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Molecular orientation determined by second-harmonic generation: Self-assembled monolayers
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Monolayers of 124-nitroaniling-dodecane thio[ O,N—C¢H,—NH(CH,);,SH](NAT) adsorbed on poly-
crystalline gold substrates were investigated in a gaseous environment and in ethanol. Contributions of com-
parable magnitude from the metal substrate, the adsorbate-substrate interaction,@nidrthaniline moiety
(pNA) require phase-sensitive and polarization-dependent second-harmonic-gen@Hi@measurements.

The susceptibility of thepNA end group is separated by comparative experiments witttkane thiols.
Evaluation of the orientation of theNA moiety requires phase information about the SHG signal. Intensity
data alone produce ambiguous results. The tilt angle determined by SHG is shown to be strongly dependent on
the model applied. For the NAT film in an inert gas atmosphere, the tilt alhgiethe pNA group calculated

from the SHG experiments is compared with the value of 53° obtained by linear techniques. Agreement is only
achieved if local-field factors are neglected and if a two-layer model is assumed to describe the linear optical
properties of the system. Immersion of the NAT film in ethanol causes a change of the tilt anglepdfAhe

end group to a more upright position of abalit=36°. A detailed discussion reveals that the accuracy and
reliability of SHG data to determine the orientation of molecules depend critically on the precision by which
molecular properties are known and on the model describing the linear optical properties.
[S0163-182698)11339-5

l. INTRODUCTION with the surrounding medid:?? At present no conclusive
picture exists which apply to the model. A problem is that
For the investigation of processes and properties related tine experimental data usually yield a result regardless of the
ultrathin organic films,a wealth of particle-based techniques details of the model. A molecular orientation easily can be
is available. However, different techniques are required foobtained by polarization-dependent SHG measurements.
the investigation of, e.g., processes at electrode surfaces blowever, the crucial question is the following: How does the
wetting phenomena. Among these, photon-based methodslculated tilt angle depend on the model and, thus, what is
play a crucial role. Besides linear optical techniques such athe meaning of the value? Zhang, Zhang, and Wong already
ellipsometry, surface plasmon resonance, IR spectroscopy, demonstrated that the results are sensitively dependent on the
surface-enhanced Raman spectroscomgnlinear optical model? In order to address this question in more detail,
methods(nlo), i.e., second-harmonic generati®HG) and investigations are required which compare results from non-
sum frequency generatid®FG), have been successfully ap- linear techniques with those obtained by independent meth-
plied to problems related to molecular layerd. The com-  ods. Unfortunately, this has not been done so far.
bination of an intrinsic interface sensitivity, high versatility = The work presented below is a SHG study on a model
with respect to the choice of the environment, submoleculasystem for which such a comparison is possible.(4-2-
resolution by selectively addressing bonds or submoleculanitroaniling-dodecane thiol [ O,N—CgH,—NH(CH,){,SH]
units, and the possibility to determine molecular orientation(NAT) adsorbed on gold substrates has been investigated
by polarization-dependent measurements, make SHG armteviously by IR-reflection-absorption spectroscodR-
SFG appealing to tackle problems related to molecular layRAS) and near-edge x-ray-absorption fine-structure spectros-
ers. However, the advantages of these techniques are cotepy (NEXAFS).2* NAT, which consists of an alkane thiol
trasted by certain restrictions. One is a sufficiently high nloterminated by g-nitroaniline (pNA) end group, belongs to
activity which in the case of SHG usually requires an aro-the class of self-assembling monolay&#M'’s) which have
matic systent! Another one is that the hyperpolarizability recently become a focus of interest due to their application
tensor has to be simple and well known to allow a straightpotential in a variety of fields, e.g(bio)sensorics, electro-
forward interpretation of the experimental data. In addition,chemistry, or lithography?®~—3*For part of the applications
the results are substantially affected by other factors such abke properties of SAM’s under nonvacuum conditions, e.g.,
the effective electric fields acting on a molecule and the lin4in contact to liquids, has to be known. Thus, an investigation
ear optical properties of the system. A survey of the literaturef the environment-dependent behavior of the molecules,
reveals a very diverse picture. Local-field corrections are eii.e., orientation and conformation, is an important aspect, and
ther taken into accoutft *® or not'®” for the determination is the motivation to applyn situ techniques such as SHG. At
of molecular orientation in organic films. Furthermore, thethe same time this issue relates to the crucial question to
optical properties of adsorbate/substrate systems are somahat extend information about SAM’s obtained in gaseous
times described by three layers, i.e., an index of refraction i®r even ultrahigh-vacuum environment can be transferred to
assigned to the molecular lay€r'41618-20gometimes by condensed media.
two layers with the optical constants of the film identified The pNA moiety was chosen since, with respect to SHG
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studies, it is one of the best studied systems, and thus its nlo
properties have been thoroughly studied both theoretically
and experimentally* NAT on a gold substrate represents an
extension of SHG work on molecular films. Usually, SHG
active molecules on SHG inactive substrates are investigated
or in the case where the substrate is metallic both the sub-
strate signal and the adsorbate-substrate interaction are weak
and thus the adsorbate signal domin&t&s>23*The present
case is the most general in the sense that all three
contributions—from the substrate, from the adsorbate-
substrate interaction, and from the adsorbate—are non-
negligible, and, therefore, the molecular contribution has to
be separated. Furthermore, the metallic substrate causes the
different contributions to be phase shifted against each other.
This makes phase-sensitive detection mandatory.

Il. THEORY
A. Separation of contributions

Based on the electric dipole approximation the intensity
of the second harmonic signkyg is given by*°

ft 2
Isne=Ale?’ x5 e”e”|?12, (N

wherel , is the intensity of the incident radiation at the fun-
damental frequency, and\ is an experiment-dependent
constarft The third rank tensop(tff denotes an effective
second-order susceptibilitg?® ande® are the unit polariza-
tion vectors. For an adsorbate/substrate system of the type
investigated heréFig. 1), the SHG signal is a coherent su-
perposition of three different sources, ayffj{ can be written

' » Re
as Xsub X

eff _ eff eff eff

Xt (M )= Xsu M)+ Xint M 0) F Xagd N 0) - (2) FIG. 1. Schematic illustration of 1@-nitroaniling-dodecane
Xsub represents the second-order optical properties of thehiol (NAT) adsorbed on gold. The susceptibilities contributing to
bare gold substratey;,,; reflects its alteration by the interac- the second-harmonic signal are indicated, and their superposition in
tion with the thiol molecules, i.e., the Au-S bond formation, the complex plane according to E() is depicted in the vector
and x.qs represents the nl activity of the molecGl& The  diagram.
dependence of the susceptibilities from the wavelengimd
the coverag® (Refs. 5,10, and 34s explicitly stated in Eq. NAT on gold and a comparative measurement using unsub-
(2), but will be omitted for simplicity below. In general, the stituted n-alkane thiols. For pure hydrocarbon chains the
susceptibilities are complex quantities expressed convéhird term of Eq.(2) does not contribute measureably due to
niently by the experimentally accessible quantities magnithe vanishingly low hyperpolarisability of bonds:* Com-
tude| x| and phase factog'?. Their representation in polar parison of films of both thiols at equal coverage thus allows
coordinates is illustrated by Fig. 1, with the phase of theone to separate the susceptibility of A moiety accord-
substrate susceptibility,,, defined to zero. In the definition Ing to
of the polar diagram, a counterclockwise rotation of the ar-

row corresponds to positive phase shifts. XpNA= Xt'\i)/?T— thc (©)
The experimentally accessible quantities about an
adsorbate/substrate system are the magnitydgs, | xioil» Since the susceptibilities representing the different

and ¢,;. Therefore, the sum of;,; and .45 can be deter- sources ofy,,; are third-rank tensors, the SH signal is a
mined, only. However, for all SHG studies of adsorbatescoherent superposition of contributions from different tensor
reported so far eithegi,; or xaqs are negligiblé® and thus  elements* The exact number of contributing elements is
the measured SH signal directly reflects a particular aspect afetermined by the system and the experimental setup. In the
the adsorbate such as the molecular orientation or its intepresent case the number of tensor elements of each source,
action with the substrate vig,qs OF xint, respectively. In i.e., substrate, thiol-Au interaction, aptNA moiety, reduces
contrast, for a nlo active thiol molecule adsorbed on a metafrom the most general case of 18 independent elements to
substrate, all terms of Eq2) are comparable in magnitude only three due to the azimuthal isotropy of the sysfefine

and thusy;,; andys,, cannot be neglected, even for resonantazimuthal isotropy of clean and thiol-covered polycrystalline
excitation of thepNA end group. Thus, for the separation of gold substrates has been checked in a series of independent
Xads: tWO sets of experiments are required: Measurement oéxperiments with the respective samples mounted on a rota-
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tion stage’® Furthermore, polarization-dependent SHG mea-E,, due to the interface and additional corrections due to the
surements allow one to separate different tensor elementpresence of a highly polarizable monolayer. This will be de-
For the determination of the orientation of tipNA end tailed below.

group discussed below two polarization combinations of the
incident fundamental radiation and the detected SHG signal
are relevants,p,, and p,p,, polarizations withs and p i _ .
defining the polarizations perpendicular and parallel to the For the molecular orientation to be quantified, the hyper-
plane of incidence. The relations between the experimentalipolarizability tensor of the molecule has to be transformed
accessible quantitidsand ¢ and the nonvanishing elements INto & tensor of surface coordinates. The orientation of a nlo

B. Analysis of molecular orientation

of the tensor are th83* moiety is determined most simply if its hyperpolarizability
tensor 8 has a single non-vanishing eleménf. To a first
sp " oo o : ! . oy
13, ? " =AY%? FoyXaxls ey E2 (4)  approximation 'FhIS case is met fp_NA_ with t_he nonvamsh_
o . ) i ing element being..., wherec coincides with the 1,4 axis
for sp polarization with the identity,x,= xzyy, and of the aromatic systenfsee Fig. 1. The susceptibilities of

. Egs.(4) and(5) are then expressed
Pp w [OpN0] [0} (OP N
IngGel¢ :A1/2(e§ FooXz2£7€, + eg F2xxX2x:€x €x
2w 00 2 . N
+ 26, “FroxXx2€7 € E (5 ISRiag “oRia= A”ZE,BCCCengZW(Sinz(19)005{ 9))elelE?
for pp polarization.x,y,z denote the axes of a Cartesian (6)

coordinate system with parallel to the surface normal. The
Fijc's take into account the modification of the electric fieldsand

i pPP ) W AW w [P0 ) W AW H
IPRAE PoNa= AVINB . J €7°F ,,{COS () )eyey + (32 F ey er + €5 Fy  erey)(sin(9)cog 9)) |EZ (7)

with N as the density of the molecules on the surface énds the tilt angle of the axis from the surface normal. The
triangular brackets indicate the average over a distribution of tilt angles. In most cadesetion of the distribution of the
tilt angles is assumet??

A B tensor with more than one nonvanishing tensor element complicates the situation. DegeNBingith two non-
negligible tensor elementB{.. and B..), the form of Eqs.(6) and (7) are maintained except that all expressions of the
susceptibilities in the surface coordinate system become more invdi&idce the general features of the resultsgbiA as
discussed below are not critically dependent on the number of nonvanishing tensor elements, a hyperpolarizability tensor with
one dominating tensor elemeng{..) is assumed further on, unless stated otherwise.

The tilt angled is straightforwardly obtained by dividing E¢7) by Eq. (6):

SZZZ SZII SIZI
2 2 : P
Rp = 262 F,,.e2eZcot (9) + €2 Fyprele? + 22 Fy pee? vV INa SR A=B22) ®
e2v F,y eves 1°P '
¥y pNA

For experiments where only the intensity of the SH signal is measured and, therefore, only the magnitydedfl, is
known, Eq.(8) simplifies to

=

® ®A® - . (9)
eg Fzy)ﬁyey ‘ \/I?)NA

The tilt angle of thepNA moiety is obtained for vanishinB,  F,,, changes according to ca?. As long as the sun$,,,
andRp . However, there is an important difference between. S, €nds inside the circls,,, intersects the circle at a
the solutions, as is illustrated geometrically in Fig. 2. Thesingle point only and a unique value of the tilt angle exists.
circle represents the ratigl f{ /I Of the polarization-  |n this case Eqs(8) and (9) yield identical results, and thus
dependent SHG intensities, and the arrows labeled by thghase-sensitive detection does not provide any additional in-
respective letters of E@8) reflect the contributions from the formation compared to intensity measurements. The situation
different polarization combinations. The poift, on the s different if S, ,+S,,{P;) ends outside the circle as
circle marks the result if the phase information is retainedshown in Fig. 2. Nows,,, intersects the circle at two points
Neglecting for a moment a possible dependence of thE  and, consequently, the results are ambiguous only if intensity
factors (see below, two of the arrows are independent of measurements are performgsl. (9)]. The correct solution

T (S;xxs Skzw) Whereas the length of the arrow containing requires the knowledge of the phase and, therefore(&q.
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FIG. 2. Geometric illustration of Eq$8) and (9). For detalils, 1codaz) tngcosay)

see text. W) 2 © -
Fo_ ng 2nfcog af)sin(ag) 12
was to be used. The problem of ambiguous results has al- ‘ ny) nfcogay)+nscogay)’
ready addressed in Ref. 23 and 33.
Beside this crucial difference between E¢8) and (9), 2n“cog a?)
. . . © 1 1
there is another one. As inferred from Fig.R, can always Fy=— - - —.
become zero for a particular value 6fdue to the elimina- nycog ay)+ngcog az)

tion of the phase information and thus an apparently exa

Cth iabl defined in Fig. 3. Beside the factors de-
result is obtained with Eq9). In contrast,Rp will, in gen- © variavies are defined in F9 eside e factors de

dheviaticin ngozfroSm thedintﬁrsection p(_)ints cszéi( 6_) V\r’]ithd .tions L are due to the interaction of tHefield-induced di-
the circle(Fig. 2). Second, the assumptions made in the deri, 10 of the adsorbate with its image dipole of the metal

va'Fion .O.f Eq.(8) might not hold exactly, e.g., the hyp_erpo- substraté® and the dipole-induced dipole interaction within
larizability tensor of the end group has elements additional %he molecular layet>143% The first contribution can be

Bccc, Or theF factors are not exact descriptions of the Opt"safely neglected in our case. As pointed out by Ye and

cal properties of the system. Therefore, the extent to whicky, o136 1,0 image dipole of a-field-induced dipole has a
Rp vanishes is an important consistency check. ’

negligible influence for distances of the induced dipole
above the substrate beyond 2.5 A. A SAM of NAT is about
C. Fresnel and local field factors 20 A thick, with thepNA group located on top of the layer

of the hydrocarbon chairfé.In contrast, due to the high den-
sity of the thiols with an intermolecular distance in the 5-A
range®® intermolecular interactions can substantially alter
the externalE field acting on a molecule. For a two-

5 o dimensional, crystalline array of molecules, the following
where theF”s and F{™ refer to the modification of the correction factors expressed in the surface coordinate system

respective electric field by t_he presence of the interface angiere derived under the assumption of point dipoles and a
are expressed by the classical Fresnel factors.LTfeetors  yniform orientation of the dipole¥:3%4°

denote the local-field correctiori®.

The F factors of Eqs(4)—(9) are given by

Fi=FIFyFPLELELE, (10)

The linear optical properties of thin films on a substrate ()& -1
are generally described by a three-layer mddek Fig. 3, Li(@)=Lyy(w)=| 1+ —
an(33t7he appropriate factors for the harmonic signal write 2a
as™ -1
. Lzz<w>=(1—L‘;’)§°) , (13
o, a
1 n N XA'”Eﬂ"""' where &, as derived first by Topping is a constant
2 n, A NAT (—9.0336.%° g, is the linear polarizability of the molecule
3 1 Gold in the | direction of the surface coordinate system, anid
: E the distance between the molecules. The local-field factors
#\ affect the determination of the tilt angles in different ways.

Sincel,,<1 andL,,,L,,=1, neglection of the local-field
FIG. 3. Three-layer model of an organic film adsorbed on afactors yield tilt angles of the nitroaniline group which are
substrate labeled by the respective indices of refraction. For clarityto0 large compared to the real value. Furthermore, changes
only the fundamental beams are shown. of the local-field factors, produce phase shifts of the SHG



10 864 FRANK EISERT, OLIVER DANNENBERGER, AND MANFRED BUCK PRB 58

a) Imy b) Iy,
4 .
X&lb o Fo
Xha
pp
XNAT

XeNA

c) d I
Iy,
4
XpNA
» Rex
S.
op » Rex
XpNA Po
S, S,
P,

FIG. 4. Result for NAT on gold in a gaseous environméal.pp polarization.(b) sp polarization.(c) Relative orientation oﬁ(gﬁA VS
Xf,pNA in the complex plane(d) Geometric illustriation of Eqs(9) and (8) with the data for pNA. For details, see text.

signal. This is due to the Fresnel factors which are complexento a S{100 wafer. A 5-nm-thick layer of Ti or Cr served
valued when dealing with metal substrates. Therefore, aas adhesion promoter.
mentioned above, the residual value Rf in the case of The SHG experiments were performed with the samples
phase-sensitive detection is dependent on the values of tigéther in contact with &, or Ar atmosphere, or immersed in
Fresnel and local-field factors. This represents a significadfetOH. A dye laser pumped by a Nd-YAGttrium alumi-
reduction in the freedom of adjusting these quantiiese NUM garnetlaser(7 ns, 10 Hz was used. The fundamental
Sec. \J. Referring to Fig. 2, another point worth noting is Wavelengths were 700 nm for experiments in EtOH, and 635
that for sufficiently high polarizabilites the local fields be- "M for the inert gas environment. _ _
come so strongly dependent on the tilt angle that(Egmay St_artlng with native substr_ates, the intensity and phase
even produce more than two solutions #r'2 Referring to ~ "€lation of thepp- andsp-polarized SHG signals were mea-
Fig. 2, this is due to the fact th&,,, and S, ,, now become sured. Subseqyently, a complete monolayer of either NAT or
9 dependent, as well as due to the local-field factors. an n-alkane thiol was adsorbed, and the measurement re-
peated. Phase shifts were detected by recording the interfer-
ence pattern of the SHG signal from the sample, agetat
Ill. EXPERIMENTAL DETAILS quartz reference moved along the beam path. We refer to the
literature for details of phase-sensitive detection in gerféral,
The synthesis of the NAT has been described elsewiere.and at different polarizations in particuférTo allow phase-
The comparative measurements withalkane thiols were sensitive detection in EtOH, a liquid cell with a window
performed with hexadecane thi@Merck) or with docosane parallel and in close distance to the substri@enm) was
thiol synthesized by a standard procedth&he purity of the  used. The laser beam was incident on the sample at 45°for
substances was better than 95%. Analytical grade ethdnol the gaseous environment and at 31° for the experiments in
T. Bake) was used as solvent. Gold substrates were prepardgtOH (45° onto the cell windoywwith respect to the surface
by evaporation of an approximately 100-nm-thick gold film normal.
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TABLE I. Fresnel factors calculated with the linear optical con- the quality of the measurements which relate the phase of
stants given in Table Il and Eq$ll) and (12). The prefactors  SHG signals of different polarizations. This can be shown
4miwlc have been omitted. with calculations using slightly changed values for the rela-
tive phase betweeR,qssp and xaqgspp. Simulating an erro-

neous correction of the different factors influencing the de-

Ex situ(635 nm In situ (700 nm

Fundamental SHG Fundamental SHG  termination of the relative phases measured in different
X  0.802 %L1l (g7Eix047 g 7gmiXLl  ( g37eix046 polarizationd*, If the phase of the intensit Igﬁeei¢sp is
y 0.414% %131  (B5441X087 05eEiX127 (0 774%058 arbitrarily changed in the range-w<d¢=<m relative to
z 17904 127417031 1 galx-038 1 pgeix-031 IBP €4 the resulting tilt angle varies between
49°<9<70° with imaginary parts between60°<¢$=<19°.
IV. RESULTS

B. Measurements in ethanol

A. Measurements in inert gas atmosphere In contrast to the inert gas environment, where a funda-

Figure 4 summarizes the results of the phase-sensitive arfdental wavelength of 635 nm was used the experiments in
polarization-dependent SHG measurements. The measur&dOH were performed at 700 nm. The difference is due to
susceptibilities of the NAT film and the thiol/substrate inter- the solvatochromic shift of the charge-transfer resonance of
action are represented by FigS@a@ (sp-polarization and the pNA moiety which coincides with the second-harmonic
4(b) (pp polariziation, together with the deduced contribu- frequency? In ethanol the contribution of theNA group
tion of thepNA moiety. Here the phenomenological suscep-Was determined analogously to the experiments presented
tibilities include Fresnel and local-field factors. The mea-above. The ratio of the magnitude of the susceptilities
surement irsp polarization has been oriented relative to theamounts to
pp-polarized signal, which has been defined as real. The
relative orientation of the polarization-dependent vectors of
the pNA group depicted in Fig. @) yields a ratio of

[1PR ) i
—:gAe'(‘ﬁgRlN SoNn) = 7,182 711707
I

pNA

XERA
IXpRAl
from which a tilt angle ofd,~36° results, if as in the case
of the gaseous environment a two-layer mod®l= ngon
=1.36) is assumed and local-field factors are neglected. The
i i respective Fresnel factors are listed in Tables | and II. It turns
Figure 4d) exemplifies the results based on E@®.and ot that the change of the environment to a higher index of
(9). For reasons detailed below, the most simple case WhiCRuraction modifies the Fresnel factors in a way that the sum
neglects local-field factors and equals the index of refractlonsZ +5,,, now ends inside the circle. This removes the am-
XX zZX '

of the layer with that of the environment, i.@;=1, is as-  jgity "and, therefore, the necessity of relating the phases of
sumed for the evaluation of the experimental data. The Opt'fhesp- and pp-polarized signals is not required.

cal constants used for the data evaluation and the Fresnel
factors calculated from Eq$11) and (12) are compiled in
Tables | and Il. The contributions from thexx and xzx
terms end just outside the circle given by the square root of The results suggest that tipenitro aniline end group ex-
the intensity ratio. Therefore, the arrow representing#he periences an environment-induced reorientation. However,
dependenceq,,) yields an ambiguous result if the evalua- as mentioned above, the tilt angles obtained from SHG ex-

=7.27 (15)

(14

V. DISCUSSION

tion of the tilt angle is based on intensity data. Balh

=53° and 77° solve equatig®). This ambiguity is removed

if the phase-retaining Eq(8) is applied. A value of?
~51°% ¥ results as a solution & [Eq. (9)]. Considering

periments depend critically on the details of the model, i.e.,
the calculation of the local-field and Fresnel factors. Conse-
quently, before discussing effects of the environment, the
factors affecting the calculation of tilt angles have to be ad-

the inherent experimental errors the values of the tilt angledressed together with the precision limits of such calcula-
are precise within=5°. With respect to the magnitude, the tions due to uncertainties of the input parameters. We thus
value obtained by the phase-sensitive method agrees excatart detailing the results for the NAT-SAM in inert gas at-

lently with the lower value from Eq9). The small residual mosphere, since in this case the results obtained by the
imaginary part which is well within the precision of the phase-sensitive and polarization-dependent SHG experi-
phase measurements5°) can be taken as an indication of ments can be compared with those from a study combining

TABLE Il. The values for the optical constantRef. 57.

Ex situ(635 nm In situ (700 nm)

Fundamental SHG Fundamental SHG
gold (ny) 0.159+3.23 i 1.414+1.52 0.131-3.842 i 1.414-1.62 i
atmospherer(;) 1 1 — —
ethanol ) — — 1.36 1.374
monolayer () 1 1 1.36 1.374
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IR and NEXAFS?* With these linear techniques a tilt angle 10
of 9=52° for the 1,4 axis opNA was found. As indicated in -
Sec. IV, we have to neglect the local-field factgtsF’s)

and adopt a two-layer model, in order to achieve agreement
between the linear spectroscopies and SHG. Otherwise, the sk
SHG experiments yield deviations to much smaller tilt
angles. This is rather unexpected in view of the models usu-
ally applied to describe the optical properties of ultrathin ™
organic films. Before discussing possible reasons for this
finding, we first detail why the value obtained by the linear
techniques is considered a reliable reference value.

NEXAFS can be safely excluded to be a source of error. 0
The dipole moment of the electronic transition probed has a
well-defined directiorf? thus introducing no principle uncer- N T T
tainties in the tilt angle determination. In contrast, IR reflec- ¢ 10 20 30 40 50 6 70 30 9
tion (IRRAS) has to rely on certain assumptions which can Tilt angle [deg)
sensitively affect the results. Determining molecular orienta-
tion by IRRAS relies on the comparability of the IR transi- X X

anglesy of the pNA group on the calculation of tilt angles from Eq.

tion dipole moments in bulk material and thin films. This _ . i X )

assumption does not hold necessarily, particularly in the casg): Tt angles are given bR, =0. The intermolecular distance is
: X . setto 5 A(a) ¢=0°. (b) y=32°.(c) ¥y=50°.(d) y=70°. (e) Isotro-

of NAT where thepNA group is located right at the interface ic distribution ofy. (f) Local-field factors neglected

where the environment can be rather different from the bulk” i g '

However, despite this uncertainty, for two reasons we bethe polarizability along the axis is also considerablexf,

lieve that IRRAS reflection is not the cause of the discrep-: 06&3‘8’0) Compared to these nonresonant values, the po-

ancy. First, the ratio of band intensities of the sym- andjarizability at the harmonic wavelength is estimated to be

asym-NQ vibration from which the orientation was deduced increased by approximately 30%, iev2,=16.4 A and

has to be changed beyond the experimental uncertainty Q2 =27.3 A%).*° The nonlinear polarizability tensoy is

produce a tilt angle compatible with the interpretation of thejnstead dominated by the eleme8.. along the 1,4 axis,
SHG data, which take into account LFF's and/or a threewhich in our calculations is set to unity. The next important

layer model. Second, the lack of the N-H vibration in thetensor element i8.,,=< % Bccc.*>*® With the known average
IRRAS spectrum, which indicates an orientation parallel tointermolecular distance in the range of 5a<5.5 A,
the metal surface, is in excellent agreement with the orientawhich is deduced from the NAT coveraétpasically all
tion of the pNA ring, as determined by IRRAS and input parameters are known. To gain more insight into how
NEXAFS 24 much the interpretation of SHG data is influenced by the
We now turn to a discussion of the local-field factors. Aslocal-field factors, different parameters such as thedtifind
already pointed out, the electric field acting on thHA  twist angle ¢, the respective distribution widthA 9 and
group is strongly dependent on the LFF’s and, therefore, thd i, and the intermolecular distanaeare varied. The above
interpretation of SHG experiments is sensitively dependengiven values for the two components of the linear polariz-
on their choice. Unfortunately, the literature does not provideability are taken for the calculations, and in the treatment of
a conclusive picture. Partly, local-field effects are takenthe two-non-negligible tensor elements of the SHG suscepti-
into account according to Eq13) (Refs. 12—15% or the  bility tensor we follow Refs. 21 and 47 which leads to a
somewhat simpler Lorentz form is us&tf’ Other works  modification of Eqgs(6) and7).
completely neglect a possible influence of LFE$>44Also Essentially, due to the two components of the linear po-
the necessity to take local-field factors into account is amfarizability, the twist angle) of the pNA group becomes a
biguous in the literature. For the systems investigated irparameter that has a strong influence on the solution of Eq.
Refs. 22 and 12 the effect of local-field factors on the tilt(9). In Fig. 5 the solution of Eq(9), generalized to two
angle determination is shown to be negligible, whereasonvanishing tensor elements of the molecular hyperpolariz-
McGilp, Tang, and Cavanagh demonstrated a shift of thebility, is shown for a selection of twist anglés wherey is
molecular tilt angle by approximately 20° to a more uprightdefined such that foy=0° the pNA ring plane is perpen-
orientation due to local-field correctiofi$By taking local-  dicular to the plane spanned by the molecular 1,4 axis and
field factors into account, additional parameters such as thghe s-polarization direction. The tilt angles are given by the
polarizability tensor and the intermolecular distance are inintersection of the curves with the line R=0. These cal-
troduced. Since these quantities are usually known withirgulations assume a distance @5 A between the pNA
certain limits only, a considerable uncertainty in the determigroups; the distance found for a complete monolayen-of
nation of tilt angles can result as now demonstrated. Foalkane thiol$>. Postponing the discussion of how the width
PNA the linear and nonlinear polarizability tensossand  of the angular distribution affects the calculation we assumed
x are rather well known since pNA has been one of theGaussian distributions fog and 9. In the calculations pre-
systems in nonlinear optics investigated intensively bothsented in Fig. 5 the halfwidths were fixed 2ay=10° and
experimentally and theoretically:*>*® The linear polariz- A9=15°. These widths for the angular distributions are
ability of the pNA moiety has its largest component alongbased on an estimation from the vanishing intensity of the
the molecular axifeg,=21 A® (Refs. 45 and 44 although  N-H vibration in IRRAS and the precision of the orientation

=]
)

(&)

FIG. 5. Effect of local-field factors and the variation of the twist
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of the 7'-transition from NEXAF$*. Additionally, the result R L B B B | I I L I I
for an isotropic distribution of the twist anglg is shown.

For comparison the curve neglecting the local fields is in-
cluded as well. The same Fresnel factors as in Sec. IV were
used. Inspection of Fig. 5 shows three aspects. Firstly, the tili
angle is strongly dependent on the twist angle. Large twist
angles, i.e.y¢=75° yield a unique solution with values
around 30° whereas fap~50° ambiguous solutions are ob- =
tained. For even lower values the curves no longer intersec
the zero line, i.e. no solution for the tilt angle exists. This
holds as well for the isotropic case. Second, even thougt
there is quite a bit of variation in the tilt angle the values are of
always considerably lower compared to the curve neglecting [

[ %3 W E w f=% ~J sl =]
T

=\ ALANAGM Y
3 ctiiedn PR
. L
-

the local-field factors. This means that local-field factors, 5 ,,,,,,,,
based on the literature data for the polarizability, change the 0 10 20 3 4 50 6 70 8 9%
calculated tilt of the 1,4 axis by at least 20°, depending on Tilt angle [deg]

the exact value of the twist angle. Third, comparison of these
calculations with the results from the linear spectroscopies FIG. 6. Tilt angle dependence as a function of the index of
reveals a discrepancy. From NEXAFS/IR investigations, geéfraction of the molecular layefa) n=1, (b) n=1.1,(c) n=1.3,
twist angle of 32° was fountf.i.e., a value where no solu- (@ n=1.5,(€) n=1.75,(f) n=2, and(g) n=2.4 for the fundamen-
tion for 9 exists according to Fig. 5. tal apd harmpnit; radiation. The imaginary part of the index of re-
The strong variation of as a function ofy is caused by ~Taction is 0 in either case.
the tensor of the linear polarizability. Neglecting local-field
factors, the influence ap is solely dependent on the second- and, therefore, becomes negligible. Broadening of the angu-
order susceptibility. Since the molecular hyperpolarizabilitylar distribution thus compensates for the effect of the local
B is dominated byB..., the effect ofy on the tilt angle is field on the calculation of tilt angles.
weak and cannot explain the differences between SHG and Besides the problem of defining the correct local-field fac-
NEXAFS/IR. Taking the literature values fop, i.e., tor, which only becomes apparent by comparing SHG with
Beee! Beaa=6."° results in a variation of the tilt angle be- other techniques, the question of which Fresnel factors to use
tween 50°and 56°, and for the twist angle found by NEXAFSturns out to be nontrivial. In linear optics such as ellipsom-
and IRRAS(=32° & equals 54°, in excellent agreement etry, IR spectroscopy or surface-plasmon spectroscopy the
with the value found by linear spectroscopies. optical properties of a monolayer are modeled by three layers
The calculation of Fig. 5 assumed an intermolecular dis-and values for the index of refraction of the layer typical for
tance of 5 A. However, as estimated from x-ray photoemis-organic materials produce satisfying resdfs* For SHG,
sion spectroscopy ddfhand SHG adsorption studié®the  in contrast, the situation is not clear. This was already ad-
lower limit for the saturation coveraggof an NAT mono-  dressed by Zhang, Zhang, and Wéhgvho pointed out that
layer is 80% of a SAM oh-alkane thiols. Even though this the implicit assumptions of the model suggested by Mizrahi
increases the average intermolecular distam¢e ~5.5 A,  and Sipé? are difficult to justify. Zhang, Zhang, and Wong
the discrepancy to the NEXAFS/IR data is not removedbased the evaluation of their SHG data on a three layer
Only the tilt angles shift by about 10° towards a more cantednodel as did other authot$®318-2Byt two layer models,
orientation of thegNA group. In order to achieve agreement in which only the indices of refraction of the surrounding
between IR/NEXAFS and SHG for both twist and tilt angles, media are considered, were applied as Wetf Zhang,
the average intermolecular distanedas to be increased to Zhang, and Wong calculated variations of the tilt angles by
7 A. At this distance the local-field correction factors deviatemore than 30°if the index of refraction of the organic layer is
from 1 by less than 20%. Howevea=7 A corresponds to varied between the values of the environment and the bulk of
a coverage of~50% which is incompatible with XPS and the substraté® For the system presented here agreement be-
SHG adsorption experiment$*® Another point to be con- tween the tilt angle determined with SHG and NEXAFS/IR
sidered is the distribution width of the angles. Compared tds only obtained if an index of refraction of £n<1.1 is
the curve of Fig. &), which neglects local-field factors and used for the monolayeflocal-field factors still neglected
assumes a well-defined tilt angle, the other curves are calciBince, in general, the dielectric constant of the monolayer
lated using tilt angle distributionAd and Ay. The former  only modifies the Fresnel factor of the component perpen-
has the effect that an increase in the angular width shifts thdicular to the surface, an increasing decreases the respec-
obtained result to more canted orientations, since more ugive electric-field strength. Therefore, the resulting molecular
right molecules contribute more than the more canted. Agilt angle changes to lower values. This can be seen in Fig. 6,
mentioned above, the width adopted in the calculation of FigwhereR, is plotted against the refractive index of the mono-
5 is the broadest width that may be compatible with the IRlayer. Only the real part of the refractive index is varied,
results?® If a strongly peaked distribution is assumed, agreesince the influence of an imaginary part deviating from zero
ment between NEXAFS and SHG with inclusion of local- is mainly a vertical upward shift of thR, curves in Fig. 6,
field corrections is only achievable for intermolecular dis-and therefore of only minor importance for this discussion.
tances exceeding 9 A6~0.3). For this distance the The tilt angles are given by the intersection of the curves
correction induced by the local-field factors is less than 10%with the zero line. For the calculation, a fundamental wave-
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length of 635 nm, was assumed and the Fresnel factors wetegical model for a SAM of NAT in a gaseous environment
determined according to Eqg&l1) and(12). For the reasons (a two-layer model with indices of refraction given in Table
outlined above, the results are ambiguous. Onlyrfprn,; I, with a LFF equal to ] derived from the comparison of
=1 do the tilt angles agree with the results from NEXAFS/results from linear spectrocopies, and SHG can be trans-
IR. From the calculation one could conclude as well that forferred to the EtOH environment. If the correct model for the
n,=1.75 the more canted orientation®f53° might be the gaseous environment were local-field factors deviating from
correct solution. However, this can be ruled out, since thione and three layers rather than two, the factors just dis-
solution is excluded by a phase-sensitive evaluation based arussed must affect the signals in a way that the phenomeno-
Eq. (8). Figure 6 shows that an increase of the refractivelogical model results. All these mentioned factors which
indexn, shifts the tilt angle into the same direction as local- could account for the deviation from the “standard” model
field factors, i.e., to lower values. There is no way to achievethree-layer model, the LFF not always equal foshould
agreement with the NEXAFS/IR data using the three-layebecome less important in solution. The indices of refraction
model for the calculation of the Fresnel factors. Thus ourof the film and the ambient medium are very similar, thus
results support the two-layer model used in Refs. 21 and 5%educing the influence of field gradients. The effect of local
However, the precise value of the refractive indices used fofie|ds should be reduced as well, due to the presence of the
the gold substrate are of only minor importance. Deviationgjiejectric medium. As a result, including local-field factors
of 10% compared to the values given in Table | are found inyq/6r assuming three layers causes the tilt angle to shift to
the I|t_erature. Th_ese_d|fferenC|es result |[>1 a shift of the reaiier values than the phenomenological model. Since no
spective curves in Fig. 6 by less than 4° 1o a more cante imple theory exists to estimate the magnitude of these ef-

orientation. - : .
The applicability of the two-layer model for orientational :ﬁghséevc\j/ere(c:)?igﬁ;t%\rgeo? tk? rzisergjluTnfS?;;g?Nzn;;Oﬁrmem
analysis with nonlinear optical techniques is further sup- RINA group.

ported by IRvis-sum-frequency generation experiments. In'te.(:] tlg thf' CEI.cularlon'of_em Lipper “;mt' '.:O.r NAT 'r:] contacf:t
these experiments the application of the two-layer mode)VIth ETOH, this value is9=367, i.e., the minimum change o

again leads to very good agreement with literature values foi'€ {ilt angle is about 16°. _ _
the orientation ofralkane thiol<$354 An environment-induced reorientation of a related sub-

Closing the discussion of the second-harmonic generatioftancelnitrobenzoic acidNBA)] adsorbed on silica surfaces
from a NAT-SAM in an inert gas atmosphere, we addresgvas found previously in Ref. 22. The authors also observed a
possible reasons why the simple models fail. One cruciamore upright orientation of NBA in the solvent, and assigned
point is the model the calculation of LFF’s is based on. Firstthis to a weakened interaction of the nitrogroup with the
it assumes a crystalline structure of the SHG active unitssubstrate in the presence of the solution. The present case is
i.e., a uniform orientation. Releasing this rigid geometry al-different since theoNA group of NAT is separated from the
ters the results. Cnossen, Drabe, and Wiersma extended thabstrate by the alkyl spacer layer by more than 10 A. In-
calculation of local-field effects to disordered systems, andgtead, we ascribe the reorientation to the wetting of the ni-
found deviations compared to the crystal mofetiowever, troaniline groups by the polar solvent ethanol. This wetting
the magnitude of this change is dependent on the details @fiduces an attenuation of the dipole-dipole interaction be-
the system, e.g., the tilt angle of the molecule and polariztween thepNA groups of the order of the static dielectric
ability, and, therefore, it is difficult to estimate the impor- constant of ethandfrom e=1 t0 €gpano=21).> The inter-
tance of this effect for our system. At present we can neitheaction energy of the van der Waals forces between the ad-
support nor disprove the correctness of an ordered structursprbed NAT molecules is increased, insté&@he resulting
since no microscopic information about the lateral arrangepNA orientation in the solvent is therefore the result of an
ment of thepNA units is available. The second point is the optimization of the different energy contributions of the wet-
validity of the assumption of a point source dipole model.ting by the solvent, the reduced dipole-dipole interaction,
Since the dimension of thpNA unit is comparable to the and the stronger van der Waals interactions. Since the meth-
intermolecular distance, this assumption is unlikely to hold.ylene chains of NAT are relatively disordered, a penetration
Again, the importance of this effect is strongly dependent orof the solvent into the layer to some extent is likely, in con-
the details of the system, particularly the orientation of thetrast to earlier findings for alkane thici$>°
molecules relative to each other. The third point is the ques- The interpretation of an environment driven reorientation
tion of the validity of the electric dipole approximation. Lin- is not unique, since a change of the distribution of the tilt
ear optics averages over the whole thickness of the organi&ngle can, in principle, produce the same effect. Assuming a
layer, and, thus, a representation by an own index of refracshange from a5 to a Gaussian distribution, an apparent re-
tion seems justified. In contrast, generation of a seconderientation by 16° is assumed by increasing the spread of the
harmonic signal can be very local. Since in the present casit angle to a half-width ofA¥=60°. That immersion in
the SHG-activepNA group is located at the outermost re- EtOH induces such a high degree of disorder is hard to be-
gion of the NAT layer, where the optical properties changelieve, even though we cannot decide at present whether re-
within a very short distance, this ansatz might be questionedrientation or disordering prevails. Reorientation vs disorder-
The field perpendicular to the surface exhibits a gradiening can, in principle, be decided by comparing the signal
within the dimension of thegNA moiety, and thus higher- intensities ofpNA in both environments. However, for NAT
order contributions might come into play. this possibility is complicated by the fact thallA exhibits a

We now turn to a comparison of the results for differentpronounced solvatochromic behavior, wigh .. being de-
environments. A crucial point is how safely the phenomenopendent on the environment.
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VI. CONCLUSION if certain input parameters lack precision. Again, the phase
. . . . . information proved to be invaluable for choosing among dif-
_The orientation of thep-nitroaniline moiety of 124- ferent possi%ilites. A persisting problem is thegquestion of
nitroaniling-dodecane thiol adsorbed on gold was studied b%he correct local fields and proper Fresnel factors. In the
SHG in an inert gas environment, and in contact with etha- resent case we adopted a phenomenological aphroach by
nol. Compared to molecular adsorbates studied with SHG, s omparing the results of the SHG experiments with those
far NAT on gold represents a more complicated system. Th?rom other techniques. For a monolayer in a gaseous envi-
measured signal is a superposition of three contributions, i.el., nment, a two-layer rﬁodel and ignoring local-field correc-
from the metal substrate, the thiol-substrate interaction, ang%ns yie’Ids excellent agreement between the SHG experi-
the pNA group, which are comparable in magnitude. Sepa'ments and the results from NEXAFS and IR spectrosc8py
ration of the signal from thegNA group requires a knowl- .

edge of the interaction term. That is determined by a com- Based on the phenomenological model we found a reori-
parison with unsubstituted-alkane thiols. Since for metal entation of thepNA group upon a change of the environment

. S . from an iner liqui hanol. This reorientation from
substrates the different contributions are phase shifted relqs-oo t(? at Iga;?§2°t?s glsjs?gﬁtedat(? the csh ai% eeinte;:]g relgtive

tive to each other, phase-sensitive measurements are requwI ortance of van der Waals and dipole-dipole interactions

to de_:termlne the contribution of tENA m0|ety. The_system between NAT molecules, and between the contact of the
studied here represents an example where intensity measung; :
. . . AT with the solvent.

ments insp andp p polarizations produce ambiguous results.
Knowledge of the phase relation between the different tensor
elements of the susceptibility of th@NA group is manda-
tory. The authors are indebted to M. Grunze for his continuous
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fields, Fresnel factors, and linear and nonlinear polarizabilforschungsgemeinschaBu820/10-)1 and Fonds der Che-
ities reveals that SHG can become a very inaccurate methadischen Industrie is gratefully acknowledged.

ACKNOWLEDGMENTS

*Present address: Department of Bioengineering, University of the factor (3/n$)? has to be additionally included. An addi-

Washington, P.O. Box 357962, Seattle, WA 98195. tional sign takes account of the different conventions for the
1A. Ulman, Ultrathin Organic Films(Academic, Boston, 1991 coordinates choosen in this reference compared to our work.
2T. Hui Ong, P.B. Davies, and C.D. Bain, Langm@r 1836 1°E.A. Potterton and C.D. Bain, J. Electroanal. Chetig, 109
(1993. (1996.
3M.A. Hines, J.A. Todd, and P. Guyot-Sionnest, Langniuir493 20\, Buck, Ch. Dressler, M. Grunze, and F. @&, J. Adhes58,
(1995. 227(1996.
4C.D. Bain, J. Chem. Soc., Faraday Tra8s, 1281(1995. 21p.J. Campbell, D.A. Higgins, and R.M. Corn, J. Phys. Ched.
SM. Buck, F. Eisert, J. Fischer, M. Grunze, and F.geg Appl. 3681(1990.
Phys. A: Solids Surf53, 552 (1991). 22T F. Heinz, H.W.K. Tom, and Y.R. Shen, Phys. Rev28, 1883
M. Buck, O. Dannenberger, and J.J. Wolf, Thin Solid Fil&@s} (1983.
396(1996. 27.G. zZhang, C.H. Zhang, and G.K. Wong, J. Opt. Soc. An¥, B
V. Vogel and Y.R. Shen, Annu. Rev. Mater. S21, 515(1991). 902 (1990.
8R.M. Corn and D.A. Higgins, Chem. Re94, 107 (1994). 24p. Wesch, O. Dannenberger, J.J. Wolf, Ch.’Mand M. Buck,
9Y.R. Shen, Surf. Sci299/300 551 (1994). Langmuir12, 5330(1996.
10y R. Shen inMolecular Nonlinear Opticsedited by J. ZyséAca-  2°L.H. Dubois, R.G. Nuzzo, Annu. Rev. Phys. ChenB, 437
demic, San Diego, 1994p. 101. (1992.

Nonlinear Optical Properties of Organic Molecules and Crystals 2®M. Grunze, Phys. Scr. B49, 711(1993.
edited by D.S. Chemla and J. Zy&scademic, Orlando, 1987  2’A. Ulman, Chem. Rev96, 1533(1996.
12G, Cnossen, K.E. Drabe, and D.A. Wiersma, J. Chem. Ps.  ?D.R. Jung and A.W. Czanderna Crit. Rev. Solid State Mater. Sci.

4512(1992. 19, 1 (1994.

13 .M. Hayden, Phys. Rev. B8, 3718(1988. 29H.0. Finklea, J. Electroanal. Cherh9, 105 (1996.

14J.F. McGilp, Z.-R. Tang, and M. Cavanagh, Synth. M&t, 181 *°Th. Wink, S.J. Van Zuilen, A. Bult, and W.P. van Bennekom,
(1993. Analyst (Cambridge, U.K). 122, 43R (1997.

15T Rasing, Y.R. Shen, M.W. Kim, and S. Grubb, Phys. Rev. Lett.3!B. Vokel, A. Gdzhauser, H.U. Milier, C. David, and M. Grunze,
55, 2903(1985. J. Vac. Sci. Technol. B5, 2877(1997).

184, Hsiung, G.R. Meredith, H. Vanherzeele, R. Popovitz-Biro, E. %M. Buck, F. Eisert, J. Fischer, F. “gar, and M. Grunze, J. Vac.
Shavit, and M. Lahav, Chem. Phys54, 539(1989. Sci. Technol. A10, 926 (1992.

17N. BloembergenNonlinear Optics(Benjamin, New York, 1965  33B.U. Felderhof, A. Bratz, G. Marowski, O. Roders, and F. Siever-
p. 69. des, J. Opt. Soc. Am. RO, 1824(1993.

18C. Hirose, N. Akamatsu, and K. Domen, Appl. Spectro4g. 34M. Buck, F. Eisert, M. Grunze, and F. “ger, Appl. Phys. A:
1051(1992. In this work, Fresnel factors based on Ref. 37 are  Solids Surf.60, 1 (1995.
derived, but in the formula given for the fundamental radiation®*R. Kohring (unpublishedl



10870 FRANK EISERT, OLIVER DANNENBERGER, AND MANFRED BUCK PRB 58

36p. Ye and Y.R. Shen, Phys. Rev.ZB, 4288(1983. 4M. Born and E. Wolf, Optics (Springer-Verlag, Heidelberg,

STW.N. Hansen, J. Opt. Soc. ArB8, 380 (1968. 1975.

38N. Camillone I, T.Y.B. Leung, and G. Scoles, Surf. S873  °°H. RaetheiSurface PlasmonsSpringer Tracts in Modern Physics
333(1997. Vol. 111 (Springer-Verlag, Heidelberg, 1989

39p, Bagchi, R.G. Barrera, and B.B. Dasgupta, Phys. Rev. édit. 51p. Laibinis, G.M. Whitesides, D.L. Allara, and Y.-T. Tao, A.N.
1475(1980. Parikh, R. G. Nuzzo, J. Am. Chem. Sd®9 2358(1991).

493, Topping, Proc. R. Soc. London, Ser.144, 67 (1927. 52y/. Mizrahi and J.E. Sipe, J. Opt. Soc. Am.®B 660 (1988.

410. Dannenberger, diploma thesis, Heidelberg, 1993. 53A. Lampert, M. Buck, F. Eisert, and M. Grunzenpublishedl

42G, Berkovic and E. Shvartsberg, Appl. Phys. B: Photophys. Lase?*M. Himmelhaus, M. Buck, F. Eisert, and M. Grunzenpub-
Chem.53, 333(1991)). lished.

43M. Stzhelin, D.M. Burland, and J.E. Rice, Chem. Phys. L&, 5p. Guyot—Sionnest, W. Chen, and Y.R. Shen, Phys. Re$3B
245 (1992. 8254(1986.

44G. Marowsky, G. Lipke, R. Steinhoff, L.F. Chi, and D. Mius,  58J. Israelachvili,Intermolecular and Surface Forcegcademic,
Phys. Rev. B41, 4480(1990. London, 1992

45K.V. Mikkelsen, Y. Luo, H. Agren, and P. Jorgensen, J. Chem.>’G. Hass and C. Hadley, iAmerican Institute of Physics Hand-
Phys.100, 8240(1994. book (McGraw Hill, New York, 1982

465 H. Karna and P.N. Prasad, J. Chem. Plyis.1171(1991). 85 M. Stole and M.D. Porter, Langmué; 1199(1990.

47B. Dick, Chem. Phys96, 199 (1985. %9C.J. Sandroff, S. Garoff, and K.P. Leung, Chem. Phys. 198t.

480. Dannenberger, Ph.D. thesis, University of Heidelberg, 1996. 547 (1983.



