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Quantized Layer Growth at Liquid-Crystal Surfaces
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We report x-ray reflectivity measurements on the free surface of dodecylcyanobiphenyl (12CB)
at the isotropic to smectic-A phase transition. At about 10 C above T~&, smectic-A-like ordering
develops at the surface while the bulk phase remains isotropic. The angular dependence of the
specular reflectivity is consistent with a sinusoidal density modulation, starting at the surface and
terminating abruptly, after an integral number of bilayers. As the transition is approached the
number of layers increases in quantized steps from zero to five before the bulk undergoes a first-
order transition to the smectic-A phase.

PACS numbers: 64.70.Md, 68.10.—m

The phase behavior of liquid-crystal systems is
strongly influenced by the proximity of interfaces.
Such effects can alter the orientational ordering and
phase-transition temperatures, and, in some cases,
new surface phases are introduced. In the isotropic
phase of a nematogen„nematic ordering can be in-
duced by a wall or free interface. For example, on
cooling of the isotropic phase of pentylcyanobiphenyl
(5CB) towards the first-order isotropic to nematic
phase transition temperature (Tttv), the penetration of
the homeotropic nematic alignment induced by the
surface diverges to produce an example of first-order
orientational wetting. ' 3 Below Tttv the nematic phase
completely wets the free surface. In the nematic phase,
above the nematic to smectic-3 transition tempera-
ture, Trt„, the surface induces further positional
(smectic) order that penetrates exponentially into the
bulk nematic. ~' Since the measured surface penetra-
tion length is exactly the same as the bulk correlation
length and since the latter diverges as T Tv„, this is
an example of critical wetting. In this paper we report
measurements of the smectic ordering induced by the
free surface in the isotropic phase of dodecylcyanobi-
phenyl (12CB), which does not have a nematic phase
but undergoes a first-order transition from the isotro-
pic to the smectic-A phase at Tt» =57.7'C. As the
temperature approaches T» we observe five discrete
transitions corresponding to the formation of single
additional layers.

The layering transitions at the surface of a liquid-
crystal phase closely resemble multilayer-physiadsorp-
tion phenomena on attractive substrates. For
these phenomena the relative strengths of the ad-

atom-adatom versus the adatom-substrate energies
determine whether the condensed liquid forms drop-
lets or completely wets the interface. For the wetting
case, the layering may proceed discretely via the depo-
sition of monolayers (krypton" and ethylene on gra-
phite' ") or continuously if the interface to the vapor
is rough (krypton on gold' ). The thickness of the
wetting layer may diverge at coexistence (complete
wetting)s s 's or remain finite (incomplete wetting).
All of the adsorbed-gas problems suffer from the com-
plications of a periodic substrate that interacts strongly
with both the liquid and solid adsorbate phases. In the
latter case, strains induced by differences in the two
lattice parameters exclude the possibility of complete
wetting. Since there is no substrate at a free surface of
a liquid, the liquid-crystal problem does not suffer
from this complication. One major difference between
the liquid-crystal and the adsorbed-gas problems is that
in the latter the physics can generally be studied as a
function of both temperature and partial pressure, i.e. ,
chemical potential, whereas for single-component
liquid-crystal samples the temperature is the only free
variable. Fortuitously, in mixtures, variations in the
concentrations of homologs act as an additional field
variable.

These experiments have been carried out by use of
synchrotron radiation at HASYLAB at DESY in Ham-

burg, Germany. %e present the essential technical de-
tails; ho~ever, a more comprehensive review can be
found elsewhere. 's A germanium (111) monochroma-
tor crystal is set to Bragg reflect the bending magnet
radiation at ) = 1.S4 A. The incident angle is adjusted
by our tilting the monochromator down. This requires
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simultaneously adjusting the sample height. The spec-
trometer resolution, along the normal to the surface i,
as determined by the divergence of the incoming
beam, 4q, ( 10 ' A ', is over an order of magnitude
narrower than the width of the narrowest line shape.
To account for the effects of bulk scattering and other
nonspecular events, we have measured the intensity
with the spectrometer misset from the specular condi-
tion. The background is structureless over the region
of interest and is of the order of 2&& 10 ' of the direct
beam. The liquid-crystal sample was prepared by
placement of 1 g of 12CB, as received from BDH,
Ltd. , on a silane-treated glass disk which is enclosed in
a two-stage oven. This temperature was controlled to
+0.002'C over several hours. The drift in 1» was

less than 0.001 'C/h if the temperature was kept within
1' of Ttg.

The experiment is carried out by measurement of
the specular reflectivity as a function of the wave-
vector transfer normal to the surface, q,'= (4m/X)
x sin(n), at various temperatures in the isotropic
phase of 12CB, where o. is the incident angle relative
to the surface. We note that the q vector in the ma-
terial is q, = (q,'2 —q,2) 't2, where for 12CB
q, =0.0215 A ' is the critical q vector for total exter-
nal reflection, below which the reflectivity is close to
1000/0. In Fig. 1, the reflectivity at t = (r —Tt„)/Tt„
= 6.3 x 10 4 is plotted versus q,'/qo, where
q0=2m/D =0.1605 A ' is the smectic layering q vec-
tor for 12CB. The solid line, RF(q,'), which corre-
sponds to the theoretical reflectivity predicted from

the Fresnel law of optics for a simple step-function in-

terface, agrees very well with the displayed data for all

q,'/qo ( 0.50. In Fig. 2 the reflectivity normalized to
R/RF is plotted versus q, /qo at representative tem-
peratures. At the highest temperature (Fig. 2, curve
f) the data are structureless, but as the transition is ap-
proached the profile becomes more complex corre-
sponding to an increasing number of layers. At the
lowest-temperature point (Fig. 2, curve a) the tem-
perature is only 0.010'C above the smectic-A phase
and the profile may be smeared out by a small inho-
mogeneity in T» or the temperature over the il-
luminated surface area. An essential feature of the
data, over the temperature range 3 x 10 4 & t ( 4
x 10 3, is the nearly complete destructive interference
at q, /qo slightly greater than 1.

The theoretical reflectivity for an arbitrary density
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FIG. 1. The measured x-ray reflectivity from the surface
of 12CB at t = ( T —Tt& )/Tt„= 6.3 & 10 ' is plotted vs q, /qo
as circles. The solid line is the theoretical Fresnel reflectivi-
ty for a step-function interface.

FIG. 2. The measured x-ray reflectivity in the isotropic
phase, divided by the theoretical Fresnel reflectivity for a
step interface, is plotted vs q, /qo at curve a, t = 3 x 10
curve b, t=8X10 ' (open circles) and t =1.4X10 ' (filled
circles); curve c, t =3.0X10 4 (open circles) and t =8.3
x 10 " (filled circles); curve d, t = 1.1 x 10 ' (open circles)
and t = 3.0 x 10 (filled circles); curve e, t = 1.9 && 10 ', and
curve f, t =6.1 X 10 '. The solid lines are for a density
model with a sinusoidal modulation terminated after an in-

tegral number of periods: five for curve a through zero for
curve f.
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p(z) =O(z —zo) + H„(z)B,sin(2mz/D), (2)

distribution can be expressed in terms of 8 F(q, ):
2R (q, )

RF(q, )

in the limit of the Born approximation, i.e., q, &) q, .
The data can be modeled by a density function p(z)
that is obtained by a smoothed version of the function U
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where O(z —zo) is a step function and H„(z) =1 for
0 & z ( nD and zero elsewhere. The smoothing, due
to thermal motion and finite atomic size, is represent-
ed by convolution of the two terms in p(z) with
Gaussian profiles. In Fig. 2, we show model curves
(solid lines) for n =0 (bottom) through n =5 (top)
with surface- and layer-smoothing Gaussian widths of
5.5 and 4.5 A, respectively, a modulation amplitude
8, = 0.12, and a phase factor zo = —0.35D. This phase
corresponds to the peak value of the sine wave being
displaced from the surface by 0.6D. The subsidiary
maxjma and minima above and below qo are a direct
consequence of the sharp termination of the sine
wave. For an exponential decay of the sine-wave am-
plitude, the reflectivity is Lorentzian in character with
no subsidiary structure. 4 5

At high temperatures (n =0) the surface is well
represented by a step function convoluted by a Gauss-
ian with a width of 5.5 A. This is the same form which
describes the microscopic surface roughness of simple
liquids. 2 For finite numbers of layers, all of the key
features of the data, including the intensities and
widths of the primary peak and the positions of the
peaks and dips, are well represented by the inclusion
of a sine wave terminated after an integral number of
layers. There are systematic deviations in the intensi-
ties of the subsidiary peaks and dips for n = 3, 4, and 5
which are not accounted for by this sharp-interface
model. These deviations may result from a rough in-
terface, although such features do not alter the deter-
mination of the number of layers.

In the bulk phase it has long been recognized that
the key features of the smectic-A phase are well
represented by a single sinusoidal modulation. This is
a valid approximation when there are a large number
of layers, i.e., a small region in reciprocal space, and
because of the effects of fluctuations in the molecular
centers of mass. For the present case the surface fixes
the centers of mass and the relevant region in recipro-
cal space is large, and it is therefore possible to esti-
mate the electron density near the surface in terms of
molecular models. '7 This will be discussed more fully
elsewhere's; however, these results justify the present
model in terms of a sinusoidal modulation.

Figure 3 displays the temperature dependence of the
ratio R/RF at the average peak position q,

'= 0.15 A

e~

C

M

2

.2
)O-5

t = ( T-TtA1/Tz~

FIG. 3. The measured intensity at q,'=0.15 A, in the
isotropic phase upon heating. The quantized nature of the
layering is clearly evident from the steplike nature of the in-
tensity. The arrows correspond to the data sets plotted in
Fig. 2.

obtained by slewing of the temperature. The slew rate
ranged from 0.010'C/h near the transition to
10.0'C/h at the highest temperatures. The increase in
the intensity at t ~ 2.5 x 10 2 is a consequence of the
loss of destructive interference at q,'=0.15 A' ' when
the last layer melts.

The quantized nature of the layering is clearly evi-
dent from the steplike nature of the intensity shown in
Fig. 3. From the data for the intensity versus t, one
might expect that the first step upon cooling from the
high-temperature surface phase would correspond to
the formation of a single bilayer of smectic A. The
analysis of the reflectivity profile supports this notion.
Furthermore, each additional step corresponds to the
growth of an additional bilayer. As the number of
layers increases, the steplike nature of Fig. 3 becomes
less distinct, and by five layers the layering transitions
are no longer distinguishable. The layering transitions
occur at temperatures to i = (2.5 + 0.1)x 10

,=(3.8+0.1)x10 ', t, ,=(9.6+0.3) x10 ',
t3 4 ——(2.5 + 0.2) x 10, t4 5

——(9.0 + 2.0) x 10
The reduced range of each step, given by
log( t„ i „/t„„+i), increases as the number of
layers decreases.

In the de Gennes model the coupling between the
nematic and smectic order parameters greatly affects
the behavior of the smectic correlation function for
the nematic to smectic-3 transition. ' However, for
thc isotropic to smcctic-3 transition there are no
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models for the smectic correlation function and there
is no experimental evidence for smectic ordering in

the bulk. In order to determine the effect of orienta-
tional ordering on the isotropic to smectic-A transition
we have also measured the surface ordering close to
the nematic-smectic-A -isotropic triple point which
occurs for nearly equal mixtures of 9CB and 10CB.
For 9.55CB, which corresponds to 55% by weight
10CB and 45% 9CB, the reflected intensity near qo de-
creases monotonically with temperature with no ap-
parent signs of quantized layering. The reflectivity
profiles do not exhibit subsidiary peaks centered at qo.
Therefore, we believe that the nearby nematic phase is
responsible for a rougher interface between the smec-
tic layers and the isotropic bulk. For triple-point wet-
ting, the excess surface density, i.e., the smectic
length, should diverge as t- 0.' We do not believe
that this can occur in the liquid-crystal problem since
the smectic-A correlation length is always finite along
the nematic to smectic-A line between the tricritical
point (9CB) and the triple point (9.45CB).2o Along
this line, as the triple point is approached, the transi-
tion becomes more first order2' and the correlation
length decreases;2o therefore, complete wetting cannot
occur at the isotropic to smectic-A transition.

In conclusion, we note that although the free surface
of the isotropic phase of 12CB is incompletely wetted
by the smectic-A phase, the partial wetting that does
occur is discrete. The density profile normal to the
surface is well described by a step function plus a sur-
face sine wave terminated after an integer number of
periods, convoluted by Gaussian smoothing functions.
As the smectic-A transition is approached, discrete
layering transitions, up to five layers, are observed.
There are no appropriate predictions which incorporate
the effects of the nematic order parameter at the sur-
face.
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