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X-Ray Scattering Study of Smectic Ordering in a Silica Aerogel
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We have studied, via x-ray scattering, the nematic to smectic-A (NA) translational ordering of the
liquid-crystal-forming compound octylcyanobiphenyl (8CB) incorporated into the pores of a silica aero-
gel. We find that the aerogel dramatically alters 8CB phase behavior, eliminating the NA transition
found at T=Tz& =33.7 C in bulk samples and replacing it by a short range smectic ordering having a
correlation length which at Ttv~ is g —40 A, much smaller than the aerogel pore and nematic domain
size gt, —200 A. As T is lowered this smectic disorder is eliminated from the pores, g increasing continu-
ously over a 20'C range to saturate at gt, for T & Ttvz —20'C.

PACS numbers: 64.70.Md, 61.10.Lx, 61.30.Eb, 82.70.Gg

Understanding phase behavior in the presence of exter-
nally induced disorder is an area of current interest in

statistical physics. Liquid crystals (LCs) oA'er unique op-
portunities in this context, a result of rather weak orien-
tational and translational ordering which can be strongly
influenced by surface interactions and which tend to be
accompanied by long range correlations near phase tran-
sitions [1]. Silica aerogels, highly porous solids formed

by aggregation and dehydration of suspensions of nm di-
mension silica particles, are attractive as hosts. The pores
form a continuously connected volume which can occupy
a volume fraction p approaching unity (/=0. 79 in the
present case). The aerogel solid surface locally fixes LC
molecular orientation and position, directly influencing its
orientational and translational order parameters. Be-
cause these are nonconserved and the LC is a one com-
ponent material it is not necessary to consider nonlocal
eA'ects such as phase separation. A particularly interest-
ing LC phase transition is the nematic to smectic A, at
which the orientationally ordered nematic (mean molecu-
lar long axis n) becomes modulated by a one-dimensional
(1D) density wave p =tire'~, describing the 2D-fiuid
layer stacking structure of the smectic A. Study of this
transition in the pores of an aerogel oA'ers the opportunity
to probe the eff'ects of induced disorder on a translational
phase transition which is second order or weakly first or-
der in the bulk.

The order parameter of the nematic-smectic-A (NA)
transition can be chosen to be the complex 1D density
wave amplitude y=~tlr~e'~ which, as pointed out by de
Gennes [2] and McMillan [3], enables a description of
smectic-2 ordering which is analogous to that of the ap-
pearance of superconductivity. For the smectic-A phase

~ y~ gives the magnitude of the density modulation and
the phase p(R) =fg[q(S) —qog] dS, where qo~ =z2tr/
do~, dog is the equilibrium 2 phase layer spacing, and

z is the layer normal. In equilibrium n=z and &=0.
Bulk 8CB exhibits isotropic (I), nematic (N), smectic-
A (A), and crystal (X) phases as follows [4-6]: I (Tttv
=40.5'C) N (Ttv~ =33.7'C) A (T~~ =21.5'C) X. The
NA transition is second order [7-9], or possibly very
weakly first order [10,11], at which the specific heat ex-
hibits a k-like anomaly [6] and the nematic phase exhib-
its divergent pretransitional short range smectic ordering
[51.

The aerogel used here, made by base-catalyzed hydro-
lysis and condensation of tetramethoxysilane [12], has a
mass density p =0.36 g/cm . Debye-Anderson-Brum-
berger [13] and Porod [14] analyses of small angle x-ray
scattering data [15] show a mean solid chord length of
—45 A and pore size (void chord length) of g~ —200 A,
respectively, void volume fraction of p =0.79, solid phase
density of p, =1.75 g/cm, and void surface to volume ra-
tio Rsv=0. 024 A '. The 8CB-aerogel samples were
prepared under vacuum using capillary action in the
nematic phase to fill 0.5 and 1 mm thick slabs of aerogel,
obtaining in this way a very slow filling that leaves the sil-

ica aerogel structure intact.
The phase behavior of these 8CB-aerogel samples has

been studied by light scattering and precision calorimetry
[16]. Turbidity measurements show that („, the correla-
tion length for nematic ordering increases continuously,
saturating at g„—180 A for T & 36'C, comparable to
the measured aerogel pore sizes noted above, with a local
nematic orientational order parameter increasing smooth-

ly with decreasing T, as in bulk 8CB. The heat capacity
Cz of the 8CB aerogel showed hardly any trace of the dis-
tinct k-like anomaly characteristic of the bulk NA transi-
tion, with Cz exhibiting a small excess over the expected
IN contribution, appearing over the broad temperature
range 15 & T & 32'C [16]. This suggests that the aero-
gel confinement strongly aA'ects the NA transition.
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FIG. I. X-ray scattering intensity 1(Q) from 0.36 g/cm sili-
ca aerogel-8CB composite vs temperature. For clarity, each
1(Q) is shifted up relative to that of the next lowest tempera-
ture by 0. 1 vertical unit. The smectic-8 layering peak at 0.198

narrows gradually in Q with decreasing temperature,
abruptly disappearing at T—0 C to be replaced by crystalline
peaks for Q in the range 0.48 A ' & Q & 1.40 A ', with the
peak at lowest Q (q„=0.48 A ') having the largest intensity.
The solid lines are fits by a sum of a Lorentzian (8CB) peak
and a power-law (aerogel) background, with the T= —4 C
curve having only the power-law scattering. The inset shows
the data and fits with the aerogel background subtracted. The
count-rate normalization is such that 1 vertical unit —10
counts/sec.

In order to directly probe the eAects of the confinement
on the NA transition, the x-ray structure factors S(g) of
the aerogel and 8CB-aerogel system were measured using
the diAractometer beam line X10B at the National Syn-
chrotron Light Source at Brookhaven. The incident
wavelength was 1.547 A and the angular resolution
R(g), shown in Fig. 1, was determined by slits in scatter-
ing angle 2L9 at the detector to have a full width at half
maximum of kg=0.003 A '. The transverse resolu-
tion, also determined by slits, makes no observable contri-
bution to the line shapes. Samples were 1 mm thick slabs
[16] mounted in a temperature controlled oven. Figure 1

shows the evolution vs T of the measured scattered x-ray
intensity, 1(g)=R (Q) S(g), for the fil led aerogel,
where denotes convolution. The aerogel background
scattering decreases monotonically with Q and, as the
temperature is lowered in the nematic toward the bulk
NA transition temperature, a diAuse scattering peak near

Q =qp~ =0.198 A ', the wave vector of the bulk smectic
layering in 8CB [5], appears in 1(g), smoothly becoming
narrower and more intense as the temperature is de-
creased. At T——2'C to —5 C this smectic-4 layering
peak abruptly disappears, being replaced by the series of
crystalline 8CB reflections shown in Figs. 1 and 2 for Q in
the range 0.48 A ' & Q &1.40 A '. These peaks are
much broader in Q than R(g) (see, for example, the
peak at Q=0.484 A ' in Fig. 1), indicating a finite

FIG. 2. X-ray scattering intensity 1(Q) for larger Q, showing
only a broad scattering bump from the silica aerogel in the
smectic-8 phase (T =15'C) and an additional series of peaks
from the 8CB in the crystalline phase (T = —4'C). The aero-
gel background was fit by a polynomial and subtracted out and
the two largest 8CB peaks fit to Lorentzians, yielding coherence
lengths, g =255 A at q =0.484 A ' and („=254 A at
q„=1.148 A '. Because of the overlap with each other and the
background, ( from the smaller peaks could not be reliably ob-
tained, but fits gave g's comparable to those of the large peaks.

range for crystalline order in the aerogel. Since bulk
8CB crystallizes at T-15 C, confinement in the aerogel
suppresses crystallization, as is generally found for other
first order crystallization transitions in porous media [17].
There are no crystal peaks for g & 0.48 A

The observable broadening of the peaks in Figs. 1 and
2 shows that long range translational order does not occur
in 8CB in the aerogel in any part of the T range studied.
Since the aerogel-8CB system is macroscopically isotro-
pic, the scattering is a powder average over an isotropic
distribution of short range ordered clusters. In this case
Sz(g), the powder averaged S(Q) for a peak at qp, may
be written

S (Q) = d'RG(R) [sin(QR)/QR]exp( —iqp z),
where G(R) is the pair correlation function for the densi-
ty wave amplitude,

G(R) =&i@(0)i i y(R) iexp[ig z[u(O) —u(R)l]&,

and u(R) is layer displacement along the layer normal
[18]. A variety of functional forms for S~(g) were used
in attempts to fit the layering peaks in 1(g), includ-
ing powers of Lorentzians S~(g) =AL(g, qp, ():2[1
+(g —

q ) g ], with x =0.5, 2, etc. The simple
Lorentzian (x =1) gave the best fits in both the A and X
phases.

Figure 2 shows the Bragg peaks in the range where the
scattering vector has some component due to in-plane
molecular spacings. The broad maximum is due to the
aerogel silica [19]. In order to quantitatively character-
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ize the spatial characteristics of the 8CB crystalline or-

der, the silica background scattering was fit by a polyno-
mial for 0.75 A ' & Q & 2.00 A ' and subtracted out.
The two intense crystal peaks in Figs. 1 and 2 could then
be reliably fit and fit well by S~(Q) ee R(Q) SL(Q,
q„,(„); cf. the peak at Q=q =0.484 A ' in Fig. I,
yielding the coherence lengths („=255 A at q =0.484

' and („=254 A at q„=1.148 A '. The lack of Q
dependence of („ indicates single crystallites with a mean
dimension („,essentially filling the aerogel pores.

The line shapes of all the crystal peaks were Lorentzi-
an: Sz(Q) =AL(Q, qo, ( ). In this case, if we assume an
isotropic G(R), the susceptibility will be Lorentzian
squared,

(ly(q)l ) = d RG(R)exp( —i[q R]) ee [I+qzg]
and G(R) =A exp[ —R/(„], a simple exponential. G(R)
can be interpreted in terms of finite size eAects arising
from the aerogel-induced disorder. In the limit that ( is

saturated at the pore size, G(R) can be calculated using
the arguments of Refs. [13] and [14] which give the Po-
rod structure factor [P(q) =(1+q (z), q at large
q] for the aerogel itself. We assume scatterers (the
pores) modulated by a density wave of wave vector qo,
which is uncorrelated in phase and orientation between
separate pores, but bounded abruptly by randomly occur-
ring surfaces [13,14]; then G(R) has the simple exponen-
tial form and (ly(q)l ) has the square Lorentzian form
above. Thus the Lorentzian shape for I~(Q) in both the
X and saturated 2 phases is consistent with the Porod-
like scattering found from the aerogel itself, discussed
below.

Slow temperature scanning through the AX transition
in the aerogel shows coexistence of the smectic-2 and
crystal peaks, with exchange of intensity without change
of peak shape [20], indicating that for the strongly first
order AX transition, a pore is either smectic A or crystal,
in contrast to the nematic-smectic-8 case, which we now

discuss.
In order to characterize the short range smecticlike or-

dering of 8CB in the aerogel we first determined the
shape of the background aerogel scattering in the Q range
0.12 A ' & Q &0.30 A ' at the lowest temperatures
where there is no smectic-4 peak. Thus, for example, the
T= —4.0'C scan in Fig. 1 I(Q) was fit well by a power
law plus a constant background: Ib(Q) —a+bQ ", ob-
taining K =3.68, which was independent of temperature.
This nearly Q (Porod) dependence indicates that on

length scales in this range the pore surface is nearly two
dimensional. At the intermediate temperatures K was
fixed at 3.68 and the smectic peak S~(Q) taken to
be a Lorentzian: I(Q) =C+BQ "+I~(Q), with I~(Q)
=A[&(Q)SL(Q, qo~, g)l, and fit with C, B, A, (, and

qo~ as adjustable parameters with the results shown in

Fig. 1. We find qo~ =0.198 A ', independent of T, the
bulk value [5,61. The resulting coherence length for
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FIG. 3. (a) Correlation lengths for ordering of smectic layer-
ing in aerogel (Q); of crystal layering in aerogel (0); and of
smectic layering in bulk nematic (------) along n (gt) and nor-
mal to n (g~). In the aerogel, at the bulk NA transition tem-
perature, T» =33.7 C, the smectic-A layering correlation
length is only —40 A, increasing to (.,&

—216 A, comparable to
the pore size (p, at low T The solid line is a guide to. the eye.
(b) F(T), the integrated smectic-A peak intensity normalized
to its low T value. Also plotted are f((T)/g il and
[g(T)/g„t], which decrease much more rapidly with increasing
T than F(T), indicating that the growth behavior of the smec-
tic layering is not type I.

smectic ordering, ((T), is shown vs T in Fig. 3(a), along
with the smectic layering correlation lengths in the bulk
nematic, (i and g& (---), which diverge as T Tlv~. For
T) 35'C ((T) lies between gt~ and g& but, as T ap-
proaches T~~, does not diverge, reaching only (—40 A at
T=Tzz. Instead, it increases smoothly with decreasing
T over the range 20 & T & 35 C, asymptotically ap-
proaching (=g„,=216 A at low T, clearly smaller than
that achieved by the crystal phase (open circle). g(T)
is reversible for the rates of temperature change
( & 0.3'C/min) employed. The fits with the background
subtracted in Fig. 1(b) show that there are small sys-
tematic deviations from the Lorentzian shape which are
similar for the various temperatures.

Figure 3(b) presents F(T) =f 1~(Q, T)dQ/I„i, the in-

tensity of the smectic layering peak integrated over the
range 0.15 A ' & Q & 0.275 A ' and normalized by I„,t,
its saturation value at low T for the aerogel. From G(R)
above we have that

F(T) ee G(0) =(iy(R)i ) =[I/V] „d Rip(R)i

thus giving a direct measure of the spatial average of the
smectic order parameter ly(R)l over V, the volume
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filled by 8CB. The data show that in the aerogel
(~y(R)

~
) increases smoothly with decreasing T, saturat-

ing at about 20 C.
We interpret the smectic ordering results as follows.

The data show that the smectic 2 can develop only short
range order, up to the aerogel pore size, saturating at
(„t=216 A even 35'C below the bulk NA transition.
This particular asymptotic limit at low T is not surprising
in view of the fact that the smectic grows into a nematic
that has only short range order (g„—180 A, as noted
above). What is remarkable is that at Ttv~, where the
bulk smectic orders, g in the aerogel has grown only to
-40 A. This and the wide temperature range below the
bulk Tv~ in which ( is much smaller than the pore size
indicate the presence of a disordering mechanism operat-
ing on the length scale of 40 A or smaller. Since the host
nematic is ordered within the pores and the nematic light
scattering shows no change through the smectic ordering
process, indicating that smectic ordering does not aA'ect

the nematic correlations, it must be that smectic disorder
is induced by the surfaces. The consequences of surface-
induced smectic disorder can be obtained in two limiting
scenarios, based on de Gennes' distinction between types
I and II behavior in the smectic-A-superconductor analo-
gy. In the type I scenario the smectic 8 will grow first
where the nematic order parameter is largest. This will

be in the space furthest away from the pore surfaces
which we know to be disordering since both the IN and
NA ordering are shifted to lower temperatures. Thus in

the type I scenario the smectic A will form in drop or
tubelike structures of dimension g(T), and F(T) would
exhibit, respectively,

~
y(T)

~ [g(T)/g»t] and
~
y(T)

~

x [g(T)/g», ] dependence in the two cases. Figure 3
shows that F(T) grows much more slowly than either
[((T)/(»t] or [((T)/(„t] alone, eliminating the type I

scenarios, since the bulk
~
y(T)

~
must also increase with

decreasing T.
In the type II scenario the smectic order fills the

nematic ordered pores, but with a disordered pinning of
the phase of y at the pore surfaces, requiring vortex lines
in y, smectic-A topological (edge and screw dislocation)
defects. These surface-induced defect lines emanate from
the surfaces and thermally equilibrate in the pores with a
density that depends on ~y~ . As the temperature is
lowered and the smectic order parameter grows, the de-
fects become energetically more costly and are squeezed
out to the surface of the pores. Away from the critical
region (T & 30'C) F(T) principally re[]ects the bulk be-
havior of (~y~ ), with perhaps some additional T depen-
dence due to the reduction of smectic order in the defect
cores. Where F(T) and g(T) are saturated (T & 15'C)
it is reasonable to assume that smectic order has its bulk
value everywhere, showing that the smectic order param-
eter is substantial throughout the T range up to T~~
where ( is increasing and that a defect line picture of the
interpore smectic disorder is appropriate. The nearly
Lorentzian shape of I~(Q) for 15 C & T & 33'C, where
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g becomes much smaller than the pore size, indicates that
G(R) may also be simple exponential within the pores
when g is determined by vortex lines in the smectic order
parameter. A theoretical analysis of G(R) of this case
would be very useful. The temperature range over which

g grows is comparable to that over which the excess heat
capacity attributable to smectic ordering is observed [16].
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