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Forces in the isotropic phase of a confined nematic liquid crystal 5CB
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Using a temperature controlled atomic force microscope, we have measured the temperature dependence of
the force between a flat silanated glass surface and a silanated glass microsphere, immersed in the isotropic
phase of the nematic liquid crystal 5GB’-n-pentyl 4-cyanobiphenyl At separations of several nanometers,
we observed a weak, short range attractive force of the order of 100 pN, which was increased by decreasing
the temperature. The temperature dependence of the amplitude and the range of this attractive force can be
described by a combination of van der Waals and a mean-field prenematic force due to the surface-induced
nematic order. This is supported by ellipsometric study and allows for the determination of the surface
coupling energy of 5CB on a silanated glass surface.
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[. INTRODUCTION observe an attractive force between the two surfaces, which
is of the order of 100 pN. The magnitude and the range of
Forces between microscopic objects immersed in anisdhis attractive force increase as we approach the isotropic-
tropic fluids have attracted considerable attention since thgematic phase transition from above. We explain this tem-
recent discovery of nematic emulsioiis-3]. The interestin  perature dependence by considering a combination of the
these composite materials is driven not only by potentiapttractive van der Waals force between the two glass surfaces
optical and electro-optical applications, but also by the sciand the mean-field nematic force, which results from the
entific aspects of the colloidal interactions in these materialssurface-induced prenematic bridge between the two surfaces.
The interaction between particles in nematic dispersionVe show that both forces are of comparable magnitude, but
is mediated by the elastic distortion of the continuous nemcan be separated, since the mean-field nematic force is
atic director field and the van der Waals and electrostatiétrongly temperature dependent close to the nematic-
forces. In this sense, nematic dispersions are anisotropic cosotropic phase transition, due to the increasing nematic cor-
loids which are expected to show a variety of interesting’élation length and increasing surface order parameter. We
anisotropic phenomena. Whereas the nature of directosupport this conclusion by an independent ellipsometric
mediated colloidal interactions has been studied theoreticallgtudy of the same interface.
in several recent publication4,2,4-9, there is only a very

limited number of experimental studies of colloidal forces in Il. THEORY
anisotropic fluidd10-12. Moreover, most of these studies _ i
have been limited to the temperature range of the nematic A. Mean-field nematic force

phase, whereas the nature of the forces induced by the pre- We have used the standard Landau—de Gennes mean-field
transitional, surface-induced order close to the isotropi@pproach to describe the orientational order of the liquid
phase transition is practically unknown. The experimentatrystal, where the free energy due to the ordering is ex-
observation of these pretransitional, surface-order-induceganded in terms of the nematic order parameter. Here, the
forces is important, becausg it gives us direct information liquid crystalline order is described by the director figld
on the magnitude and spatial dependence of the surfacend a scalar order parameg&iThe directom is a unit vector
induced order, andii) it could lead to the observation of the pointing in the direction of the average orientation of the
Casimir force in anisotropic fluidgl3]. molecular long axes of the anisotropic liquid crystalline mol-
Here we report on measurements of the forces betweenecules, and the scalar order param&eneasures how good
micrometer-sized glass sphere and a flat glass surfacehe alignment of the molecular long axes is with the director.
separated by a very thin layer of a nematic liquidit has been shown by Bdrsk and Zumer[9] that the mean-
crystal in the bulk isotropic phase. Both surfacesfield contribution to the forces between two parallel plates
were coated with a monolayer ofN,N-dimethyl- immersed in a partially ordered nematic liquid crystal is al-
N-octadecyl-3-aminopropyltrimethoxysilyl chloride ways attractive for homeotropic boundary conditions. For
(DMOAP) to induce good homeotropic alignment. At sepa-curved geometry14], there is also a small repulsive compo-
rations of the order of the nematic correlation length, wenent due to the distortion of the prenematic director field.
This repulsive component is, however, very small compared
to the mean-field attractive force and will be neglected in our
*Email address: igor.musevic@ijs.si study.
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Following the simplified approach of de Genrjé§], the  After minimization of F(d) with respect toS;, one obtains
free-energy densitfg of a bulk nematic liquid crystal can be the equilibrium value of the order parameter at the surface:
expanded solely in terms of the scalar order parantatér
the orientation of the director is homogeneous throughout the Wy

sample: S, )= e tanidizg) “@

d_S)Z (1) The free energy increases with increasing separation, which
dz) - means that the prenematic order between two flat confining
surfaces induces an attractive mean-field force.

In force experiments, the forces are usually measured be-
—T*) drives the isotropic-nematic transition atdis the tween two curved surfaces, such as two cros;ed cylinders, or
elastic coefficient. The nematic correlation length, whichP€ween a sphere and a flat surfq¢é]. In this case, the
measures the length to which the nematic order variatiorf®-called Derjaguin approximation is usgtB], which re-
protrudes, ist=yL/a. We have used the parabolic approxi- Iates the force between_ two curved surfaces and the interac-
mation, which leads to a second order phase transitidit at tion free energy per unit surface area between two flat_ sur-
On the other hand, the nematic-isotropic phase transition igces. In our case, th_e ford&d) between a sphere of radius
weakly first order afly,, which is typically 1 K abover*. and a flat surface ig(d) =27R[F(d) —F(=)]:

It can be described by including the third and fourth order 1
terms in the free-energy density expansion. However, as we - _ _
consider that the nematic order parameter at the suBgq Ad)=RWHT) L+wo8(T)  wo&(T)+L tani(d/2¢§)
small, the order parameteés is also small and the higher ®
terms in the free-energy expansidfg. (1)] can be neglected
in the calculation of the order parameter profile at tempera
tures aboveTy, .

In the case of a confined liquid crystal, the surface con
tribution to the total free energy has to be taken into accoun
The surface energy contribution arises frémthe breaking
of the translation and inversion symmetry due to the pres
ence of the surface an@) a direct interaction between the
molecules of the surface and the liquid crydtb6,17]. The
energy contribution due to the coupling between the home
tropic nematic order and the surface can be expanded as™a ° o : ; :
contact potential in terms of the scalar nematic order on th ratically with increasingw, and decreases inversely with

surface. In the case of a liquid crystalC) slab, sandwiched W2 for small separations. The solid line in Fig. 1 shows the
between two planar surfaces located-atl/2, the surface calculated separation dependence of the mean-field nematic
contribution is ' force between the flat surface and agbm sphere, using Eq.

(5). The Landau—de Gennes material constants for 5CB have
L been useda=0.13x 10° J/nP K [19] andL=6.2 pN as de-
WS+ —wWoS2| 8(z= +d/2). 2 termined later in the study. To demonstrate the effect of the
150 2 280) ( ) @ coupling strength, the force is calculated for two different
realistic quadratic surface coupling coefficientg,=5

Here, the linear term favors order, whereas the quadratie¢10”* /P and w,=5.6x10"° J/n? at constant linear
term favors disorder. Above the nematic-isotropic phas&oupling coefficienty=1.2x10"* J/n?.

transition temperatur&y,, a single flat surface therefore in- ~ For a separation of 4 nm and typical values of the surface
duces a small nematic ord&y, which decays within a cor- coupling coefficientsv; andw,, the amplitude of this force
relation length¢, as we move from the surface into the iso- IS séveral 10 pN far beyond the clearing point, and increases
tropic bulk. In the presence of a second flat surface at & 100—-200 pN as we approach the nematic phase from
distanced, the minimization of the bulk free energy per unit @bove. In view of the weakness of this mean-field nematic
surface are&z=[%2 fzdz, leads, after solving the Euler- force, which is due to the small value of the surface-induced

Lagrange equations for the free-energy functioigl to the nematic ordelS,, it is clear that one also has to consider the
order parameter profil&(z) = S,,cosh@¢), whereS,, is the contributions of other forces, such as the van der Waals force

value of the order parameter at the midpoint, ize=0. The between the sphere and the surface in the presence of a liquid

total free energy per unit surface area of a partially ordere§'yStal- In Fig. 1, the mean-field nematic force is compared

nematic layer, confined between two planparallel plates aP the van der Waals force between two glass surfaces inter-
separatiord, is acting across an ordered 5CB liquid crystdhshed ling

The Hamaker constant of the van der Waals interaction,
A1,,;=8.5x1022 J, has been calculated according to Eq.
(7). It can be seen that the mean-field force is comparable to
or weaker than the usual van der Waals force and becomes

f =£a(T)Sz+L
B2

Here, the temperature dependent coefficier(fT)=a(T

It is obtained by inserting Ed4) into Eq.(3) and subtracting

the free energy of the nematic slab between infinitely sepa-
rated plates. This expression is valid as long as the range of
1Ihe force, characterized by the nematic correlation lerggth
and the separatiothbetween the two surfaces are small com-
pared to the radiu® The force, which is mediated by the
surface-induced nematic order parameter, is attractive and
decays approximately exponentially with increasing separa-
0t_ion d. The magnitude of the force strongly depends on the
syrface coupling coefficiente; and w,. It increases qua-

fS:

L 2
F(d)= %tank(
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T,

F[nN]

FIG. 2. Structure of the interface of 5CB on DMOAP silanated
glass, as deduced from the present atomic force microscopy AFM
experiments, performed above the nematic-isotropic phase transi-
tion temperature. The first, surface-adsorbed layer of LC molecules
shows smecticlike elastic compressibility and is stable more than
20 K above the clearing point. The width of the paranematic layer
is of the order of the correlation lengthand increases as we ap-
proach the clearing point from above.

F[nN]

dependence of this force, are strongly influenced by the op-
tical properties and stratification of the medium between the
dnm] two surfaces. In our case, the following facts have to be
considered(i) The first adsorbed layer of LC molecules is
FIG. 1. The separation dependence of the mean-field nematioptically uniaxial with the optical axis along the normal to
force between a wm sphere and a flat surface inducing homeotro-the surface. The Hamaker constant is in this case a compli-
pic LC alignment(full lines). The force was calculated from EG)  cated function of the ordinary and extraordinary indices of
at two different temperatures aboVg, . The force was calculated refraction[20]. In our calculation of the Hamaker constant,
with two different quadratic surface Coupling coefficieml§. The we neg|ect dielectric anisotropy and consider an average
curve (3) corresponds tav,=5x10"* J/n? and (b) to w,=5.6  yalue of the two refractive indices and dielectric constant for
X 107° J/n?. Ehe linear coupling energy is the same in both cases|qy frequency.(ii) The optical and dielectric properties of
wy=1.2x10"* J/n?. The Landau—de Gennes parameters for 5CBype gyrface-induced prenematic phase are spatially inhomo-
are useda=0.13x10° J/nPK [19] andL=6.2 pN. The dashed gonaoys To simplify the calculation further, we consider
line represents the van der Waals force between the two surface hly the spatial average of the index of refraction and dielec-
calculated with the Hamaker constaiib,=8.5x10"** J, which is tric constant in the paranematic phase. As the order param-
calculated for the van der Waals interaction between two glass sut- . el
faces across the ordered 5CB liquid crystal. eter profile depends on the separation b_etween the two sur-
faces, we calculate this average dielectric constant for each
dominant only in the vicinity of the phase transition. There-Separation. The model that fOIIOWS. from these approxima-
fore, the van der Waals force has to be considered in t\TFons and is a basis for our ca}lculanon of th.e van der Waals
analysis of the detected force, and is discussed in the follo orce between two surfaces is presented in .Flgs. 2 and 3.
ing section. Figure. 3a) _shows the order parameter profile across the
glass-nematic-glass interface. The order paran&tés con-
stant within the first adsorbed molecular layer of thickngss
decays continuously to the midpoint val$g,, and again

B. Van der Waals force in the presence
of surface adsorbed layers

In the experimental section it will be shown that the in- S g
terface between the isotropic phase of a nematic liquid crys-
tal 5CB and a DMOAP coated glass surface has the follow- — -E s
ing structure, as illustrated in Fig. 2i) At the DMOAP K_/—
coated glass surface there is an adsorbed surface layer of &
5CB molecules, with a thickness of 3—4 nm. This “first”
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layer of LC molecules shows nearly smecticlike elastic prop- z
erties. It is stable even 20 K above the clearing temperature T d T
with no detectable changes in thickness and elastigity. b)

The first molecular layer is followed by a surface-induced

prenematic layer that decays within a correlation length g1 3. (a) The order parameter profile used in the analysis of
away_from th? surface. ) interfacial forces in the isotropic phase of 5CB on a DMOAP sila-

This experimentally observed structure of the interfacenated glass surfacs, is the value of the nematic order parameter
has important consequences for the van der Waals force bgt the surfaceS, is the value of the nematic order parameter in the
tween the two glass surfaces. According to the Lifshitzmiddle of the interfaceT is the thickness of the first adsorbed layer
theory of the van der Waals for¢é8,20, the sign and the of LC molecules and is the separation(b) The corresponding
magnitude of the Hamaker constant, as well as the separatiqmofile of the dielectric constant.

051711-3



K. KOCEVAR AND I. MUSEVIC PHYSICAL REVIEW E 64 051711

increases toS, at the neighboring surface. Figure(bB  poses, the Hamaker constant for glass-glass interaction
shows the corresponding profile of the dielectric constant: iecross adsorbed liquid crystal layers is essentially tempera-
equalse, in the first molecular layer of thicknes and  ture independent and #,,,=8.5x 10 %2 J for a glass-5CB-
equalse, in the middle of the surface-induced paranematicglass system. At a separationd&2 nm and a thickness of
layer. adsorbed liquid crystal layers of=2.4 nm, the van der

In the Derjaguin approximation, the van der Waals forceWaals force on a 7um sphere is attractive and equals
between a flat glass surfadenedium 2 and a sphere of 22 pN. It is therefore comparable in magnitude to the attrac-
radius R (medium 1, acting across two surface adsorbedtive mean-field nematic force given in E¢). The main
layers (medium 2 and a prenematic laygimedium 3 in difference is that the van der Waals force is nearly tempera-

between, i418] ture independent, whereas the mean-field nematic force is
expected to increase on approaching the nematic-isotropic
Rl Az 2A123 A1 transition from above.
f(d)vdwzg 2 2 5| (6)
d (d+T)= (d+2T)

C. Ellipsometry of the isotropic nematic-glass interface

Here, A,3; is the Hamaker constant for the van der Waals |n an ellipsometric experiment, one measures the state of
interaction between two adsorbed lay€2s across the pre- polarization of light reflected from an interface, which
nematic layer(3); see Fig. 3A;,3is Hamaker constant for strongly depends on the profile of the dielectric constant
the van der Waals interaction between gld9sand the pren-  across the interface. It is well known that one can determine
ematic layer(3), acting across one adsorbed lay2y. Simi-  the values of the surface nematic order param@&eand the
larly, A121 is the Hamaker constant for the interaction be-nematic correlation length with superior accuracy using
tween two glass surfaced), acting across two adsorbed Brewster-mode ellipsometf23]. In this mode of operation,
layers (2). Using the material parameters for SCB and BK7 one measures the ellipticity coefficiept=R,/Rs in the vi-
glass, we find that Hamaker constasig; and Ags, are of  cinity of the Brewster angle, wheiR, andR; are the reflec-
the order ofA;,5~Az3~10"% J. These can be neglected tivity coefficients forp and's polarized light, respectively.
with respect toA;, i.e., the Hamaker constant for the van For a perfectly sharp and isotropic interface, the ellipticity
der Waals interaction between two glass surfdtgacross a coefficient equals zero at the Brewster angles0. How-
surface adsorbed liquid crystalline lay@, which is given  ever, if the interface is not sharp, but is characterized by the
by profile e(z) of the dielectric constant of a given medium, the
ellipticity coefficient is finite at the Brewster angle. For the
case of an anisotropic and uniaxial medi(such as a liquid

1 2
€glass €iso XS ; ; g
3 2 crysta) on an isotropic substratsuch as glagsthe elliptic-

A121=ZkBT 1 2 ity coefficient at the Brewster angle can be expressed in the
( €glassT €isot EXS)> Drude approximation24]:
2 2 1 2 212 _ z VnSIass+ nizso
+ 3 h nglass_ Miso 1+1_2(A60pt'/niso)so P A nSIass_ nizso
Ve 2732
16v2 2 2 1 2 % n2..n2
nglass+niso 1+1_2(A60pt'/niso)so Xf_ dz nélass+nizso_ Q:izi;ISO_GL(Z) . (8)

7

" Here,\ is the vacuum wavelength of the reflected ligiht,,
Here, 41555 and €5, are the static dielectric constants of is the index of refraction of the liquid crystal in the isotropic
glass and the isotropic phase of the liquid crystal, respeddhase,ng,ss is the refractive index of confining substrate,
tively. ngass @andn;s, are the corresponding refractive indi- €)(2) is the component of the dielectric tensor of the liquid
ces,his Planck’s constant\ €, ,, is the maximum difference crystal along the normal to the interface, aad(z) is the
in the optical dielectric constants &t=1, andv, is the elec- corresponding component in the transverse direction. The
tronic absorption frequency of the liquid crystal, which is in components of the dielectric tensor depend linearly on the
the UV range ¢.~3x10" s ). The coefficientX de- order parametel0]. This can be written as
scribes the increase of the dielectric constant of the liquid
crystal due to the enhanced order param&geand equals
X=6.8 for 5CB[21]. Similarly, the coefficientAe,,; de-
scribes the increase of the refractive index of the liquid crys-
tal due to the increase of the nematic order paramsger o, 2
Aeyp, =0.6 for 5CB[22]. As the surface-induced order pa- €(2)=Niso~ §A€°Pt-s(z)’ ©
rameter in the case of the bulk isotropic phase of a liquid
crystal is small,S;~0.1, the corresponding correction terms where A€, is the maximum anisotropy of the optical di-
in EqQ. (7) due to increased nematic order are of the order oflectric constant at a saturated nematic order parangeter
only several percent. This means that for most practical pur=1. In the case of 5CR €,,; ~0.6.

1
€.(2)=nisot 3A€0p S(2),
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By considering the simple spatial dependence of the orde! LASER
parameter, i.e.5(z) = Spexp(—z/¢£), which solves the Euler- PHOTO []
Lagrange equations following from El) in the case of a DIODES

T

semi-infinite liquid crystal sample, the integral in E§) can CONTESLLER

be calculated and the ellipticity coefficient for a partially
ordered interface between the isotropic liquid crystal and an GLASS
isotropic substrate is c AFM CANTILEVER

LIQUID CRYSTAL

MICROHEATER

[ a—
7 VNglasst Niso 2 2A €Sy 1
P\ 12 2 3 ng'aSJn 1= 2 _§A€SO ’ HEATER T-
Nglass™ Niso iso CONTROLLER
(10 PIEZO SCANNER

In general, the ellipticity coefficient is temperature depen-
dent because of the temperature dependence of the correli(a)
tion length ¢ and S,. It increases on approaching the
isotropic-nematic phase transition from above. By measuring
p(T) one can determine the produg$,, and, if we assume

a power law dependence 6 £(T), the temperature depen-
dence of the nematic order parameter at the surf¢e)

can be extracted.

In order to obtain the values of the surface coupling en-
ergies from the temperature dependenceSsgfwe have to
calculate the value 0%, for a semi-infinite sample, where
the interface is located in they plane atz=0. The total free
energy per unit surface area B=Fg+Fg, where Fg
=[;fs(z)dz and FS=W1$D+%WZS§. After minimization

. ) 20Ky 260502
with respect td5,, the surface value of the order parameter is (b)
w
:—1_ 11 FIG. 4. (a) The setup of the temperature controlled AFM. Two
So L/&é+
E+tw; independent microheaters are used to control the temperature of a

liquid crystal with an accuracy better than 5 mK in the temperature
IIl. EXPERIMENT range up to 350 K. For details, see R&5]. (b) Glass microsphere,

attached to the AFM cantilever, is used in the measurements of
In our measurements we used a doubly temperature CoRyranematic interfacial forces.

trolled atomic force microscog@5], shown schematically in
Fig. 4. (a). The temperature of a liquid crystal is controlled  The glass substrates and glass spheres were carefully
within 5 mK by a small heater, attached directly to the piezocleaned in detergent, rinsed in pure water, and finally rinsed
scanner of the AFM. A second microheater is attached abowgith acetone. After that, a monolayer of DMOAP was de-
the AFM cantilever in order to reduce the temperature graposited on the glass surface from a water-methanol solution.
dients in the liquid crystal, which fills the space between thewe used a 1% water solution of 50% DMOAP-methanol
lower glass plate and the upper heater. In this geometry, theolution (ABCR, Germany. Twice distilled water was used.
AFM cantilever and the AFM probe are completely im- The glass plate was left in the freshly prepared solution for 5
mersed in liquid crystal and there are no stray capillarymin and carefully rinsed with distilled water and isopropanol
forces, except for the interfacial force between the AFMafter that. The glass surface was rendered highly hydropho-
probe and the surface of the glass. bic and the alignment of 5CB nematic liquid crystals on
In order to expand the accessible range of forces exerteghese surfaces was perfectly homeotropic and stable, as
on the surface, we used two different AFM probes in ourchecked with a polarizing microscope on extra samples. The
experiments. In the first set of experiments, cantilevers witbAFM sharp probes were used with no modifications and
sharp Sj N, tips (Park Scientifi¢ were used. The force cleaning, but a new probe was used in each experiment.
constants of the cantilevers ranged from 0.01 N/m to The experiments were performed in several experimental
0.1 N/m and the radius of the tip was typically 20 nm. runs at room condition. In each run, the AFM was thermal-
Force constants were taken as reported by the manufacturéred for one day, with the microheater turned on. After that,
Using these sharp cantilevers, relatively large force loads caa liquid crystal in its isotropic physe was introduced between
be applied to the interfacial structure and one can eventuallshe glass substrate and the AFM probe, and again thermali-
detect(and imagg the first surface adsorbed layers of mol- zed for several hours. The experiment was then performed in
ecules. In the second set of experimentsRan7 wm glass a single experimental run that typically lasted for 6-8 h. At
sphere was attached to the cantilejge Fig. 4b)] and the  each temperature, a large number of force-versus-distance
force between the sphere and the flat surface was measurplbts were recorded and the results of the fits were averaged
in the presence of the isotropic nematic phase. for each temperature. We have observed a significant aging
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AT 4 c 2 nm, which is close to the length of a single liquid crystal-
o EZ B/M line molecule.
= go/c = . Let us first consider the compression of the surface ad-
> 2] & A 0 o] sorbed molecular layer from poi to the point of ruptur-
E 23 / R~ ing. For small force loads, the thickness of this layer is
o 11 /5% of oy g ﬂy:{; 2 e, ~3 nm. By increasing the force of the AFM tip, the layer
D S gerdin e, TS ‘”%E@W;Eﬁ compresses te=2 nm and then ruptures at a force load of
‘;f"ﬁ RS ® ~60 pN. By performing trace-retrace experiments, we have
1 B/‘c”’ °° : observed that the compression of this layer is purely elastic,
0 20 40 60 with no hysteresis indicating plastic deformation. We have
d[nm] also made sure that this layer cannot be attributed only to the

_ _ _ silane monolayer by performing the same force experiment
FIG. 5. COmpreSSK)n and .rupturlng of the fIrSt, surface adsorbe@lSlng hexane |nstead of the ||qu|d Crystal, Where no rupturlng
layer of 5CB molecules on silanated glass. The force on the AFMcould be observed. We have followed the temperature stabil-

tip is shown as a function of separatiehat a temperature 2 K . . : . :
above the bulk clearing point. The solid line in the inset is the bestIty of the first molecular layer deep into the isotropic phase,

fit to the Hertz theory of indentation with compressibility modulus as it can be observed more than 20 K abdyg. In this
E=(7.8x10°)(1=0.4) N/n?. temperature range the layer shows no change of compress-

ibility modulus or thickness, which is a clear indication of a
very strong coupling of the first layer of liquid crystalline

of the DMOAP-liquid-crystal interface during the first 24 h_. molecules to the substrate.

The roughness of the interiace, as measured by AFM, in- The compression of the first layer of liquid crystal mol-

creased significantly during this time period. This indicates a ; ) .
J > o - ecules was analyzed using Hertz theory for the indentation of
process of adsorption of impurities from the liquid crystal

onto the DMOAP surface, to our knowledge not reporteda flat surface of a softer material by the rigid spherical AFM

before by others. All the results reported in this paper weré[Ip of radius R [27]. The depth of indentation is5

-3 2 2 i H
collected within the first 24 h after starting the experiment. \r/](g_f I)/t(16R E;*),_\I/Ev/helreles thﬁ fog:g at%pllt\e(d to t,he
The AFM was used in the so-called force plot mode ofSPherical tip ana=" = (1-»%), whereE is the Young's

operation, where the piezo scanner of the AFM and the Sub@lastlc_modl,JIus of the surface "?‘Ye.f an.ais the _correspon.d—
Ing Poisson’s number. The solid line in the inset to Fig. 5

strate perform time-periodic linear movements in the direc- h the fit to the Hertz th The elasti dul £ th
tion of the AFM tip. The speed of approach is several nm/s>1OWs the Titto the Hertz theory. 1he elastic modulus ot the

and at the same time the deflection of the AFM cantilever isf'rSt molecular ) Iayer ,Of SCB Is E,= (,1><_107)(1
monitored. In this way, one obtains the force-versus— 2-19) N/n?, which is typical for a smectic liquid crystal
separation plots. The zero of the separation was determindddl- This suggests that the first, surface adsorbed layer of
from the point of a hard contact between the sharp AFMIduid crystalline molecules is smecticlike at temperatures
probe and the substrate. where the bulk liquid crystal is in the isotropic phase.

The ellipsometric experiment in the Brewster mode was Thg prenematic forces on the sharp, nanometer-sized
performed using a phase-modulated ellipsomE2&]. The AFM tip are too small to be detected by the AFM. We there-

ellipsometer was continuously scanning in the vicinity of thefore measured the separation dependence of the interfacial

Brewster angle[26], whereas the temperature was varied{OrC€S using a silanated glass spher&ef7 . m, attached
continuously at a rate of several K/h. to the AFM cantilever. The results for 5CB are shown in Fig.

6 for two different temperatures aboig, .

In all cases one can clearly see an attractive, short range
force, acting on the sphere. At higher temperatures, the range
and the amplitude of this force are small, whereas close to

In the first set of experiments, we used sharp tips with ay, the range and magnitude of the force obviously increase.
typical radius of curvature dR=20 nm, to probe the forces We have fitted this attractive force using the sum of the
at the interface of isotropic 5CB and silanated glass. A typi-nematic mean-field force given in E¢6) and the van der
cal force plot is shown in Fig. 5. Waals forceF (d),qw=A11R/[6(d+2T)?] as discussed in

At large separationd, there is essentially no force on the Sec. Il B. The Hamaker constaAt;,; and the thickness of
AFM tip. However, at a separation of several molecularthe adsorbed smecticlike lay&rhave been taken to be con-
lengths, the tip is attracted toward the surfdpeint A to  stant with values 8810 2 J and 2.8 nm, respectively.
point B). The attractive force is of the order of 188 Nand  The thickness of the surface adsorbed layer was determined
the tip comes to force equilibrium at a distance of 1-2 mo-in experiments with a sharp AFM tip as described before.
lecular lengths away from the surface. After that, the canti+rom the fits shown in Fig. 6, one can see good agreement
lever starts to compress the material between the tip and tHeetween the theory and experiment.
surface, until it reaches poi, indicated in Fig. 5. Here, the In addition, ellipsometry measurements of the tempera-
tip suddenly penetrates the surface adsorbed molecular layerre dependence of the ellipsometric ratio at the Brewster
and comes into close contact with the surface, indicated bgngle have been performed and compared to the results of
D. This happens at a tip-surface separation of typicallythe force spectroscopy. The ellipticity coefficient for 5CB on

IV. RESULTS AND ANALYSIS
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T T T independent parameter, given by CoJé9] and also inde-
0'002__ | pendently verified in our dynamic light scattering experi-
0.000- ments.(2)The difference between the phase transition tem-
= ] perature and the supercooling limit* is in the range
2 -0.0027 . 0.8 K<(Tyn—T*)<1.6 K. In our analysis we have there-
E, fore determined the coupling energies andw,, bare cor-
E 00047 relation length,, and supercooling limit temperature.
0.0061 i In order to obtain the most probable values of these pa-
] rameters, we have iteratively fitted the ellipsometric and
r r r AFM force measurements to the models described before.
0.0021 . . We have also taken advantage of the fact that the parameters
1 §2 are encountered differently in the expressions for the ellip-
., 00007 Fe ticity coeficient and the mean-field nematic force. Since both
E o 002:% ) ] coupling constants depend critically on each other in the el-
% T T-T =0.1 K lipsometry, we fixed one of them in the fitting procedure.
T -0.0044 § 1 For example, we performed several fits with different
[N 1y values of fixedw, and found the best agreement far,
-0.006 5 1 =(7xX10"%(1+0.4) Jnt and w;=(1.6xX10"%)(1
] +0.1) J/nt. At the same time we iteratively fitted several
0008 T T T a0 40 force measurements at different temperatures and took into

account the values obtained from analysis of the ellipsomet-
ric measurements. In this way we determined the surface
FIG. 6. The attractive force on aZm glass microsphere, as a coupling constantsv; = (1.4x 10 %)(1+0.4) J/nf and w,
function of separation from the second glass surface, measured in= (7 X 10 %)(1=0.3) J/nt. From the force measurements
the presence of 5CB at two different temperatures in the isotropiove were able to directly determine the temperature depen-
phase. Both surfaces are covered with a monolayer of DMOAPdence of the nematic correlation length. Then the bare cor-
The solid lines are the best fits to the sum of mean-field nematic antelation length&, was iteratively varied to give the best
van der Waals forces, as described in Secs. IV and Il. The dasheggreement between the sets of coefficients determined in the
line shows the contribution of the van der Waals force. ellipsometry and in the force measurements. The bare corre-
lation length was finally set to 6.2 nnfR which is in good
a DMOAP silanated BK7 glass substrate is shown in Fig. 7agreement with the results of other authors. From the bare
The temperature dependence of the ellipticity coefficienicorrelation length, the elastic coefficient was estimated to be
was fitted to Eq(10), taking the value of the nematic order | —=6.2 pN. The solid lines in Figs. 6 and 7 are plotted with
parameter on the surfac® given by Eq.(11). Several pa- this set of parametersw;=1.5x10"% Jnf, w,=7

rameters have to be varied in the f|tt|ng procedure. We>< 10_4 ‘]/rr?, andL as given above, and one can see reason-
wanted to determine both coupling energiesandw,, but  aple agreement.

at the same time we had to allow variation of the supercool-
ing temperature limifT*, elastic constant of the free energy
expansionL, and nematic correlation leng(T). The fol-
lowing constraints were used in the fitting procedure: |, conclusion, we have observed a temperature dependent
()When only the quadratic terms in the free-energy expanmean-field prenematic force between silanated glass sur-
sion are considered, the nematic correlation length(i)  faces, using force spectroscopy. The observed magnitude of
=&/(T—T*, where &=1/L/a. a has been taken as an the force, as well as its temperature dependence, are in good
agreement with the predictions of the Landau—de Gennes

d[nm]

V. CONCLUSIONS

0.08 ' ' ' theory. The magnitude of the surface-induced mean-field
0.077 | 1 nematic force depends critically on the surface preparation.
0.067 1 In other measurements on the same system, where the glass
0.05 ° . surface was additionally cleaned in oxygen plasma prior to
0.041 ) the deposition of DMOAP, a capillary condensation of nem-
< 0.031 ] atic liquid crystal between glass surface and sphere was ob-
0'02_ 1 served as reported elsewhd9]. In that case the surface
: preferred order was much stronger.
0017 o The results of the AFM force measurements were com-
000 T T T T . . .
310 25 350 35 330 pared to the results of Brewster angle ellipsometry on similar
TIK] surfaces. We found reasonably good agreement of the two

experiments and were able to determine the surface coupling
FIG. 7. The temperature dependence of the ellipticity coefficienfparameters and elastic constant of the nematic order for a
for 5CB on a DMOAP silanated BK7 glass surface. The solid line is5CB nematic liquid crystal on DMOAP covered surfaces.
the best fit to Egs(10) and (11). Finally, we would like to comment on the observability of
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the Casimir fluctuation force near the isotropic-nematictuation force is very difficult to separate from the mean-field
phase transition. The idea behind force experiments in liquichematic force, which is quite strong and even dominating in
crystals is that the Casimir force could be separated fronthe vicinity of the clearing point. It is also clear that the only
other relevant forces in this system, as the range of the Caossibility for observing the Casimir force is the case when
simir force increases due to increasing correlation lengththe mean-field nematic force is suppressed by suitable
when approaching the phase transition from above. Howboundary condition$30]. This, however, remains open for
ever, it is clear from our experiment that the Casimir fluc-future force experiments.
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