
RAPID COMMUNICATIONS

PHYSICAL REVIEW E SEPTEMBER 2000VOLUME 62, NUMBER 3
Atomic force microscope evidence for the existence of smecticlike surface layers
in the isotropic phase of a nematic liquid crystal
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Using a temperature controlled atomic force microscope we have observed presmectic layering in the
isotropic phase of 4-cyano-48-n-octylbiphenyl ~8CB! on silanated glass. The first molecular layer shows a
smecticlike compressibility modulus ofB'107 N/m2 and is stable more than 20 K beyond the bulk clearing
point. It is followed by a presmectic modulation that increases when cooling towards the isotropic-nematic
transition. In the bulk isotropic phase, the layers cover approximately 70% of the glass surface, indicating a
clusterlike organization.

PACS number~s!: 61.30.Eb, 61.16.Ch, 68.10.Et
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It is well known that the breaking of a continuous tran
lational symmetry by a flat surface induces stratification a
oscillations in the translational and orientational order
matter@1#. It is also well known, since the pioneering wo
of Sheng and Miyano@2#, that surfaces may induce signifi
cant surfaceorientational ordereven in the disordered, iso
tropic phase of liquid crystals. This pretransitional surfa
orientational orderwas observed, for example, by optic
birefringence@2#, ellipsometry@3#, second harmonic genera
tion ~SHG! @4#, nuclear magnetic resonance~NMR! @5#,
x-rays @6#, and specific-heat@7#. Whereas most of thes
methods cannot discriminate between the positional and
entational ordering of liquid crystal molecules, some of th
observe the structure of the interface in a reciprocal sp
and imply fitting of the spectra to the model interface. Dire
space observations of the solid-liquid crystal interface w
reported using a scanning tunneling microscope~STM! @8#
and surface force apparatus~SFA! @9#. Unfortunately, these
experiments were performed either at ambient tempera
@8#, or at some selected temperatures@9#. This has motivated
us to perform temperature-controlled atomic force mic
scope~AFM! experiments. These can be performed in mu
smaller samples than in standard SFA, have a much sm
time constant and can be performed with a resolution of
mK.

Here we present direct structure of the liquid crystal-so
interface, as observed by measuring the interfacial for
with an atomic force microscope over a large temperat
interval. We find that the interface of the nematic liquid cry
tal 4-cyano-48-n-octylbiphenyl~8CB! on a silanated glass i
formed of ~i! clusters of smectic layers with a smectic am
plitude of C1'0.3 that do not change significantly with in
creasing temperature and are stable more than 20 K a
the bulk isotropic-nematic phase transitionTIN , and ~ii !
weak and strongly temperature dependent presmectic m
lation, which follows this first molecular layer and deca
exponentially into the isotropic bulk. This presmectic mod
lation is typically observed in a 10 K interval aboveTIN . Our
experiment is an unambiguous confirmation of what was p
viously conjectured: the interaction of the first layer of liqu
crystalline molecules with a solid boundary is responsible
the aligning action of the solid surface@10#.
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The experiments were performed in the isotropic pha
of 8CB on silanated glass surface. Glass substrates~Donnelly
PD5005/5088! were thoroughly cleaned in acid, rinsed, a
coated with a monolayer of~N,N-dimethyl-N-octadecyl-3-
aminopropyltrimethoxysilyl chloride ~DMOAP!, as de-
scribed elsewhere. This gave an excellent homeotropic al
ment of liquid crystals in the nematic and smectic phases
checked with a polarizing microscope on extra samples
the experiments, we have used a Nanoscope III AF
equipped with a double-temperature controlled microst
@11#. The silane-treated glass was attached to the hot sur
of the microstage. The standard Si3N4 AFM tips ~Park Sci-
entific Microlevers! were used in the experiments, with forc
constants from 0.1 to 0.01 N/m and a typical tip radius of
nm. In other experiments, a glass microsphere coated
DMOAP was attached to the cantilever, thus measuring
force between a flat silanated glass surface and a silan
glass sphere, in the presence of a liquid crystal in betwe

The AFM was used in the so-called force plot mode
operation, where the piezo scanner of the AFM and the s
strate perform time-periodic linear movements in the dir
tion of the AFM tip. The speed of approach is several nm
second and at the same time, the deflection of the A
cantilever is monitored. Figure 1 shows an example of
force-separation plots for the 8CB-DMOAP silanated gla
interface 8 K above the bulk isotropic-nematic phase tran
tion. At large separations, the force on the AFM tip is nea
zero, as can be seen from the far-right part of the graph. A
tip-surface separation of 5–10 nm, the cantilever is sudde
attracted towards the surface~jump from pointA to B!. The
attractive force is of the order of 10210 N and the tip comes
to force equilibrium at a distance of 1–2 molecular leng
away from the surface. After that, the cantilever starts
compress the material between the tip and the surface, un
reaches pointC, indicated in Fig. 1. Here, the tip sudden
penetrates the surface-adsorbed molecular layer and co
in close contact with the surface, indicated byD. This hap-
pens at a tip-surface separation of typically 2 nm, which
close to the length of a single liquid crystal molecule.

Let us consider the compression of surface-adsorbed
lecular layer from pointB to the point of rupturing. For smal
R3055 ©2000 The American Physical Society
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force loads, the thickness of this layer is'3 nm. By increas-
ing the force of the AFM tip, the layer compresses to'2 nm
and then ruptures at a force load of'60 pN. By performing
trace-retrace experiments, we have observed that the c
pression of this layer is purely elastic, with no hystere
indicating plastic deformation. We have also made sure
this layer cannot be attributed only to the silane monola
by performing the same force experiment using hexane
stead of liquid crystal. At a hexane-DMOAP interface w
have observed an interfacial force that decayed exponent
with separation. The decaying length was typically'2.5 nm,
and we could not observe any rupturing of the silane-hex
layer. This clearly indicates that:~i! silane molecules are
strongly positionally anchored to the glass and contribut
small, polymer-entropic-like repulsive force;~ii ! the ruptur-
ing is definitely attributed to the surface-adsorbed layer
liquid crystalline molecules. We have followed the tempe
ture stability of this layer deep into the isotropic phase, a
can be observed more than 20 K above theTIN . In this
temperature range the layer shows no change of comp
ibility modulus or thickness, which is a clear indication of
very strong coupling of the first layer of liquid crystallin
molecules to the substrate.

The compression of the first layer of liquid crystal mo
ecules was analyzed using Hertz theory for the indentatio
a flat surface of a soft material by the spherical AFM tip
radius R @12#. The depth of indentation is d
5A3 (9F2)/(16RE* 2), where F is the force applied to the
spherical tip andE* 5E/(12n2), whereE is the Young’s
elastic modulus of the surface layer andn is the correspond-
ing Poisson’s number. The solid line in Fig. 1 shows the
to the Hertz theory including a small van der Waals attr
tion between the tip and the glass. The elastic modulus of

FIG. 1. Force on the Si3N4 AFM tip, normalized to the tip radius
R520 nm, as a function of separation between the tip and
DMOAP silanated glass surface in the bulk isotropic phase of 8
The solid line is the fit to the Hertz theory with compressibili
modulusE51.63107(160.15) N/m2 and a small van der Waal
attractive force~Hamaker constantA55310221 J! between the tip
and the glass. The inset shows the thicknessD of a fully com-
pressed first layer as a function of length of fully extended liq
crystal molecule, which were also used in the experiments,
4-cyano-48-n-pentylbiphenyl ~5CB!, 4-cyano-48-n-octylbiphenyl
~8CB!, andp-methoxy benzylidenep-n-butylaniline ~MBBA !.
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first molecular layer is in all cases of the order ofE51
3107(160.15) N/m2, which is typical for a smectic liquid
crystal @13#. The continuum approach in the analysis of i
dentation of a thin adsorbed layer is justified, if the fluctu
tion contributions to the compressibility is small. In view o
extremely strong thermal stability of the first adsorbed lay
we conclude that it is strongly adsorbed to the surfa
Hence, the fluctuations are expected to be small and
mean-field description is legitimate. The constitution of t
first molecular layer of 8CB on DMOAP silane-treated gla
surface is therefore similar to smectic. The same was
served in separate experiments on 5CB and MBBA, wh
also showed the presence of the first molecular layer w
similar properties. As shown in the inset to Fig. 1, the thic
ness of fully compressed first layer depends linearly on
molecular length, which indicates that the first layer is
deed formed of strongly adsorbed liquid crystalline m
ecules.

In the experiments with a sharp AFM tip, we have al
investigated lateral coverage of silanated glass surface
smectic layers of 8CB. By performing numerous force-plo
~i.e., 1700 curves in 30 experiments on different samples! we
have observed that typically 70% of the interface is cove
with clusters of smectic layers. As we could not direc
image these clusters, we can only estimate their radiu
10 nm,Rc,100 nm. There are two possible explanatio
for this clusterlike adsorption of the ordered phase:~i! mac-
roscopic inhomogeneities of the glass surface, and~ii ! partial
wetting of silanated glass by the ordered smectic phase in
presence of an isotropic melt. We presume that~i! is more
likely the reason for the appearance of smectic clusters
the AFM image of glass surface shows irregularities on
same scale as the cluster size. However, one should also
in mind the possibility~ii ! which is well known in the theory
of growth of solid crystals@14#. The observed clusterlike
growth of smectic layers in the presence of isotropic m
indicates Wolmer-Weber or island growth mode. This ki
of growth can appear if the surface free energy of silana
glasswsub is lower thanwad1g, wherewad is the surface free
energy of the adsorbed smectic phase andg is the energy of
the silanated glass-smectic interface. As silanated surfa
are indeed low-energy surfaces, this could be a reali
mechanism responsible for the clusterlike structure of liq
crystal interface.

The interfacial forces on the sharp AFM tip are too sm
to detect presmectic surface modulation following the fi
adsorbed layer, if any is present. We have therefore a
measured the separation dependence of the interfacial fo
using a silanated glass sphere ofR56.2 mm, attached to the
AFM cantilever. The results are shown in Fig. 2, togeth
with results for the sharp AFM tip at a temperature 0.05
above the bulk nematic-isotropic transition. One can clea
see the periodic structural force due to presmectic, surf
induced modulation, which was first discussed by de Gen
@15# and observed in lyotropic liquid crystals by Morea
Richetti, and Barois@16#. In the Dejaguin approximation
this structural force is@16#

F52pRaj irsS tanh@~d2da!/2j i#1
12cos@F#

sinh@~d2da!/j i#
21D .
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Hereda is zero-stress separation without any smectic laye
between.C5ceiF is the smectic order parameter,c mea-
suring the amplitude of modulation, andF5(2p/a0,)u is
the phase related to layer displacementu and smectic peri-
odicity a0. @F#5F(d/2)2F(2d/2)52p(d2na0)/a0 , is
the phase difference that gives rise to strain when the
tanced between the surfaces is not an integral multiple
a0 . rs5cs

2 is the smectic density at the surface.j i is the
smectic correlation length anda5a(T2T0) is the coeffi-
cient of the harmonic term of the Landau expansion, driv
the nematic-smectic-Atransition. The modeling force is in
remarkable quantitative agreement with experiments and
lows for an unambiguous determination of:~i! the smectic
ordercs at the surface,~ii ! the smectic correlation lengthj i ,
~iii ! the smectic periodicity a0. By taking a51.3
3105 JK21m23 @17#, we obtain from data in Fig. 2 the
smectic amplitude at the surfacecs50.04(160.05), smectic
correlation length ofj i52.9(160.15) nm, zero stress sep
ration of da520.8(160.2) nm and smectic periodicity o

FIG. 2. Normalized structural force as a function of separat
between a 6.2mm silanated glass sphere and flat silanated g
surface in the bulk isotropic phase of 8CB,T2TIN50.05 K. The
data at small separations, shown by circles, are obtained by a s
AFM tip and the scale is here logarithmic. The solid line is the b
fit to the Eq.~1! with cs50.04(160.05), da53.2(160.015), and
j i52.9(160.15). The compression of the first layer is fitted to t
Hertz theory withE52.93107(160.15) N/m2 and a small van der
Waals attractive force withA55310221 J. The inset shows se
quence of interfacial force profiles at different temperatures in
bulk isotropic phase.
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f

g
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a053.2(160.015) nm. This is in excellent agreement wi
bulk values@18# and indicates bilayer presmectic ordering

We can notice from Fig. 2 that the stiffness of the fir
molecular layer is nearlytwo orders of magnitude large
than the stiffness of the second, i.e., pre-smectic layer.
first layer is therefore too stiff to be ruptured by a micro
sphere. As we find from our experiments, a linear dep
dence of the rupturing force on the smectic density, we
estimate the smectic order in the first molecular layer toc1

'0.3, which is similar to the results of Ocko on 12 CB@6#.
We have also measured the structural force due to the
smectic modulation at different temperatures of the bulk i
tropic phase of 8CB, which is shown in the inset to Fig.
One can clearly see, that the amplitude of the presme
modulation increases continuously, as we approach the n
atic phase from above and there is no discrete layer-by-la
growth, characteristic for 12 CB@6#. Finally, we show in Fig.
3 the temperature dependence of the presmectic surface
parametercs , together with the smectic correlation lengt
Surprisingly, the smectic order parameter at the surface
creases rather significantly at the bulk phase transition
the nematic phase, whereas the smectic correlation le
changes only slightly. This behavior is in fact expected d
to the coupling between the nematic and smectic order
rameters and due to the fact that in this system the sur
nematic order parameter increases at the transition@3#. On
the other hand, the smectic correlation length remains ne
unaffected when crossing this transition, and seems to
predominantly related to the bulk properties of a liquid cry
tal and to a lesser extent to the surface action.

In conclusion, we have observed smectic ordering
nematic liquid crystal 8CB at a solid interface, which persi
deep into the bulk isotropic phase. We have shown that
first adsorbed molecular layer is a smectic layer, followed
a weak presmectic modulation that decays exponentially
the isotropic bulk. The amplitude of this presmectic order
nearly an order of magnitude smaller than the smectic or
in the first layer. Equally important, we have observed in o
AFM experiments that the surface-induced smectic order
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FIG. 3. Temperature dependence of the surface smectic am
tude cs , calculated from the data in Fig. 2. The inset shows
temperature dependence of the smectic correlation length. Solid
represents x-ray measurements of Davidovet al. @18#.
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pears in surface clusters that cover approximately 70% of
surface. This clearly shows that the nature of the surfa
induced orientational order of liquid crystals on real surfa
is at least in some cases much more complex than previo
l.
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believed and considered. In particular, our observation of
first molecular layer, which is always adsorbed to the so
surface, opens new questions relevant for the wetting beh
ior of liquid crystals and other complex fluids in general.
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