in the spirit
of finite-size scaling gives reasonable
estimates of T_.,, and AC, ., (solid
diamonds): the - position Tppeak is the
crossover T where §,(T) = £(T) (open
diamond and orange Tlne construction);
the peak value of AC, is the bulk AC
for a bulk nematic correlation lengtﬁ
equal to the aerogel correlation length
when the crossover £ = & ¢ occurs (gray
line construction) (47). 'IJL

at higher T and describing all of its T and ¢
dependence very well, e.g., §(T, ¢ ) as shown in
Fig. 3A (25, 54).

The DEL energy of Eq. 2 is a complete
first-principles description of the smectic in
weakly disordering random media. The al-
lowed quenched disorder explicitly breaks
the translational and orientational symmetry
of the ordered state, introducing energy terms
that couple directly to smectic layer positions
and orientations, which are characterized by
scalar displacement u and Vu, respectively.
As for other condensed phase systems with
spontaneous translational order (55), the re-
sulting elastic deformation can involve both
continuous displacement (akin to thermally
driven lattice vibrations) as well as singular
jumps arising from topological defects (dis-
locations). It is a key challenge in the study of
such disordered elastic media to determine
the role of each mechanism. Detailed analysis
of the DEL model of Eq. 2 in the limit of
weak disorder predicts that the loss of layer
coherence takes place at the length scale §(T)
at which the pinning disorder energy begins
to dominate over the smectic elastic energy,
but does so without creation of dislocations,
i.e., without breaks in the layers (Fig. 1C)
(22). Free dislocations, if present, have much
larger separations (Fig. 1C) and may not ap-
pear at all if the disorder is sufficiently weak.

Because of the soft-layer undulation degrees
of freedom of the smectic (expressed by the
absence of V u linear elasticity), the lowest
order nonlinear elastic term in the DEL model of
Eq. 2 qualitatively modifies the long scale elas-
tic properties of bulk smectic liquid crystals
(32). Although the resulting effects are not de-
tectable in bulk static experiments, the impor-

Disordered 49} “?, i
[ DGE m—2n0 A
R/

24 26 28 30 32 34 36 38 40

Temperature (°C)

e light blue curves indicate the disordered LDG predlctlon (25), which

gives an excellent fit to the £(T) data set for T = T, by varying only the disorder variance A,,. The
latter is found to scale with the aerogel solid fraction as A,, ~ ¢'©
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Fig. 4. Elastic scaling in weak disorder. (A) &(T)
measured for the different aerogels (open cir-
cles) and normalized to overlap for 25°C <
T < 33°C collapse into a single curve that
matches the B(T) o I(T) « t°38 growth of the
smectic layer compressional elastic constant
B(T), obtained from I(T), the measured inte-
grated bulk x-ray intensity (v), available above
freezing (dashed line). This match indicates
that k = 1 in this T range, consistent with k
obtained from the x-ray lineshapes in (B). The
black lines in (A) and (B) are &(T) ~ I(T)V/«(M
and the k(T) necessary to fit the aerogel &(T)
for 19 °C < T < 25°C, respectively. The red
and blue lines are similarly obtained for ¢ =
0.10 and 0.05, respectively, by assuming that
the B(T) o t%38 dependence persists for T <

Snorm
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19°C, where bulk I(T) data are not available. These k(T) are qualitatively consistent with those in

(B) obtained from the line shapes.

Fig. 5. Smectic slowing down. (A) R(7),
autocorrelation functions of light scat-
tered by orientation fluctuations of 8CB
in the 0.36 g/cm? aerogel at different T,
ranging from T = 31.0°C (fastest de-
cay) to T = 18.2°C (slowest decay). The
R(7) exhibit a slow mode not observed
on bulk single domain samples. This
mode, which is controlled by disloca-
tion motion, requires many decades in
time to relax, and exhibits dramatic

slowing down with decreasing T as ev- 102L

idenced by the increase in scaling time
for relaxation 7. (B) Scaling the InT axis g
by Inv, collapses the R(7) onto a single 10
curve. Such a remarkable collapse is
observed in the quenching of fluctua-
tions regime (open. circles) but not in

o‘ 5

©
ol e 9
01234567 &
| (7]
(2]

[s)
.-

n(t/ps) / In(tg/ys) N Ciow =
é.) @P/ e
el E

102 10°
S

101

the growth of correlation regime (solid circles). .(C) The slowing diverges as £ approaches its
low-temperature values with decreasing T. Because of the light is multiply scattered R(t) is

basically independent of scattering angle (27).

tance of this nonlinearity is significantly and
qualitatively amplified in randomly confined
smectics because fluctuations caused by the dis-
order-induced smectic roughness are even larger
and interact with each other throughthe nonlin-
ear elastic term. Detailed renormalization group
calculations show that, at sufficiently long
length scales, this leads to a bizarre “anomalous
elasticity” (AE), wherein the elastic “constants”
B and K become functions of wavevector q,
with B(q) — 0 and K(q) diverging as q — 0
B(g) ~ g, K(g) ~ g7 (22), where my and
My > 0 are universal exponents, predicted to be
independent of T, ¢, and the structural details of
the disordering medium. Analysis of the short
length scale behavior of <u(r)>> shows that,
after powder averaging, I,(8q) o 8q~®*1 in the
tails of the peak (26), where k =[2/(ng + M) —
1/2]7! and k # 1 indicates the presence of AE
(56). &T) is predicted to grow as &T) ~
A, 7KZTB(T) Y« (22, 57), a relation that ex-
presses explicitly the aforementioned competi-
tion between disorder and elasticity.

The x-ray lineshapes I (8q) and the growth
of §T) show independent evidence for AE at
lower T (< 25°C), as indicated in Fig. 4. For
higher T (> 25°C) the growth of &T) in the

2 NOVEMBER 2001

different aerogels can be simply scaled to mu-
tually overlap, confirming the basic scaling pre-
diction of &. Furthermore, the overlapped &(T)
grow as B(T) (as determined from the bulk
powder-averaged integrated x-ray peak intensity
I(T) ~ 1238 o (| y(r)[2) « B(T) (58-60). This
growth is consistent with £T) ~ B(T)"* with
k =~ 1. For T > 25°C in all of the aerogels,
[,,(q) is found to be Lorentzian (x =~ 1). How-
ever for T < 25°C, the aerogel &(T) begins to
systematically fall below the bulk B(T) (avail-
able for T > 19°C, where bulk 8CB freezes),

-indicative of the effects of AE. The L ,(8q) fits

yield k > 1 for the lowest density aerogels (Fig.
4B). Allowing a T-dependent k in &T) ~
B(T)"T to fit the aerogel £(T) from the bulk
I(T) data, yields the solid black curves in Fig. 4,
A and B. These and the red and blue curves,
obtained if the bulk B(T) ~ t*3® power law
behavior observed for T > 19°C (dotted curve)
is assumed to apply over the entire T range,
also show an increase in x(T) (Fig. 4B)
similar to that found from the I ,(8q) (61).
The theory interprets this apparent T depen-
dence of k as a crossover, occurring as £(T)
increases through the length scale at which
AE becomes important, that fits smoothly

interpolating k from the fixed exponent k =
1 of conventional elasticity to a fixed  for
AE. Presumably, the lowest T value k = 1.3
(implying mp + m = 1.55) is the closest to
the universal value for smectic disorder in
3D, which can only be roughly estimated
from the theory (62). Despite the subtleties
of the crossover behavior, the consistency
of the values of k obtained independently
from the line shapes and from the growth of
&(T) indicates the validity of the theory,
and, given the k obtained, the potential for
an unknown “Smectic Bragg -Glass
(SmBG)” phase. '
Glassy dynamics. In the bulk smectic,
the dynamics of the quasi—long range ordered
layering can be described in terms of phonon-
like fluctuations that become faster as T is
lowered and the local smectic rigidity B(T)
increases. Evidence for this dynamical be-
havior has been obtained from the Quasi
Elastic Light Scattering (QELS), produced by
the director reorientation accompanying layer
tilt fluctuations (63, 64). As shown in Fig. 5,
QELS is also an effective way of probing
smectic layer dynamics in the aerogel (63),
revealing a new mode for T < Ty ,, unknown
in the bulk and unambiguously assignable to
layer ‘fluctuations, that exhibits radical slow-
ing as T is lowered (21). QELS time correla-
tion functions R(T) exhibit a slow decay over
many decades in 7, describable as a universal
(approximately Gaussian) function of In(t)/
In(t), where 7, is an appropriate T-, ¢-de-
pendent stretching time scale that appears to
diverge in each aerogel as &(T) begins to-
saturate at low T. Such scalable “stretched”
decay of correlations and divergent scaling
times indicate that the 1D layering system is
becoming glasslike with decreasing T (2, 66).
A specific realization of such a scenario is
the divergence predicted in the weak disorder
limit as a precursor to a continuous transition
from the nematic to the thermodynamically dis-
tinct SmBG (22). On the high-T side of this
transition, the liquid crystal is locally topologi-

" cally ordered (dislocation free) as a smectic,

with &(T) established by continuous elastic layer
undulations, but at long length scales is topolog-
ically disordered, with free topological layering
defects (unbound dislocations, red lines) prolif-
erating (67). The SmBG is similarly character-
ized by elastically disordered layers, but has
only bound dislocations on long length scales
(68-74). Here, the divergent smectic glass cor-
relation length and the associated slowing arise
from the increasing distance between the un-
bound dislocations, as these defects are expelled
when the SmBG-N transition temperature is
approached from above. The Gaussian in log T
dynamic correlations that we observe, then, are
a natural property associated with activation of
this topologically correlated state over energy
barriers that diverge with a power of the size of
the active regions (75-77).
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