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Resonant optical second-harmonic generation from mixed 
liquid crystal-stearic acid monolayers 

Z R  D n g  and J F McGilpt 
Depanment of Pure and Applied Physiq Dublin University, Tinily College, Dublin, 2, 
Ireland 

Received 19 May 1992 

AbslmeL Comparison of Uie linear and non-linear optical response of mixed liquid 
clyslaUsiearic acid molecular monolayers is used to show that significant geometric and 
electronic S~NUUBXI information ran be extracted bom the optical second-harmonic (SH) 
response. Vie combination of M intensity and phase measurements provides much more 
information than intensity studies on Uieir own, and adds an imponant spectrarcopic 
dimension to MF from molecular monolayers. 

1. Introduction 

Second-order non-linear optical techniques like second-harmonic generation (SHG) 
have recently been developed as extremely versatile and sensitive surface and interface 
probes [1-3]. A better understanding of the non-linear sources and the relation 
between the clectronic Structure and the non-linear optical response of surfaces, 
interfaces and thin films is required for the development and application of SHG in this 
area. Studies of simple model systems are particularly useful, and in this paper SHG 
from well characterized monolayers containing three structurally similar liquid crystals 
is used to investigate the relationship between the phase of the SH signal and nearby 
electronic resonances. Measurements of the phase of the SH signal from surfaces 
and thin films are rarely reported, although methods of measuring the SH phase by 
interferometry are lmown [MI, and recently have been used under ultra-high-vacuum 
conditions for the first time [7]. As regards resonance effects, little has been done 
largely because of experimental difficulties associated with the tunable pulsed lasers 
required. Measurements on thin Rhodamine 110 films deposited from isopropanol 
solutions on glass substrates showed phase changes as the SH frequency approached 
an absorption peak of Rhodamine 110 as measured in isopropanol solution [SI. 

In this paper both the linear and non-linear optical response of well characterized 
monolayer films, deposited by the Langmuir-Blodgett technique, are measured 
directly, avoiding the potential problem of solvation or aggregation affecting the 
position of the electronic resonance. It is shown that information on the electronic 
structure of monolayer films is available from the SHG technique when phase 
measurements are combined with the more conventional SH intensity studies, thus 
adding a spectroscopic dimension to the technique. 
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2. Theory 

SHG arises from the non-linear polarization P ( b )  induced by an incident laser field 
E(w) .  The surface-allowed dipole contribution can be written as 

2-R Tang and J F McGilp 

P i ( b )  = x$fLE,(w)E,(w) (1) 

where #) is the second-order non-linear susceptibility tensor reflecting the structure 
and symmetry properties of the surface layer. Large field gradients normal to 
the surface can also give rise to higher-order bulk non-linear polarization but, 
under the experimental conditions used, no sHG from the fused silica substrate was 
detected. The various phenomenologiml models of surface and interface SHG have 
been reviewed recently by Heinz 191, and the dependence of the SH intensity from 
hemicyanine films on the incident angle has been shown to agree well with these 
models [lo]. A three-phase model is used here in determining the SH response of 
the monolayer and follows the approach of Zhang et al [ I l l ,  which was based on 
the formalism of Bloembergen and Pershan [12]. The transmission geometry used in 
this paper requires some changes to the Fresnel coefficients. For a linearly polarized 
incident wave at frequency w and with the field vector making an angle a to the 
plane of incidence, the p and s components of the electric field of the transmitted SH 
wave are 

Elu( CY) = ( A  cos’ N + Bsin’ a + C s i n 2 a ) E ( ~ ) ’  

 EL(^) = ( ~ c o s ~ a + ~ ; s i n ’ a +  ~ s i n 2 a ) ~ ( w ) ’ .  (3) 

(2) 

A to H depend on x i j k ,  the angle of incidence, 8 (45’ in this work), the dielectric 
function of the substrate, eg, and the dielectric functions of the monolayer, e l  and 
ez, at frequencies w and 2w, respectively. Note that the monolayer is assumed to 
be optimlly isotropic (the dielectric function comprises a single, frequency-depcndent 
component). The SH intensity depends on the square of the field, 1 ( h )  (x I E ( b ) l z  
and measurements are made of intensity as a function of polarization angle, a. If 
the monolayer has azimuthal isotropy then (2) and (3) are symmetric about a = No, 
and C = F = G = 0. Figures 4 and 5 (see later) have this symmetry showing that 
the monolayers are indeed isotropic. I€ all parameters are real, then the ratios A I B  
and (I/ B are givcn by 

A I B  = { [ c o ~ 8 + ( ~ ~ - s S i n ~ 8 ) ’ ~ ~ ] ’ / [ e ~ c o s 8 +  ( ~ ~ - s i n ~ O ) ~ / ~ ] ~ }  

x [ ( f , -~ in28)  + ~ ( c , / + ~ w ) s B ( ~ ~ -  sinZe)l/* 

+ s ~ ~ ’ ~ ( E ~ / c : ) ) ; ~ ~ ~ / s = ~ ~ I  (4) 

N I B  = ~ ~ ~ z ( ~ z l ~ ~ ~ X . y y i l ) ; : ; y y .  (5) 
In order to relate the susceptibility, x, to the molecular hyperpolarizability, @, it is 
assumed that a single component along the long molecular axis c, @(((, dominates the 
non-linear response. Evidence in support of this assumption is discussed in section 4. 
For an azimuthally isotropic monolayer, 

x L : a  = Ns(cos3 W < < C  (6) 

x:,, = iN,(sin2+cos+)@(cc (7) 
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where N, is the surface number density of molecules and $J is the polar (or tilt) angle 
of the molecule measured between the substrate surface normal, z, and the long 
molecular axis, C. The angle brackets represent an averaging over the orientational 
distribution, which is assumed to be narrow for good quality Langmuir-Blodgett 
monolayers. The average tilt angle of the molecule, 3, can be determined from 

and (4). 

two-level model, which gives: 
Finally, the molecular hyperpolarizability is often estimated by using a simple 

where f is the oscillator strength for the transition, A p  is the difference in dipole 
moment hetween the excited state and the ground state, and wo is the resonance 
frequency of the two-level system [13]. 

3. Experiment 

The moleculcs used were from the important class of substituted cyanobiphenyl and 
cyanoterphenyl thermotropic liquid crystals, the formulae of which are shown below: 

These molecules are structurally unsuited to Langmuir-Blodgett film formation, pure 
films collapsing at 4.5 mN m-’ with K33, and 14 mN m-’ with T15. With chloroform 
as the solvent, M33 forms a cloudy, rigid film on the water subphase. However, good 
quality monolayers containing 0.36 mole fraction of the liquid crystals in stearic acid 
can be prepared at room temperature on the triply distilled water subphase. Such 
Nms were transferred to a fused silica substrate at a dipping pressure of 30 mN m-I, 
and with a transfer ratio above 0.95. Only one side of the substrate was coated in 
these experiments. Linear optical absorption spectra could not be obtained from the 
monolayers, but fluorescence excitation spectra could be measured on a Perkin-Elmer 
MPF-44B spectrophotometer. 

A frequencydoubled Qswitched NWAG laser was used for the SHG experiments 
at 532 nm excitation. The pulse length was 15 ns at 20 Hz repetition rate. This 
was also used to pump a dye laser for excitation at 634 nm. Laser pulse energy 
was maintained below 10 kJ m-2 to avoid any laser-induced desorption or damage 
effects. At these power densities no sHG was observed from either the substrate or 
pure stearic acid monolayers, and the SH intensity from the liquid crystal monolayers 
was typically a few photons per pulse. 

The phase change of the SH signal was measured by inserting an z-cut quartz 
plate in the input beam and rotating it about its y-axis fractionally away from the 
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Figure 1. Apparatus for SH phase measuremen6 from the liquid crystaUstearic acid 
monolmyers. Key: Fe% two-axis rotation stage; n, stepperdrive translalion stage; osc, 
milloscope; P, urea powder, Gr, Glan-Thompson prism polarizer; is, team-splitter; F. 
fillers; ~ m ,  photomultiplier lube; pc, micmmmputer. 

first minimum of the Maker fringe produced by SHG in the hulk of the quartz [14]. 
An interference plot can then be obtained by traversing the sample along the beam, 
while monitoring the combined SH intensity from the sample and the quartz (figure 1). 
The dispersion in air of the fundamental (refractive index n,) and SH signal (nZw) 
produces a variation in the optical path length of the two SH signals, allowing thcir 
phase difference to be measured [15]. As the phase of the SH signal from the )is,, 
component of the quartz reference is known to be zero [16], it is the absolute phase, 
4, of the SH signal rrom the molecular monolayer that is measured. This phase is 
determined hy fitting the intensity variation with optical path length, Izu(d), to 

1 2 u ( d )  = + bZ + 2a6cos[(271d/Lc) + $1 (10) 

where a and b are constants, d is the change in path length, and L, is the coherence 
length in air, given by 

JL = A/P(n, -%)I (1 1) 

where X is the excitation wavelength. Figure 2 shows the interference pattern obtained 
from a K33 sample when the quartz reference is replaced by a second K33 sample such 
that the two monolayers face each other. Although measurements cannot he made 
at small displacements due to geometrical constraints, the fit shows that complete 
cancellation of signal is obtained at the origin, consistent with the r-phase shift 
expected from the lSOo rotation of the molecules between the two sample positions. 

Table 1. Parameters for monolayer films containing 24% liquid V t a l  and 64% stearic 
acid. Estimated errors are giveo in parenthescs. 

Fluorescence Excitnlion Tilt SH phase ai phase 
maximum maximum angle (317 nm) (266 nm) l e z l / t l  

Molecule (nm) ("m) Isolropic? (deg) (deg) (317 nm) 

M33 363 305 Yes U ( 5 )  77(10) 172(10) 1.19(6) 
K33 389 29s 1~ -Yes ~ ( 5 )  q i o j  ayio) i.os(5) 

Tl5 405 325 Yes q 5 )  95(10) 200(10) - 
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Figure Z Interference pattern obtained at 317 nm Figure 3. Fluore%ence excitation spectrum of 
for the K33ktearic acid monolayer, -'lien the quam the liquid qtaVstearic acid monolayers, The 
reference b replaced by a second KZ3/stearic acid fluorescence was monitored at 389 nm. 363 nm 
sample coated on the opposite side. nie =lid line and 405 nm for the K33, M33 and TI5 molecules, 
is a fit to (IO). Note the 180° phase shift giving respectively. 
complete destmaive interference at tlie origin. 

4 Results and discussion 

4.1. Linear optical response 

The liquid qstal/stearic acid monolayer film parameters are listed in table 1. Figure 3 
shows the fluorescence excitation spectra for the three films. The linear optical 
properties of these films were found to be similar to those obtained from substituted 
cyanobiphenyls in solution [17]. Increased albl  chain length, addition of the ether 
link, or the presence of an cxtra phenyl group all result in a shift to longer wavelength 
of the absorption maximum. A small dependence on solvent polarity was also 
ObServd, with a shilt of less than 10 nm to longer wavelengths as polarity increased. 
Absorption maxima for homologues of K33 and M73, but two -CH,- groups lighter, 
are 281 nm and 297 nm, respectively, in polar solvents, compared with the excitation 
maxima of 295 nm and 305 nm for K33 and M33 in table 1. The excitation spectra 
in figure 3 are similar to the absorption spectra in solution, consisting of a broad 
absorption band without resolved vibrational structure. The fluorescence quantum 
yield of these liquid crystals is high 1171, and it is this which enables the monolayer 
excitation spectra to be measured. 

For the lighter homologues in solution, the electronic transition to the first excited 
state has been identified as ' A  - 'La, polarized parallel to the long axis of the 
molecule (17). The similar spectra obtained for the higher hOmOlOgUeS studied here 
strongly suggest that the same transition is involved. A large increase in dipole 
moment has been estimated for this first excited state of the cyanobiphenyls, relative 
to the ground state 1171, and this is one of the necessary conditions for significant SHG, 
as shown in (9). It follows that the non-linear optical response of these molecules 
will be dominated, even at resonance, by the single hyperpolarizability component, 
Ptsc, along the long axis of the molecule. 

4.2 Non-Linear optical response 

Figure 4 shows the variation of ppolarized SH intensity, as a function of input 
polarization angle, n, for the M33istearic acid monolayer, while figure 5 is for 
the s-polarized SH intensity. The solid lines are fits to the square of (2) and (3), 
respectively. Figures 6 and 7 show typical interference patterns obtained for the 
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Figure 4 Variation of the ppolar i id  SH intensity 
as a function of input linear polarization angle, 
oi, measured from Ihe plane of incidence, for the 
M33lstearic acid monolayer. nie solid line is a fit 
to the qua re  of (2). and nsumes all parameters 
are real. 

polarlafion mgle I dcgrps 

Figure 5. Variation of the S-pOlanzed si intensity 
as a function of input linear polarization angle, 
or. measured from Ihe plane of incidence, Cor lhe 
M33/stearic acid monolayer. The solid line is a fil 
to Ibe square of (3). and assumes all parameten 
are real. 

d i m s e  /mm d i m “  Imm 

Figure 6 lnterference pattern for Q-pOlanZed input 
and output. obtained at 317 nm for the M33lstraric 
acid monolayer. acid monolayer. 

F i u r e  7. Interference pattern Cor ppolarized input 
and output, obtained at 266 nm for the M13lstearic 

M33 system at SH wavelengths of 317 nm and 266 nm, respectively. Similar data 
were obtained for the K33 and T15 systems. Care must be exercised in extracting 
structural information using (4)-(S), however, if there are nearby resonances of the 
system. The linear optical response (figure 3) shows that resonance effects at the 
SH frequency might be expected for T15 when 634 nm excitation is used, and for 
K33 with 532 nm excitation. The presence of these excitations near 2w means that 
e2 and x ~ , ~  are likely to be complex (e, and eg remain real), and (4)-(8) require 
modification. However, the domination of the non-linear optical response of these 
molecules by a single hyperpolarizability component, ,!3(((, along the long axis of 
the molecule, as discussed above, makes the necessary extension quite simple. In 
particular, x,,, - - x,,,, and 

with the corresponding expression involving A and B becoming 

IAIZ/IBI2 = {[~sB+\/;;I4/[e,wsB+ J;;]‘}{[a+ 6 ~ ; + ~ ( c o t ~ ~ ; ) ] ~ + ( b e ; ’ ) ~ }  

(13) 
where a = ( E  -sinzO), It = 2 ( ~ ~ / ~ ~ ) c o s 6 ( e , - s i n ~ B ) ~ / ~ ,  c = 2sin20($/e;) and 
c2 = €1 + ie$ Using the same notation, the phase 4 (see (10)) of the complex 
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susceptibility tensor component, x i j k ,  is given by 

t a n 4  = x G k / x i j k  (14) 
where 4 is expected to be 90" at resonance, with x;,& being purely imaginary. 

Geometric and electronic structural information can now be extracted. The tilt 
angle $ of the azimuthally isotropic monolayer can be determined from (13), using 
634 nm excitation. IAIZ and lBIZ can he obtained from the a-p data, such as those 
of figure 4, with a = 0' and No, respectively (see (2)). The linear optical constants 
in (13) are eg (21219 for the fused silica substrates used), together with e , ,  E ;  and 
E;' for the monolayer. While state-of-the-art spectroscopic ellipsometry should have 
sufficient sensitivity to determine these linear optical constants directly [3], in the 
absence of such measurementS it is still possible to determine for these molecules 
with reasonable accuracy. By expanding (13) it can be seen that the parameters 
required are E , ,  ( E ; / E ~ )  and I E ~ I / E , .  The last of these can be obtained directly from 
(12), with lHIZ from the a-s data (figure 5) .  Bble 1 shows the values obtained for 
1e21/e1 from K73 and M33, for 634 nm excitation, and it can be seen that the ratio 
moves away from unity as a resonance is approached. No value could be obtained 
for T15 because the cu+s signal was below detection limits, showing that the tilt angle 
is near 0'. 

The value of c l  for the films, at frequency w far from resonance, will be between 
1.96 (stearic acid) and 2 3 0  (T15 monolayer on a silver film, determined by attenuated 
total reflection at 632.8 nm [IS]). The ratio (e;/e1) could vary substantially from unity 
at resonance, but figure 3 shows that this will be most critical for T15, where this 
ratio is not required. Tilt angles were calculated for K.33 and M33 with e l  varying 
between 1.96 and 230,  and with ( € & / e l )  varying between 1.0 and 1.5 for K33, and 
1.0 and 20 for M73, these estimates being based on the 1c21/e1 measurements. The 
calculations show that these ranges produce only a small spread in angle, because 
the tilt angle itself is small for these molecules. It is important to note that these 
linear optical parameters play an increasingly important role as the tilt angle of the 
molecule becomes larger, for the type of measurement made in this work. Results 
are presented in table 1, where it can be seen that the JS33 and M33 have the same 
tilt angle of about 27O, within experimental error, while TIS has a tilt angle around 
zero. The U 3  and M33 molecules are very similar in size but T15 has a much shorter 
alkyl chain and it is suggested that this, together with the flexibility of the terphenyl 
linkage, allows better packing with the stearic acid molecules, leading to the tilt angle 
around 0' under these dipping conditions. 

Important information on the electronic structure of the molecules comes from 
the phase of the SH signal. Interference measurements for p-polarized input and 
output (a-p, with a = On), such as those of figures 6 and 7, lead to the phase angles 
reported in table 1. A simple interpretation of the phase is possible here because 
it has been shown above that /3scs dominates the SH response, and so the principal 
factor determining the phase is {3;cc/pzcc. The 0'-p experimental configuration 
produces a SH intensity dependent on lAIZ (see (2)), which involves )is,,y and xi,, 
components. Interference measurements for K33 were also compared for 0"-p and 
45O-s. This latter SH signal depends on lX l z  ((3) with F = G = 0), which involves 
x,,,. The difference in phase between these measurements involving three different 
x-components was Go i IO", which provides strong support for the simple model of 
domination of the SH response by the CCCcomponent of p. 

The phase angles, &, of table 1 a n  now be easily interpreted by reference to 
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figure 3. For the SH signal at 317 nm, K33 is away from the resonance which lies at 
a shorter wavelength, and so 4 - Oo. M33 is close to the electronic resonance and 
has q5 - 75O, while T15 is on resonance with $ = %", showing that Ptrt for T15 is 
purely imaginary. In contrast, the SH signal for the molecules at 266 nm has moved 
through the resonances, which now lie at longer wavelengths. T15 and M33 are now 
further from rcsonance and d, S near 180" for these, while K'i3 is now closcr to the 
resonance with d, 2 15O0. The phase is expected to differ by 180' across a resonance, 
like a driven simple harmonic oscillator, and this produces a sign change in Pctc 

are not given here because local field effects 
need to be properly evaluated 191. A study of the dependence of the SH response on 
the liquid crystal concentration in the stearic acid LB film is currently under way [19]. 
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(see (9)). 
Finally, quantitative estimates of 

5. Conclusions 

Comparison of the linear and non-linear optical response of molecular monolayers 
has shown that substantial geometric and electronic structural information can be 
extracted from the SH response. The combination of SI4 intensity and phase 
measurements provides much more information than intensity studies on their own, 
and adds an important spectroscopic dimension to SHG from molecular monolayers. 
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