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Direct Measurement of Orientation Correlations:
Observation of the Landau-Peierls Divergence

in a Freely Suspended Tilted Smectic Film
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Cross-correlation intensity-fluctuation spectroscopy is used to exhibit the space-time
behavior of fluctuations in the director orientation difference between a pair of points in the
two-dimensional nematiclike director field of a freely suspended tilted smectic film. The
Landau-Peierls divergence expected with increasing time is observed directly.

PACS numbers: 61.30.—v, 64.70.Ew, 68.15.+e

The study of the space-time behavior of spon-
taneous fluctuations in condensed-phase systems
has generally been carried out in reciprocal space,
with inelastic scattering techniques used to probe
fluctuations of some chosen wave vector q. In this
Letter we demonstrate the direct real-space obser-
vation of fluctuation dynamics, measuring the cross
correlation of orientation at two distinct space-time
points of a thermally excited vector field. We exhi-
bit the Landau-Peierls divergence in orientational
order in this two-dimensional nematic.

Films, freely suspended in air, an integral num-
ber of smectic layers thick may be formed from
smectic liquid-crystal phases. ' Certain smectic
phases have the average molecular long-axis direc-
tion [director n ( r ) ] tilted with respect to the layer
and film normal, z. The projection of this director
onto the (x,y) plane of the film defines the c direc-
tor, a unit vector field, c ( r, t) completely charac-
terized by its orientation about z, (t)( r, t). Depo-
larized reflection microscopy3 is used to study the
local average orientation C(x,y, t) = Jdz c(x,y, z, t)
and gIg(x y, t) =fdzP(xy, z, t), variables which de-
fine a polar vector field in two spatial dimensions
(2D). The static and dynamic properties of
q( )yx, t) should be describable using the results of

where q)~(t) are the Fourier components of q)(x,
y, t) The dyn. amics of (P are well described by sim-
ple diffusional relaxation, ' with a correlation func-
tion

(Cq(0)@q(v')) =((q)q( )exp( Dq r)
AT

exp( Dq'r ). —
Eq2

(2)

Of primary interest for the experiments reported
here is (r(p, r) = (~(I)(p, r) —C)(0, 0) ~ ), the mean
square orientation difference for a pair of points
separated in space and time by p, 7, which may be
written by use of Eq. (2) as

de Gennes, obtained for a hypothetical 2D nonpolar
nematic on a liquid surface. 4 Below the Kosterlitz-
Thouless transition2 5 in this system the principal
thermal excitations are spin waves and continuous
director splay (elastic constant = Es) and bend
(elastic constant =Es ) orientation fluctuations. If
we take the splay and bend elastic constants to be
equal, K =Es = Es (one-constant approximation),
the free energy of fluctuations in 4 is just that of
the 2D LYmodel,

E
gx gy Q@ 2 g) 2

2k&T p $2q 2 kBT 1 po-2(p, r) =
J~ (I —exp(iq p) exp( —Dq r)) = In++ E&—E 4-'q' -E ~ 2 ' 4D

where Et is the exponential integrai s E(x) =f (du/u) exp( —«), and «is a molecular length. crt(p, r)
is a monotonic function of time, having zero time derivative at r=0 and increasing as In(r) for
r ) 107, =10p /4D. The asymptotic logarithmic increase of 0-2 as ln(p) and ln(7 ) is the signature of the
Landau-Peierls divergence in the 2D XY model and 2D nematics. The orientation field below the
Kosterlitz-Thouless transition should thus possess only quasi long-range order (QLRO regime).

The experimental arrangement is shown in Fig. 1. A freely suspended liquid-crystal film of racemic p-
decyloxybenzylidene p'-amino 2-methylbutylcinnamate (DOBAMBC) in its smectic-C phase is drawn across
a hole of diameter d = 3.2 mm in a 0.15-mm-thick glass slide. Measurements are presented for a film five
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R (p, r„)= (n i(r) n2(t + r„))~ (I(0, 0)I(p, r„)),
for various times r„over the total range rN (n(%=136). We define the quantity (p, rt, r„)
=R (p, r&) —R (p, r„) and show in Fig. 2 measurements of

=(p, r, , r„) (I(0, 0) [I(p, ri) I(p, r—„)])
S(p, r. ) =

=(p, r, , r~) (I(0, 0) [I(p, ri) —I(p, r~) ])
for two different mean orientations of C relative to
p, at changing time scales and for the indicated
temperatures. We choose a region in the film plane
where I = Eo2/2, for which I is nearly linear in 4&.

If we take I(p, r) =n@(p, r), we may replace
I(p, r) by 4(p, r) in Eq. (4). It can then be
shown that S (p, r„)&x o (p, r „)—o (p, ]r) .

Curves a-c of Fig. 2 show S(p, r) data for
which p is perpendicular to the averge orientation
of C (X =a/2) We re. fer to this as the splay case
since the fluctuations probed in this orientation in-
volve predominantly splay of the director. Curves

(4)

I

d fof Fig.-2 are data for which p is parallel to the
average orientation of C (X=O), the bend case.
Note the qualitative difference between the splay
and bend data (nonmonotonic behavior of the bend
data). This difference indicates that it may not be
appropriate to ignore the strong elastic anisotropy in
this system' (K& = K&/6) as has been done up to
this point. Furthermore, using separately Kz and
Kz extrapolated from the data of Rosenblatt et al.
for the elastic constant K in Eq. (3), we can esti-
mate for our experiments the root mean square

layers thick as determined by optical reflectivity. A 1-mm-diam region on the film is illuminated with con-
vergent polarized light from an argon-ion laser (Re=4880 A). A magnified image (37x) of the film is
formed in the reflected light after it passes through a crossed analyzer. The liquid crystal is optically aniso-
tropic, resulting in a slight rotation of the reflected-light polarization vector towards C(x,y). Thus, with
crossed polarizer and analyzer, the depolarized reflected field is E(p, r) = Eosin[24&(p, r)]. In the magni-
fied film image are positioned two 500-p, m-diam optical fibers, which probe the reflected intensity averaged
over two 13.5-p, m-diam regions on the film. These fibers transmit the reflected light to photomultiplier
tubes and equivalent-photon-counting electronics. The resulting photopulse trains n&(t) and n2(t) are fed
into a digital correlator (Langley-Ford 1096), which computes in real time the cross-correlation function,
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FIG. 1. Freely suspended liquid-crystal film geometry.
(a) Structure of a three-layer smectic-C film (= 75 A
thick) with convergent polarized light illuminating a
500-p, m-diam area. The molecules are tilted with respect
to the z axis an angle HT. The average local projection of
n(r) onto the film plane defines C(x,y). (b) Angular
displacement, C&(xy), of C(x,y) in the XY plane, the
film plane. The shaded areas represent the 13.5-p, m-
diarn regions occluded by fiber optic probes, with the
splay case illustrated. The intensity of depolarized light
collected by each of the probes is sensitive to the average
local orientation of C over its shaded area. The light
from the two probes is analyzed in real time by a digital
cross correlator.
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FIG. 2. Plots of $(p, r„)= (p, ri, r„)/ (p, r&, rn)
with %=136. The data are scaled to have the same
height from initial to final points. Runs a, b, and c are
the splay case at 74.8'C and are fitted with Dq=1.3
&10 cm'/sec. The time delays between first and last
data points: curve a, 50 sec; curve b, 6 sec; and curve c,
1.5 sec. Runs d, e, and f are the bend case at 66.5 'C and
with Dq= 1.1 @10 ' cm /sec. The first- to last-channel
delays: curve d, 40 sec; curve e, 10 sec; and curve f, 2.5
sec. The shorter-time bend runs show the nonmonotonic
contribution due to third harmonic coupling fluctuations
in 4 to the reflected field.
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(rms) orientation difference o.(p, r) along C (X =0', bend) and perpendicular to C (X=90', splay):
a (p, r) & 7' for splay and o.(p, r) & 20' for bend. For the bend case o. is large enough to necessitate in-
clusion of the next-higher-order terms in the dependence of E(p, r) on e. The result for (p, 7 t, r„) is9

(p, T, T ) = (45e(0, 0) [Be(p, 7' ) —Be(p, v„)]
——{Be(0,0)[Be (p, v ) —Be (p, T„)] +Be (0, 0)[Be(p, 7' ) —Be(p, 1„)]]). (5)

For X = 0 or n/2, pure bend or splay fluctuations dominate (p, 7.t, r„), and the data can be analyzed in the
one-constant approximation, with an effective diffusion constant, D, appropriate to the geometry. Calculat-
ing the thermal averages in the one-constant approximation yields

2 2

(p, 7't, r„) ccEt —Et —24{in [E t(2 D7 tq ) —Et(2Dr„q ) ] + smaller terms),
+n 7 ] a

t 4

where q is the minimum wave vector probed and
the amplitude of the 5454 contribution is A4
= 2kaT/QKsKs. The first two terms are just those
obtained above for I~ C and the terms multiplied
by A4 are associated with 5454 coupling. At any
particular temperature D is almost an order of mag-
nitude smaller for the bend case than for the splay
case, and since E& is a monotonically decreasing
function the third-harmonic coupling will be more
significant in the bend case. The largest 5454
terms involve q, and therefore the longest-
wavelength fluctuations encountered in the experi-
ment. q~ is either the system size (q~ = m/d = 10
cm ') or the smallest —wave-vector fluctuation ob-
servable in the experimental run time [q =(n /
Dt,„„)'i ], whichever is larger. The nonlinear con-
tributions of the long-wavelength fluctuations in
fact dominate at short delay times making S (p, r„)
negative. At longer delay times the Landau-
Peierls divergence appears and the linear terms
dominate the fluctuations, decorrelating the relative
orientation, and making S positive and logarithmi-
cally increasing.

Using Eq. (6) we obtain good fits to both the
splay and bend data shown in Fig. 2. Curves a-c of
Fig. 2 show S(p, r„) for the splay case for a fixed
probe separation (p=47.2 p, m) for three delay-
time ranges, respectively ~z = 1140m„~z =1407„
and rz = 35m, where r, = p /4Ds = 4.3 && 10 sec is
obtained as a fitting parameter. For the splay case
the rms fluctuations in e are sufficiently small (o.
~ 7') that the nonlinearly coupled terms are negli-
gible and the data can be fitted with only the first
two terms in Eq. (6). Curves b and c of Fig. 2 ex-
hibit the exponential integral dependence of the
decorrelation at short times. For long times Et(~, /
r) = ln(r/r, ) and the normalized correlation func-
tion S(p, v„) approaches an asymptotic logarithmic
form which is scale invariant (independent of rjv)
This scale-invariant divergence is distinctive of the

Landau-Peierls instability. The long time-scale run,
Fig. 2, curve a, requires accumulating data for on
the order of 4 h to obtain adequate statistical
averaging over the ~ 50-sec fluctuations that affect
the shape of $(p, ~„). Varying the probe separa-
tion p yields the 7,~ p scaling, expected for the
proposed diffusional dynamics. At small probe
spacing, effects due to nonzero probe size appear
and are adequately accounted for by including a
Gaussian probe profile when calculating the thermal
average in Eq. (3).s

For the bend case rms fluctuations in 4 are larger
than for the splay case, and 5454 terms contri-
bute significantly at short times. Curves d-f of
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FIG. 3. Plots of experimentally determined orienta-
tional diffusion constants D = E/q as a function of tem-
perature. The SmC-SmI phase transition is observed as a
decrease in both D~ and D~ by a factor of = 6 at 66'C.
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Fig. 2 show S(p, r„) for the bend case for p =47.2
p, m and v~ =78~„19~„and 48~„respectively,
with r =p /4Ds=5. 1x10 ' sec. Figure 2, curve

f, shows the contribution of the Stp 84&' terms as an
initial decrease in ( p, r t, r „).

The values of Dz and Dz obtained for best fit are
consistent with the data of Rosenblatt extrapolated
to the temperature used. The value of 24= 2ksT/
/It'sIt:tt obtained was within 25% of that predicted
from extrapolation for Kz and Kz. Since ~, scales
as D ' and Dtt is observed = Ds/6, r, in the bend
case must be a factor of 6 larger than in the splay
case for equivalent statistics, making bend data ob-
servation at large ~„difficult; for instance, curve d
of Fig. 2 is a 12-h run.

Figure 3 shows the temperature dependence of
the diffusion constants, with the splay diffusion
constant at all temperatures about a factor of 6
larger than the bend diffusion constant. There is a
steady decrease in both Dz and Dz with decreasing
temperature as the smectic-C (SmC) to smectic-I
(SmI) phase transition is approached. Across the
SmC-SmI transition the diffusion constants drop
abruptly, and continue to decrease with decreasing
temperature inthe SmI phase. This temperature
behavior of the diffusion constants may be under-
stood as an increase of the orientational viscosity at
a larger rate than the orientational elastic constants
as the correlation length for short-range translation-
al ordering in the smectic planes increases with de-
creasing temperature.

We have demonstrated the use of cross-corre-
lation intensity-fluctuation spectroscopy to directly
probe the space-time behavior of fluctuations in a
condensed phase, using polarized reflection micros-
copy to study 2D orientation-fluctuation dynamics

in tilted smectic liquid-crystal films at length scales
not readily accessible by scattering techniques. We
have directly observed the Landau-Peierls diver-
gence expected in this system. We also find impor-
tant contributions to the observed intensity correla-
tion functions due to cubic terms in the coupling of
orientation fluctuations to the probing fields.
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