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Surface-induced nematic and smectic order at a liquid-crystalsilanated-glass interface observed
by atomic force spectroscopy and Brewster angle ellipsometry
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We have investigated nematic and smectic surface-induced ordering in the isotropic phase of the
4-cyano-4-n-octylbiphenyl liquid crystal on silanated BK7 and LaSF glass using atomic force spectroscopy
and Brewster angle ellipsometry. We have observed complete wetting of the silanated glass surfaces with the
nematic phase when approaching the isotropic-nematic phase transition from above. Using the atomic force
spectroscopy at the same interfaces, we have detected a significant presmectic ordering that is enhanced at the
nematic-isotropic transition. We have observed the first, strongly adsorbed layer of liquid-crystalline molecules
underneath this presmectic ordering. This first molecular layer is laterally inhomogeneous with typically 100
nm voids and covers approximately 70% of the surface. It is stable far above the clearing point and is
responsible for the surface-memory effect. The results have been analyzed using Landau—de Gennes theory.
The surface coupling energies of the nematic and smectic order have been determined, as well as the coupling
energy between the nematic and smectic order.
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[. INTRODUCTION optical birefringence[2,3], ellipsometry [4—6], second-
harmonic  generation [7], nuclear-magnetic-resonance

It is well known that the breaking of the continuous trans-[8—10], x rays[11], and specific hedtl2]. These methods
lational and orientational symmetry of a liquid by a flat sur- are macroscopic and are measuring only an average orienta-
face induces stratification and oscillations in the density andional or positional order of the liquid crystal across the in-
orientational order of the liquid at the liquid-solid interface terface. Some of these methods observe the structure of the
[1]. This phenomenon is especially interesting in liquid crys-interface in a reciprocal space and all of them demand fitting
tals, because the surface-induced order can propagate in%the spectra to .the_ model mFerfaces. Direct space obsgrva—
the bulk liquid crystal over mesoscopic or even macroscopié'on of the solld—'llqwd_—crystal interface were reported using
distances. In many cases it is relatively easily observabl§6@nNing tunneling microscop@3] and surface force appa-

because of the strong optical and structural anisotropy oﬁa_tluz(tSFA) [14t_1q- Holwt(_ever,tth;se fexpgnmgn:s Ifack a tde-
liquid crystals. This makes solid-liquid-crystal interfaces in- alied temperature evolution study of a given interface struc-

teresting from the fundamental aspects of many surfacfre' They were performed either at an ambient temperature

related phenomena like surface wetting, dewetting, etc. It i 13], at some selected temperatufed], or were exclusively

; . oncentrated on nematic or smectic phddés16.
of course of a fundamental technological importance, be- In this paper we present experimental results that give

cause the operation of liquid-crystalline devices is based Ofjjact evidence of structural complexity of real nematic
surface-induced alignment. The understanding of the physiGg, iq_crystal interfaces. We introduce a new experimental
and chemistry of these interfaces is therefore of prime techsethod into this field, the atomic force spectroscopfsS).
nological importance. Together with the electric force microscopy introduced re-
Surfaces may induce significant surface orientational orcently by Xuet al.[17], it represents a new powerful tool on
der even in the bulk isotropic phase of nematic liquid crys-a mesoscopic scale that can give important new information
tals, as first shown by Sheng and Miyai&3]. The surface- on the structure of liquid-crystal interfaces.
induced order is most significant very close to the phase The motivation for this study has been recently renewed
transition into the nematic phase, where the system is sofhterest in the interplay between the nematic and smectic
and susceptible to external fields. The behavior of surfacesurface-induced orddrl0,18—2Q. This effect significantly
induced order in this temperature region may give a detaileéhcreases the structural complexity of the interface and might
insight into the nature of surface-liquid-crystal coupling. be relevant in materials with pronounced smectic tendency,
This is the reason why the pretransitional surface-induceduch as, for example, in liquid crystals.
orientational order has been studied by a number of authors We have studied the interface between a silane surfactant
using different experimental methods, such as, for examplesovered glass substrate and a 4-cyaho-éctylbiphenyl
(8CB) nematic liquid crystal in the isotropic phase. The sur-
factant enforces homeotropic ordering of the liquid crystal at
* Author for correspondence. Email address: igor.musevic@ijs.sithe interface and the formation of smectic layers parallel to
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the plane of the surface is energetically favofd@]. We laser
have used two different experimental methods to analyze the
temperature dependence of the LC structure close to the solid P

interface: (i) The Brewster angle reflection ellipsometry,
which is sensitive to the interfacial nematic ordering of a
liquid crystal. The method enabled us to determine an aver-
age orientational ordering of the liquid crystal close to the
solid surface and as a consequence the coupling energies
between the solid surface and the orientational order could
be determined(ii) The atomic force spectroscopy has been
used to study the temperature dependence of the structural
forces in the isotropic phase, confined between a flat sub-
strate and a small sphere, attached to the atomic force micro-
scope(AFM) cantilever. The method is based on a fact that pc, 1f, 2f
the free energy of a given thin layer of a liquid crystal be- ) ) _
tween two surfaces depends on the structure of the liquid _FIG. 1. The schematlc of the experlmentgl set.up for reflection
crystal and consequently on the surface separation. An?lllps_ometry. The light fr_om the laser source is gwdgd thro_ugh the
change of the separation will therefore cause a force on theolarizer and photoelastic modulai®tEM) with the optical axis at
confining surfaces, which is measured with piconewton reso2" @ngle of 45° with respect to the polarizing angle. The light beam
lution. AFS is sensitive both to the nematic and smectic oriS reflected from the lower side of the prism and is detected after
dering at the interface. passing through the analyzer. dc, first and second harmonics of the
In our experiments we have observed the followirig: modulated light intensity are simultaneously measured, using a
The ellipsometry experiments dN-dimethylN-octadecyl- lock-in amplifier (L-A) and computefPC) for data acquisition.
3-aminopropyltrimethoxysilyl chloridédDMOAP) silanated-
glass surfaces show complete wetting of these surfaces bylerck (Germany. It has the following bulk phase sequence:
the nematic phase of liquid crystalsi) The DMOAP sur- crystal < SmA < N « I.
face induces significant smectic ordering of liquid crystals 21.5°C 335°C  405°C
already several degrees above the clearing point, as evi- The experiments have been performed on various glass
denced from AFS(iii) The surface smectic amplitude of this substrates: BK7 glag®onnelly PD5005/5088for AFS ex-
presmectic ordering increases when approaching thperiments, BK7 glass and LaSF glass prisifadmund Sci-
isotropic-nematic transition from abov@v) Underneath the entific, Zuend Optics for ellipsometric experiments, and
pre-smectic ordering there is a well-developed, smecticlikeBK7 glass microspheres for force spectrosco(oly-
first molecular layer, as observed by AFS. It shows typicalsciences, Ing. The substrates as well as the glass spheres
smecticlike elasticity and is stable at temperatures far abov@ere cleaned in ultrasonic laboratory detergent bath, rinsed
the clearing point(v) The first molecular layer is laterally with distilled water, and additionally cleaned with oxygen
inhomogeneous. It shows irregular voids with a typical lat-plasma. After the cleaning procedure, the substrates and the
eral dimension of several hundreds of nanometers. glass spheres, mounted to the AFM cantilevers, have been
The experimental results have been interpreted within theoated with a monolayer of DMOARABCR), as described
framework of the phenomenological Landau—de Genneglsewhere. A fresh DMOAP solution has been used each time
(LdG) theory. The results agree well with the theory even athe experiment was performed.
the lowest-order expansion of the free energy. We combined
the results on the surface nematic coupling obtained from the B. Brewster angle reflection ellipsometry
ellipsometry with the results on the surface smectic order ) . )
amplitude obtained from force measurements. We were able Reflection ellipsometry21] is known as a very useful
to determine the coupling energies of liquid-crystal nematidhethod for the determination of the evolution of the orienta-
order on homeotropic, DMOAP silanated-glass surfaces, anfional surface order in optically anisotropic media
the coupling energies between the smectic and nematic ordép-6.22,23. In the reflection ellipsometry, the angular depen-
The experimental methods, procedures, and materials afence of Fhe polarization of a reﬂecte_d Ilght is measured. .In
described in Sec. II. In the theoretical part, Sec. IlI, the preOUr experiments, a home-made polarization modulated ellip-
dictions of LdG phenomenological theory, relevant for ourSometer has been uséfig. 1). A diode pumped Nd:YVQ
study, are derived. The experimental results together with thi&Ser with wavelength =532 nm, and output power ¢
discussion are presented in Sec. IV, and the conclusions are100 mW, has been used as a light source. The light is first
made in Sec. V. The reflection amplitude ratio, measured i@uided through the polarizing prism and the PEM which

in the Appendix. reflected from the lower surface of the glass prism, which

changes the polarization of the beam. The liquid crystal is

Il. EXPERIMENTAL filled in the wedge between the glass prism and the glass
plate, as schematically presented in Fig. 1. The wedge geom-
etry enabled us to separate the liquid-crystal-surface reflec-
The nematic liquid-crystal 4-cyand-#-octylbiphenyl tion from the parasite reflections. The reflected beam passes
(8CB) has been used in the experiments, as obtained frorthrough the analyzer, which is crossed with respect to the

s photodiode
/ 45
y

A. Materials
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polarizer, and is detected with a photodiode. dc intensity anthrough the ITO electrode. In this way, the temperature was
the first and the second harmonic of the PEM modulatedontrolled to better than 10 mK, and the temperature gradient
light intensity are simultaneously measured. From this datdh @ liquid crystal were of the order of 1 K/mm. The com-

the complex ratia ,/r; can be determined, wherg andr , mercial SN, cantilevers(Park Scientific Microlevepswith
are the reflection amplitudes of tiseand p polarized light force constants 0.1 to 0.01 N/m have been used. In some

wave, respectively. The amplitude and the phase of the conEXperiments we have used standard tips with an approximate

lex ratio are measured separatelyraér .= tan¥ exp(A) apex radius of 15 nm and in _other experiments we have
piex rat ured separatelyrgsr.s pLa). glued a glass sphere of radilR~8 um coated with
The ratior,/r contains information about the structure of p\oap onto the cantilever. The resolution of 20 pN has
the interfacial dielectric profile and is most sensitive at thepeen achieved in force measurements.
Brewster angle. When the interface is a step function in di-
electric profile, the taW is O at the Brewster angl@g, and IIl. THEORY
the phase\ jumps fors as the angle of incidence crosses the o _ o
Brewster angle. As soon as there is some structure of theA- Landau—de Gennes description of confined liquid crystal
interface, tant is no longer O at the Brewster angle, which  We have used LdG theoif25] to describe the isotropic-
is now defined as the angle of incidence whare 77/2. The  nematic phase transition of a nematic-liquid crystal in the
ellipsometer has been controlled by a personal computgeresence of ordering or disordering walls. Within the frame-
(PO in such a way that the angle of incidence has been keptork of LdG theory, the free-energy density of a system is
very close to the Brewster angle during the linear tempera€xpanded in a power series of the order parameters and their
ture sweep. By monitoring the reference harmonics, the elderivatives. Because liquid crystal exhibits a narrow nematic
lipsometer continuously repeated small angular scans arourif1ase, which is followed by a Si-phase, we have to con-
the Brewster angle and the ellipsometric quantiy®g)  Sider both nematic and smectic field contribution to the free
=p has been determined at the Brewster angle. The angul&€rgy. The free-energy density is therefore expanded in
resolution in the Brewster angle was 0.02° and the resolutiofe'Ms of nematic and smectic-order paramé1é,26.
in ¥ was better than £ 10~ 4. The results have been inter- N practice, the total free-energy densny contains a large
preted using a model dielectric profile and the |ong_number of terms_ and thgre are no analytical resglts for the
wavelength approximation was applied, as described in th@rder-parameter interfacial profiles, forces, and ell|pt|C|ty. A_s
Appendix. we expect sma!l values of both order parameters in the dis-
ordered isotropic phase, only the lowest-order terms are re-
tained and the coupling between both orders is neglected at
first. Furthermore, as both surfaces induce homeotropic

The advantage of AFS force measurements over converalignment, the director field is homogeneous and perpendicu-

tional SFA is, that the experiments can be performed withar to the wall. We set the axis of the coordinate system
much smaller samples and the temperature of the sample cgarallel to the director field and expand the free-energy den-
be controlled easily with the resolution of 10 mK. The rangesity in terms of the scalar nematic order parameséz),
of forces, applied to the interfaces can be adjusted usingmectic order parameteMs(z) =¥ (z)e'®*®, and their spa-
different probe diameters and different spring constants ofial derivatives. HereW(z) measures the amplitude of the
the AFM cantilevers. For large force loads, sharp AFM tipssmectic modulation®(z) = (27/ay)u(z) is the phase, re-
with an apex radius of~20 nm are usually used, whereas |ated to the layer displacemen(z), and the smectic period-
for small force loads, a microsphere of radRs- 10 umis  jcity is a,. The bulk free-energy density is
attached to the AFM cantilever and the force on the micro-

C. Force measurements

sphere is measured. 1 1 ds\? 1
A commercial Nanoscope I(Digital Instruments, Santa (2= EaN(T)SZ+ ELN<E +5asn(T)W(2)* W(2)
Barbara, CA in the force spectroscopy mode has been used
for force measurements. In this mode of operation, a time- 1 oW gW
periodic movement of the surface of the sample is performed + ELS”‘T 9z @

in a direction towards the AFM cantilever and the deflection

of the cantilever is monitored. The speed of approach is sev- Hereay(T)=an(T—Ty) drives the nematic phase tran-
eral nm/s and typically 512 force values are collected duringition andag{T)=as{T—Tg,) drives the smectic phase
approach and retrace cycle. We have equipped the instrumetnansition, wherely, and TS, are the temperatures to which
with a double temperature controlled microsta@l] to  isotropic and nematic phase can be undercooled. The coeffi-
achieve good temperature stabilization of the order of 1&ientsLy andL g, of the gradient terms are elastic constants,
mK. One heater was integrated in the cantilever holder abovevhich describe the increase of the free energy of the system
the sample and the second independent heater right beneathen the order parameters vary in space. Higher-order terms
the sample. The upper heater was formed by a glass plateave been neglected, as we analyze the behavior of the sys-
coated with a transparent indium tin oxiddO) layer and  tem in the vicinity of the phase transition, where higher-order
was mounted on the cantilever holder just above the cantiletcerms are much smaller.

ver. This glass plate held the drop of liquid crystal, so that As the free-energy density is decoupled in the two order
the cantilever was always immersed in a liquid crystal. Theparameters, both order parameter profiles can be determined
upper glass plate was heated by controlling the currenby Euler-Lagrange minimization, performed independently
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for the nematic and smectic order parameters. Because tiseibtracted. Note that surface contributions are doubled with
resulting interface profiles are different for a semi-infinite respect to the semi-infinite sample, where only one surface is
sample, relevant for the ellipsometry and a sample sandsresent.
wiched between two parallel walls, relevant for force mea- The use of the Derjaugin approximation can be justified,
surements, they will be derived separately. if the range of the interaction and the distance between the
In the ellipsometry only the nematiorientational order  sphere and the surfackare much less than the radius of the
in the vicinity of a semi-infinite flat surface is visibleee the  sphereR. This is true in our case, where the correlation
Appendix. The total free energy of the semi-infinite sample lengths that measure the range of interaction are of the order
per unit surface area is of 10 nm and a typical radius of the sphere is a thousand
times largerR=10 um.
o 5 The interaction free energy per unit surface area of the LC
Fn= fo f(2)dz=GS+W,S;, 2) sample confined between two parallel plates is in our case a
sum of decoupled smectic and nematic contribution,
where G and W, are the linear and quadratic terms of the Fint(d)=Fint sn{d) +Fint n(d). The nematic part of the in-
energy coupling the orientational order to the surface. Thdéraction energy can easily be obtained following de Gennes
linear term models ordering and the quadratic term model§@lculation for presmectic forcg27]. The nematic part of
disordering effects of the surface. Following the Euler-the free energy per unit surface area is
Lagrange minimization, the nematic order parameter profile
for a semi-infinite sample, where the interface is in #e
plane located at=0, is

S(z) = Spexp(— 2/ én)- )

S d/r2

1
Fa(d)=5L S

—2GSH+2W,S;. (6)
—d/2

The profile for the nematic order parameter is in this case

Here,S, is the value of the nematic order parameter on thesymmetric as obtained by solving Euler-Lagrange equations

surface az=0, andéy=+Ly/ay is the nematic correlation with symmetric boundary conditions
length. To obtain the value of the order parameter at the

surfaceS,, the total free energy per unit surface area due to _ z / d
the nematic ordelF has to be minimized with respect 8. S(2) SO(d)COSh& cos N @
This minimization yields
So(d), the nematic order parameter value on the surface can
S,= G @) be again obtained by the minimization of the total free en-
Ln/ént2W,° ergy per unit surface area given by E6). It depends on the
wall separation and surface coupling energies:
The complete nematic profile therefore combines Egs.

and (4). The ellipsometric ratio at a Brewster angle can be G
calculated using Eqg3) and (4) and expressed in a closed So(d)= q (8
form, as shown in the Appendix. 2W,+ LngNtanhZ?

N

B. Mean-field nematic and smectic forces ) . i . .
The interaction mean-field nematic free energy is

In the force measurements both orientational nematic and
positional smectic orders contribute to the force between a 2

o ) 1
sphere and a surface. The geometry is in this case different, Fint n(d)=
as we have one curved surface of a sphere and a flat surface 2W,| 1+2&\Wocoth(d/2éy)/ Ly
of the substrate. The easiest way to calculate the force on a 1
sphere in the vicinity of a flat surface, is by applying the - 1+2§—W/L , (9)
NVV2 N

Derjaugin approximatiofl]. It relates the force between the
sphere and flat surface separated by a distain¢e the in- _ _ _ _ _
teraction free energy per unit surface area between two pawhich results in an attractive mean-field nematic force.

allel and infinite flat surfaces separated dyy For the mean-field smectic force we follow the derivation
performed by Ziher[20] and previously done by de Gennes
F(d)=2mRFn(d). (5)  [27] and Richeti[16]. We assume fixed amplitude of the

smectic order on the surfacds(*d/2)=¥, and fixed po-
Here,F is the force on a spher® is the radius of the sphere, sition of the first smectic layer next to the walbhase
andF,(d)=F(d) —F() is the interaction free energy per ®(*=d/2)==®d,/2. Here, ®,=2n(d/a, mod 1) is the
unit surface area, wheie(d) = ‘Yﬁ,zf(z)dz+ Wsuri- Wsyri phase mismatch related to the compression or dilation of the
is the surface energy contribution. In order to account onlysmectic layers, whose thicknedds not an integer multiple
for the interaction part of the free energy, relevant for theof the unperturbed smectic periag. The resulting mean-
force, the reference bulk configuration free energy has beefield smectic interaction free ener¥6,2Q is
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Lsyy d cog2mw(d—dg)/ag] TABLE |. Hamaker constant#®\ calculated from the Lifshitz
Fint sr{d)= — nh(d/Z) —1]. theory for the interaction between two identical BK7 glass surfaces
§ § S g (10 and BK7-LaSF glass surfaces across isotropic liquid crystal.
Here &= VLgn/asmis the smectic correlation length in the 'Nteraction media A
direction along the smectic normal adglis the phase offset, pk7 glass-liquid-crystal-BK7 glass 84102 ]
which is due to the uncertainty of the determination of zero 4gf glass-liquid-crystal-BK7 glass —16x10°2 J

surface separation in the AFM force measurements.
So far we have neglected any nematic-smectic coupling
terms in the Landau—de Gennes free-energy expansion. Hepé the media across which they interact. For a nonretarded
we consider a simple model, which introduces the lowestvan der Waals interaction, the force between a sphere and a
order coupling term in free-energy density expansion. Byflat surface isF,qw=—AR/6d? [1], whered is the separa-
symmetry, the lowest-order coupling term i$y s, tion between the sphere and the surfdes the radius of the
=I'S|Ww|? [26]. Here, T is the coupling energy, which is sphere, andA is the Hamaker constant for the interaction
negative if both nematic and smectic fields enhance eachetween the media of the sphere and the media of the flat
other. We assume that in the first-order approximation theurface across the media between both surfaces. We have
pretransitional nematic order only amplifies the smectic orcalculated the Hamaker constants for the interaction across
der parameter amplitude on the surface and that the couplirige liquid crystal using the Lifshitz theory described[i.
is so weak, that it does not change the nematic order signifiFor the calculation of the Hamaker constant, one needs to
cantly. We also assume that the coupling has practically nénow the static and the optic dielectric constants of all three
effect on the order-parameter profiles that were calculated imedia. Furthermore, as the liquid crystal in the bulk isotropic
the absence of the coupling. phase is an anisotropic and spatially inhomogeneous media
We therefore only consider the increase of the smecti€lose to the surfaces, because of the surface-induced order,
order parameter at the surface of a semi-infinite sample du&e have used the arithmetic mean of the parallel and perpen-
to the coupling to the nematic order parameter. In this cas@icular part of dielectric constants, as well as the spatial av-
the smectic free-energy density is erage of the dielectric constant profile. In Table I, Hamaker
constants are given for the interaction between two BK7
(711 ,. 1 dw glass surfaces and a BK7 or LaSF glass surface across the
Fsm= Jo EaSm‘I’ +§|—s dz

liquid crystal.
+Wsn(Vo—VT,)?, (11 IV. RESULTS

whereW , is the smectic order parameter amplitude preferred In this section we separately present the results obtained
by the surface and/g, is the smectic coupling energy of the from ellipsometry, where the coupling energies of the nem-
surface. ForS(z) we take the unperturbed profile from Eq. atic order with surface for liquid crystal have been deter-
(3) and we take¥ (z) =V exp(—7§) for the smectic order mined. Then we discuss the smectic order observed by AFM
parameter amplitude profile, wheggis the smectic correla- force measurements and the observability of other force con-
tion length. Minimization of the total free energy per unit tributions in force experiments.

surface area with respect #H,, yields

Lsm I'EsnénSo . . :
Vo=V, + PWer +W E+2ey)) (12 Using Brewster angle reflection ellipsometry, we have
Sme|| - Tsm &[T <N measured the temperature dependence of the complex ellip-
Here$S, is that given by Eq(4). One can see, that the smec- sometric ra}tiqp/rs, when cpoling down liquid crystal from
tic order at the surfaca, is enhanced eithefi) via the the isotropic into the nematic phase. The measurements have
smectic surface coupling energiye., the second term in the been performed as described in Sec. Il B and LaSF and BK7

denominatoy, which is expected to be temperature indepen912SS prisms have been used as substrates. The nematic cor-
dent, or,(ii) via the nematic-smectic coupling, given by the relation length, which measures the depth of the interface, is

third term in the denominator. This coupling term inducesmuch smaller than the wavelength of light, so the long-
temperature dependence of the surface smectic amplitude yﬁavglength limit expansion of the eIhpson_’netrlc fatio can he
the vicinity of the isotropic-nematic phase transition, becaus@PPlied as described in the Appendix. Figure 2 shows the

the nematic correlation length changes significantly in thigne@sured temperature dependence of the ellipsometric in-
region. variantZ; for liquid crystal(open circleson DMOAP coated

LaSF and BK7 surfaces. The ellipsometric invari@pts in

the first-order approximation to Drude’s expresdig8] pro-

portional to the adsorption parametér used by other au-

thors[5,6]. The solid lines are the best-fit ellipsometric in-
Van der Waals dispersion forces between surfaces angariantsZ; for liquid crystal, calculated from the E@AL).

present in all cases where the dielectric properties of theinear and quadratic coupling energies between the nematic

interacting media are different from the dielectric propertiesorder

2
+T'W¥?s|dz

A. Ellipsometry
1

C. Van der Waals force between surfaces immersed
in a liquid crystal
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T T using dynamic light scattering in the vicinity of the isotropic-
A) nematic phase transition. The slowing down of the order-

g parameter relaxation rate in the bulk sample of liquid crystal

was measured as a function of temperature, as described

1 elsewherg30]. This gave usiy=1.6x 10° J/K n* for liquid

8CB/DMOAP/LaSF | crystal, where the viscosity has been taken from C{3ds$

The elastic constarty was determined to be>310 12N by

iterative fitting of the ellipsometry data. The values of the

— surface coupling energies were determined by fitting of the

— T ellipsometric data and are given in Table Il. One can see that

B)] the nematic ordering terfG) is in both cases dominant over

3 i the disordering term\W/s).

The surface coupling energies are comparable in magni-

= tude to the values given by other authors.

_& | 8CB/DMOAP/BK7 | Note that the wetting of the nematic phase on DMOAP

covered surfaces is complete, the surface order paraBgter
17 a exceeds the bulk nematic order parameter, and the ellipso-
metric ratio diverges at the phase transition as previously
also reported by Chefb].

320 330 340
T [OC] B. Surface force measurements

Two different sets of AFM force experiments have been
FIG. 2. The temperature dependence of the ellipsometric invariperformed at the liquid-crystal—silanated-glass interface.

antZ, for the isotropic phase of liquid crystpee Eq.(A4)], as  First we have probed this interface with a sharp, commercial

measured by the Brewster angle ellipsometA) Isotropic liquid  Si;N, AFM tip with a typical apex radius of 15-20 nm. In

crystal on LaSF glass substrate coated with a monolayer ofhese experiments rather large force loads have been applied

DMOAP. (B) Isotropic phase of liquid crystal on the DMOAP tg the surface and we could study elastic properties of the

coated BK7 glass. Open circles represent the ellipsometry invarian{,ery first molecular layer. In a second set of experiments, we

as calculated from the measured ellipsometric ratio at the Brewstg;ye measured interfacial forces between a DMOAP covered

ar_wgle. T_he fqll lines are the best fit to Eg\4), with surface cou- flat glass surface and a glass sphere of ra@esl0 xm.

plings given in Table Il. This gave us much lower force loads, but also increased

force sensitivity.

parameter and the surface were determined from the fitting

procedure following Eq(A4) andS,, given by Eq.4). They 1. Observation of a surface adsorbed first molecular layer

areV\llleSt(segoIEI(-iraCbol?nlrlrient on this analysis by noting that we A typical force vs separation plot, fas.observed.in the force

have taken here a different approach as, for example, €hen measurements using a sharp AFM tip 'S shown in Fig. 3. At

al. [5]. Whereas they have used a better' approximatic;n of th{i1 distance of a_pproxmately 4 nm ther_e_ls some small attrac-

nematic order parameter profile the fourth order of LdG ive force, which causes a tip instability. Here, the tip is

expansiof, derived by Tarczofi2g], we have sacrificed here unstable if the gradient of the attractive force is larger than
P derived by ! ol . .~ the force constant of the cantilever, and is suddenly attracted
some precision in the profilewhich also introduces addi-

tional two barely known parametarbut have made no sim- towards the surface. This attraction stops at a distance around

olifications in the integration of the EqA4). We have 3.3 nm from the surface, where the force changes to repul-

checked that the second-order correction to the first-order - The force is increasingly repulsive until the distance of

) : 0 - Separation of~1.3 nm, where there is a sudden jump of the
expansion of Eq(A4), can be as high as 20%. This is more tip into the contact with the glass surface. We interpret this

than the correction du_e to a slightly pert_urbed Or.der'observation as follows. After the first attraction, which is
parameter profile, resulting from the harmonic approxima-

tion of a LdG free-energy expansion. Furthermore, we hav most probably due to the liquid-crystal structure at the sur-

A face, the tip touches the first layer of liquid-crystal mol-
separately remeasured the parametgrfor liquid crystal, ecules, which are strongly adsorbed onto the surface. The

) ) ) ) thickness of this first molecular layer is always of the order

TABLE II. The surface coupling orderingG) and disordering o molecular length and also increases with increasing mo-
(W) energies for liquid crystal on DMOAP coated LaSF and BK7 ocar length. After applying an additional force on the tip

glass, determined from the Brewster angle ellipsometry. via the elastic cantilever, the molecular layer is compressed
and elastically deformed. Finally, when the force load is high

Substrate G W enough, the surface-adsorbed layer ruptures and the tip
BK7 1.4x10°* Jin? 5.6xX107° J/n? comes into hard contact with the rigid substrate. Here, there
LaSF 1.5¢10°% J/n? 6.0X10° 5 J/nt is practically no observable additional indentation as the

force load is further increased. We have performed force
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10 the order 10 (1+0.3) N/n?, which is typical for a smectic
liquid crystal[33].
84 The problem of applying the Hertz model of indentation
£ to our experiment could be due to the fact that the AFM tip
= e—?o indents a relatively thin elastic layer on a semi-infinite hard
= P substrate. In this case the elastic “foundation layer” model
mZ 4- should be more appropriate. In this model an elastic layer of
o thicknessh on the rigid base is considered. This layer is
= | described as a “mattress,” which is made of uncoupled elas-
o 2 tic stabs springs, of an elastic modukisFollowing Johnson
T [32], the depth of indentation by a sphere of radRiss §
07 = h/ 7RKF. By fitting the experimental data for compres-
1 sion of the first molecular layer we obtai=2.3x 10° (1
-2 : +0.1) N/n? and the thickness of the layer is 3.75 (1

+0.05) nm. According to JohnsoR} andK are connected
d [nm] by E* =Kr/1.7h, wherer is the radius of the contact. The fit
to elastic mattress model gives W ~3.5x10° N/m?,

FIG. 3. A typical force plot, observed with a sharp AFM tip which is of the same order as the elastic modulus, obtained
immersed in the isotropic phase of liquid crystal, when approachindrom Hertz's model. The continuum approach of these mod-
and indenting a LaSF glass surface coated with DMOAP. The data|s to the analysis of elastic indentation of a thin adsorbed
were measured dt— Ty, =8 K. The solid lines are fits to the Hertz |ayer is justified, if the fluctuation contribution to the com-
model and give the equilibrium thickness of the first molecularpressibi”ty is small. Since the layer elastic properties are
layer of 3.2 (1x0.06) nm and the elastic modulus of the layer temperature independent, we conclude that it is strongly an-
E*=1.2x10" (1+0.3) N/nf. The inset shows the same data, chored to the surface and thermal fluctuations must be sup-
where the thickness of the first molecular layer is shown vs applieghressed. We therefore conclude that the constitution of the
force. first molecular layer adsorbed to the surface is similar to

smectic. The same was observed on similar experiments per-
scans, where we have stopped applying the force before tffermed on nematic liquid crystals 5CB and MBBA, which
layer had raptured. We have clearly observed that in this casglso show the presence of the first molecular layer with simi-
there was no hysteresis in indentation between increasinigr properties. The thickness of the layer scales with the
and decreasing force scans. We therefore conclude that tiength of fully extended liquid crystalline molecule, was pre-
compression of the surface layer is purely elastic. We haveented in our previous artic[@4].
also made sure that this layer cannot be attributed only to the We have also studied the lateral coverage of the silanated-
silane monolayer, by performing the same experiment usinglass surface with first molecular layer. During the experi-
hexane instead of liquid crystal. At the hexane-DMOAP in-ments, we have observed, that the characteristic “steplike”
terface we have observed repulsive, exponentially decayinfprce plot, indicating the first molecular layer, was present in
force. The decaying length was typicalty2.5 nm and we some cases and absent in other. We have therefore performed
could not observe any rupturing of the silane-hexane layera very large number of force plot experiments on different
This clearly indicates thafi) silane molecules are strongly samples and on different places. The type of force plots with
position-ally anchored to the glass and contribute a smaltupturing step, that indicates the presence of the layer, can be
polymer-entropiclike repulsive force, afid) the rupturing is  observed on approximately 70% of the surface. In other
definitely attributed to the surface-adsorbed layer of liquid-cases there is no step and no smecticlike first molecular
crystalline molecules. layer. We have concluded that the first molecular layer ap-

We have followed the temperature stability of this layerpears in a form of clusters or a layer with voids. These smec-
deep into the isotropic phase. The layer could be observetic clusters are difficult to observe directly by imaging, since
even 20 K above th&y,, with no observable change of the the force of the tip on the sample during imaging is so large
elastic modulus in this temperature interval. This indicateshat it seriously damages the lay@5].
that the first layer of liquid-crystalline molecules is very In Fig. 4 we present an indirect image of the surface cov-
strongly coupled to the substrate. erage by the first molecular layer. This image was taken by

We have analyzed the elastic deformation of the first moperforming a large number of force measurements in a pre-
lecular layer within two continuum elastic model$) the  determined, regular array of points across a surface area of
Hertz indentation model, andii) the elastic foundation 10x5 wm. The presence of the first, smecticlike molecular
model[32]. In the popular Hertz model of indentation, the layer is indicated by a white region, whereas “voidse.,
elastic deformation of a semi-infinite elastic sample with athe absence dfindicate that there is no smecticlike first mo-
rigid sphere is considered. The depth of indentation idecular layer.
5=3[39F?/16RE*?, where F is the force applied to the The lateral dimension of voids can only be estimated from
spherical tip,R is the radius of the sphere, aftf =E/(1  these measurements and is in the range 1G<Rqn
—1?), whereE is the Young’s elastic modulus andis the <100 nm. It is not clear, if this type of coverage is intrinsic
Poisson’s number. The elastic modulus of the first moleculato this interface because of the type of growth, or just reflects
layer, obtained from the fit to Hertz's model, is in all cases ofthe inhomogeneities of the glass substrate underneath.
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was detected at that position. Dark squares indicate points with no 0 5 10 15 20
step and, therefore, no smectic coverage. d[nm]

2. Observation of presmectic ordering at a nematic-solid interface  FIG. 5. Normalized structural force as a function of separation

Interfacial mean-field nematic and smectic forces due t¢Ween a 8.5um silanated-glass sphere and a silanated-BK7-
the ligui-crystal srucure close o the terface are veryleSS AWbele 1 etk soonc prase Tnesoldine o5 1
weak and the sensitivity of the AFM using a sharp AFM tip _.. : Je ’

. atic force, described in the text.

is too low to detect them. These forces can, however, be
dramatically increased by increasing the radius of curvature

R of the curved surface. For this reason we have attached a Solid lines in Fig. 5 represent the best fit to the sum of the
glass microsphere to the commercial AFM cantilever andnean-field smectic structural force, mean-field nematic and
coated it with DMOAP. Using this sphere-flat surface geom-van der Waals force for a BK7-8CB-BK7 interface. The
etry, the interfacial forces are increased by a factor of 100tematic mean field and van der Waals forces are here of
and we have detected in all experiments on 8CB liquid crysquite small magnitude, and become more important for
tal typical oscillatory force curves, shown in Fig. 5. Thesesmaller separations. The fit is excellent and allows us to de-
force profiles can be attributed to the presmectic force in théermine the surface-induced smectic order and smectic cor-
isotropic phase, arising from the surface-induced smectic orelation length.

der. Figure 6 shows a similar analysis for the structural forces

The force profiles have been analyzed by considering alat the LaSF-8CB-BK7 interface. We have included force
relevant forces that are expected to contribute significantlyplots from both types of experiments on the same graph. It is
(i) van der Waals force with Hamaker constant calculated amteresting to note that the experiment indeed detects a repul-
described in Sec. Il C{ii) attractive nematic mean-field sive van der Waals force. It is due to the fact, that the index
force given by Eq.(9), with surface coupling constants as of refraction of liquid crystal is in between the index of re-
determined in the ellipsometry experimentd,) oscillatory  fraction of BK7 and LaSF glass.
presmectic force given by EqL0). The analysis of the sepa- The modeling structural force is in all experiments in re-
ration dependence of these forces has clearly shown that thearkable agreement with experimental results on both sub-
zero of separatiorfwhich cannot be determined unambigu- strates and it allows a determination (©f the smectic order
ously from the AFM datphas to be chosen with an offset of parameter' on the surface(ii) smectic correlation length
6 nm. This fact can easily be explained by taking into ac-§, and (iii) smectic periodicityay. By takingLs,=5 pN
count our previous measurements made with a sharp AFNRO], we obtain from data on Fig. 6, the smectic amplitude on
tip. The normalized force load/R, which is necessary to the surfacelg=0.15 (1+0.15), smectic correlation length
rupture the first molecular layer of thickness 3.4 nm, is two§j=3.2 (1=0.15) nm, and smectic periodicity a,
orders of magnitude larger than the corresponding values-3.2 (1+0.02) nm. The smectic periodicity is in excellent
available in the experiments with attached sphere. We comagreement with reported bulk valug36] and indicates bi-
clude that in the experiments with attached sphere, the glasdayer presmectic ordering at the surfaces. We should again
surfaces cannot be brought closer thar6 nm, which note that in contrast to our previous stuB4], a different
equals the thickness of two surface adsorbed molecular layzero of separation has been chosen. This is more consistent
ers, one on each surface. in view of the presence of the first bilayer, adsorbed on both
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FIG. 6. Normalized structural force as a function of the separa- ) )
tion between a 10xm silanated-BK7-glass sphere and a silanated- FIG. 7. Temperature dependence of the surface smectic ampli-
LaSF-glass substrate in the bulk isotropic phase Tat Ty, tude ¥g, calculated from the AFM experl_mental data. The solid
=0.18 K. The experiments performed with a sharp tip and with anline is an expected amplitude (_)f the smectlc_ order parameter on the
attached glass sphere are plotted together on the same graph. mgface due to the coupling with the nematic order pa!'ameter. The
upper-half of the graph has a logarithmic scale in order to represedfSét shows the temperature dependence of smectic correlation
both measurements together. The solid line in the lower part of thééngth as determined from the AFM experiments. The solid line
graph is a fit to the sum of van der Waals, mean-field nematic, anfePresents x-ray measurements of Davido\al. [36].
presmectic force. The solid line on the upper-half of the graph is a

fit to the mattress model of squeezing the elastic layer Withathick]-ump in the nematic order parameter at the first-order

ness of 6.5 nm. The inset shows a series of force plots on the samg, natic-smectic phase transition for liquid cryst@a].
system at different temperatures. Solid lines are fits to the model

described in the text.

surfaces. It also explains, why the detected force contribu- V. CONCLUSION
tions due to the nematic ordering and van der Waals force are ) ) ]
very small. In this paper we have presented an experimental analysis

In our previous report we have pointed out that the SmecOf the interface betwe_en a nematic ||qU|d Crystal in the iSO'.
tic ordering of the first bilayer can be estimated from thetropic phase and a solid substrate which induces homeotropic
force, which is needed to rupture this layer with a tip. Sinceordering of a liquid crystal. We have applied two comple-
we know the forces, which are needed to rupture the prementary experimental techniques and we have analyzed the
smectic layers with a sphere, we can linearly interpolate théesults within a simple LdG theory of surface-induced order-
dependence of the rupturing force on the smectic ordering. We have observed that the interface is quite complex
parameter amplitude. This leads to an estimate that the smeaheady in the isotropic phase of a liquid crystal. The first
tic amplitude of the first layer i&'s~0.3, and also agrees molecular layer that is strongly adsorbed to the surface, is
well with surface smectic amplitudes, obtained from the fitssmecticlike and incompletely covers the surface. A large
shown in Figs. 5 and 6, obtained with a choice of zero withpressure has to be applied in order to rupture this layer,
a separation offset of 6 nm. which indicates that LC molecules are also to some extent

Figure 7 shows the temperature dependence of the smelaterally anchored to the surface. This could be explained by
tic amplitude on the surfac® g and the smectic correlation the penetration of LC molecules between the chemically ad-
length ¢ for the system BK7-8CB-BK7. The smectic order- sorbed silane moleculgd5]. This layer is followed by a
parameter amplitude increases close to the bulk nematic tcombination of a prenematic and a presmectic ordering of
the isotropic phase transition. We conclude that this increaskquid crystals that is nicely described with LdG theory. The
is driven by the coupling between the smectic and nematitwo order parameters are clearly coupled, as evidenced from
order parameters, which increases near the phase transitiche pretransitional increase of the smectic ordering, which is
We apply the first-order coupling approximation with param-due to a strong increase of the nematic order. The LdG analy-
etersLy=2 pN andL =5 pN, for the smectic correlation sis shows that the results of the ellipsometry and AFM ex-
length §=3.1 nm and for bare nematic correlation length periments can be consistently described using a single set of
&y=5.5 nm. We assume that the preferred surface smectisurface coupling and structural parameters. Moreover, we
amplitude is¥ ,= 0.7, which does not have significant influ- have shown that force spectroscopy experiments give access
ence on the overall analysis of the surface coupling energietso many new liquid-crystalline interfacial parameters, not
The calculated value for the smectic coupling with the sur-easily obtained by other methods. For example, smectic am-
face iswg,~2x10 * J/n? and the value of the smectic- plitude at a surface as well as smectic correlation length can
nematic coupling energy =1.7x10°(1+0.1) J/ni. This  routinely be obtained, which gives new possibilities for the
result is in agreement with the value calculated from thenvestigations of liquid-crystal interfaces.
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* €1€

Reflection amplitudes ratio measured with ellipsometry 1= jo @_GX(Z) dz, (A2)
carries information on the structure and thickness of the sur-
face layer, where dielectric properties vary. Generally thewvhere €, and €, are the optical dielectric constants in the
results are difficult to interpret, but if the thickness of the directions perpendicular and parallel to the surface. The an-
interface is small compared to the wavelength of light, theisotropy in the dielectric constant is a measure of the nematic
long-wavelength limit expansion can be applied. In the caserder parametdr37]:
of surface orientational order, the thickness of the interface is
related to the nematic correlation length. Long-wavelength c (z)=:+ EAeS(z)
€ ) . X ,
limit can be applied whek> &y, where is the wavelength 3
of the reflected light andy, is the nematic correlation length. )
At the Brewster angle the ellipsometric ratig/rs can be _— <
written to the first order in interfacial thickngsss for a thin, c(2)=¢ SAGS(Z)’ (A3)
optically anisotropic film[28]

APPENDIX: ELLIPSOMETRY .
€1+ e—

whereA e is the maximal anisotropy &=1. The invariant
(rp) K €1+? 7, for a nematic profile given in Ed3) can be calculated by
0

(A1) integrating Eq.(A2) with Egs.(A3). The result is

I's . A 61—: v
2A€Sy| 1
wheree; ande are the optical dielectric constant of the glass Li=¢én Elln( 1- 3e ) B §A€SO ' (Ad)
(medium where the light comes frgrand the isotropic lig-
uid crystal, respectively, and the invarigt is whereS, is given by Eq.(4).
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