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Figure 4.28 Reflection SHE from Y-Cut Quartz at 640/320nm with (]) =70°: a) A 

and b) v|/ vs a. 
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Figure 4.29 Reflection SHE from Y-Cut Quartz at 640/320nm with (|) =70°: A vs 
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Chapter Five 

EUipsometric Studies of Rhodamine 6G 
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5.1 Introduction 

TThe d)re iiiolecmle Rhodnmine 6(3 baus frecpieiithf t)eeii sludiecl try cbie tc) tbie 

presence of absorptions near the fundamental and second harmonic wavelengths of a 

Nd- YAG laser in its UV -visible spectrum. This will be covered in greater detail in 

chapter 6. However, these absorptions are also of interest in ellipsometry, as a 

wavelength scan of the parameters A and Y, shows markedly changing behaviour in the 

wavelength range 400 - 700 nm. 

Rhodamine 6G (R6G) is a positively charged organic molecule (Figure 5.1). Chloride 

is the most common counter ion and is used for this work. The molecule has 

approximate Czv symmetry and the extensive n - electron system forces the molecule to 

be planar. 

COOCoHg 

Figure 5.1 The R6G molecule indicating the molecular axis 

The main chromophore in R6G is due to the larger of the two aromatic ring systems. 

These give rise to two sharp peaks in the UV-Vis. spectrum of R6G at 529nm and 
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347nm (Figure 5.2). The smaller aromatic ring contributes mainly to the broad 

adsorption band observed below 300nm. 
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Figure 5.2 UV-Vis spectrum of 0.87 jiM R6G in water (S. Haslam). Also 

indicated are the fundamental and second harmonic wavelengths 

used in the experiment. 

The peak at 529nm is identified as an So —> Si transition and the 347nm peak is the So 

—> Sz transition. 

5.2 Experimental 

Ellipsometric data were collected for R6G CI (BDH Indicators) at incident angles just 

above and below the Brewster angle of water (53.18° at 529nm), with particular 

reference paid to the wavelength region around the Si absorption peak at 525nm. n and 

k were calculated for film thicknesses between 50 and 100A using the Filmfit package 

(R. Greet). 

The ellipsometric measurements were taken using the experimental method given in 

section 3.2. A and \|/were measured in the range 400-700nm and two sets of 

measurements were taken for the R6G chloride solution: 
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1) Constant concentration (lOpM), at angles of incidence at 1° intervals between 

52° and 55° (the Brewster angle for water is 53.7°). 

2) Constant angles of incidence (51°, 56°), at concentrations 0.2, 1, 2, 5, 10 and 

20pM. UV Spectra were also measured for each of these concentrations in order 

to obtain the extinction coefficient. 

By using a single film model, with water as the substrate, n and k were calculated using 

a Fortran program (R. Greet) for films with thicknesses varying between 10 and 150A. 

The refractive index of R6G as a substrate was obtained by measuring A and i|/ for a 

splash of concentrated chloride solution, which dried on a microscope slide. 

5.3 Results 

53.1 UV Spectroscopy 

The UV spectra of solutions of R6G, with concentrations varying between 0.2 and 

20(iM are shown in figure 5.3 

The data were internally consistent, leading to a Beer-Lambert graph of absorbance 

against wavelength; the extinction coefficient for the Si peak at 525nm after a linear 

regression fit was 74671M''cm"^ + 540 (r^ = 0.9995). This is high compared to 

literature values of l-2X10''M"'cm"' 

The extinction coefficient a is linked to k by the formula: 

X 
k = — a Equation 5.1 

4n 

where X is the wavelength of the incident light and a = [R6G]s. 
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Figure 5.3 UV Absorption Spectra for R6G for concentrations from 0.2 to 
20nM 

5.3.2 Ellipsometry 

The refractive index of concentrated R6G solution was measured using an Abbye 

refractometer, giving a value of n of 1.342, compared to that of water, which was 1.333. 

However, this fails to give a value for k, which is significant in regions where the 

absorbance is non-zero (i.e.330-580nm). 

Constant concentration data are presented in Figures 5.4-5.5 with fits in Figures 5.6-

5.11. Constant angle data are shown in Figures 5.12-5.13 for (j) = 51° and Figures 5.14-

5.15 for (|) = 56°. The solid substrate on the microscope slide is given in for (|) = 51° and 

Figure 5.14-5.15 for (j) = 56°. 
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4KX) 450 j%D 550 (%D 650 

A/mn 

700 

Figure 5.4 Ellipsometry of 20p,M R6G near the Brewster Angle: Graph of A 

against wavelength for angles of incidence 52°, 53°, 54° and 55°. 

400 450 500 550 600 650 700 

Figure 5.5 Ellipsometry of 20|iM R6G near the Brewster Angle: Graph of v|a 

against wavelength for angles of incidence 52°, 53°, 54° and 55°. 
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4 0 0 4^50 fKX) 5%) GX) 6 5 0 7 0 0 

^ / n m 

Figure 5.6 Ellipsometry from 20p.M R6G, for angles of incidence, (|) = 52-55°. n 

calculated for a film lOA thick. 

400 450 500 (XX) 650 700 

Figure 5.7 Ellipsometry from lOjiM R6G, for angles of incidence, ^ = 52-55°. k 

calculated for a film lOA thick 
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v/\I>g 
400 450 500 550 600 

Figure 5.8 Ellipsometry from lOfiM R6G, for angles of incidence, (|) = 52-55°. n 

calculated for a film 50A thick 
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Figure 5,9 Ellipsometry from 10|iM R6G, for angles of incidence, (|) = 52-55°. k 

calculated for a film SOA thick 
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400 450 500 550 600 650 700 

Figure 5.10 Ellipsometry from lOfiM R6G, for angles of incidence, ^ = 52-55°. n 

calculated for a film 150A thick 
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Figure 5.11 Ellipsometry from lOjiM R6G, for angles of incidence, (|) = 52-55°. k 

calculated for a film 150A thick 
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5.3.2.1 Constant Concentration 

The plots of A and v|/ vs. A, change dramatically as the angle of incidence passes 

through the Brewster angle. As expected, A varies from close to 180° at angles 

below the Brewster angle to 0° or 360° above the Brewster angle. Below 53.7°, A 

changes from just below 180° to just above as the wavelength passes through the Si 

absorption at 525nm. Similarly in the plots for 54° and 55°, A changes from just 

above 0° below the Si absorption to just below 360° at higher wavelengths. 

However, when the values for n and k are calculated, within experimental error they 

are constant with angle of incidence for all thicknesses above lOA. We would expect 

this as n and k are physical properties of the material, whereas A and are merely 

experimental measurements, which are susceptible to change as the angle of 

incidence changes relative to the Brewster angle. 

Very few values of n and k are calculated for wavelengths below the absorption 

peak. This is because the fitting package is unable to accept values of n less than 1. 

We would expect such values because of the presence of anomalous dispersion 

Wiich leads to a large discontinuity in refractive index as the wavelength passes 

through an absorption band. 

As the proposed thickness of the film increased, the variation in the values of n and k 

decreased and the value of n tended towards the value of 1.342 measured by the 

Abbe Refractometer. This corresponds to behaviour of R6G alone, with minimal 

contribution from the water beneath. 

So, the constant values of n and k at film thicknesses support the following 

conclusion: 
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Figure 5.12 Ellipsometry from R6G at (|) = 51°. \)/ vs A, for concentrations 0.2,2 

and 20|j,M. 
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Figure 5.13 EUipsometry from R6G at (j) = 51°. A vs A- for concentrations 0.2, 

2 and 20|xM. 
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Figure 5.14 Ellipsometry from R6G at <j) = 56°, \|/ vs A, for concentrations 0.2, 

2 and 20|iM. 
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Figure 5.15 Ellipsometry from R6G, for (|) = 56°. A vs. X for 0.2, 2 and 20p.M 

R6G. 
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5.3.2.2 Constant Angle of Incidence 

As with the constant concentration data (Section 5.3.2.1), the plots of A and \|/ vs. A, 

again change dramatically as the angle of incidence passes through the Brewster 

angle. Graphs are plotted for concentrations of 0.2, 2 and 20 solutions of R6G. 

As concentration increases, the peaks in the A and Y plots are found to become more 

pronounced, again because the interface begins to resemble a purely R6G surface. 

Fitted values of n and k are again subject to a discontinuity at the absorption 

wavelength. Again this can be attributed to anomalous dispersion. The values for n 

and k obtained after input of various film thicknesses (&om 10-1000A) again support 

the conclusion: 
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Figure 5.16 Ellipsometry from R6G on Glass, for (|) = 51°. \|/ measured for solid 
Glm created by evaporation of lOjiM solution. 

Figure 5.17 EUipsometry from R6G on Glass, for (|) = 51°. A measured for solid 
film created by evaporation of lOpM solution. 
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AT 100 

Figure 5.18 EUipsometry from R6G on Glass, for (|) = 56°. A measured for solid 

fUm created by evaporation of lO^M solution. 

Figure 5.19 EUipsometry &om R6G on Glass, for (|) = 56°. y measured for solid 

film created by evaporation of lOpM solution. 
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Figure 5,20 Ellipsometry from R6G on Glass, for angles of incidence, (|) = 51°. n 

and k calculated for solid film of thickness 100, 500 and 1000A. 
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Figure 5.21 Ellipsometry from R6G on Glass, for angles of incidence, (j) = 57°. n 

and k calculated for solid film of thickness 100, 500 and lOOOA. 
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5.3.2.3 lOpM Film deposited on Glass. 

As expected, the plots of A and Y vs. A, (Figures 5.16-5.19) are much smoother than 

for the liquid surface (which was due to liquid surfaces susceptibility to external 

vibration). The results are similar in that A varies 6om close to 180° at angles below 

the Brewster angle to 0° or 360° above the Brewster angle. Again, for the 51° plot, A 

changes from just below 180° to just above as the wavelength passes through the Si 

absorption at 525nm. Similarly in the plot for 57°, A changes from just above 0° 

below the Si absorption to just below 360° at higher wavelengths. Also, at high 

wavelength, the value of A clearly oscillates between below 180° and above 180°. 

This may be due to Fabry-Perot interference. 

This time the sets of data were fitted against a substrate of bk7 for thicknesses of 

100, 500 and lOOOA (Figures 5.20-5.21), and for a fixed thickness, the values of n 

and k were consistent for angles of incidence above and below the Brewster Angle. 

Fits were again possible for thicknesses greater than lOA, although they varied 

sharply with film thickness. For example, the real part of the re&active index for 

thicknesses of less than 200A was less than 1, which is due to anomalous dispersion 

occurring as the absorption was approached. As this work considers R6G 

concentration at less than monolayer thickness for concentrations of 0.2pM, 

So, the constant values of n and k at fixed film thicknesses support the following 

conclusion: 
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Chapter Six 

SHG and SHE Studies from Liquid Surfaces 
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6.1 Experimental 

Surface second haimonic generation (SHG) measurements were carried out on water 

and R6G at the water/air interface using 45° input plane polarised light with the second 

harmonic measured at 0° (P) and 90° (S) output polarisations. The ratio I(45-P)/I(45-S) 

was compared to previous results (Refs. 6.1-6.2). 

The same systems were examined using SHE. For the wavelength scan, at least three 

measurements were taken for each wavelength in the range 278-290nm. The 

concentration dependent measurements were taken for R6G at 282nm for concentrations 

of 0.2, 2, 5, 10 and 20p,M. 

In all cases care was taken to remove the surface layer of the liquid sample, in order to 

remove any organic impurities from the water supply (Purite, p > 17.5MQcm"^). The 

laser beam power before the surface was measured using a Gentec power meter. The 

visible incident intensity was maintained at a constant value of 4.0+0.2 mJ pulse ' for 

water. However, for R6G, previous results (Ref 6.2) showed that the power should be 

limited to 0.35+0.1 mJ pulse"', by attenuating the fundamental using a double Fresnel 

rhomb placed before the incident polariser. 

6.2 Water 

The data for water is presented in Figure 6.1 and Table 6.1. The SHG intensity never 

rose above background levels for s-polarised input radiation, which is in agreement with 

results from Fordyce. As a result, it is impossible to measure A and values for s input 

radiation. Definition of A around i|/ = 0°, 90° is markedly diminished, due to the wide 

variation in tan ly around these angles. 

When water was investigated by SHE, the value of xj/ (53.1+ 3°) was close to the value 

of 47.0° + 5° obtained by Fordyce et al (Ref. 6.3). However, in this experiment, with 

every combination of input and output polarisations tried, A was found to be 21.29 + 

2.0°. This was clearly non-zero, indicating the presence of a circular component in the 
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output radiation. This value was small enough to remain unobserved in the SHG 

technique, indicating that SHE has the advantage of much enhanced resolution. 

« 0.6 

S 0.4 

S 
m 0.2 

-45-P 

-45-S 

P-P 

-4e- P-S 

—3K- S-P 

S-S 

0 60 120 180 240 300 360 

a/° 

Figure 6.1 SHE from Water. I(SHG) vs Q for six Polarisation Combinations 

Polariser 

Angle/® 

Analyser 

Angie/° 

A/° Max 

I(SHG)/ 

a.u. 

45 P(=0) 20.667 » A 53.133 50 

-45 P 201.49 «A+180 53.119»\j/ 50 

45 180 18.486 » A 48.514 % \\J 50 

45 S ( = 9 g 200.27 « A+180 34.619 » 90-\|/ 50 

P P 159.06 180-A 8&575 = v+45 30 

P s 334.13 «360-A 1.361 «vk-45 25 

S P undefined undefined «o 

s s undefined undefined «0 

Right Circular p 123.12 «A+90 42.27 » 12 

Left Circular p 290.43 « A-90 41.12«\|/c 13 

Table 6.1 SHE from Water - A and \\r for various polarisation combinations 
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the sample. It was thought that the presence of dissolved oxygen in the sample could 

have caused this anomaly. However it is now known that miniscule amount of an 

unidentified organic impurity was sufficient to cause such a large deviation in the A 

value. This was not detected by the traditional method (i.e. surface tension 

measurements remained normal at 72.0mNm"'). However, on replacement of the water 

supply's filters (Purite), the value of A reverted to zero. 

6.3 Rhodamine 6G 

The strength of the Sq -» S, resonance is the reason that the Rhodamine family of laser 

dyes are in common use since it is an excellent match for the second Nd^^:YAG 

harmonic at 532nm. The R6G molecule is photochemically stable under repeated 

excitation giving enhanced dye laser performance. These qualities also make the R6G 

molecule ideal as a probe molecule for study at the watr/air interface. The green 

fundamental light is on the edge of the Sg -> S, resonance (529nm) and there is also 

resonance with the second harmonic light at 278-290nm (Figure 5.2). The double 

resonantly enhanced second harmonic signal will therefore be very large giving the 

desired high signal / noise ratio. 

R6G has been studied absorbed to silica by Heinz et. al. (Ref. 6.4), where the orientation 

of the R6G and its second order nonlinear polarisability at resonance were deduced. 

The photochemistry of R6G on quartz was investigated by Meech and Yoshihara (Ref. 

6.5) using a 532nm fundamental beam. 

6.3.1 Second Harmonic Generation 

For input radiation of 560nm, a wavelength scan of the output radiation revealed that 

only background intensity was observed outside the wavelength range 318-322nm. This 

proved that second harmonic generation was being observed. If a long tail of non-zero 
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intensity was observed at higher wavelengths, two-photon fluorescence may have been 

responsible. 

2 7 6 280 2 8 4 

X/nm 

288 2 9 2 

Figure 6.2 SHE from lOpM R6G: Y vs X 

A/° 170 

Figure 6.3 SHE from lOpM R6G: A vs 1 
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63.2 Comparison of SHG and SHE 

The values of are calculated 6om SHG (Ref 6.4) using the quotient of the I(45-P) and 

I(45-S) intensities. 

Sample Y calculated from SHG /° 

^ 1 ( 4 5 - S ) 

Y calculated from SHE /° 

Y = tan — 

10piMR6G 72.3 ± 4 75.7 ± 3 

Water 47.0 ± 5 53.1 ± 3 

Table 6.2 Comparison between SHG (Refs 6.2-6.3), calculated from two 

measurements, and SHE (one measurement, also providing phase 

difference) for 10|iM Rhodamine 6G and water at 282nm 

Both values in table 6.2 give good agreement with the values calculated by SHG. The 

fact that the SHG experiments (Refs 6.2-6.3) were carried out at an angle of incidence of 

60°, whereas SHE experiments were carried out at an angle of incidence of 70°, may 

account for the difference in values obtained. SHE only requires one measurement and 

also give the phase angle. 6 measurements are required for SHG to get less information 

about the polarisation state of the molecule. 

One of the problems with SHG harmonic fit is that it can't differentiate between the viz-

equivalent values +45° and -45° and therefore cannot determine A with any certainty. 

This gives an incomplete picture of the polarisation state of the molecules at the surface, 

in particular for resonant systems. SHE tells this immediately as a value of A between 

90° and 270° indicates that the sign of i)/ is -ve whereas 0°<A< 90° or 270°< A<360° 

indicates that \|/ > 0. In the case of R6G, we can tell that \\i is negative as A lies in the 

middle of the 90°-270° range, whereas for water the converse is true. 
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The fact that A and \|/ change with concentration is in agreement with the work of 

Haslam aZ. (Ref. 6.2) and suggests that there is not just straight accumulation of 

material at the interface. As A approximates to zero for water and is markedly non-zero 

for R6G at the air/water interface, this elliptical behaviour must be due to the presence 

of R6G alone. 
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Appendix One 

Units for 
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In the equation, 

p = + GQ (%iE + %2EE + xgEEE +...) Equation 1 

the quantities are often quoted with differing systems of units. These, and the 

conversions between them, are outlined in Table 1 below; 

Unitary System SI esu cgs 

Electric field strength, E Vm' statvolt cm"' 

Macroscopic nth order 

susceptibility, 

( m V ' r ' (cm statvolt)""' 

Polarisation, P Cm'̂  statvolt cm"' 

Table 1 Conversion between unitary systems 

Equations 2-4 show the relative magnitudes of the standard units 

Istatvoltcm"^ =3xlO'^Vm'^ Equation 2 

/X„(esu) / ( ,o -4^)" - 1 
Equation 3 

Equation 4 
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Appendix Two 

SHE Studies from Boc-Trp-Trp 
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Introduction 

Although insufficient data was collected on Boc-trp-Trpfbr submission in the main 

part of the thesis, the results are interesting enough to be reported here for future 

reference. 

Experimental 

Surface second harmonic ellipsometry (SHE) measurements were carried out on 

50pM Boc-Trp-Trp (pH2) at the water/air interface using 45° input plane polarised 

light with the second harmonic measured at 0° (P) output polarisation for each QWP 

angle. For the wavelength scan, at least three measurements were taken for each 

wavelength in the range 276-288nm. 

Care was taken to remove the surface layer of the liquid sample, in order to remove 

any organic impurities from the water supply (Purite, p > 17.5Mncm"^). The laser 

beam power before the surface was measured using a Gentec power meter. The 

visible incident intensity was maintained at a constant value of 0.35 + O.lmJ pulse'\ 

by attenuating the fundamental intensity using a double Fresnel rhomb placed before 

the incident polariser. 

(t-butyIoiycarbonyl)-tryptophan-tryptophan (Boc-Trp-Trp) 

As Crawford et al have studied the second harmonic behaviour of (t-

butyloxycarbonyl)-tryptophan-tryptophan (Boc-Trp-Trp) in depth (Ref 1), this was a 

suitable molecule with which to commence study of liquid interfaces. There was 

sufficient previous work to compare results with, but also enough unanswered 

questions to require further study. 

In order to discuss boc-trp-trp it is important to first understand several properties of 

its parent molecule, tryptophan. Tryptophan is one of twenty naturally occurring 

amino acids, which are characterised by the close proximity of an amine group and a 
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carboxylic acid group. This enables the hydrogen ion of the acid group to migrate to 

the nitrogen atom in the amine group, resulting in the formation of a zwitterion. 

H 
N. 

// 
o 

H 1 9 \ 

H 1 ) 

/ r ii 
H 

Figure 1 The Structure of Boc-Trp-Trp 

Tryptophan absorbs strongly in the UV, suggesting that it may give SHG signals, 

indeed fingerprints (which contain amino acid residues) on glass were found to give 

second hamonic radiation upon excitation with lasers as early as 1964. Smiley and 

Vogel (Refs. 2-3) have extended this work to include the derivatives of tryptophan. 

Crawford et al who studied both tryptophan and Boc-Trp-Trp (Refs 1, 4) showed that 

in fact it was the latter molecule, which provided both the higher SHG intensity and 

the more marked chiral behaviour. 

The fact that amino acids are chiral also means that their ellipsometric behaviour 

will be of particular interest. The aim of this work was to study the ellipsometric 

behaviour of Boc-Trp-Trp at UV wavelengths. 

Results and Discussion 

Sample graphs showing the behaviour of A and v{/ against wavelength for the range 

276-288nm are presented in Figures 2 and 3. The variation with wavelength is 

pronounced and further work needs to be done to map this more accurately. The 

results were reproducible over the course of a day but not from day to day, even 

though the sample was preserved in a refrigerator away from any bright light. Tests 

carried out by Prof Mark Bradley showed that the sample was pure and that the day 

to day variation in results was not due to degradation of the sample. 
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Figure 2 SHE from 50|LIM Boc-Trp-Trp at pH2; V|/ vs X 
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Figure 3 SHE from 50|LIM Boc-Trp-Trp at pH2; A vs A 
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