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Abstract

This thesis develops a detailed analysis of thdeR@dn Anisotropy Spectroscopy
(RAS) technique and provides a clear understandingpow the complex RAS
output relates to the anisotropic reflectivity dietsample. A full analysis of the
output of the instrument is carried out for any plETorientation that goes beyond
the standard procedure of fixing the orientationh&f sample. This analysis enables
the understanding of how the instrument outputsedio sample properties.

The theoretical analysis of the output of the RASrument is complemented by the
development of a simulation program in which theticgh and electronic
components are individually modelled. This makegos$sible to predict the output
of the instrument as the components are configureal number of different ways
and makes it possible to check for mistakes inetttensive algebra required by the

analytical treatment.

In order to understand the output obtained by irjahe sample, a novel means of
displaying the data is presented. This demonstthtgsan assumption that is implicit
in the usual analysis of the output of the stand@i®b instrument needs careful

consideration.

The second half of the thesis deals with the dgretnt of a fast RAS instrument.
The need for a fast instrument arose when studfasg reactions following step
potential changes in an electrochemical cell. Tias potential applications in the
study of protein conformational change. In allethgenerations of the design of fast

RAS instruments were built, which could form theiksaf a commercial instrument.
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1.1 Introduction

The investigation of the properties of solid suefcin gaseous or liquid
environments usually necessitates using an ogircdde, as the use of free electrons
to excite and/or observe surface properties reqdiceium conditions. Unfortunately
the development of an optical probe of surfacestbas/ercome the basic problem
that light penetrates significantly into the bulkaomaterial before being reflected.
Thus the probe will sample the bulk propertieseathan the surface properties. For
gold this results in a 1l/e penetration depth ofrapmately 16nm, or 39 lattice
layers, for a wavelength of 413 nm. Hence the dmumion of the surface to the
reflected optical signal will be very small (2.5%this case) compared to the signal

from the bulk. This calculation is shown in cha@er

A number of experimental approaches have been eddptget round this problem,
such as: Raman Spectroscopy [1], Spectroscopipséletry [2] and Surface
Plasmon Resonance [3]. All have been used to psobces and adsorbates on

surfaces.

This thesis is concerned with the technique of &xitbn Anisotropy Spectroscopy
(RAS) [4]. RAS is the difference in reflectiodr) between orthogonal linearly
polarised light (; andry) normally incident on a surface plane, normalisedhe
mean reflectivity «):

H - 2(r1 - r2) (11)
r n+r,

A full analysis of the RAS definition is carriedtan chapter 3.

RAS has the characteristic that if the sample bsilisotropic with an anisotropic
surface, then it becomes a very surface sensitieep This is the case with a (110)
surface on a face centred cubic (FCC) material tliisrreason the most common use
of RAS is for measuring the difference in reflentibetween the 110 ] and PO1]

directions on a (110) FCC crystal surface, typic@ll. In this case it has become

11



convention [5] to regard the reflectivity in th&J0 ] direction as; in equation 1.1

and the reflectivity in théOO]] direction ag».

Figure 1.1a shows an illustration of a FCC cry##tice which indicates the atom
locations within a unit cell, and the position bkt(110) surface (shaded). Figure
1.1b shows a cut-away unit cell which demonstr#htes each unit cell contains 4
atoms. The 3 dimensional 90 degree rotational symymensures that the bulk
exhibits no optical anisotropy, however this is tiae of the <110> surfaces. This is
illustrated in figures 1.2a - 1.2f, which show (i40)-(1x1) surface, the (110)-kR)
surface reconstruction and the (110%3)l surface reconstruction. Each type of
surface is illustrated with the (110) surface vidwem the side and from above.
The views from above have a surface unit cell ndaikeblue, thus illustrating the

surface anisotropy.

[100] 8 x 1/8 corner atoms
Y —
e
he 6x 121
C X ace atoms

:T ® ®
o
=2

[

77

(110) plane \% 4 atoms per unit cell
(a) FCC crystal lattice unit cell (b) Cut away ucedl

Figure 1.1 The FCC unit cell (a) showing the atom locatiomg h_loj plane and

the reciprocal lattice vectors. The cut away ueil ¢b) shows that each unit cell

contains 4 atoms.
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— [001] —

(b) (110)-K1) surface with unit

surface cell (blue).

(a) (110)-(X1) surface (top)

e T

AR A AR AR RN
AR AR AL R R R

(d) (b) (110)%2) surface with unit

surface cell (blue).

(c) (110)-(x2) surface (top)

e R R

(d) (b) (110)%B) surface with unit

surface cell (blue).

(e) (110)-(k3) surface (top)

Figure 1.2 Crystal structure of an FCC crystal. (a) and (® tre respective side

view and top view of the (110)%1) surface. Similarly (c) and (d) are side and top

view of (110)-(x2) reconstructed surface. (e) and (f) are side tapdview of

(110)-(1x3) reconstructed surface.
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RAS was developed primarily by David Aspnes in1880s as a way of monitoring
molecular beam epitaxy (MBE) semi-conductor groimtambient conditions. It had
previously been demonstrated that monitoring MBmissonductor growth in ultra
high vacuum (UHV) using Reflection High Energy Etea Diffraction (RHEED)
[6] made it possible to obtain control of semi-cocir structures on an atomic
scale. However the development of metalorganic waphase epitaxy (MOVPE)
[7] and chemical vapour deposition (CVD) [8] approes to semi-conductor growth
require a gaseous ambient environment at normabkpres and consequently it was
not possible to monitor and control the growth pascusing RHEED. This was the

problem that Aspnes was seeking to overcome byloleing RAS.

The ability for RAS to operate in solution (provitlie is not opaque) enables it to be
used in electro-analytical experiments [9], [1AI1], [5], . Potentials applied in

electrochemical cells can stimulate surface recoasbn and prompt the movement
of adsorbate molecules on the sample electrodarRAS can non-invasively
monitor the dynamics of this activity.

The substrate most often used for in-solution RAgeements is Au(110) because it
is enert and easy to prepare with clean surfacedlapye annealing [12], [13].
Understanding the behaviour of Au(110) thus beconmegortant in order to
distinguish it from the adsorbate signal. Unfortiehawhen studying adsorbates on
Au(110) in an electrochemical cell, the Au(110)face is likely to change with the
applied potential [9], this will both directly affe the RAS as well disturb the
adsorbates under investigation.

This thesis will report advances in the developm@nRAS instrumentation and
studies of dipole orientation and dynamic surfa@perties. The use of Au(110) as a
substrate in RAS electrochemical experiments, mékegportant to understand the
behaviour of the Au(110) surface under dynamictedebemical conditions. With
the ability to orientate biological molecules ostafaces the hope would be that this
work could provide a basis for instrumentation tbatild obtain useful information
in such areas as protein conformational change [18], [16], [17], [18], [19].

14



RAS detects anisotropy by utilising polarised lighhe amplitude and polarisation
of light reflected from an anisotropic sample wdépend on both the incident
polarisation state of the light and the orientatainthe sample. RAS instruments
determine the sample anisotropy by observing tliange in amplitude and
polarisation. If the polarisation or sample ori¢ioia is modulated, the anisotropy
also gives rise to a modulation of the reflectgghtlisignal. Low-noise techniques,
such as lock-in amplifiers, allow RAS to be venyns@ve, typically capable of

measuring surface anisotropies to 1 part m[4p

In this thesis RAS is referred to as Reflectionsdtiopy Spectroscopy. RAS is also
known as Reflectance Anisotropy Spectroscopy [20f] Reflectance Difference
Spectroscopy (RDS) [21]. Reflectance is a meastirthe total power (or flux)
reflected divided by the total incident power [22]d as such is a scalar quantity that
is equal to the square of the magnitude of the ¢exnpresnel coefficient [2]. As
RAS is a complex quantity, in this thesis RAS isvals assumed to refer to
ReflectionAnisotropy Spectroscopy.

1.2 Thesis Aims
To improve the understanding of the RAS techniqué jprovide a comprehensive

analysis of the instrument to better realise it®ptals and limitations.

To study azimuthal dependant RAS (ADRAS), partidyldor identifying dipole

orientation.

To improve the speed of RAS instrumentation, ineor follow dynamic surface

actions.

1.3 Thesis Structure

1.3.1 Chapter 2: RAS instrumentation
This chapter reviews the development of the RAShriemie and outlines the
principle of operation. Typical components are axgd that comprise a standard

RAS instrument.

15



1.3.2 Chapter 3: RAS theory, instrumentation and aalysis

This chapter analyses in detail the RAS definiti@fiore describing a mathematical
model of an ideal Aspnes RAS instrument. This iseatension of the model used
previously in that it expresses the output as actfan which includes sample

orientation as an argument.

1.3.3 Chapter 4: Simulation of PEM-based RAS instrment

This chapter complementing chapter 3 by modellimg RAS instrument using a

computer simulation. The simulation is carried butoreaking down the instrument

into small units or modules for which each has atpuat that can be easily defined as
a function of its inputs. By linking these modutegether a complex system can be
simulated which does not have the approximationd lanitations typical of a

mathematical analysis.

The simulation is used to check the analysis inptdra3 and to explore how the
output of the RAS instrument varies with sampleperties and orientation.

1.3.4 Chapter 5: Displaying ADRAS data

Using the ADRAS technique generates a lot of datachvis difficult to understand
when displayed as a series of overlaid spectraoaradseries of overlaid temporal
profiles. This chapter seeks to present the ADRAf ¢h a way that better displays

the features of the sample under investigatiortjquaarly dipole orientation.

1.3.5 Chapter 6: Development of a fast RAS instrunms

This chapter reviews fast RAS instrumentation aricbduces a design based on the
use of a 16 channel photodiode array. The designpsoved by incorporating a 32
channel photodiode. Examples of published experisnearried out by both the 16

channel and the 32 channel versions are given.

1.3.6 Chapter 7: Improved 32 channel fast RAS versn 3

This chapter shows the development of the fast RA& version 2 in chapter 6 to
version 3. The optics, photodiode array and prekfiepfront end electronics are
kept from version 2 but the data digitisation amguasition is radically changed.

Noise reduction of transient signals is studiedulsyng the fitting of a series of

16



exponentials. Dynamic experimental use of the umsént from published and un-

published data is given as an example of its use.
1.3.7 Chapter 8: Conclusion and further developmerst

This summarises each chapter and discusses cumedt possible further

developments on, or based on, RAS instrumentation.
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2.1 Introduction

This chapter deals with the Reflection Anisotrope&roscopy (RAS) instruments
developed by Aspnes, the rotating-sample RAS instnt [23] and the photo-elastic
modulator (PEM) based RAS instrument [24]. Botktiaments are dealt with
respectively in section 2.4 and 2.5 below, wheee tilpical optical and electronic
arrangements are shown together with the compgueets. A full analysis of both
these instruments is given in chapter 3 but hegereeral description is given which
includes typical basic components both optical @ledtronic.

2.2 Rotating-sample RAS

Initially Aspnes measured reflection difference royating the sample in a linearly
polarised light beam [23]. This is illustrated igure 2.1 which shows the lamp,
polariser, sample and detector arrangement. Redeto figure 2.1, collimated light

from the lamp is polarised and shone onto the sanspiface at near normal
incidence. The reflected light from the surface nthepasses through a
monochromator, which selects a narrow wavelengtidlia pass onto the detector.
The sample can be rotated along an axis perpemaditulits surface and centred at
the point of illumination. Figure 2.2 shows an élegic system diagram in which

the sample is rotated by a motor. A reference sigom the motor control is used to

phase lock the lock-in amplifier. The output of fbek-in is read into a PC that is

used to step the monochromator.

2.2.1 Principle of operation

The detector output is sensitive to the power ledfethe reflected light. As the
sample is rotated, the output of the detector wally between a maximum and a
minimum value. A maximum occurs when one of theeeigctors of the reflection
anisotropy is aligned with the polarised light. Animum occurs when the other
eigenvector is aligned with the polarisation. Thius difference in reflectancAR,
between these maximum and minimum values normalséte average reflectance,

R, give one measure of RAEe.

=1 ) (2.1)
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where, P, and P, represent the minimum and maximum respective sigoaer

levels at the detector.

Thus a sample rotation configuration instrumentvigles only a scalar value that
represents the difference in reflected light povesel, between the eigenvector
directions of the anisotropy, normalised to therallereflected light energy. The
practical limitations of this method involve theas introduced by the sampled area
not being at the centre of rotation and the sarpfdae not being aligned with the
axis of rotation. For these reasons the rotatimgpda RAS has been superseded by

the PEM-based instrument.
It may seem that rotating the polariser, insteathefsample, would be an option,

however this would involve the detector being sobj@ the full rotation of the
polarisation. In which, case any small anisotropythe detector would create a

rotation
Sample Y\
rz\/r1 X_ % ¥, Frame of
' ~. | reference

Linear polarised lighti

signal on the output.

X

< ; ' "-‘ Detector
«—VPolariser

s> N pMD

N

Lamp

Monochromator \| |

A

Amplifier
Figure 2.1 Rotating-sample RAS optical configuration. Polatdifight is shone onto
a rotating sample. If the sample is anisotropicdbtector’'s output will vary as the

sample is rotated.
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input
TRef

Coml
Com?2

amplifier

rotating sample

motor ref signal

Monochromator
controller

—

| Motor controller

Figure 2.2 Rotating-sample RAS. Electronics system diagram.

2.3 PEM-based RAS

Later Aspnes described an improved instrument f@§ed on a PEM, which has
become the standard RAS instrument, the opticalutpf which is illustrated in
figure 2.3. The electronic system diagram is shamwvifigure 2.5. This design has
major advantages over the rotating-sample instrameis faster, does not suffer
from mechanically induced noise and has the abibtyesolve both the real and

imaginary components of the reflection anisotropy.

2.3.1 Photo-elastic modulator (PEM)

Before describing the Aspnes PEM-based RAS instnimheés useful to explain the
basic principle of a PEM. In a PEM the birefringeris induced in a photoelastic
material by joining it to a piezoelectric transducPBriving the transducer from a
voltage source thus creates strain in the photielasaterial, thereby inducing
birefringence. Thus modulating this voltage modegdathe birefringence, and hence
the polarisation. This is illustrated in figure 2.l a birefringent material the
refractive index is dependent on the polarisatitatesof the light. Hence light
linearly polarised in a special direction would pagate at one speed but light
linearly polarised in an orthogonal direction tasthwvould propagate at another
speed. These directions are termed the fast amdasles of the birefringence. In the
PEM the modulated strain causes the fast and slew @ alternate. The propagation
delay of the light between the fast and slow axeslyices a phase delay which can
be expressed as an angben figure 2.4, called the retardation. When expeglsas a

21



phase angleg will be wavelength dependent. When driven fromnaisoidal source

the retardation is expressed as:

5= Asinat (2.2)

whereA is termed the maximum retardatianjs the angular frequency of the PEM

andt is time.
Light that has components in both the fast and slw@s will experience a change in
polarisation, from say linear to elliptical, as passes through the birefringent

material. Light which is linearly polarised in ontize fast or slow axes will not

experience a change in polarisation.

Modulated polarised light

Analyser

< & Modulated amplitude
/. polarised light

| Detector
(PMT)

Lamp

Monochromator

" AC response
K due to anisotropy

DC response
due to average |
reflectivity

~— S

Amplifier

Output signal

Figure 2.3 Optical layout of PEM-based RAS instrument.
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v
v

/ PEM
Ex EX

A = maximum retardation (radians)
and is dependent on the voltagwe,
applied to PEM. )l

o= Asinat
4_

Figure 2.4 This illustrates the action of a PEM. When strdsgee PEM element
becomes birefringent thus changing the polarisatiotme light passing through the

element. Modulating the stress on the PEM elememdutates the polarisation.

2.3.2 Description of the PEM-based RAS instrument

The optical layout in figure 2.3 shows the PEM igotated so that the modulated
birefringent axes are vertical and horizontal. Tieisults in a phase change between
the vertical and horizontal components of the light exit from the PEM. Thus
purely vertical or horizontal polarised light daest have its polarisation changed by
the PEM. We can see from figure 2.3 that if the [ganms isotropic the polarisation
remains vertical and un-modulated. Only when thepa is anisotropic can the
light leaving the sample have a horizontal compomed thus be modulated by the
PEM.

Referring again to figure 2.3, with vertical pokaiion of the light incident on the
sample and the sample principal axegfdtradians to the vertical, any anisotropy of
the sample will manifest itself as a change in psédion of the beam reflected from
the sample. If we represent the optical anisotropgracteristics of the sample with
Fresnel complex reflection coefficiemtsandr,, then we can see how a change in
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magnitude between andr, would result in the polarisation changing on retilen.

A change in the phase angle betweerandr, would result in the polarisation
becoming elliptical. A change in the real valuesrofand r, would cause the
polarisation to rotate and/or change in magnitytle.figure 2.3 both phase and

magnitude differences are illustrated.)

After reflecting off the sample surface the lighttexs the PEM. The vertical
orientation of the PEM causes the eigenvectorstofoptical components to act
vertically and horizontally, thus the polarisatiai the light will always be
modulated unless it is entirely linearly polarisatbng one or other of these
eigenvector directions. The fundamental frequenicthis modulation is the PEM
modulation frequency, typically 50 kHz. For an regic sample the light reflected
from the sample remains vertically polarised anthiss not modulated by the PEM.
Also in the case of an anisotropic sample whiclorisntated such that one of its
principal axes of anisotropy is vertical, the pdation remains vertical and so, as
with the isotropic sample, the polarisation moduolatand hence the signal from the
RAS instrument is zero. The angle of this orieptattan be different for different
wavelengths, which can give information on dipokemtations. In chapter 3 a
detailed study of the PEM RAS instrument is giveradunction of sample rotation
angle.

After the light has passed through the PEM, anyaealis used to extract the linear
component of the polarisation acting at 45 degragshown in figure 2.3. Fixing the
polarisation that hits the detector prevents optagasotropy in the detector from
corrupting the signal. Thus the sample anisotragpyranslated into an intensity

modulation at the detector.

Figure 2.5 shows a typical electronic system diagfar the PEM-based RAS
instrument. The PC controls the monochromator, P& lock-in amplifier. The
PC sets the monochromator to the current poirthénspectrum, the PEM controller
is set to the same wavelength, and this ensureBEM: angular retardation (denoted
Ain figure 2.4, and equation 2.2) remains consteetr the spectrum.

Typically a photomultiplier tube (PMT) is used &g tdetector, with its gain control
set by the PC via an auxiliary digital-to-analoguaverter (DAC) output from the
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lock-in amplifier instrument. The PMT gain contielset by the PC firstly reading
the DC level via the ancillary analogue to digitahverter (ADC) input on the lock-
in amplifier. If this level is out of range theretAC output of the lock-in amplifier
is adjusted which controls the voltage appliedhe PMT gain control. The AC
output of the PMT is read by the main input of khek-in amplifier which is phase
locked to the PEM, via the lock-in amplifier's redace channel. For full operation
of the instrument it is important to be able to edétboth the % harmonic

(fundamental) and"® harmonic of the output of the PMT. This can beiewd by

setting the reference frequency to respectivelyid 2x the PEM frequency. A ‘1F’

and a ‘2F output may be available on the PEM culdr, for this purpose, or

alternatively the lock-in amplifier may include & &ference option.

‘Signal Recovery’ 5201

<
4—

gain DAC g
sample PEM mono- control N 2
analyser chromator ADC 2
................ -} [Ny inpu %
A Lockin Ref
light amplifier
PEM ref signal
monochromator f—| Coml

controller

IRy __|2F
PEM controller

Figure 2.5 Typical electronic components of PEM-based RA&ument

2.3.3 Interpreting the output of the PEM-based RASnstrument
Aspnes was able to determine for low sample amupgtf18], and774 radian sample
orientation, the time dependent expression fordétected light intensity (denoted

here adl (t)) normalised to the mean intensity (denoted heré a3 as a function

of the complex RAS signdr/r, shown without the window strain parameters, was:

Al 2J, cos(Zwt).Re(%j - 2J, sin(at). Im[gj (2.3)

I e r
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whereJ;, J, are Bessel functions of order 1 and 2 respectigaly are functions of
the maximum retardation, of the PEM. This is explained later in sections3and
3.4.6.

The sing@t) and cos(zt) components ofAl (t) denoted respectively,, I,, can
be extracted separately by a phase sensitive dgtas#ion system, for example a
lock-in amplifier (as shown above) or a Fouriensfarm of the captured waveform,
and hence both the real and imaginary parts of R signal, Ar/r, can be

determined, i.e.

R({ﬂj 0t lea (2.4)

r 23, |5

|m(ﬂj 0-t lw (2.5)
c ) 200,

[Note approximations are used as Aspnes’ analgdilow sample anisotropy]

2.4 Optical components of a RAS instrument
The typical optical components of both the rotatsagnple (figure 2.1) and the
PEM-based RAS (figure 2.3) are listed below.

2.4.1 Lamp

This is usually a xenon arc lamp, which has a spkenge of approximately 185 —
2000 nm (6.7 — 0.6 eV) [26]. This range will notrhaintained throughout the life of
the lamp and careful reference to the manufactsigecifications should be made
together with periodic monitoring of the spectraitput. For use in extended UV
operation a deuterium lamp with a Mgkindow can operate over a range of 115 —
400 nm (10.8 — 3.1 eV).
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Figure 2.6 Spectral output of a Hamamatsu ‘Super-Quiet Xebamp’ [26]. The
200 to 2000 nm range represents a photon energg famm approx 6.2 to 0.62 eV.

2.4.2 Polariser

Generally this is of the prism type made from afbingent material. A range of
materials can be used, depending on the operatwaaélength range required,
these include: alpha barium borate (a-BBO): 1900356; Calcite (CaCg): 350 -
2300 nm; Magnesium Fluoride MgE30 — 4000 nm; Quartz (Sip200 - 2300 nm;
and Yttrium Orthovanadate (YVQR400 - 4000 nm. Figure 2.7 shows a popular
range of configurations for prism polarisers, Ragh@/ollaston, Glan Thompson

and Glan Taylor.

w
<> 1 =7
Rochon Wollaston
air gap air gap

> =

= !
* < K !
&7
: ;2
Glan Thompson Glan Taylor

%: un-polarised light +7 = polarised light 1 = optical axis

Figure 2.7 Popular types of prism polariser.
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The different polariser configurations have advgesaand disadvantages. Both the
Glan polarisers have the advantage that they omly ene beam, but have the
disadvantage of a smaller operating wavelength eayollaston and Rochon
polarisers have a wide range, but emit both padriseams. Wollaston has the
advantage of a wider deviation than a Rochon, lRbehon has advantage for some

uses in that one of the beams is inline with tloadient beam.

2.4.3 Sample
In applications where material is adsorbed ontalssate, it is very important that

the substrate is properly prepared and aligned sdoaprovide accurate and
comparable data. Samples or substrates with bulkkopy, such as FCC single
crystal materials with a (110) surface, make thehneque surface sensitive (see
chapter 1 section 1.1). A Au(110) surface is oftieed as it is possible to obtain a
clean (110) surface [27], [12].

2.4.4 PEM optical head

The PEM optical head is made from an isotropic nedtéhat becomes birefringent
when mechanically stressed by a transducer. Se& PRBoto-elastic modulator
(PEM) above.

An example of a PEM optical head is the Hinds selieptical head for use with
their PEM 100 system [28] which employs a transtdwperating at 50 kHz

2.4.5 Analyser

The analyser terminates the range of the polanegtbn of the instrument, and
makes it easier to characterise. After the analymdy the light intensity is
measured, this makes the instrument less susceptiblany anisotropy in the
monochromator and detector. The analyser may biasita the polariser, although
the extinction coefficient and orientation, is le&snanding than that of the polariser.
A more detailed analysis of the analyser is preskimt chapter 3 of this thesis.

2.4.6 Monochromator

The monochromator filters the light into a variabhberow wavelength range. This is
determined by the width of the entrance and exits.slFor a compact
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monochromator, such as the Horiba Jobin Yvon H19], [that uses a grating of
1200 grooves per mm as the dispersive elementinis dispersion is 8nm per mm
of slit width. Standard slits from 0.5 to 2.0 mimegthis monochromator a bandpass

of 4 to 16 nm respectively.

Exit

Grating —|

e

entrance

Figure 2.10lllustration of Czerny-Turner design monochromator

2.4.7 Detector

This is typically a photomultiplier tube [30], botay also be a photo-diode or other
light-sensitive device. It should have a large din¢or calibrated) dynamic range
because it needs to detect the overall light intgnss well as the modulated
intensity. Modern PMTs may have a wide dynamic eamnd up to 8 orders of

magnitude [31]. Non-linearities in either the freqay response or the amplitude
response of the detector need to be calibratedf mgcessary to give an accurate
value of the RAS.

2.5 Electronic components of a RAS instrument
The typical electronic components of both the Ratasample (figure 2.2) and the
PEM-based RAS (figure 2.5) are listed below.

2.5.1 PEM control unit

The maximum retardatio in figure 2.4 of the PEM, is dependent on wavelleng

being studied. To maintain a constant retardatmoss the spectrum the stress on
the PEM optical element, provided by a quartz tetoit, needs to be adjusted for the
wavelength required. This adjustment is carried lputhe PEM controller when a

new wavelength command is issued by the PC. An plaof a PEM controller is
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the Hinds PEM 100 [28] for use with the Hinds serieoptical head. The material
for the optical element depends on the wavelermtlye required. Table 2.1 shows a

list of common element materials [32]

Spectral Region Series Material
Vacuum UV, UV I Lithium Fluoride
Vacuum UV to mid-IR 1, Il Calcium Fluoride
Vacuum UV to near-IR [, 1l Fused Silica
Mid-visible to mid-IR Il Zinc Selenide
Near to mid and far-IR I Silicon

Table 2.1Commonly available PEM optical element materials

2.5.2 Monochromator control unit
The monochromator wavelength is set by a commanket@ontroller from the PC.
The monochromator controller tells the PC whennéw wavelength is set, and data

acquisition can proceed.

2.5.3 Detector readout and control

If a photomultiplier tube (PMT) is used its gainede to be controlled to provide
adequate signal, without saturation across thetspec This is done under PC
control. In the case for photomultiplier tubes (PMihd Si photodiode detectors, the
current output from the detector is usually projol to the input light intensity. In
these cases a current-to-voltage trans-impedanpéfi@mis used to obtain a voltage

that is proportional to the light intensity.

The detectors are required to be linear (inheremtlyhrough calibration) as both a
‘DC’ signal is present together with a small ‘AC’odulation, both of which vary
greatly over the spectrum. Thus as the RAS valudetermined by the ratio of

AC/DC, good linearity is required over the wholeduency range of the instrument.

2.5.4 Lock-in amplifier. This is used to measure- the ‘AC’ part of the algihe
‘AC’ part carries the information abodir. Depending on the amplitude, phase and
noise of the signal, the lock-in amplifier needshi@ve correct settings for the
respectively gain, reference phase and integrdiing constant. An example of a
lock-in amplifier is the Model 5210 from Ametek [33
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2.5.5 Analogue to digital converter (ADC).This is used to read in the ‘DC’ which
is proportional to the mean intensity of the lightlected from the sample over a
whole number of PEM cycles. A suitable ADC is ofteaorporated into the lock-in

amplifier instrument, such as the Ametek 5210.
2.5.6 Digital-to-analog converter (DAC).This is used to control the gain of the
PMT. A suitable DAC is often incorporated into tleek-in amplifier instrument,

such as the Ametek 5210.

2.5.7 Personal computerThis runs software to control the above modulefiect,

process, display and store data.
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3.1 Introduction

This chapter looks at the need for reflection amigry spectroscopy (RAS) by
examining the way light penetrates into a solidcomsequence of which makes
simple reflection a poor surface probe. The deéinitof RAS is introduced before
expanding it into real and imaginary parts and ypgl some approximations to
simplify the expressions and give insight into pbgkinterpretations. Two types of
RAS instruments developed by Aspnes are then exgdaithe Rotating-sample
instrument [21] and the PEM-based instrument [B#jally the output of the PEM-
based instrument is analysed as a function of dngpke’s azimuthal orientatiord)
the axis of which is along the light beam. The agiml dependent output of the
RAS instrument is denoted ADRAS (azimuthal depenhdefiection anisotropic
spectroscopy) to distinguish it from normal RAS @vhis defined as a property of
the sample not its orientation. Here ADRAS is defiras the output of an ideal
Aspnes PEM-based RAS instrument when the sampl#ased. As with a standard
RAS instrument there are two outputs, one thateisvdd from the fundamental
frequency of the detector output and the other Wwhi derived from the ™
harmonic of the detector output, these are caiegectivelyADRAS1andADRAS2
This is the same definition implied in previous fcdtions [35] [36]. To summarise,
RAS, as defined in equation 3.4, is independemringf measuring devicege. a RAS
instrument, but ADRAS is defined as the output giaaticular instrumenti.e. an

ideal Aspnes PEM based RAS instrument.

Before examining RAS instrumentation, we look awhieght is reflected from a
metal and the contribution from the top surfaceetayThen starting from the
definition of RAS, we study in detail how this reda to the complex surface
reflection coefficients of the sample. The RAS instentation output is also
analysed with respect to the Fresnel reflectionffimients of the sample. This
enables the RAS instrumentation output to be coetpar the RAS definition.

3.2 Light penetration into a solid
As mentioned in the introduction, the use of ligist a surface probe is seriously
constrained by the penetration depth. To illustthig, the calculation shown below

shows the 1/e penetration depth for gold by liglet photon energy of 3 eV.
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From the Beer-Lambert law [37], and referring gufie 3.1 we get:
I(z) =1(0)e™™ (3.1)

where 1(z)is the light intensity at depth 2, (8)the light intensity incident at the

surface andr is the absorption coefficient.

/A surface reflection

incident light | | [bulk reflection
1(0) /
//
vacuum/air/liquid m
Au l penetration depth &

when 1(8) = 1(0)/e

Figure 3.1 lllustration of how reflected light penetratesfaoe

We define penetration depth, when:

1(9)=1(0)/e (3.2)

this condition is met when= o= 1/a in equation 3.1. The absorption coefficiemt,

is related to the imaginary part of the refractiveex, k, thus:

a=—- (3.3)
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wherek is the imaginary part of the refractive index aigds the wavelength in

vacuum. For 3 eV radiation,
Ao =413 nm

For Au, at optical wavelengthls~ 2 [38]

5:/1_0:(4_13j:16 nm
47K 4712

For Au (lattice constant = 0.408 nm):
o= 39 lattice units

Normalisingl(0) = 1, the absorption,,, due to a depth of 1 lattice unit at the surface

157

gives:
|, =1-1 (0408 =1-e *%"° = 0p25
l.e.only 2.5% of light is from top lattice layer.

3.3 RAS definition and analysis
RAS is defined [4] as the difference in reflectyifAr), in orthogonal directions of a
surface with normal incident plane polarised lighgrmalised to the overall

reflectivity (r):

H - 2(r1 _ r2) (34)
r rn+r,

wherer, and r, are the complex eigenvalues of the Fresnel reflectioefficient

tensor that represents the optical anisotropy efsdimple surface. The eigenvectors

of r, andr,, which we respectively denotg andyv,, act in orthogonal directions on
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the sample surface in the physical frame of ref@eRAS is thus a property of a
surface not its orientation, however to measweg a@nd v, must be determined. The

output of the Aspnes PEM-based RAS instrumentfas@ion of sample orientation

is useful, and will be dealt with later in this piter.

Firstly we consider the sample and the definitibRAS as a property of the sample,
without regard to instrumentation or frames of refice. Representing andr, in

rectangular form, we can define the following:

r=a+jb (3.5)
r,=c+ jd (3.6)

where a and bare the respective real and imaginary componenthiefcomplex

eigenvalues of the Fresnel reflection coefficiemt the v, direction and

wherej =+/-1. Similarly ¢ and d are the components in the orthogonal
direction. Using definitions 3.5 and 3.6, equati4 can be written as:
A _(a-c

— =2
r (a+c

+ j(b—d)
+j(b+d)

(3.7)

— | —r

Multiplying numerator and denominator by complexjcgate of denominator, ie,
[(a+c)+ jlb+d)] =(a+c)- j(b+d) (3.8)

and separating into real and imaginary parts gives:

2,12 A2 42
R{ﬁj - & *b ¢ -d (3.9)
r) (a+c) +(b+d)

Ar)__ 4ad-bc)
Im(—j "~ (a+c) +(b+d)? (3.10)
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we note that the denominator is the magnitude sguairthe reflectivityj.e.
m =|rf*=(a+c)f +(b+d) (3.11)

We see from equations 3.5 and 3.6 that in the natmeof equation 3.9 we hawef]
— F2f and that in the denominator of both equationsaB® 3.10 are the magnitude
of the vector sum af; andr, squaredi.e.

a’+b?-c?-d? =|r1|2 —|r2|2

(3.12)

(a+cf +(b+d) =r +r, I (3.13)

by using equations 3.12 and 3.13, equations 3.8Bdiiican be rewritten:

arY _ Il =[rl”
Re(—j =22 (3.14)
' I+,
&
B -t 619
r I+

Equation 3.15 for InZr/r) can be further simplified in what follows. FiguBe2

shows the Fresnel reflection coefficient eigenvelug andr,, of an anisotropic

surface and illustrates parametgrs ¢,, ¢, and |Ar|. Where ¢, and ¢, are the

respective complex argumentspandro,

Pp =0, ¢, (3.16)
and

Ar=[(a-c)+ jlb-d)] (3.17)

ar* = (a-c)f +(d - by (3.18)
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Referring to figure 3.2, b, c & d can be expressed as:

a =|r|cosg, (3.19)
b =|r,|sing, (3.20)
c =|r,|cosg, (3.21)
d =|r,|sing, (3.22)

Using equations 3.19 to 3.28-bc becomes:

ad-bc = |r1| Sin(¢1)‘r2| C04¢2) _|r1| C0i¢1)‘r2|5in(¢2)
= |r1||r2|sin ¢1 - ¢2)

(
(¢,) (3.23)

=r|r,|sin

Hence equation 3.15 can be written as:

m{ﬁj _ _rlrsin(g) (3.24)

r I+ r2|2

3.3.1 Applying approximations
Equations 3.14, 3.24 aexactsolutions for Re4r/r) and Im{Qr/r), however, further

simplification can be achieved if, as in many ca#ies anisotropy is low, hence:
alc (3.25)
bCd (3.26)

The validity and range of these approximations quaions 3.25 and 3.36 will be

tested in chapter section 4.4
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Using approximations 3.25 and 3.26 we can write:

I +1,[°=(a+c)?+(b+d)?> O(a+a)’+(b+h)?
0(2a)? + (2b)?
02(a% +a% +b? +b?)
02(a® +¢? +b? +d?)

e +[r)?) (3.27)

hence Re&fr/r) from equation 3.9 can be approximated as:

Ar a’+b*-c?-d?
R{Tj e ) (3.28)

or using definitions 3.5 and 3.6:

" =lef

Re(ﬂj D% (3.29)
r) o nf

Thus the approximations made in equations 3.25 %86 are important as they
allow Refir/r) to be expressed in terms of reflectances (powé&o)r which is

measured by a detector, i[’|and 1.’ rather than reflection coefficients,andr,,

Also using equation 3.27 Iix(/r) from equation 3.10 can be written as:

Ar 2(bc-ad)
'm(Tj e+ ] (3.30)

or using definitions 3.5 and 3.6:

|m(ﬁj o lilrlsintds) (3.31)
' I +[r.|
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Also if approximations 3.25 and 3.26 hold, then:
|m(ﬁj Osin(g, ) (3.32)
r

And again if approximations 3.25 and 3.26 hold thgn will be close to zero,

therefore:

m{ﬁj 04, (3.33)

.
where g, is in radians.

Hence Im{r/r) in a low anisotropy sample is equal to the pldiference between

the Fresnel reflection coefficients.

imag
d
Ar|” = (a-c)'+(d-by
b
<« real
|I’1| - |I'2|

Figure 3.2 Argand diagram of Fresnel reflection coefficielgemvaluesr; andr,.
The approximations for R&(/r) and Im@r/r) above in equations 3.28 and 3.30 will

be shown later (section 3.4.7) to be the exactuuipa PEM-based RAS instrument

(with the sample in the standard orientatiorvf radian).
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3.4 Instrumentation analysis

Here the output of the simple rotating-sample RAStrument is examined and
compared to the RAS definition, before the more glem PEM-based instrument.
The analysis of the PEM-based instrument is extricen its normal fixed-sample
orientation mode to a rotation mode. This rotationade is referred to as ADRAS,

Azimuthal Dependent Reflection Anisotropy Spectomsc
3.4.1 Rotating-sample RAS (non PEM)
In chapter 2 we introduced the Aspnes rotating-¢anfpAS. Here we more

thoroughly examine the output of the instrument.

The complex Fresnel reflection coefficientjs by definition

=y (3.34)

whereEj,. andEs are the respective incident and reflected eletigid waves of the
light. Light intensity, which has units of powes, proportional to the product of the
electric field and its complex conjugate. Thus:

Ee Eer . P
ref ref* == |r|2 —_ref _ R (335)
Einc inc I:?nc
where P, and P, . are the respective reflection and incident poweels,R is by

definition the sample reflectance and * denotesplerconjugate. The difference in

reflectance measured by the rotating-sample R&RSs thus:

AR=R -R, =|r|" -, (3.36)
with the overall reflectanc®:
R=(R +R)/2= > +|r,[*) 2 (3.37)
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Hence, dividing equation 3.36 by equation 3.37, BR&S value given by the

rotating-sample instrument is:

aR _ 24 -|r,f)

— = 5 (3.38)
ARRad
Using approximate equation 3.29 we see that:
Ry zm(ﬁj (3.39)
R r

Thus the rotating-sample RAS output for low anigpyrapproximates toxX2real part
of the RAS signal.

3.4.2 PEM-based RAS instrument analysis (with rotamg-sample)

Chapter 2 gives a general description of the stahdspnes PEM-based RAS
instrument, which is designed to have the sam@adlly a crystal) orientated such
that the principal axis of the anisotropy is oregatl atd=1v4 rad. In this analysis all
values of@ are considered. This is important as experimgntak direction of the
anisotropy may not be known and may also be a immcbf wavelength.
Additionally the anisotropy may not coincide witletcrystal principal axes, so the
anisotropy will be referred to in terms of the eigectors and eigenvalues of the

Fresnel reflection coefficient tensor.

By combining sample rotation and a PEM, more infation can be obtained about
the sample than just the output of the RAS instmnina¢ a fixed sample orientation.
Referring to the model of the RAS instrument irufig 3.3, the frame of reference is
taken with respect to the laboratory vertical foe ¥ component of the light. The
component is taken as pointing horizontally to rilgat while facing in the direction
of propagation, whilst the (not shown) is taken in the direction of propagatiThe
eigenvalues of the sample Fresnel reflection coefit tensor are denoted gsand
ro. In the standard instrument the sample orientai®nsetup such that the

eigenvector,v, , associated with, is at7#4 radian to the coordinate of the frame of
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reference. In this analysis the sample is freeotate, with its angleg, defined as

betweerx and v;.

The polariser is fixed so that it polarises lightthey direction. The photoelastic
modulator (PEM) is mounted with its fast and sloves aligned with the andy
directions. The analyser is mounted7&t radian tox. The detector is assumed to

give an output proportional to the light intensafyer the analyser.

This analysis omits any window strain that may besent and thus affect the RAS

spectrum.

3.4.3 Using Jones matrix formalisation

Figure 3.4 shows a schematic model of the RASunstnt with the different optical
stages. Jones matrix formalisation [2] is usednalyse the instrument from the
output of the polariser to the input of the detecimnes matrices can only be used
for polarised light so we make the inherent assionphat the polariser is perfect
and the light from the polariser to the detectonans polarised (linearly, circularly

or elliptically).

Figure 3.3 Schematic model of the RAS instrument with théedént optical stages.
The polarised zone is where Jones Matrixes aracaybe. P is the polariser, A is the
analyser, Det is the detector and FOR denotes frdmeference.

From the polariser output to detector input we hitreefollowing:

0
Polarised light vector after polarise{ﬂ (3.40)
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Rotated sample tens@(@z{q‘l 0“2} (3.41)
O2p O
i0
PEM tensor e 0 (3.42)
0 1
11
Analyser tensor i{ } (3.43)
2111
Polarised light vector at detecto{é} (3.44)
y

The result of the optical layout in figure 3.4hsi$:

{x} _ 1{1 1}[&’ O}{qn qlz}ﬂ (3.45)
y] 2110 1]y 0y]1

where, 0 = instantaneous PEM retardation in radians,ti2, G21. 022 are the Jones
matrix elements of the sample after rotation &yand,x andy are the complex

coordinate values of the polarised light. Thus

1 1 i0
Sl
y| 2|1 1] q,
therefore
iJ
X=y =o€ TGy 2+ 922 ) (3.47)

Instead of calculating the rotated sample tensparsgely for each value o, a
fixed tensorS, can be used for the sample with a rotation matpplied before and
after it. In general the fixed sample tens8r,could be defined at any physical
orientation to the frame of reference, say for epdena physical mark on the sample.

The fixed sample tensor could be defined as;
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S:Fll Sl"} (3.48)
S S»

where s11, S12, 1 and S, are the complex tensor elements of the sampldeat t
specified orientation.

For what follows in this chapter the sample’s pbskiorientation is defined as 0
radian whers;, ands,; are zero and,; (rather thars,,) acts in thex direction of the
optical frame of reference. The assumption is niadetensoiSis diagonisablei.e.

both s, and g1 can be zero at the same time.

With the sample at this orientation of O rad,and s, are equal to the eigenvalues of
the sample reflection coefficient, andr, respectively. In this case the sample tensor

Sbecomes;
r O
S= (3.49)
o

The tensor for the sample rotated at any giveneafigQ(8), is thus;

_| cost6) sin=0) ||, O]| cosf) sin@)
@ _{—sin(—e) cos(—H)} {O rj {—sin(&) cos@)}

_ r,cos @ +r,sin’ 8 r, sindcosd —r, sindcosd (3.50)
r, sindcosd —r, sind cosd r,sin” @ +r,cos & '

hence equation 3.47 becomes:
_u-L Js( o : 1 .,
x=y=_e (r, sin6cosd -, sindcosl) + S hsin‘ g+, cosd  (3.51)

Substituting equations 3.5 and 3.6 into equatidi 3ve get, after expansion and

simplification:
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X =Yy =[asindcosf cosd —csind cosd cosd
—bsingcosdsind +dsingdcosdsind

+asin’ 6 +ccos ¢
+i(bsin@cosf cosd - d sind cosh cosd)

+i(asindcosdsind — csin@ cosdsind)

+ iosin? 6+d cos 6))/2 (3.52)

3.4.4 Detector output

The detector measures the intensity so in ordeyetothe detector response to the
light after passing through the analyser each carapbof the polarised light vector
must be multiplied by its complex conjugate, thightlintensity,l, at detector:

| =xX +yy = XX =2y (3.53)

Substituting equation 3.52 into 3.53 and after esitee expansion and simplification

we get the following expression for the intensity,

= cosd(sin26(a? +b? - ¢ - d2)/4-sin4a6((a-c)’ + (b-d)?)/s)
+sindsin26 (ad - bc)/2

+(a? +¢? +b? +d?)/4+cos26(c? + d? -a% - b?)/4 (3.54)

This describes the instantaneous detector outpah afieal Aspnes RAS instrument

as a function of both the instantaneous retardaficend sample orientatio®,

3.4.5 Detector output as function of PEM frequencyu

The PEM retardation,d, is a function of the driving voltage applied thet
birefringent optical element. When zero voltagapplied the response of the PEM
is isotropic and shows no birefringence. The dgwwltage is sinusoidal and to first

order the resulting retardation is:

0 = Asinat (3.55)
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where dis the retardation, in radiang, is the angular frequency of the PEMis
time and Ais the maximum retardation in radians. Thus sulistg expression fod

in equation 3.55 into 3.54 gives:

| = cos(Asina,t)[sinZH(a2 +b? —c? -d?)/a-sinab((a-c) +(b- d)z)/SJ
+sin(Asinat)sin26 (ad - bc)/2
+(a? +¢? +b? +d?)/4+cos26/(c? + d? -a% - b?)/4 (3.56)

3.4.6 Jacobi—Anger expansion
Using Jacobi—Anger expansion [39] the terous{Asin(at)) and sin(Asin(at)) can

be expanded thus:

cos(Asinat) =J, + il(—l)” J,, cos@nat) (3.57)

sin(Asinat) = 2 ilJ . sin(2n - ad] (3.58)

whereJy, Ji, Jo... J, are Bessel functions of the first kind which candadculated

from:

_g (5)
Ja(A)—n%om(m+a)! > : (3.59)
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Substituting for codAsin(at)) and sin(Asin(at)), in equation 3.56, using

respectively equations 3.57 and 3.58, we get:

| =(J, +2J, cos2at + 2J, cosAat...)
x[sin26(a +b? - ¢? -d?)/4-sina6((a-c)* + (b~ d)?) g
+(23, sinat + 23, sin3at...)sin26 (ad - bc)/2

+(a? +¢? +b? +d?)/4+cos26(c? +d? -a® - b?)/4 (3.60)

This is the detector output of an ideal Aspnes RAsfrument as a function of both
the PEM phaseqt, and the sample orientatiof,

3.4.7 Linking experimental measurable quantities,d sample anisotropy
By extracting the experimental measurable quasfitig, |1, and by which
correspond respectively to the D&, and Zu components fronh in equation 3.60

we get the following relationships:

e (6) = (a% +¢? +b? +d?)/4+cos260(c? +d? -a? —b?)/4

+J,[sin26(a® +b? - > - d2)/a-sina6(a-cff +(b-d)?)s]  (3.61)

as @ + ¢ + b? + d?) >> (& + d® —a® — b®) and if the retardation is chosen so that

J, =0 (see section 3.6), then equation 3.61 reduces to:

oo (6) O(a2 +¢2 +b2 +d?)/4 (3.62)
... (6)=3,sin26(ad - bc) (3.63)
1, (6) = 3,[sin26(a? +b? - ¢? -d?)/2

~sin4f((a-c)’ +(b-d)? /4] (3.64)

48



Replacingd with 774 radian gives the standard Aspnes instrument:

oo (77/4) = a2 +¢* + b7 +d?)/4 (3.65)
|, (7714) = 3, sin(277/4)(ad - bc)
=J,(ad - bc) (3.66)
| (77/4) = 3,[sin277/4(a% +b? - c? - d?)/2
—sin471/4((a—c)2 + (b—d)z)/4]
=J, (@ +b* - c* -d?)/2. (3.67)

[note: for @ = 774 the cos#term in equation 3.61 is zero so equation 3.6%& e

(providing J, = 0)]

Rewriting equations 3.65, 3.66 and 3.67

a® +c?+b? +d? = 41 .. (17/4) (3.68)
ad-bc=1,,(74)/ 3, (3.69)
a’+b?-c*-d?=2l,,(m/4)/ 3, (3.70)

Equations 3.68 to 3.70 relate the sample paraméels c, d), to the observable
outputs,lpc, i andly,, of the PEM-based RAS instrument, when the sangple
orientated at74 rad. From section 3.3 (RAS definition and analysve have the
approximations 3.28 and 3.30 that relateR&] and Im{Qr/r) respectively to the

sample parametess b, c andd.

Thus we can now relate the real and imaginary pafrt@\r/r) to the PEM-based
RAS instrument. The output of the RAS instrumeiat tielates to Ini{r/r) is termed
RAS1and the output the relates to Be() is termedRAS2 as defined below.

Hence:
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A a?+b?-c*-d®> _ 1 1,,(n/4)
Reg — | U = 2 = RAR 3.71
{ r j (@2 +c?+b?+d?) 23, 15 (7/4) (3.71)

Ar (bc-ad) _ —11,(n/4) _
Im( r jD(a2+C2+b2+d2)_2‘Jl ch(7T/4)_RAS (872

expressed in terms of, r, andg@a:

2 2
R{ﬂj 0 |I‘1|2 _|r2|2 - 1 |2M(ﬂ/4) = RAQ (3.73)
r |I'1| +|I'2| 2J, IDC(7T/4)

m(%) 0 4'|rl||r2|Sin(¢A) - -1 |1ax(77/4) = RAYQ (3.74)

)+ 23 1he(m/4)
This shows that the PEM-based RAS analysis, done feample in an arbitrary

direction, agrees with Aspnes [18] when the sanpl® the standard orientation,
6 = 4 rad.

Note that from equations 3.71 and 3.72 tRAS2 and RAS1 outputs of the
PEM-based RAS instrument are equal to approximatevalues for Refr/r) and
Im(Ar/r) respectively. The accuracy of this approximatiapends on low sample
anisotropy, i.e. on the validity af L ¢ & b C d. This will be investigated in chapter
4 section 4.4, see 3D plots figures 4.8, 4.9, &rid4.11.

When the sample is not in the standard orientaheroutput of the RAS instrument
not only depends on the reflectivity of the samiple on the sample’s azimuthal
orientation, 8, as shown in equations 3.61, 3.63 and 3.64. Theubwf the RAS
instrument shown in equations 3.71 and 3.72 gikegdspective real and imaginary
values of RAS, at the standard sample orientatfofi & 774 rad. At other values of
dthe output of the RAS instrument is deno#®DRASland ADRAS2as shown

below:
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ADRAZ(6) = 2_J1 ) (3.75)

ADRAR(6) = 2j 'w—@ (3.76)

Substituting from equations 3.62, 3.63 and 3.64 aduations 3.75 and 3.76 gives
expression foADRAS1andADRASZn terms of sample reflection coefficiendsp ,

c, d and sample anglé as follows:

_ -1 J,sin26(ad - bc)

ADRAS(0) = 2J, a2 +c?+b* +d?)/4

sin26(bc- ad)

2 b d) (3.77)

_sin26(a® +b? - ¢ —d?) sin49((a— cf +(b- d)z)
ADRAS(6) = (@2 +c?+b*+d?) 2la? +c? +b? +d?)

(3.78)

Referring back to section 3.3 and the RAS definitice see from equation 3.30 that

equation 3.77 can be written as:

ADRAS(6) O sinzelm(ﬁj (3.79)
r

Again from the RAS definitions in section 3.3 usieguations 3.28, 3.11 and 3.18,
in equation 3.76ADRAS(6) can be written as:

Ar

e’
, j—sm46?—2. (3.80)

ADRAR(#) Osin26 Re[ "
r

By normalising the reflectivity, so thdt|=1, we see from equation 3.80 that
ADRAQ(@) always has &in46 component, if there is any anisotropy, and asish

dependent ofr|” this will usually be much less thaRe(Ar).
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3.5 Reflection in terms of complex refractive index

From Fresnel's equations at normal incidence:

1-n (3.81)

wherer is reflectivity andn is the complex refractive index. It follows that

_1-r (3.82)
1+r
We can also write
M (3.83)

"T e (n- k)

where the convention =n - jk is used. Thus equation 3.5 can be written as

1-n?+ j2k —K?
T TR K (3.84)
forr,=a+ jb
1-n2 -k’
“en )y ek? (3.89)
2 (3.86)

similarly for r, =c+ jd
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c= Y Y 3.87

1+n, f +k,* (3.87)

a=_ % (3.88)
_1+ny2+ky2 '

3.6 Sample rotation angle

In the work above the rotation angt,is defined as being between thdirection of
the frame of reference and an eigenvector of theomopy. However because the
eigenvectors are a function of wavelength, thetiataangle, 8 will also be a
function of wavelength. It is therefore necessargefine the frame of reference at a
particular wavelength, and introduce a phase terthé ADRAS signal. The rotation
angle dcan then be expressed as the sum of a common algletedd, and a

wavelength depended phagegi.e.:

=8+ ¢ (3.89)

Figure 3.4 illustrates the relationship betwekll and g and also includeé& which
represents a completely arbitrary reference usethénexperiment, which may
simply be a physical mark on the sample. After expental data has been takén
maybe chosen based on the overall dominant direcfithe anisotropy, this is often

chosen to be aligned with a crystal principal aitig,crystal is used.
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cxperimental reference dircetion
(arbitrary)

laboratory
frame of
referenee

anisotropy eigenvector direction
(wavelength dependent)

sample reference direction
(wavelength independent)

v

Figure 3.4 lllustration of relationship between sample oraiain angles. In the
mathematical analysi# is the angle between the direction of the frame of
reference and the eigenvector of the sample refleatoefficient,r; in equation
3.50. The anglé represents the angle recorded during the expetinibe angled

is the angle chosen as a reference that is indeperd wavelength and is often a
particular crystal principal axis. The angheepresents the difference betwegand

& and can be wavelength dependent.

ADRAS equations, such as 3.79 and 3.80 can thevriben as:

ADRAZ(8. +¢) =sin2(6, +¢) |m(%j (3.90)

2

A

5 -

ADRAR(6. +¢) =sin2(6, +¢) R{Hj -sin4(8, +¢) (3.91)

r "
ThusADRAS1andADRASZan thus be plotted agair@twith a phase shift of2
During an experiment the eigenvector directionstied sample anisotropy will

probably be unknown, and so the orientation maydmapletely arbitrary, In this

case the orientation angle is deemed téband will have a constant offset &b
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3.7 Exploiting sample rotation

Equations 3.61, 3.63 and 3.64 show the values for I, and|,, respectively. If
the retardation is set (see section 3.8 determiaptgnum retardation, below) such
that J, =0, then I,. will have a large DC component plus a smeti{26)
anisotropic dependent component. So strictly spgakj. is not purely DC, but if

the anisotropy is small theh,. can be considered effectively DC. Thg, value

varies assin26 hence will be a maximum & = 774 radians and zero &= 774

radians. Thel ,, value has two componenstn26 and-sin4d. Consequentlyt ,,
has asin26 component in-phase with,,, and a—sin4d component that will be
zero everyd =n [4rotation. This means in the standard Aspnes PES&d&RAS,

the ‘sin48((a-c)? +(b-d)?) term in equation 3.64 does not contribute to the

output. Figure 3.2 shows hdw-c)’ +(b—d)? =Ar?, where Aris the difference
betweenr; andr,. This means that if there is any anisotrops.,Ar # 0, then there
will be always be a&sin4d component. However th@n28 component in equation

3.64 may be zero i® +b® =c® +d>.

The expressions fokDRAS2show that if the anisotropy eigenvectors are &tfan
of wavelength then using a standard RAS instrunwamnot give an accurate
spectrum for Ré&r/r). However using the ADRAS technique and by exingcthe
26 component an accurate value for &#() can in theory be obtained at each

wavelength.

3.8 Determining optimum retardation
In order to understand the data from the RAS imsént it is essential to set the
correct maximum retardatiomrd, as this determines the values of the Bessel

functions,Jo(A), J1(A) andJx(A), see equation 3.59, and thus the instrument autpu

Figure 3.4 illustrates the how the choice of redtich affects how the RAS
instrument operates. For example to maximise dec®mponent which relates to
the real part of the signal, a retardationfof 3.054 radian would be used as this

coincides with the peak id,.  However if accuracy was important a retardation of
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approx A = 2.4 radian would makey zero and thus reduce the anisotropic
contribution to the DC value, to that shown in égqra3.62.

PEM controllers, such as the Hinds Instruments PIBM [28] can set the retardation
at each wavelength, and thus a constant retardaitooss the spectrum can be
achieved. If this is not done the retardation waly with wavelength and will thus

have to be taken into account.

Bessel Functiond0,J1, J2 vs retardation

Bessel Function Value

Retardation /rad

Figure 3.5 Variation of Bessel functiond, J;, andJ; as function of the maximum

retardation A.
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4.1 Simulation of PEM-based RAS instrument

In Chapter 3 the PEM-based RAS instrument was aedlynathematically, this

provided insight into how the output of the instemh was affected by sample
reflection coefficients and sample azimuth oriaotat The output of the RAS

instrument under sample rotation was termed ADRIAShis chapter a computer
simulation is described that was used to modeirtsieument using the Jones matrix

formalisation [2].

The simulation program developed here is able tohgesample tensors elements to
any complex values, however for clarity and for pamson with chapter 3 the
simulation was limited to the sample tensor beiragahalisable, with eigenvalues
andr,. The same laboratory frame of reference was usead e analysis in chapter
3, with the z axis defined as the propagation direction, andhvitie sample

orientation defined as the angle between the emgmov ofr; and thex direction.

A simulation of this kind lacks the analysis asrieal out in chapter 3 but has more
flexibility to deal with parameter changes in arfytloe stages. It also allows the
analysis of chapter 3 to be checked for algebraistakes, and allows the

approximations made in chapter 3 to be validatext am operation range.

To distinguish the output of an ideal Aspnes RAStriment from the exact
definition of RAS we useRASL1 as the instrument output that is considered to
correspond with Inr/r), and RAS2 as the instrument output that corresponds to
Re(Ar/r). When the sample is not in the standard oriesnia? = 774 rad.) the RAS
instrument output corresponding ®AS1 and RAS2 are termedADRAS1 and
ADRAS2espectively.

4.1.1 Simulation using Jones matrix formalisation

As shown in chapter 3, section 3.4J8nes vectors represent polarised light, thus it
Is assumed that after the polariser the light 8% @olarised (i.e.. linear, circular or
elliptical). This simulation uses Jones matrix fatisation and thus assumes 100%
polarisation. For partially or unpolarised lighto¢s vectors and Mueller calculus

can be used [2]. It may also be possible for Iéms t100% polarisation to be
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simulated, using Jones matrixes, by averaging thipub due to a distribution of

polarisations.

Any general optical stage, or series of opticajesal, operating under polarised

light conditions, can be represented with a Jonasixn

U= |:U11 u12:| . (41)

u21 u22

If U is comprised of multiple stagdd,, Up, U, Ug , thenU is simply the product of
all the composite stages.:

U = UUpUUg (4.2)

As shown in chapter 3, section 3.4.3, a stage eamotated by applying rotation
matrices before and after the matrix that represtm un-rotated stage. Thus any

stageU rotated by an azimuth anglé,can be represented thus:

U@ =R(-6.U.R(H (4.3)
whereR is the rotation matrix.

Therefore operating on a vectory,[yi] " gives:

[x2 y2]" =R(-6).U.R()[x1, y1]" (4.4)

wherex; andy; are the respective complexandy components of the light before
passing throughJ, andx, andy, are the resulting components exitidg A suitable
subroutine, in the C programming language [40]evaluatex,, y» givenxy, yi, 6,
and the matrix elements foris shown in listing 4.1. The listings are providgtbw
the relatively small amount of code needed to sateulthe basics of the RAS

instrument.
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void jones_matrix (complex u[2][2],complex x1, complex
y1, float theta, complex *x2,complex *y2)
{
/I Jones Matrix Subroutine
/I Evaluation of output vector [x2 y2]T
/I Input vector [x1 y1°"T
/I Input matrix elements u[2,2]
/I Input rotation angle theta
/I rotate stage by angle theta
complex a[2][2];
a[1][1] = u[1][1]*cos(theta)*cos(theta)-
(u[2][2]*+u[2][1])*sin(theta)*cos(theta) +
U[2][2]*sin(theta)*sin(theta);
a[1][2] = u[1][2]cos(theta)*cos(theta)+
(u[2][2]-u[2][2])*sin(theta)*cos(theta)-
u[2][1]*sin(theta)*sin(theta);
a[2][1] = u[2][1]*cos(theta)*cos(theta)+
(u[2][2]-u[2][2])*sin(theta)*cos(theta)-
U[1][2]*sin(theta)*sin(theta);
a[2][2] = u[2][2]*cos(theta)*cos(theta)+
(u[2][1]*+u[1][2])*sin(theta)*cos(theta)+
u[1][1]*sin(theta)*sin(theta);
/I output vector [x2 y2]"T
*x2 = x1*a[1][1]+y1*a[1][2];
*y2 = x1*a[2][1]+y1*a[2][2];

Listing 4.1 C code for a Jones vector-matrix product whichuides stage rotation,

theta. Program variables, x2 and y2 representdh®glex output vector components.

4.1.2 Simulation of multiple stage system

The subroutine listed in 4.1 can be used to reptessch stage, where the output of
one stage becomes the input to the next. Whenldotrie field vector of the light,
[Xa Vd]", reaches the detector, the output of the deteistoa scalar quantity
proportional to the input power level, and is thrsportional to the sum of the
squares of the electric field components. If thpuinelectric field vector to the
detector is [¥ yg]" then the detector output is proportional X + Yayq Where x

and y" are the complex conjugates gfand y; respectively.

Simulating the complete PEM-based RAS instrumemt saw be done by the
‘Jones-matrix’ function for each stage. The C codésting 4.2 illustrates how the
output from PEM-based RAS instrument may be simnedlatvhen setup in the

normal configuration.
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void RAS_si m(complex s[2][2], float samp_theta, float
mret, float wt, float *detlev)
{
/I This function evaluates detector output detlev , given
/I the following inputs:
/I complex jones matrix for sample, s[2,2]
/I sample orientation, theta
/I PEM max retardation, mret
/I PEM phase angle, wt
/I x and y are set to the components of polarisat ion
/I vector
/I leaving polariser orientated vertically
complex x, v;
float theta, mres;
x=0+0i;
y=1+0i;
/I the following simulates sanpl e using input
/I variables s[1][1],s[1][2],s[2][1].s[2][2]
1
j ones_nmat ri x(s,x,y,samp_theta,&x,&y);
/I x and y now represent light reflected from sam ple
/I the following simulates PEM
s[1][1]= exp(del=mret*sin(wt));
s[1][2]= 0+0i;
s[2][1]= 0+0i;
s[2][2]= 1+0i;
theta= 0;
j ones_mat ri x(s,x,y,theta,&x,&y);
/I x and y now represent light output from PEM
/I following simulates analyser
s[1][1]=1+0j;
s[1][2]=0+0i;
s[2][1]=0+0j;
s[2][2]=0+0i;
theta=0.25;
j ones_mat ri x(s,x,y,theta,&x,&y);
/I x and y now represent light output from analys er
/I determining output from detectot ‘detlev’
/I compcon(x) returns complex conjugate of x
detlev=x* conpcon(x) +y* conpcon(y);

}
Listing 4.2 C code listing for RAS-sim. The returned valuelaleis the output of

the detector.

4.1.3 Simulation over one PEM cycle

To simulate the output of a PEM RAS over 1 cycléhef PEM then ‘RAS_sim’ is
called (see listing 4.3), for a range of valuesiriidt = 0 toat = 27z In the listing 16
steps are used as this is sufficient to accurasehgin the fundamental and*2
harmonic required to resolMg; and b, (see equations 3.61 to 3.64 in chapter 3)

from the lock-in amplifier.
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void PEM cycl e (complex s[2][2],float theta, float mret,
float *wave[16])
{
/I Evaluation of waveform output from PEM RAS
/I Input complex jones matrix for sample, s11, s1 2,21,
/] s22
/I Input sample orientation, theta
/I Input PEM max retardation, mret
/I output waveform in wave
float wt, detlev;
/I step wt over 1 cycle in 16 intervals
For (intn =0 ; n<15; n++)
{
wt= n*pi/8;
RAS_sim(s,theta,mret,wt,&detlev)
wave[n] = detlev;

}
Listing 4.3 C code listing to simulate output over 1 PEM cycle

4.1.4 Simulation of lock-in amplifier

The next stage was to simulate the lock-in amplif&l] (sometimes called a
synchronous detector) to determine the compondrtsedight intensity,l, namely
Ioc, I @ndlyy, see equations 3.61, 3.62, 3.63 and to 3.64 apteh 3. In the
simulation the detector output voltagg, was considered proportional to the light
intensity,l. Ipc is simply the mean value dfand its measurement does not require a
lock-in amplifier, although many lock-in amplifiedo provide analogue to digital

converters (ADCs).

A lock-in amplifier essentially consists of an AGupled multiplier stage, in which
the input signal is multiplied by an AC referenéajowed by a low pass filter to
give the mean value of this product. If the frequyeand phase of the reference are
the same as the frequency and phase componerg ofgt signal, the mean or DC
output of the lock-in is proportional to the amptie of the input signal at the
reference frequency. If the reference signal isveédrfrom the PEM drive voltage
then it will be synchronised with the optical paation signal. This is shown in

more detail in what follows.

Consider the ac output of the detector, and hemeénput to the lock-in inpul/;, to
be:
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V, = Acosat + Bsinat (4.5)

wheret is time,A andB are constants andis the angular frequency of the PEM.
If we consider a dual channel lock-in amplifier qoming of channels, X and Y,
where the X channel referenceMsef, and the Y channel reference\Visef, . Such

that

Vref, =cosp (4.6)
Vref, =sin& 4.7)

wheret is time andgis the angular frequency of the reference signal.

The X channel output of the lock-in multipli&fy,x, becomes:

V.x =V\Vref,
= (Acosat + Bsinat)cos
= Alcosat cos) + B(sinat cosft) (4.8)

= A% (codat - &)+ codat + &) + B%(sin(wt +A)+sinfat-A))  (4.9)

If £ # wthen the mean value &,x, will tend to zero as t>>

L‘ this is
(w-5)

because all of the terms in equation 4.9 will bmusoidal, with the lowest angular
frequency beinglw- ). Thus after the low pass filter of the lock-ing thock-in

output,V, x will tend to zero. Similarly If =« equation 4.9 becomes:
1 1,.
Vi = A (1+ cos2at) + BE(Sanwt) (4.10)

m

and soV,, will tend to a dc value equal to the meanVpf, , i.e.
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Vix =

N>

Similarly it can be shown that the Y channel outpiuthe lock-in,V,, becomes:

Hence by setting =« , which is easily done by deriving the lock-in aifipt
reference frequency from the PEM controller, theim® and sine components, at the
angular frequency g8, can be extracted from the detector. To extraetctisine and
sine values of; the angular frequency needs to be set . Similarly to extract

the cosine and sine valueslgf # needs to be set ta®

In this simulationV,, andVv,, were calculated from the mean value\f, andV,,

by integrating over a complete PEM cycle, rathemnthby simulating a low pass
filter. This is possible as there is no noise ie gimulation and, importantly, no
components of the signal longer than the PEM cyifléhe effects of noise, filter
time constant and system dynamics are importaotvaphss filter would have to be
incorporated into the simulation. In this simulatidghe basic operation and
comparison with theory is being studied, so noisd dynamics are not being
considered. The C code listing to simulate the Jocks shown in listing 4.4. For
convenience listing 4.4 also calculates the medD®r value of the detector output,

IDC.

4.1.5 Basic overall code for a single rotation ohe sample

By combining the C code functions listed above sidbaverall program, ‘rasrot’ was

written to simulate the PEM RAS instrument oveoaplete rotation of the sample,
this is shown in listing 4.5. It was this code tf@tmed the core of the simulation
program that is used in the rest of the chapterthexk the analysis from chapter 3
and to study how the output of the RAS-instrumsrdffected by sample properties.
The final complete program needs a user interfgcaphics and file input/output

which are not shown.
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void | ock_i n (float wave[16],float *Idc, float *x1, float

*x2, float *y1, float *y2)
{

/I Evaluation of lock-in output for PEM RAS

/I input waveform in wave

/[ output Idc, x1, y1, x2, y2

int m, n;

/l initialise

x1=0;

y1=0;

x2=0;

y2=0;

m=16;

for (n = 0; n<m; n++)

{
alpha=n*pi/8;
*Idc = *Idc + wave(alpha);
x1= x1+wave(alpha)*cos(alpha);
y1= yl+wave(alpha)*sin(alpha);
x2= x2+wave(alpha)*cos(2*alpha);
y2=y2+wave(alpha)*sin(2*alpha);

*ldc =*Idc/m

x1= 2*x1/m;

yl=2*y1/m;

x2= 2*x2/m;

y2= 2*y2/m;
}

Listing 4.4 C code listing for simulation of lock-in amplifier

void rasrot(complex s, float mret, float wave[16],
x1theta[16], x2theta[16], y1ltheta[16], y2theta[16])

for(n=0;n<16,n++)

{
theta = n*0.125*pi();
PEM-cycle (s, theta, mret, &wave);
lock-in (wave,&Idc, &x1, &x2, &y1, &y?2);
Idctheta[n]=Idc;
x1theta[n]=x1;
x2theta[n]=x2;
yltheta[n]=y1;
y2theta[n]=y2;

}

}

/[ array Idctheta contains Idc over 2pi sample rota
/[ array x1theta contains ldc over 2pi sample rotat
/I array x2theta contains I1wt as over sample rotat
/[ array yltheta contains Idc as over sample rotati
/[ array y2theta contains ldc as over sample rotati

Idctheta[16],

tion
ion
ion of 2pi
on of 2pi
on of 2pi

Listing 4.5 C code for one sample rotation
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4.2 Checking simulation against analytical expressn

In what follows the simulated output of the RAStioment is compared to the
analytical expression given in figure 3.60. Thekeutd agree if the analysis and
simulation have been carried out accurately. Haeimgcked this the values RAS1
andRAS2 from the instrument, can be compared to the exaloes of Refr/r) and
Im(Ar/r) respectively. This is summarised in equationd J&aid 3.72 which show
how Refr/r) and Im{r/r) relate toRASlandRAS2respectively.

The code examples above are written in C, as @esod the most popular and well
understood programming languages. However for auewee the actual simulation

was carried out in Labview [42].

The important expectation that is easily verifieg the simulation is that in the
output from the detector contains no odd numbepsine terms, such as cos),
cos(3ut), cos(au) etc. Also there are no even numbered sine tesutk as sin(@t),
sin(4at), sin(6at) etc. This is a confirmation of the Jacobi-Angetpansion

described in chapter 3 section 3.4.6.

The analytic expression for the output of the PEMdd RAS, equation 3.60, was
compared to the simulation program. The light isign |, determined by equation
3.60 is a function o4, b, ¢, andd which are the terms of the complex eigenvalues of
the sample tensor, see equations 3.5 andl3$.also a function, via the Bessel
function constantsly, Ji, Jz,.. J,, of the maximum retardation of the PEM denoted

in equation 3.57 and 3.58. In all the simulatiomsried out in this chapter the
maximum retardation, was set to 2.405 rad, this is the retardationevéthat makes

Jo = 0 (see section 3.8), and thus simplifies ther@sgion forlpc in equation 3.61.
The equations 3.57 and 3.58 need only be evaldated = 1 as only the ‘DC’at

and Zu components need to be calculated for the simulatio

The iteration level of equation 3.59 should be miatge enough to ensure accurate
computation of the Bessel functions, figure 4.1vehthe logp of the absolute error
in determining the Bessel functions against the lemof iterations used. (An
iteration level of 30 was chosen as a referenagetermine the error.) It shows that
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for 13 iterations the error approaches™.Gvhich is near the precision limit for the
double precision 64 bit IEEE 754-2008 standard [4$gd in Labview simulation

program.

A comparison of the output from simulation and thatput from the analytic
expression (equation 3.60), was also carried oatia¥les:a, b, ¢, d were randomly
chosen between -2 and +2 ; the maximum retardatas varied between 0 and 3
radian; and the sample orientation was varied batwer and +2z7 Figure 4.2
shows the difference between the simulation anatsmu 3.60 for different iteration
levels for the determination of the Bessel functionhis shows that as the iteration
level, mm, approaches 13 the difference betweesithalation and equation 3.60 is
approximately 10° which as noted above, in the determination of Hessel
functions, is the precision limit for the compudaii

Thus this indicates that both the analysis in atra@t and the simulation in this
chapter agree to the precision of the softwareyigeal the Bessel functions are
evaluated correctly. This strongly indicates thet &nalytic expression for the RAS
instrument in chapter 3 is correct and has no afgelnistakes. It also suggests that
the simulation is correct and could be used beybedconfinements of the analytic

parameters.

) X —0
NN =

Difference error in J (logg)

-16

-18 ‘ ‘ ‘ ‘ ‘ ‘
0 1 2 3 4 5 6 7 8 9 10 11 12 13 14
Iteration level My

Figure 4.1 Error in determining Bessel functiods J; andJ, vs iteration level in
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equation 3.59. The retardatioh, was set to 2.408 rad which maklgd10. Similar
error values were obtained for other values\.of he reference value had an iteration

level of 30.

Log 1] diff |

——mm =6
~S-mm=7
mm=8
mm=9
—¥—mm =10
—&—mm = 11
—t=mm =12
—mm =13
mm = 14

1 2 3 4 5 6 7 8 ‘9 10 ‘11 ‘12 ‘13‘14‘15‘16‘17‘18‘ 19‘ 20 21
Data set

Figure 4.2 Difference between detector output from RAS simiofa and RAS
analytical solution, (equation 3.60) vs random datia The maximum iteration level
for the calculation of the Bessel functiods,J; andJ, (equations 3.57 and 3.58), is
denoted mm. For each iteration level a random dataof sample reflection
coefficients,ry, r, and orientationg, were chosen (horizontal axis). At an iteration
level of mm = 13, the error between simulation aaggdiation 3.60 approaches the

floating point accuracy of the software.

4.3 Detector output as function of sample propertefor 8= 0.257rad

In this section the simulator was used to examiomes characteristics of the
standard RAS instrument and its accuracy over ae védisotropic range. The
standard RAS instrument means thatrtheigenvalue of the sample is &t rad to
thex direction in the frame of reference. Representtiegeigenvalues of the sample,

ry and rz, in polar form, r, =|t|e’*and r, =|r|e'”, where ¢; and ¢, are the

respective complex arguments. The sample anisotcgy be due to either a

difference betweem,| and ;| and/or a difference betwee¢nandg..
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From the RAS instrument analysis in chapter 3, detector output is given by
equation 3.60, this reduces to the following whkea sample is in the standard
orientation ofg = 0.25srrad, and the harmonic content is limited to D€harmonic

and 29 harmonic:

| = (3, +2J, cos2at)(a® +b? - c? -d?)/4
+J, sinat(ad - bc)
+(a2+c? +b% +d?)/4 (4.11)

Thus the detector output consists of the following:

Ipc=(@+by+Cy+d)/4 +Jg(az +by-Cy-dy)/4 (4.12)
it = Jl(ad-bc) (4.13)
loet = Jo(@2 + b2 - C2 - dp)/2 (4.14)

4.3.1 Case 191 = @, Ir1| # Ir2|

Figure 4.3 shows the ac output waveform from theater (as would be seen on the
output of the detector by an ac-coupled oscillosgdpr different magnitudes of,
but with ¢, = ¢, =0 and 1,| = 0.5. (0.5 was taken as a reference valuefas the
reflectivity has to be between 0 and 1.) The tratesv an even function, hence they
will contain no sine components and hehggwill be zero (equation 4.13 and 3.60),
and soRAS1= 0. The simulation was repeated (not illustratedh different values

of ¢, but keepingp, = ¢;. The output was the same as far= ¢, = 0. Consider the

following:
rL=a+ jo=|rle =|r|cosp + j|r,|sing (4.15)
r,=c+ jd =|r,|e’ =|r,|cosp + j|r,|sing (4.16)

Thus evaluatingd — bcgives:

(ad —bc) =|r, | cosg|r,|sing —|r,|sing]r,|cosp =0. (4.17)
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Hence wheng, = ¢, then @d - bc) = 0 and from equation 3.63 the detector output

component|, = 0. This fits withm(ﬁj O(¢2 - ¢1) (equation 3.72).
r

Figure 4.4 shows how the RAS instrument outfRAS2 varies withr; given the
case 1 conditions, and compares it to the exactiR¢(value defined by equation
3.4. This shows the region in which the RAS insteaingives accurate results. The
largest difference is when| approaches &(= 0,b = 0), with {,| = 0.5 €=0.5,d

= 0) where the RAS output is half the value of Ré().

1.0

~ 081 %
o r,=20e¢
2
o 0.64
©
5
s 0.4 =
3 r,=15¢
o 024 0
= r.=12¢
S
S 0.0+ :
g r,=1.0e!°
5
£ -0.21
=}
o
S
5 -0.44
Q
a

-0.6 1

-0.84

0.0 0.2 0.4 0.6 0.8 1.0 1.2 1.4 1.6 1.8 2.0

PEM phase,wt (Ttrad)

Figure 4.3 Case 1¢, = @1, Ir1| #| r2|. This shows the ac output waveform from the
detector for different magnitudes of, but with ¢, = ¢ =0 and |ry] = 1. The even

waveform results in the RAS instrument outputR#S1= 0.
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Value of RAS2 and Refr /r)

0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1
Reflection Coefficient magnetuder|,|

Figure 4.4 Change in RAS instrument outplRAS2and exact R&(/r) with ||
given o =0.5andp = ¢, =0

43.2Case2p £ @, Iril=F2 =1

With |ri| = f2| = 1 andg, = 0, figure 4.5 shows how the detector ac outpanges
with the complex argumerng;. The traces show an odd function, therefore thidly w
not contain any cosine terms. This agrees with tagu&.60 which shows that ify|

= Iro] thena® + b* —c¢® —d*= 0, thus makind..: = 0 as shown in equation 4.14, and
S0 alscRAS2=0.

Figure 4.6 shows how thRAS1output varies witlr; given the case 2 conditions,

and compares it to the exact in{r) value, defined by equation 3.4, and to the

approximation 3.33, which shows that nff) O @a.
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Detector output (proportional to optic power)

PEM phase, wt (p rad)

Figure 4.5Case 2¢, Z ¢,, 1] = 2| = 1 andg, =0. This shows how the detector
AC output changes with the complex argunggnt The odd function waveform

results inRAS2= 0.

Value of RAS1, Im@r/r) and ¢ o

Reflection Coefficient argumentg; /mrad

Figure 4.6 Change irRAS1with ¢, compared to In&r/r) and @y, given k1| = 2| =
0.5and =¢,=0.
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4.3.3 Case 3¢ # @, |r1| # |2
To illustrate the general case whepez ¢, andry # rp figure 4.7 shows detector
output forg; = 0.1,¢,= 0, 1] = 0.75, rp| = 0.5. As figure 4.7 shows bokhy, 12

together withly .4 + 1244 + Ipc.

N VRN ya

0.15 N /

0.05 TN

\\ / /<
N N\l

o~——" ~—

l'ot

I 1, | 2:« @nd detector output

-0.1

] 0.2 0.4 0.6 0.8 1 1.2 1.4 1.6 1.8 2
PEM phase,wt (77 rad)

Figure 4.7 Detector output fop; = 0.1,9,= 0, 1| =0.75, rp| = 0.5.

4.4 Refr/r) and Im(Ar/r) compared to simulatedRAS1 and RAS2

This section shows surface plots illustrating the@ot values of Ré/r) and
Im(Ar/r) (from equation 3.4) and the simulated instrunarnputs,RAS1landRAS2
over the range of reflection coefficient valuas: 0 to 1 and = -1 to +1, whert =

0.5 andd = 0. The difference between these values will st affects of the
approximationsa [ cand b C d (equations 3.25 and 3.26). It is only when these
approximations hold that R&(/r) 0 RAS2 and Imfir/r) O RAS1. The sample
orientation is maintained &= 0.25/rrad. The reflection coefficients are expressed

in rectangulard + jb) form so that the surface plots are over the cemplane.

4.4.1 Relr/r) compared to simulatedRAS2 from RAS instrument

The surface/contour plot in figure 4.8 shows thg/ARe) output that would be
expected according to the definition of RAS, equaB.4. This can be compared to
the RAS2output from the RAS instrument simulation showrthe surface/contour
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plot in figure 4.9. The contour plots show thataatius |r1| = [r2]| = 0.5, both Refr)
andRASZ2are zero, and therefore close to this radiudARe(LJRAS2

However ata=0 ,b=0 (c= 0.5 andd = 0), the exact RA(/r) value is -2, whereas
the simulated value fdRAS2is -1. Comparing these surface plots shows thiemsg

of large anisotropy where the RAS instrument ouipuRAS2is widely different
from the exact R&(/r) from the RAS definition.

o
a4 Contour of Refir/r) =0
& ra| = 2| =0.5

>

Figure 4.8 Re{Ar/r) output from RAS definition, equation 3.4. For ganofa = 0 to
1 andb = -0.5 to +0.5¢ andd held constant at 0.5 and O respectively.
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0.5 4

Contour ofRAS2=0
|r1| = rzl =05

RAS2

Figure 4.9RAS2output from the simulation of the RAS instrumdfdr the range of
a=0to 1 and =-0.5 to +0.5¢ andd held constant at 0.5 and 0 respectively.

4.4.2 Im(@r/r) compared to simulatedRAS1 from RAS instrument

The surface/contour plot in figure 4.9 shows thgArfr) output that would be
expected according to the definition of RAS, equa.4. This can be compared to
the RASloutput from the RAS instrument simulation showrthe surface/contour
plot in figure 4.10. The contour plots show thatewb = 0,d = 0 both Im{r/r) and
RAS1lare zero, and therefore close to this line Ari) [IRAS1 More generally

equation 3.24 shows that l&r(r) = 0 when the complex argumentsrofandr, , @,

and ¢, respectively, are equal, i.¢, = 0.

At: a =0 the Im Qr/r) value, figure 4.9, varies from -2 to +2lasaries from +0.5 to
-0.5, whereas for the simulated RAS instrumentyrégd.10RAS1varies from -1 to
+1, over the same values afb, c andd. Unlike theRAS2output it is the large
differences between the imaginary compondmindd, that result in a discrepancy

between the exact and simulated valueRA$land Im{r/r).
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Contour of ImQr/r) =0
b=0,d=0

Im(Ar/r)

Figure 4.10Im(4r/r) output from RAS definition, equation 3.4. For garofa = 0 to
1 andb = -0.5 to +0.5¢ andd held constant at 0.5 and O respectively.

*
<
~ Contour ofRAS1=0
2 b=0,d=0
_—-f”fﬂ;-

Figure 4.11RAS1output from the simulation of the RAS instrumetr the range
ofa=0to 1 and =-0.5 to +0.5¢ andd held constant at 0.5 and O respectively.

4.5 Detector output as function of rotating sample
The results presented so far are for an instrumethie standard configuration where

the sample is orientated &t= 0.25 rad. This section looks at the output fram
instrument in which the sample rotates. The RASndefn (equation 3.4) is not
defined for a sample in an arbitrary orientatioante exact RAS values do not exist

for a conditions other than the standa?d; 0.25 rad orientation. To avoid confusion
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when the sample is rotated the term RAS is not,ussttadADRAS1landADRAS?2
are used where, respectively, these correspontheadt and Zua signals at the
detector, see equations 3.61, 3.62, 3.63 and Jlads when the sample is rotated
the output of the detector generates a waveforr) #saa function o, contains
components such as si}2 cos(2), sin(46) etc. Table 4.1 shows the components
for each channelpc, 1+ andl,.. As with the results in section 4.4 and 4.5 abave,

is varied from O to 1h is varied from -0.5 to +0.5.

Harmonic| Ipc [ 1ot oot ADRAS1 ADRAS2
DC Ibc-de - - - -
sin(26) - | 102 | 226 ADRAS1, ADRAS3Z;
sin(46 - - l 20ot-40 - ADRASZs
cos() Ipc-20 - - - -

Table 4.1 Rotation waveform component names, ‘-* indicated present. The

columns are ordered according to PEM harmonicrdlaes are ordered according to

the rotation waveform harmonic.

To illustrate the effects of sample rotation on thetector output of the RAS
instrument, a set of surface plots have been gttensith each showing how a
particular component of the rotation waveform vads a function of the reflection
coefficients. The rotation waveform components kxblat arelpc.dc, Ipc26 w26,
l2at-20 aNdl2uta. Wherelpege, IS the mean olipe, Ipc-26 is the cos(8) component of
Ioc, law-26is the sin(#) component of 4, 124420 1S the sin(#) component of,,; and
l2ut-40 1S the sin(4) component of,,:. In addition the #Zand 4 components of the

rotation waveforms generated APRAS1andADRAS2 are calculated.

4.5.1 RAS instrument rotation waveform componentpc

The Ipc value is constant with respect to the PEM phage,however it is not
constant under rotation.e. in addition to a dc value it has a rotational waw
(Ipc-2¢). This can be seen in equation 3.60. Assundinig zero the dc level dbe,

which we calllpc.qs is equal tod? + b? + ¢ + d?) /4, this is shown in figure 4.185¢
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also has a cos@ component, again from equation 3.60, which iteddbc.2¢ Which

has an amplitude equal tcf ¢+ d* - a* b?)/4, shown in surface plot figure 4.13.

The implications from equation 3.60 are very impottfor we see that whexr= 0,b
=0,d =0 and@= 0.5trad (or 1.5t rad) thenlpc = 0. Aslpc is the denominator in
the ADRAS1land ADRASZ2it may seem thaADRASland ADRAS2would go to
infinity, but as sin(#) and sin(4) also go to zercADRASlandADRAS2do not go

to infinity. However whenpc is at a low value it causesSDRAS1or ADRAS2to
change rapidly causing the rotational waveformhe#f ADRAS values to generate
higher harmonics other than thé @nd 4 terms. These higher order harmonics are

not shown here, they may be present in some expetahsetups.

0.3

Figure 4.121pc.4c , themean value ofpc over a complete sample rotatidtor range

ofa=0to 1 and =-0.5 to +0.5¢ andd held constant at 0.5 and 0 respectively.

The surface plot in figure 4.13 showsc.ze this is the amplitude of the co#j2
variation onlpc caused by the rotation of the sample. The vanat Ipc with dand
reflection coefficients means that it must be takdgn account when recording an

ADRAS measurement.

4.5.2 RAS instrument rotation waveform component 1428

There is only one rotation componentlgf; and that is]i.20. The coefficient is
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simply @d - bc) as inspection of equation 3.60 shows, the suniémieof which is a
flat plane shown in figure 4.14.

0.1

Idc cos2@

02~ -

Figure 4.13Ipc.24, the amplitude of cos@ component ofpc. For the range ad =0

to 1 andb = -0.5 to +0.5¢ andd held constant at 0.5 and O respectively.
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o
!

0.05 ~

1wt sin2@
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-0.15 -

Figure 4.14 Surface plot ofli.20 This shows the amplitude of the sif)2
component ofl ,+. For the range o& = 0 to 1 andb = -0.5 to +0.5¢ andd held
constant at 0.5 and O respectively. This surfagefiat inclined plane that is parallel

to thea axis. It arises simply from equation 3.60dais zero and is a constant .+

26, IS proportional to b.
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4.5.3 RAS instrument rotation waveform component$,qi-2¢ and | 24s-49

The 1,y output under sample rotation has two components;.og
andl..40. The coefficients of the former are, from equatBo®0 equal toa + b? —
¢ — d?), this is the same as the numerator/2 for the pael of the RAS signal see
equation 3.9. Théy..4¢ term is the amplitude of theG4otation waveform seen in
the Ag near the plasmon resonance [44], as weltleer materials. The coefficient
of thelw.ag term is, from equation 3.60,4 £ ¢)? + (b —d)?)/8. The 48 coefficient is
hence usually very small for low anisotropy samplesl1c andb [1d this makes g

—c)?and b—d)? both very small.

0.2 -
0.15 +
0.1

0.05 4

12wt sin2#

Figure 4.151,.,4.26 the amplitude of sin@ component of,.:. For the range ad =0
to 1 andb = -0.5 to +0.5¢ andd held constant at 0.5 and 0 respectively. This show
the 26 component of equation 3.64. The surface valugisletoa® + b? - ¢ - o,
with d = 0 andc =0.5, it is therefore a parabola which is promortto a® + b? +

constant, centred at= 0 andb= 0.

4.5.4 RAS instrument ADRAS simulation

The RAS instrument components shown above are weeyesting for analysis

purposes but are not very useful for a practicatriiment. A major benefit of the
RAS/ADRAS definition is that the anisotropy is naimsed to the overall reflectance
of the sample. This normalisation eliminates sp¢atariation caused by the lamp,
optics and detector. To make scientific use ofitickevidual components such &g;

and |, careful calibration would have to be carried oat dnsure the RAS

80



instrument gave a flat spectral response. In amditdynamic changes in light
intensity (lamp flicker) may introduce errors orise For these reasons the
rotational information gained from rotating the sdenwill, in practice, boil down to

ADRAS1andADRAS?2

-0.01 4

12wt sind@

00647

Figure 4.161,.:.4¢ the amplitude of sin@ component of,,. For range oa = 0 to
1 andb = -0.5 to +0.5¢ andd held constant at 0.5 and O respectively. This shie
46 component of equation 3.64. The surface valugdpgational to -4 - c)* - (b —
d)2. With d = 0 andc = 0.5, it is therefore proportion ta*- b® + 0.5 — 0.25. This
makes it predominantly a negative parabola cergtad= 0.5 and = 0.5.

An important distinction between ADRAS results astdndard RAS results is that
for the standard RAS thigc value is a proper dc value, which only changesnwvhe
the sample properties change. When the sample tmtedlpc takes on a
cosZcomponent, aspc is the denominator in the expression that deserlimh
ADRAS1andADRAS?2 this cosZ component can affect boADRASlandADRAS?2

in a way that it not limited to normalisation. How values of anisotropy thic
cosd component is very small, shown in equation 3.6fhce will only become

relevant for large anisotropies.

The surface plots in figures 4.17 and 4.18 showeetsvely the amplitudes for
rotation waveforms ofADRAS%¢» and ADRASZ e Figure 4.19 shows the
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equivalent forADRASZ4. The value of these plots is that they provide alguo

how the anisotropy will determine the charactethefrotation waveforms.

Whilst for low anisotropy sampleADRAS1will have a single sin(@ rotation

componentADRAS2will have a sin(Z) and a sin(é) rotation component. However

under high anisotropyADRAS1 and ADRAS2 will have high order rotation

waveform harmonics, which are a result of the c8s€@@mponent irpc.

ADRASI sin26

Figure 4.17 shows as a surface plAADRAS1-Z, the amplitude of sin@
component o/ADRAS1 For range oh = 0 to 1 andb = -0.5 to +0.5¢ andd held
constant at 0.5 and O respectively. This is deedriy equation 3.77. It shows that
for low values ofa, theADRAS1value is very sensitive to a change in the vafue o

For high values o4, the output is not as sensitivelto
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ADRAS?2 sin28

Figure 4.18shows as a surface plBDRAS2-2, this is described by the amplitude
of sin(26) component oADRAS1 For range o =0 to 1 and =-0.5 to +0.5¢ and
d held constant at 0.5 and O respectively, see EuaL78.

ADRAS?2 sindd

Figure 4.19shows as a surface plADRAS2-4, this is described by the amplitude
of sin(469 component oADRAS1 For range o =0 to 1 and =-0.5 to +0.5¢ and

d held constant at 0.5 and O respectively.
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4.6 Conclusion

The objective of this chapter is to outline a wdysionulating the RAS instrument.
This is useful for a number of reasons, for exangplecking analytic models of the
instrument to predicting how changes in componemtsamples may affect the

output.

In section 4.2 the simulation was found to agreth Whe analysis in chapter 3 to an
accuracy only limited by the floating point accyraof the software. This is
significant as the simulation simply breaks dowa thstrument into a humber of
modules, where the output of one module becomethé to the next. The final
simulation result from the lock-in amplifier agreesactly with the analysis which
involves the use of Bessel functions to descrilee dbtput. This agreement gives
confidence that both the simulation and analysisewaoth done correctly. The
simulator is far more adaptable than the analyst @an be used for studying the
instrument in many different ways. The simulatiauld be expanded to look at the
effect of imperfect components or imprecise sefips may require the simulator to
model partially polarised light, for example to dyuthe influence of imperfect

polarisers, in that case Stokes vectors and Muedlieulus would be required.

Within section 4.3 it was shown how the outputhed RAS instrument compared to
the definition of RAS in equation 3.4. This is 8tuated in figures 4.4 and 4.6
respectively, theRAS2 to Refir/r) comparison and theRAS1 to Im(Ar/r)

comparison. This would help to establish the raager the instrument could be

regarded as accurate.

The application of the simulator to rotation waveis may help to explain some
ADRAS experimental results, particularly whek®RASZ49 component is found,

see section 4.5.8.

The simulation is very useful when the anisotropyigh and thépc value is low.
For low anisotropy|pc is fairly constant and thusDRASland ADRAS2will have
the same components ks and I,,. Under high anisotropy, although the channel

l1. has only a sin(@ component and,.; has only sin(8) and sin(4) components,
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this does not mean respectively thdDRAS1and ADRAS2also have only these
componentslpc will not be a dc value under rotation and may egertlose to zero.
A consequence of this is that bADRAS1landADRAS2may contain high rotation

waveform harmonics not presentlig; or lo .
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5.1 Displaying ADRAS data

This chapter looks at the azimuthal-dependent aifle Anisotropy spectroscopy
(ADRAS) data from two sets of published experimemeadults, the first using a
Ag(110) sample [44], the second using a Au(110)@eamn an electro-chemical cell
in which the surface can be made to adopt diffesenfiace structures: ¥1), (1x2)

and (&x3) [45].

Azimuthally dependent reflection anisotropic spestopy (ADRAS) was
introduced in chapter 3 to define the output of R#S instrument when the sample
orientation, g, is arbitrary. The normal outputs of the RAS iastent with the
sample having the standard orientatiér+ (774 rad) are denotddAS1andRAS2 see
section 4.1. These outputs are dendt@RASlandADRASZrespectively when the
sample has an arbitrary orientation. When the sanmplrotated, ADRAS1and
ADRAS2generate rotation waveforms. This means that thation data can be
Fourier transformed to extract appropriate harmociwenponents. This greatly
reduces the noise that is often generated whitingt the sample, mainly caused by
the need to realign the beam during rotation. Theesp information is also obtained
which is much more accurate than relying on zeossing points. This is illustrated
in figure 5.1 in which Fourier transform ‘fits’ areverlaid on the rotational

waveform data.

In section 3.6 the use of an offset angle was dhiced, to allow foADRAS1and
ADRAS2spectra to be plotted against a common orientatrayie &, rather thand
which is defined as the angle between the eigeavedftr; and thex direction.
Typically 8 may be set to an average valuedadr to 8 at a particular wavelength.
Whatever the valued is set to, it means that the harmonics of the tioyta
waveforms will have a phase associated with them, see section 3.6. Thus the
rotation waveforms listed in table 4.1 need to keressed as vectors, if a physical
orientation angle is used. For example tigharmonic ofADRAS] in table 4.1, is
denotedADRAS1-Z when the orientation is referenced & however when the

orientation is referenced ) it needs to be denoted as a vector. Thus, for pbeam
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the 28harmonic ofADRASZs denotedADRAS1-28. The use of bold type face is to
indicate vector quantity anfl denotes the physical reference angle.

Hence the rotation waveform harmonics can be egprkas a magnitude and phase
or as orthogonal sine and cosine components. Retuto the examples above
ADRASI1-28 has respective sine and cosine components which dareted
ADRAS1-Zsin andADRAS1-Zcos; ADRAS2-48 has respective sine and cosine
components denoteADRAS2-#sin andADRAS2-#cos.

When experimental data is taken, the orientatiagieamay be completely arbitrary,

this is denoted a8, which will have a constant offset &b

(It is often convenient to represent waveforms gisiomplex notation. However it is
deliberately avoided here to prevent confusion Wiglal’ and ‘imaginary’ parts of
the RAS signal.)

The intensity of the RAS signal for these sampleisdp studied in this chapter is of
the order of 18. For low anisotropies such as this, the theorghapter 3 and the
simulation in chapter 4 indicate thdiDRAS1should have only DC anddZotation
harmonic components, witRDRAS2 having only & and 4 harmonics see

equations 3.79 and 3.80

Unfortunately theADRAS1data is not available for both of the publishet$ & data
used in this chapter; hence oDRAS2will be consideredADRAS2consists of
two component&ADRAS2-268 andADRAS2-48. The full ADRASZsignal thus has a
total of 4 componentsADRAS2-Z sin, ADRAS2-Zcos, ADRAS2-4sin and
ADRAS2-#cos Of these 4 componen&sDRAS2-Zsin is close to standard RAS
spectra because it is the coefficient of the gip{@rm in the expression f&ADRAS2
shown in equation 3.8Qg., Re(Ar/r). HenceADRAS2-3 sinis the same aRAS2
spectra for a properly setup RAS instrument. TAiBRAS2-Zcos component
highlights any anisotropy that is orthogonally hist Note that because the rotation

is a function of Z, then orthogonal in real space means an angl=aff4 radians.

88



The 46 terms ADRAS2-#cos and ADRAS2-#sin represent the rotationally
orthogonal functions of the sinftterm in equation 3.80,e., [Ar/rf; illustrated in
figure 3.2. For low anisotropy samples then usullhyrF << Re(r/r) except when

Ar is near zero.

The purpose of this chapter is to present the tegula different way to that already
published to gain a different insight into the preses that are taking place. This is
done in two different ways: as an Argand-type diagrand as separate orthogonal
components. For the Ag(110) data thBRAS2-Zsin and ADRAS2-#sin is also

plotted as a 3D surface plot.

5.1.1 Argand-type diagram

An Argand-type diagram can be used to plot thedaxfuthe magnitude and phase of
the ADRAS rotation waveforms as the wavelengthheflight is scanned across the
energy range. This reveals the net anisotropyparticular wavelength, as a point on
a 2D plane, with the direction of the anisotropynirthe origin passing through the
point. If the locus deviates from a straight linesping through the origin it shows
that the anisotropy direction changes with wavedlendhis is caused by the

bandwidth of one dipole overlapping another, cregpta change in anisotropy

direction with wavelength.

The most obvious use of the Argand-type diagrantoiseveal if the sample is
orientated as expected. PBDRASZhere are two Argand-type diagrams one for the
268 component and one for th&#4omponent. For the @Argand-type diagram, a
locus that moves up and/or down the vertical axidicates that the sample
orientation is setup as would be expected in thedstrd instrument,e. at 8 = 774
radians. This is because the horizontal axis reptesan orientation &= 0 radians,
whereas the vertical represents an orientation =272 radians,i.e. 8 = 774
radians. So if the sample has a net anisotropyhwinas an eigenvector 8t a, then
this would produce a line that isr2o the horizontal axis. For thed4Argand-type
diagram the vertical axis represets 774 and an angle of = a, would produce a

line of 4a to the horizontal axis.
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5.2 ADRAS of Ag(110)

The output of theRAS2channel of a PEM-based RAS instrument was recorded
where the sample, a Ag(110) crystal, was rotatealityh a series of steps from 0 to
over 180 degrees, to acquA®RAS2data. As shown in chapter 3 equation 3.80, if
the anisotropy is lowADRAS2consist of two terms: 26 term and a46 term.
Previous studies have shown [46] that RAS signalthe Ag(110) surface are very

sensitive close to the 3.9 eV plasmon resonance.

Figure 5.1 shows th&ADRAS2response around 3.9 eV at 3 sample wavelengths
(Fourier transform ‘fits’ are overlaid on the rotatal data). Thedd response at 3.9
eV becomes very clear, using the expanded axis sloowthe right hand side of the
plot. The phase on the rotation waveforms was defined to be zero when the
ADRASZsignal was zero. Figure 5.2 shows the Ag(JADRASZspectra for rotation
angles ofg = 0, 15, 30, 45, 60, 75, 90, 105, 120, 135, 15®dtd 180 degrees.

The spectra shown in figure 5.2 are the WRAS2spectra plotted for a range of
sample orientation angles. Th& and 4 fits of the rotation waveform, were made

and plotted as spectra, respectively in figuresab®5.4.

The similarity between the radDRASZ2rotation spectra (figure 5.2), and the
ADRAS2-268, spectra (figure 5.3), is due to the dominancehef2f component in
the rotation waveform. ThADRAS2-26; fits show a very precise common zero
crossing point as well as common spectra peaks Would suggest that theg2
component of the rotation waveform does not hatferéint anisotropy eigenvectors
at different wavelengths. ThADRAS2-46, fits however do not show the same
common zero crossing point or alignment of peaksisashown in figure 5.4. This
suggests that the@spectrum has more than one anisotropy eigenvettdifferent

wavelengths.
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ADRAS? (3.9¢V)

ADRAS2

0 30 60 90 120 150 180
Sample rotation &, (deg)

Figure 5.1 ADRAS2rotation waveforms for 3.82 eV, 3.90 eV and 3.96 tegether
with fits generated from 26’ and ‘46’ Fourier components. Note angle is

expressed irf, degrees as recorded in the experiment.

ADRAS2

Energy (eV)

Figure 5.2 ADRAS2spectra from raw rotation data. Spectra plotted réation
angles of every 15 degrees from 0 to 165. As tleetsp repeat on and after 180

degrees, only spectra up to 165 degrees are shown.
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Figure 5.3 ADRAS2spectra from 2 fits to rotation data, plotted every 15 degrees
from 0O to 165, corresponding to the raw data inreg5.2. Note how the peaks in the

spectra are all in line as well as the zero crgspwint.

ADRAS2-#sin

3.4 3.6 3.8 4 4.2 4.4
Energy (eV)

Figure 5.4 ADRAS2spectra from & fits to rotation data, plotted every 10 degrees
from 0 to 90. Unlike the &plot in figure 5.3 the peaks in the spectra déin& up
and there is no common zero crossing point. Asspiextra repeat on and after 90

degrees, only spectra up to 80 degrees are shown.

92



5.2.1 Surface plots of Ag(110) ADRAS data

A clearer picture of how thADRAS2-28, andADRAS2-46, spectrum changes with

sample rotation can be seen by looking at the otisgesurface plots shown in

figures 5.5 and 5.6. The surface plot in figure $héws clearly how the spectrum
changes with sample rotation, with a large peakirzild3.8 eV and a smaller peak
around 3.9 eV occurring at different rotation asgl€his would suggest that these

peaks have different sources that have differey@reiectors.

40 -
20 -
&
@ 0-
<
(4 S
- &1 -
-40
44 h--'““:.%‘ -
42 TS _—~
A S 150
- T
3.8 == _f____.:f"" 100
3.6 e 50
photon energy, eV 34 0 rotation, deg

Figure 5.5 Surface and contour plots &iDRAS2-28, spectra. From the point of
view of the ‘rotation’ axis it consists of a famibf 28 sinusoids, which change in
amplitude but not in phase. From the point of vigfathe ‘photon energy’ axis it

consists of a family of spectra, as figure 5.2.
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Figure 5.6 Surface and contour plots &DRAS2-46, spectra. From the point of
view of the ‘rotation’ axis it consists of a famibf 48 sinusoids, which change in
amplitude and phase. From the point of view of‘gieton energy’ axis it consists

of a family of spectra, as figure 5.3.

5.2.2 Ag(110) rotation data as a locus on an Argariype diagram

Figure 5.7 shows the locus of tAdRAS2-26; results, where the horizontal axis
represents théADRAS2-Zcos component, and the vertical axis represents the
ADRAS2-Bsin component. The locus &&DRAS2-28, clearly illustrates how the
orientation of the anisotropy eigenvector variethwiavelength. It shows that the
anisotropy lies close to a straight line, with anamideviation around 3.4 eV. The
rapid movement from 3.6 to 4.2 eV identifies thegéapeak in the spectrum, around
3.8 eV followed by a reverse peak around 4 eV. dbeiation around 3.4 eV
suggests a dipole acting away from the directionttld dominant anisotropy

direction.

94



ADRAS2-28sin

-10

-20 4

-30

-40

-50

20

10 1

3.96 eV

-60

-20 0 20 40 60
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Figure 5.7 Locus of ADRAS2-28, for Ag(110). & represents the unaligned

experimental values. This shows a sharp dominaebtopy with a small deviation

around 3.4 eV.

The locus of the4d Fourier magnitude and phase is shown plottedguré 5.8,

where the horizontal axis represents ARRAS2-#coscomponent, and the vertical

axis represents thBDRAS2-#sin component.

ADRAS2-48 sin

1.54

0.5

-0.51

-1 0 1 2 3
ADRAS2-48x cos

Figure 5.8 Locus of ADRAS2-48, for Ag(110). & represents the unaligned

experimental values. Below 3.7 eV and above abddite¥ the magnitude of the

ADRAS2468 is very small; between these figures the locupldys a large change

in magnitude and phase.
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5.2.3 Ag(110) aligning phase with sample anisotropy
Figure 5.9 shows the same data as figure 5.7 libhtayphase shift (98.45 deg) added

to 8, such that the resultingDRAS2-24 rotation waveform at 3.8 eV is at a zero
crossing point, this will correspond to the eigestees of the anisotropy at 3.8 eV

being aligned and orthogonal to tlkeaxis of the physical frame of reference at
& = 0. This results in the magnitude of t(hBRAS2-28 signal at a maximum at 3.8

eV, when 6 is at 45 degrees (the standard RAS instrumentpsetdnich is

represented by the vertical axis in figure 5.9.
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-60 -40 -20 0 20 40 60
ADRAS2-2 @rcos

Figure 5.9 Locus of ADRAS2-24 with the rotation reference shifted in order to

show the dominant anisotropy in the standard caieon.

The locus ofADRAS2-48 is shown in figure 5.10, with the same phase £88t45
deg) as thADRAS2-28 signal. The locus shows a large variation in bo#gnitude
and phase from approximately 3.7 to 4.0 eV. Unthe 29 locus, in figure 5.9, the
46 locus does not have a dominant anisotropy direcaad suggests the sources of
the anisotropy are dipoles that are centred aemifit wavelengths but overlap,
generating the elliptical shape between 3.8 anded/l the plasmon resonance
region. According to equation 3.80 the magnitudADRAS2-48 should be equal to
IArP/|rP. Figure 3.2 indicates that a change Anf|is the result of phase and/or
magnitude differences in reflection coefficiemisandr,. The magnitude is small
apart from 3.7 to 4.1 eV which covers the plasnmesonance.
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Figure 5.10Locus of ADRAS2-48 with the same rotation reference as figure 5.9.

Unlike ADRAS2-28 there is no dominant anisotropy direction. The ni@agle is

small apart from 3.7 to 4.1 eV which covers thesplan resonance.

5.2.4 PlottingADRAS2 spectrum of Ag(110) as orthogonal components

Here theADRAS2-28 signal andADRAS2-48 signal are each plotted as a spectrum
as projected onto the orthogonal axes of the alighrgand-type diagrams. We thus
obtain the following 4 spectraADRAS2-Zcos and ADRAS2-Zsin, plotted in
figure 5.11;,ADRAS2-4#sin andADRAS2-4#,cos plotted on figure 5.12.

60 2.5

50 4/Standar'd RAS result for _ i
comparison (values LH axis) 2

40

ADRAS2-2@sin

T+ 15

ADRAS2-26 cos

30

) N\

——— /\\/ I,

0

.10 - -05

15 2 25 3 35 4 45 5 55
-20 -1
Energy (eV)

Figure 5.11Spectra oADRAS2-ZAcosandADRAS2-Zsin for Ag(110). The signal
on ADRAS2-Zcos accounts for the deviation around 3.4 eV on tleeidoplot. The

ADRAS data here has the same rotation referentiglas 5.9.
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Figure 5.12 Spectra ofADRAS2-#cos and ADRAS2-4sin for Ag(110), using the

same rotation reference as figure 5.9.

5.3 Summary of Ag(110) ADRAS results

The ADRASZ2results from Ag(110) show a clear example of bath and 4
components in theADRASZ2rotation waveform. The Argand-type diagrams of
figures 5.9 and 5.10 show how the phase of thes¢ion waveforms is wavelength

dependent, both for theand 4 cases.

When translated into spectra showing orthogonalpmorants, as in figures 5.11 and
5.12, the presence of dipoles acting away fromAf€L10) principal axes become
clear. In figure 5.11 where th®DRAS2-28 spectra are shown, tRdORAS2-Zsin
spectrum is near identical to the normal RAS sighhis is as would be expected as

the sample is roughly aligned along the major diioecof the anisotropy.

The orthogonalADRAS2-Zcos spectrum however shows significant signal at
3.5 eV and below, which is not seen on the RASajghis shows the presence of
dipoles acting in this region away from the majarection of the anisotropy; a
feature not revealed in the original published ktssioy Farrellet al [44]. This key
observation demonstrates the power of displayiegdtta in this way. It is clear that
a standard RAS instrument which is unable to shaso#ropic orientation may give

misleading results.
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The ADRAS2-48 spectra shown in figure 5.12, as with the RAS ADRRAS2-Zsin
spectra show sensitivity around the 3.9 eV plasmon resoeaFrom equation 3.80
and figure 3.2 thDRAS248 can be seen to be sensitive to a changér[h fvhere
4r is the vector difference between the reflectioeftdentsr, and r,. Thus a
magnitude or phase changerinor r, would result in a change idr and hence a
change ilADRAS2-44,. From equations 3.80 and 3.29, if the magnitudes ahdr,
are not changed theADRAS2-24 will not change thus a change ADRAS2-44
must be due to a phase change;iar r,. This should be apparent &DRASIwhich

is proportional to the phase change, for low anignt samples (see equation 3.33).

UnfortunatelyADRAS1is not available from this experiment.

5.4 ADRAS of Au(110)

This section presents a more detailed analysisiblighed data by Weightman et al
[45] from the ADRAS of Au(110). By using an eleatr@mical cell the Au(110)
surface can be made to adopt different surfacengeraents; (1), (1x2) and (k3)
[47]. As in the Ag(110) case above, the sample nteted through a series of steps
from O to over 180 degrees. Figures 5.13 — 5.15vstespectively, the Au(110)
rotation data for the (1), (1x2) and (k3) surface arrangement, each displayed as a
series of overlaid spectra. As with the Ag(110)}dathove (see figure 5.2) displaying
the rotation data as a series of overlay spectrasdtected sample orientation, or
displaying rotation waveforms for selected photoergies, does not reveal any
subtle effects. It is difficult using these figutessee how the amplitude and phase of

the ADRAS varies with wavelength.
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a) b)
Figure 5.13 ADRAS of Au(110)-(k1), a) as function of energy, b) as function of

wavelength
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Figure 5.14 ADRAS of Au(110)-(k2), a) as function of energy, b) as function of

wavelength
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Figure 5.15 ADRAS of Au(110)-(k3), a) as function of energy, b) as function of

wavelength

5.4.1 Au(110) rotation data as a locus on an Arganrtype diagram

Figure 5.16, 5.17 and 5.18 show loci from the A@(llvith the respective
reconstructions (1), (1x2) and (%3). With each figure consisting of, a) the
ADRAS2-26 locus and b) thdADRAS2-48 locus. Note the vertical and horizontal

scales on the plots are not equal.

All the loci are plotted with a common orientatieference, which was chosen to

align ADRAS2-2@ locus in fig 5.16a (note expanded horizontal scale)
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Figure 5.18Loci of Au(110)-(x3), a)ADRAS2-28 and b)ADRAS2-46 .

5.4.2 Plotting ADRASZ2 spectrum of Au(110) as orthagnal components
Figure 5.22 shows thADRAS2-Zsin, ADRAS2-Zcos spectra for Au(110)-¢1)
surface structure. Figure 5.23 shows the same repfot Au(110)-(%2). Similarly

figure 5.24 shows the plots for the Au(110%8) reconstruction. The corresponding

RAS signal is also plotted on all 3 plots. Figur@®bshows the corresponding 4
spectrums; 5.25a k1), 5.25b (¥2) and 5.22c¢ (43) reconstructions for Au(110).
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Figure 5.23 ADRAS2-Zsin spectrum (green) andDRAS2-Zcos (blue), both for
Au(110)-(1x2). The equivalent standard RAS spectrum is asluded, in grey.
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5.5 Summary of Au(110) (¥1, (1x2) and (1x3) ADRAS2 results

As with the Ag(110) sample in the first part ofghghapter, the 2rotation data
shows a dominant anisotropy for each surface streict(1x1), (1x2) and (X3).
Figures 5.16a, 5.17a and 5.18a show tlée r@tation data for the respective
reconstructions (1), (1x2) and (k3). These 3 locus plots show a small shift in the
overall anisotropy between the reconstructions wite (1x2) (figure 5.17a)
anisotropy orientation rotated in a negative angdieection and the ¢3) (figure
5.18a) shifted in a positive angular direction cansgl to the (1) (figure 5.16a).
The (1x1) 2@1locus (figure 5.16a) is very interesting as itwha@ shift in orientation
between about 3.6 eV and 3.7 eV which remainslfdrigher photon energies. The
shift is not apparent on the normal RAS spectrunmsy be an indication of a
feature not taken into account using normal RASlyasis®a As mentioned above,
using the same data, Weightmath al [45] noted a phase shift in the RAS
(represented here #&DRAS2-2@8) at an energy of 4.2 eV and suggest this arises
from the (111) facets that feature on the surfdci® (1x1) structure. The RAS is
close to zero at 4.2 eV, which would have madeas@lshift in thedDRAS2-Zcos
more easily visible in the RAS. Figure 5.22 shohes transition irADRAS2-Zcos

to actually occur around 3.6 eV, where there igakpn the RAS. The large value of
the RAS signal would have hidden this from Weightreaal [45]. This energy is
consistent with the observation by Sheridan g4l that the spectrum above 3.8 eV

is know to be associated with the presence of sarsteps.

Figures 5.16a, 5.17a and 5.18a show that the ljoaths do not seem to be the result
of random noise as although they are intricatey @ smooth. This suggests that
they may useful in identifying physical propertedshe samples.

Figure 5.24 illustratincADRAS2-Z,cos shows a step that occurs around the 2.5 eV
and another step back around 3.6 eV. This makastaresting comparison with the

(1x1) case which has the 3.6 eV step down but nc2 theV step up.

The ADRAS2-484 loci (figures 5.16b, 5.17b and 5.18b, show anresng change

as the reconstruction progresses from1jl (1x2) to (1x3). In the (k1) surface
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structure theADRAS2-48 has no clear direction with most of the pointsstdued
near the origin. In the &2) ADRAS2-48 locus another cluster is formed around the
-0.9, -0.5 coordinates, made up from energies b@léneV. TheADRAS2-48 locus

for the (1x3) reconstruction shows a bigger cluster away ftbhenorigin at around -

0.25, 0.35 coordinates, made up from energies ath@veV. The (%2)

5.6 Conclusion
Representing the ADRAS data in the novel way dbedrin this chapter may allow
for a better interpretation of the data. The usdoof on an Argand-type diagram

would allow for accurate alignment and study ofdivection of anisotropies.

The display of spectra that is orthogonal to norRAE spectra shows evidence of

dipole contributions aligned away from the print¢igais used for the RAS.

The separation of 2 and 4 rotational components and the observation that dloe
at different parts of the spectrum, could providgortant information about the
presence of dipoles on the surface. The presengelipble acting orthogonally from
the dominant dipoles on the Ag(110) surface, shawfigure 5.11, illustrates this
point. In general together with the knowledge fromapter 3 on the RAS theory, the
ADRAS technique should enable a much better arsalyssurface properties, than
RAS alone.

There is also the possibility of obtaining more uaate and lower noise RAS by
extracting the sin@ component in thdDRAS2data. Equation 3.80 shows that gh2
component ofADRAS2is equal to R&r/r). Although the sin@ component should
be eliminated if the sample is orientated7# rad, it is not always easy to do this
especially if the eigenvectors of anisotropy areelength dependent. Also a sth2
fit to the ADRAS2data may improve the signal/noise by also elinmgabhone sinZ

noise.
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6.1 Review of fast RAS instrumentation

The aim of this chapter is to describe in detailo twersions of fast RAS
instrumentation developed at Liverpool; FRASv1 &RASv2, together with brief
summary of other fast RAS instruments. FRASv1 id6achannel instrument;

FRASV2 is an upgrade to a 32 channel device witlarced UV.

In the conventional PEM RAS instrument, coveredhi@ introduction, the time to
complete a single spectrum necessitates scanningreochromator. Also, it is
normally necessary to pause the scan when takiegding to integrate the signal in
order to reduce the noise. This generally mearisetheh spectrum can take several

minutes to acquire.

To speed up the acquisition of spectra the obviiosisconsideration is to replace the
monochromator with a dispersive elemesd focusing grating) and a linear detector
array. Each element of the array can then correspmma different wavelength and
so can potentially be read-out independently ofeothlements. We can then in
principle read-out the whole spectrum in paralléh practice the readout
hardware/software may still impose some sequeptiatess in the array read-out,
for example when a charge coupled devices (CCDs)uitiplex systems are used,
but this can be done much faster than mechanistdigping of a monochromator.
Before describing the Liverpool fast RAS instrumantoverview of other fast RAS
techniques will be briefly reviewed. All the fasthniques share the fact that they all
use a dispersive element and a linear detectoy,ah@ type of array and the readout

will vary however.

6.1.1 Multiplexed single lock-in design by Nufiez-Qkra et al

NuRez-Olveraet al [48] developed a design based on extending thelatd Aspnes
single channel PEM design by using a 32 elemergctiat multiplexed to a single
lock-in amplifier. By doing this, the designers kareplaced the monochromator,
and so avoided the time needed to change wavelenbile retaining the simplicity
of the single channel design. The drawback is that lock-in amplifier must
integrate each channel in turn. In comparison teinga 32 channels processed

simultaneously, this design, in principle, woulkdaat least 32 times longer to
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achieve was used instead, then using digital sigraessing (DSP) techniques in
either hardware and/or software the same signabise performance as a 32
channel parallel system. It does however have dvargage that the PEM can be
adjusted at each wavelength to give a uniform argetardation, and so would not
require the Bessel function correction of otherigles (explained later in section
6.2.12).

The time taken to achieve a full spectrum with tdesign can be estimated by
multiplying the time taken to read each individabannel by 32. Nufiez-Olvera et al
state the time taken to read each channel for dkee ilustrated consisted of, 6.6 ms
to allow for channel shift noise to fade and 9 hogging time’ [48]. This results in

each spectrum being acquired in 500 ms. This mézatsof the time needed to

change channel (9 + 6.6 ms) only 9 ms is usedtégiate the signal, or only 0.58 of
the time is used. If we combine this with the féett all other channels are idle then
the available time used, compared to a paralldesyss 0.58/32 = 1.8%. Compared
to a parallel read-out this design requires moaa t0x the time to achieve the same

noise levels.

6.1.2 Multi-channel lock-in design by Kaspariet al

This design by Kaspaat al [49] uses a lock-in amplifier (Femto MesstechnlidL
BV-150-H) for each channel. This has the advantageg Nunez-Olverat al design
in that multiplexing the signal into a single lockamplifier is avoided. Each lock-in
is available in a Euro-card format that can be bdua a 19 rack. The outputs from
the lock-in modules are digitised, together wite tBC’ signal from each channel

using a multichannel ADC PC card.

Like other designs this approach needs to compen$at the wavelength
dependence of the angular retardation generatethdoyPEM. The data from each
channel should be of comparable quality to the d&teth single channel design
although a larger number of channels will makeaftwulky instrument.

The trend in lock-in design, in order to improvestperformance ratio, from

mainstream manufacturers, is to digitize the sigfi@r initial amplification, and to
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follow this by DSP techniques rather than analogju&se sensitive detection (PSD).
These are now available with as many as 32 inpeitsupit and also multiple units
can be linked together to form large units with 4@ inputs [50]. This approach
however is unlikely to result in a commercially bia product. Rather than use a
multi-input DSP type lock-in amplifier, it would rka more sense to use have a

dedicated system to process the RAS signal aftgisdition.

6.1.3 Rotating compensator CCD readout design by Het al

Unlike the designs listed above, this design byeHal [51] does not use a PEM, but
a rotating compensator. A rotating compensator (RCjts simplest form is a
quarter-wave plate that can be rotated along tieiaxine with the light beam. A
linear polarised beam passing through the RC basoiarisation changed depending
on the orientation angle of the RC. Depending om ribtation angle the output
polarisation can be linear (in the same directisrin@ input), clockwise circular or
anti-clockwise circular. In this way it behavesaisimilar way to a PEM, except that
a PEM oscillates at a high frequency (50 kHz) aad dynamically change its
maximum retardation angle. This technique, like BEeM techniques described
above, has the ability to detect both the real andginary parts of the RAS
spectrum. The relatively slow and controllable apien of the RC makes it possible
to readout large linear arrays, for each polaosesitate.

This approach presents a number of technical cigdls which Huet al
acknowledge and address. These include, most is@gmilfy, imperfections in the
mechanically rotated achromatic quarter-wave corsg@n which necessitates a
time consuming correction, called the ‘two-zone rection’ procedure. This
involves the 90 degree rotation of the analyserwbeh two subsequent
measurements. Lamp fluctuations, which are mitdyanethe PEM instrument also
present problems.

An experiment was run to demonstrate the performaricthe instrument. It took
11.25 seconds to record each spectrum. This sugtiedtthis technique, at present

at least, is not suitable for experiments that iregnigher speed spectra acquisition.
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6.2 Liverpool 16 channel fast RAS instrument versio 1 (FRASv1)

This is a detailed description of the LiverpooltfRAS instrument version 1 design
(FRASV1) as published by Harrisen al [52]. It is a 16 channel fast RAS designed
to operate with a PEM-based RAS. A signal averagioge reduction technique

applied over a number of PEM cycles can enhancesidpgal to noise ratio, as

required, to acceptable levels, at the cost ofaeduthe spectra acquisition rate.

6.2.1 Optical description

Figure 6.1 shows the optical layout of version 1tbé fast RAS_(FRASv1)
instrument. As can be seen this is very similath® standard Aspnes PEM design,
with the monochromator replaced by a focusing ggaand a photodiode array. In
common with the Aspnes PEM design it is capablemefasuring the real and
imaginary components of the RAS, but uniquely comgao the other fast RAS
designs, it measures thesgmultaneously Like other designs, such as the
multichannel lock-in design by Kaspaat al, there is a need to compensate for the
wavelength dependence of the angular retardatioergéed by the PEM. This is

dealt with in section 6.2.12.
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Figure 6.1 Optical layout of version 1 of the fast RAS (FRASiInstrument

6.2.2 Electronic overview

Figure 6.2 shows the electronic system diagramheffast RAS instrument. The
detector is a IPL10220NW16 16 element PIN photaleiarray made by Thales
Optronics. Use is made of a fast ‘flash’ analogueligital converter to sample the
AC component of each of the 16 photo-diode chanrd€ldimes over a PEM 365
period, thus giving the ADC a maximum conversioteraf 12.8 MHz. This
sampling is phase locked to the PEM to enable s&gyal averaging by summing
over a number of cycles. The ADC used was a BuowBr (now part of Texas
Instruments) ADS820, this flash converter is capaifl operating at 40MHz whilst
maintaining 8 bit integrity. By using a multiplegirtechnique it was thus possible
read all 16 channels 16 times over the PEM cydhés akes the data sampling rate
16x 16x 50 kHz (PEM frequency) = 12.8 MHz, or 0.8 MHz pdrannel. This

enabled a cheap and very compact instrument tebelaped.
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Equations 3.71 shows that to measure the real ¢érthe RAS, Relr/r), the 2u
component needs to be extracted from the deteaedlsand equation 3.72 shows
the imaginary part, In&r/r) requires the &t component. For the 50 kHz PEM this
means extracting up to 100 kHz component. Usingdift sampling over the PEM
period puts the Nyquist frequency a comfortablectdwes above this. With
appropriate filtering, at the pre-amp and AC anngdifion stages, the sampled data
can represent a true continuous representatidmrecgampled signal.

sample PEM
Analyser
. : Light .
Lioht D e D\ test LED
LED driver
pre-amplifiers U
(BB OPA 655L) (e
’ > 16 element
photadiode array
(IPL10220NW16)
16 re
Potentiometer Multiplexer
Flash ADC
x16 (CD74HCT4067) < S Analog /O
(BB ADS820) PC interface NI PCL6033E
> Digital /O
16 (NTPCI-6534)
AC V/V amplifier
(AD847)
PLM Controller
(Hinds PEM 100) 50 kHz synch

Figure 6.2 Electronics system diagram showing overview ofch@nnel FRASv1

instrument.

6.2.3 Photo diode array and pre-amplification

The detector used, a IPL10220NW16, is a photodaaay. Photodiode current
under normal operation is approximately proportiottaincident light, the pre-
amplifiers are therefore configured in a transingrex mode (figure 6.3), so that the
pre-amp output voltage is proportional to the phditmle current and hence the

incident light,i.e.
Vozlianf (61)
where V, is the output voltageli, is the photo-diode current ané: is the

transimpedance feedback.
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Pre-amplification of the photo-diode signals wasalasing Burr Brown OPA 655U
FET input operational amplifiers. The use of suefawount components and the low
component count (5 including decoupling capacitergbled a compact design that
was low noise, resistant to interference and coogd mounted close to the
photodiode array in a screened box. A photograpinefof the ‘home made’ printed
circuit board (PCB) modules of with 8 pre-amplifes shown in figure 6.4. The
photodiode array was fully screened with just thdva area exposed. Figure 6.3

shows circuit diagram for one of the photodiodencieds.

Vief Cl | I]pF
§ 1116 '
+—_ Rl ¢
IPL10220NW16 IMQ
OPA655U —0O Vo

‘I;Jr
Figure 6.3 Circuit diagram of transimpedance pre-amplifieredisfor each

photodiode. R1 provides feedback to fix the gaierawperation of 100 kHz. C1 in
parallel with R1 provide roll-off after 100 kHz.

Figure 6.4 ‘Home made’ PCBmodule of 8 pre-amplifiers based around the

OPAG655U. Reverse side of printed circuit board e@atinuous ground plane.
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The feedback resistor R1 dictates the transimpedayan over the operating
frequency; in this case R1 has a value of @.MCapacitor C1 in parallel with R1
provides a filter with a roll-off of 6dB/octave aft 100 kHz (see noise reduction
below). The OPA655U has a unity gain bandwidth@® #Hz and so consequently
the pre-amplifier gain is determined by C1 and Rigjure 6.5 shows the amplifier
gain between 10 kHz and 120 kHz. At 50 kHz, the PiEdduency ofat, the gain is
950 KQ, at 100 kHz, 21, the gain is 847 . This difference in gain att and 2d,
needs to be taken into account when comparing gk (Bat) and imaginary d4t)
RAS values. After the pre-amp the signal is fas lesnsitive to interference, which
means the photo-diode head can be mounted remdtehy the rest of the
electronics. At this stage the signal is dividedoitwo paths, the DC path is
connected to an ADC card in the PC to measure tieéDC’ value of each channel,

the other, ‘AC’ path goes to tle or AC section.

6.2.4 Noise filtering

Without filtering at the pre-amplifier stage a niplkx design sufferers from a lower

signal-to-noise than a non-multiplexed system bsedle there is less time for each
channel to integrate the signal and average ouhitjie frequency noise. In a 16

channel multiplexed system, such as this, the sigoald be sampled 16 times less
than a true parallel system, giving a 4 times infesignal-to-noise. In this design by
using a high sampling rate, of 8 MHz per channelcingreater than the maximum
signal of 100 kHz, the input can be filtereeforethe multiplexing, thereby reducing

the noise at the sampling frequency. The gain efgre-amplifier is equal to the

impedance of R1 in parallel with C1, so the noestuction can be calculated

= R2rc)

R+ (1/274C) (6:2)

where G is the transimpedance gain of the pre-dimpin Q, R is the resistance of

R1,C is the capacitance of C1 ahid the frequency.

Forf at 100 kHz, G =847Q
Forf at 8 MHz, G =200
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Hence the filter reduces noise by factor of 84 H2[2

Noise can still be generated by the multiplexirsglit however; by the switching of
the multiplexor and cross talk between channels.

Gain MQ
1
T~
0.9 \\
S
0.85 100kHz G = 84%‘

0.8

0.75

0.7
10 20 30 40 50 60 70 80 90 100 110 120

frequency MHz

Figure 6.5 Gain of photodiode transimpedance pre amplifieth whe gains for 50
kHz and 100 kHz shown. The filter is useful in reithg the noise input to the

multiplexer.

6.2.5 DC ¢) section

For low anisotropy samples the DC level does nangke significantly with time so
that a slow but accurate 16 bit DAC (PCI-6033H)sed for this purpose. The 16 bit
accuracy allows for a large signal range, which loarset by software. Because of
this, potentiometers are not required to indiviluaét the range, as required for the

AC section.

6.2.6 AC (Ar ) section

TheAr AC section consists of a set of potentiometerthabeach channel can have a
different amplification. This is important in ordéor each channel to have the
optimum range for the ADC. The signal level of botandAr paths can vary over
the spectrum, especially at short wavelengths whkeee lamp output, detector
sensitivity and optics all contribute to a weakignal. For theAr path the fast ADC
output is only 8 bits wide, so limiting its dynam&ange. Signals can easily saturate
the ADC if they are too high or get comparable igitdation noise if too low. After
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the potentiometers the signals are amplified by a®Qpled amplifiers and fed into
the analogue multiplexer. The AC coupled amplifiare built around the Analog
Devices AD847 operational surface mount amplifidrey are configured as voltage
amplifiers with a gain of 1000. The multiplexer (CZAHCT4067) is driven by the
control unit which, in sync with the PEM, seledts input to be passed to the ADC.
The multiplexer is addressed from the counter éntitming unit (see figure 6.5). The
PC interface handles the control lines to clockdbhta into a digital 1/0O card in the
PC. Because each channel has a different ampidficat calibration scheme is used

and is described below.

6.2.7 PC interface

The PC interface provides buffering and handshakirggocols between the ADC

and the PC digital /0. Data is clock@to the PC synchronously, but no data is
clocked until the first sample of the first channghis enables the PC to correctly
bin the data into the correct channel location. P& thus initiates the transfer of
data but the instrument clocks the datafter the start of the next PEM cycle.

6.2.8 Timing unit (AC path)

The timing unit synchronises the multiplex addnegsADC conversion timing and
interface clocking with the PEM frequency of 50 kHhe multiplexer address is
driven by a synchronous counter that is part offtbguency multiplier phase locked
to the PEM frequency (see figure 6.6). Becausehkbirmels need to be sampled 16
times over a PEM period, the PEM frequency needsetmultiplied by a factor of
256. The frequency multiplication is achieved usiag Texas instruments
CD74HCT7046A phase lock loop as shown in figure 8.fphotograph of the PCB
layout of the timing unit is shown in figure 6.7.
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Figure 6.6 System diagram of showing main component3iafing Unit for ADC

clock and multiplex synchronisation circuit.

Figure 6.7PCB layout of the timing unit

6.2.9 Multiplexer

The CD74HCT4067 CMOS analogue multiplexer [53]wldl6 AC inputs to share
the same ADC by switching quickly between each infsee figure 6.2). This is
done sequentially by driving the multiplexer addré®m the frequency multiplier
counter, shown in figure 6.5. The ADC clock timing arranged so that the
multiplexer is stable when the ADC conversion taflese. Using a multiplexer, as
opposed to a multi ADC approach, has both advastagd disadvantages. Amongst
the advantages are: reduced cost and component andna common ADC that
makes channels more uniform. Amongst the disadgastare switching noise, less
integration time for ADC, which leads to lower cemsion accuracy and as a
consequence less dynamic range. Another consequeenicat each channel is not
sampled exactly at the same time and thus a plmfeasross the spectrum occurs

that needs to be taken into account.
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6.2.10 AC calibration procedure

Because the gain of each AC channel is adjustaisieg the potentiometers, as
explained above, it is necessary to calibrate eaeimnel to reconstruct an accurate
spectrum. A calibration test LED is provided to tties, see figure 6.2. The LED
was modulated in synch with the PEM and had a wdam angle to fairly
uniformly illuminate the detector, as could be dtestby monitoring the DC, so that
the different gains in the AC channels could besdeined and corrected for in the

software. A flat AC response across the spectrusitiuas obtained.

6.2.11 PEM retardation

In common with the multi-channel lock-in designgspariet al [49] the Liverpool
Fast RAS cannot provide a uniform angular retaotiagicross the spectrum, due to
the wavelength dependence of the PEM. As shownhapter 2 section 2.4 the
output of the RAS instrument is dependent on thesBlefunctions); andJ; relating
respectively to thed and Zu components of the detector outpdit.and J, are a
function of the maximum retardatioR, over a PEM cycle for the wavelength in
question. In a standard Aspnes PEM RAS instrumeastREM controller can set
each wavelength to the same retardation soJhandJ, are constant across the

spectrumJ; andJ, can be computed from the equation 3.59.

The PEM controller can set the retardation at amyiqular wavelength to achieve
either a maximum fod; or J,, for all the other wavelengths the respectiy@alue
will be lower, and will need to be calculated.dtdesirable to set the weakest part of
the spectrum, usually the smallest wavelengthhéanaximum value fod; or J,, or

a combination of both, depending on the experimeatpirements.

6.2.12 Determination of retardation over spectral ange

For a PEM set for a retardation anlg(radians), at a wavelengthg(metres), the
estimated retardatioR at other wavelengths needs to be determined. iansider
the retardation as a time differendd, between the propagated light of the ‘fast’ and
‘slow’ axes of the PEM, then after the PEM,
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At =—An (6.3)

where d is the thickness of the PEM elemeats the speed of light andnis the
difference in refractive index between the ‘fastdaslow’ axes of the PEM. The

retardationR, expressed in radians is thus:

R= 277% At (6.4)
using equation 6.3 equation 6.4 becomes:

R=27m—An. (6.5)

The difference in refractive index, due to the fbingence of the PEM, is not
independent of wavelength [54]. The stress-opticaéfficient, C, relates the
refractive index to the applied stresspon the PEM element, thus:

An=Co (6.6)

hence equation 6.5 becomes

R= ZIT%CJ (6.7)

d and g are considered constant with respect to wavelehgth

R=k

C
=~ (6.8)

where k is constant of proportionality
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Thus if the retardation is fixed at wavelengtfto R,radians, with a stress-optical

coefficient of C,, the value the retardatioi®, at another wavelengti is thus

C(A)A,

Ri)= C,/

(6.9)

The stress-optical coefficient valu€{A) for fused silica (the material of the PEM

element) were obtained by the least squares intdrpo of data referenced by N K
Sinha [54]. Figure 6.8 shows how the retardatianes with wavelength, with and
without using the stress-optical coefficients. Feg6.8 shows how the Bessel

functionsJ; andJ, change with wavelength.

4
PEM fixed to 3.054 rad
at 295 nm
Al/
3 N
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S correction
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\\
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correction
0 T T T
200.0 250.0 300.0 350.0 400.0 450.0 500.0 550.0 600.0 650.0 700.0

wavelength -nm

Figure 6.8 More accurate determination of retardation over $pectrum with a
fixed PEM setting.
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Figure 6.9 ResultingJ; and J, Bessel functions derived from the retardance as
shown in figure 6.7.

Since implementing the stress-optical coefficiegnts determining the retardation,
for a parallel capture of the RAS spectrum, it i@snd that C. G. Hwet al have
published a paper covering this issue [55].

6.2.13 Wavelength Calibration

This is done using a series of optical filters aber spectrum, with the peak detected
on the DC. A least squares fit is carried out teegan accurate wavelength value
corresponding to each photodiode element.

6.2.14 Electronic test and calibration

The DC card, with the aid of the calibration LEBused to calibrate the AC signal.
The calibration LED is supplied with a DC curremt which is superimposed a
known AC modulation. A red LED is chosen as thia i®gion that the photo-diode
array is sensitive to, although other colours caisb be used. With the photo-diode
screened against ambient light the LED is shone inThe computer measures the
light distribution across the photo-diode arraylwihe DC ADC. A calibration
factor is applied to each AC channel so that the &@nnels have the same

distribution shape as the DC channels. By varyirggAC and DC currents into the
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calibration LED the channels can be checked forlm@arities, a correction can be

made in software to correct this.

6.3 Experimental use of the FRASv1 16 channel faB®AS instrument

The 16 channel fast RAS described in this chaptes wsed to monitor the
electrolytic deposition/growth and removal of copmn a Au(11) surface, as
described by Harrisoat al [52]. The growth stage was done over a period0&f
whereas the removal only takes about 15 secondsceHihe removal stage is the
more onerous test of the instrument. The dataavasaged over a period of 50 ms
and with a PEM frequency of 50 kHz (period |2 this means a total of 2500 PEM
cycles were averaged for each data point for eaeamrel. Figure 6.10 shows the
interpolated spectra obtained for 16 channels dutime rapid electrochemical
removal of copper on the surface. For clarity aspectra taken at intervals of 0.9 s
are shown. Figure 6.11 shows the removal of coppea function of time for the
spectral energies; 1.58, 1.88, 2.07 and 2.76 e\is Tridicates the noise level
obtained at the spectral interval of 50 ms.
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Figure 6.10 Reflection anisotropy spectra for the third rapsoval of Cu from
Au(110). Spectra were averaged over 0.05 s, ontg da intervals of 0.9 s are

shown. Plot is interpolated over 16 channels.
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Figure 6.11Time dependence of the RA signal during the rapedtrolytic removal
of Cu from Au(110).

6.4 FRASv2 32 channel enhanced UV upgrade

The 16 channel FRASv1 instrument was limited to pectal range below
approximately 3.2eV, this was due to the photogliodletector array
(IPL10220NW16) lacking sensitivity beyond this poirt was also decided to
increase the spectral resolution by upgrading tat&hnels. In order to accomplish
this a new detector array was used. To readouthdBrels the 16 channel readout

design was converted, see section 6.4.2 below.

6.4.1 Enhanced photodiode array

To extend to range of the instrument beyond 3.2a@d provide 32 channels a
Hamamatsu S4114-35Q 35 [56] element photodiode weasl. This array has a
quartz window for better UV response and has 3%mbls. Figure 6.12 shows the
response of the detector taken from the Hamamat$u4535Q 35 data sheet.
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Figure 6.12 Spectral response of Hamamatsu S4114-35Q phomdasdtaken from
data sheet [56].

6.4.2 Read-out electronics

To scan 32 channels of the photodiode array coeldddne by designing a 32
channel multiplexed read-out into a single flash@\Drhe ADC used in the 16
channel device would be fast enough to handle 32méls each sampled 16 times
over a PEM cycle; resulting in a 26.6 MHz samplimage or 78 ns period. The
CD74HCT4067 multiplexer can be configured to allbmo multiplexers to be
operated as a single 32 channel multiplexer boaiinot operate at the 26.6 MHz
speed required for a 32 channel operation. In otdexvoid the need for further
development it was decided to ‘double-up’ the li6viersion and use two separate
multiplexers and two ADCs, one multiplexer/ADC wdulhus handle the even
numbered photodiode channels and the other mutpl&DC would handle the
even numbered. The system diagram in figure 6lu3tihtes how this was done.
Differences in the characteristics of the two clesican be calibrated out if needed,
using the AC calibration procedure.
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Figure 6.13System diagram of 32 channel FRASv2 instruments Thbased on a
doubling up of the 16 bit design which uses twoasafe multiplexers and two
ADCs.

6.5 Experimental use of the Liverpool FRASv2 32 insument

The ability of RAS to probe solid/liquid interfacedlows redox chemistry and
dynamic properties to be studied. The 32 channd 3R instrument was used to
monitor these dynamics in which cytochrome P45Qegimowas deposited onto a
Au(110) surface within an electrochemical cell [1&lstablishing the conditions
under which a monolayer of cytochrome P450 redectdsrms on the

Au(110)/electrolyte interface is an important fisgep in the study of the dynamic

behaviour of this protein using RAS.

Figure 6.14 shows the changes in RAS as a funciieime at (a) 2.02 eV, (b) 2.25

eV, (c) 2.53 eV, (d) 2.66 eV, (e) 2.73 eV, and3)6 eV measured in the fast RAS
instrument during the adsorption of P499C full-#n@€PR onto the Au(110) at

-0.652 V in 0.1MNaH,PO;-K,HP O, (pH 7.2).
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Figure 6.14RAS as a function of time at (a) 2.02 eV, (b) 2e28 (c) 2.53 eV, (d)
2.66 eV, (e) 2.73 eV, and (f) 3.06 eV measuredhéfast RAS instrument during the
adsorption of P499C full-length CPR onto the Au(l®Ed -0.652 V in 0.1M
NaH,PO;-K,HPO, (pH 7.2). All the graphs correspond to the santenisity scale
but are separated by arbitrary amounts on theca¢dkis to prevent overlap.

6.6 Summary
This chapter has described a novel RAS instrumesigd, in both 16 channel

(FRASv1) and 32 channel (FRASv2) variants, thatapable of recording spectra
much faster than a standard RAS instrument. Thedsperease comes from the fact

that channels are read in parallel, and there ideed time while advancing a

monochromator.

There are areas for improvement however; in dynaraitge, timing and data
processing. With the existing instrument it is plolesfor the AC signal to exceed the
range of the ADC or to fail to have the resolutrequired due to digitisation noise
on low level signals. The timing unit worked wellitbrequires careful setup to

ensure that the timing is stable. In some casapselof synchronisation could result
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the data being allocated to the wrong channel. égmnds the data processing the
current design does not have the data acquisit@essary to record and store data
at the same time, which impacts on the abilityigmal average over the whole time
available. These are the the main aspects thadairessed in the FRASv3 design.
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7.1 Review of FRASv1 and FRASV2 instruments

The multiplexed 16 channel (FRASv1l) and 32 chanf#@RASv2) Fast RAS
instruments described in the previous chapter sdf&éom three main drawbacks in
the following areas:

* Dynamic range. The 8 bit analogue to digital cosnm restricts the dynamic
range. The potentiometers used to improve dynanaioge necessitated

adjustment and calibration which was time consunseg section 6.2.6.

» Synchronisation stability. Any instability in th&gnal sampling, caused by
limitations of the timing unit (figure 6.6) will st in noise in the acquired data.
A lapse of synchronisation can also result the tafag allocated to the wrong

channel.

« Data acquisition. The inability of the data acgios in the FRASv1l and
FRASV2 to directly stream data to the hard driveults in dead time when the

program switches from acquiring data to processiagd/or storing it.

The development challenge of FRASV3 is to addiesset areas.

7.2 Dynamic range

In an effort to improve the accuracy and dynamigeaof the multiplexed FRASv1
and FRASV2 designs, an option could be to incréas@umber of bits on the ADC,
but this could lead to longer conversion times. demconversion times would
restrict the degree of multiplexing that could lmnel and may make it infeasible as
the multiplexing itself adds to the component couhb offset against these
difficulties more high specification components andnore complex design would
be required, which again adds to the cost of tlsggdeand build. A full multiplexed
system where all 32 channels were sampled 16 towesthe PEM cycle of 2(s,
would result in a conversion rate of 25.6 MHz aidist a data rate of 51.2
Mbyte/sec. Although this is in within the scopestéte-of-the-art multiplexers and
16 bit ADCs, the high bandwidth necessary throdghnultiplexer and ADC would
not make it easy to achieve the low noise leveds Would be demanded to maintain
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16 bit accuracy or dynamic range. Hence it wastfedt for 16 bit accuracy a non

multiplexed design would be simpler and give battsults than a multiplexed one.

The data acquisition for the FRASv3 instrument wassed on a National
Instruments PXle-1073 chassis used with two PXI@8e@ultifunction boards each
with 16 separate 16 bit ADCs and a single PXle-6B638rd which has 32 inputs
multiplexed to a single 16 bit ADC. Details on ttleassis and boards can be found
on the National instruments website [57]. Figured &hows how this was
incorporated with the front end electronics of BFiRASv2 design shown in chapter
6.

In common with other RAS instruments designed fee wvith low anisotropic
samples, the ‘DC’ is regarded (as the name suggestseing constant relative to the
‘AC’ signal (i.e. the ‘DC’ is not a function otd see equation 3.60), and thus can be
measured on a timescale longer than the PEM cyrieg For this reason the ‘DC’
is read using the slower, and cheaper, multipléX€kk-6363 board. Whilst the ‘AC’
signal is digitised using the PXle-6368 board. (8d@n application arise where the
‘DC’ channel needed to be read accurately thendbigd be done using the same
PXle-6368 boards as the AC for the ‘DC’. This woaldld considerably to the cost

of the instrument.)

The peak output level of the ‘DC’ across the speutrs typically around 1 volt, thus
with the full scale input set to a 0 to 2 volt ranghe ‘DC’ can be measured by the
16 bit PX1e6363 to a resolution of 3, without signal averaging. With the 1M
gain of the photodiode pre-amplifiers this corregf® to a resolution in the
photodiode of 30 pA. The Burr Brown OPA655U opemasl amplifier that forms
the basis of the photodiode pre-amplifier (seeised.2.3) has an input offset error
of +/- 125 pA.

Each of the 32 ‘AC’ channels is amplified by a @acbf 1000, by the ac coupled
amplifiers, based on the AD847 operational ampkfibefore being input to the two
PXle-6368 boards. Each PXle-6368 has 16 individi&lbit ADCs, so two are
required to deal with the full 32 channels from tpleotodiode. Typically the
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maximum RMS value of the signal across the specisutass than a volt, the full
scale input range would typically be set to the\50 +5 V range. Thus the
resolution per least significant bit of the PXIe683vould be approximately 138/.

As this is after the AC amplification this corregps to a photodiode current of less
than 0.2 pA. The photodiode array, Hamamatsu S8512{56] is quoted as having
a dark current of 600 pA so this suggests theidajibn noise would be much less

than thermal noise from the photodiode.

The input impedance of both the PXle-6363 and tKée®B368 are >10 Q in
parallel with 100 pF thus the loading on the phaidd pre amp is negligible.

To connect the ‘AC’ amplifiers to the PXle electimasix NI SCB-68A connector
blocks were used, four on the two PXle-6363s anal &w the single PXle-6368.
These connector blocks allow easy and adaptableections from the pre-amps and
the ‘AC’ amplifiers to the PXle-1073 assembly.
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<« R
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LED driver
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(S4114-35Q)

6 x SCB-68A

PC

NI PXIe-6363
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(ADS47)

Figure 7.1 System diagram of FRASv3 the photodiode array,gonglifiers and AC
amplifiers from the FRASv2 32 are used.

7.3 Synchronisation stability
Figure 7.2 shows a typical RAS waveform (withoutsed from a photodiode pre-
amplifier. In the FRASv1 and FRASV2 designs thenaigs sampled 16 times over,

and in sync with, the PEM reference signal. Thus d¢lgnal is sampled at even
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intervals4t, and at constant phase to the PEM. This is usefitl allows easy signal

averaging by summing corresponding sample poings avnumber of cycles. It has
the disadvantage that timing jitter may result tiuthe phase locked loop constantly
adjusting to maintain its output oscillator in loekh the PEM reference (see section
6.2.8). A lapse in phase lock may also cause th® tdabe assigned to the wrong

channels.

Figure 7.3 shows the sampling points for the FRASwrument. In this design,
rather than using a fixed sampling clock that iscéyonised with the PEM, an
unsynchronised sample clock is used where the satimpé is measured relative to

the PEM reference signal.

v

At=\/16

Photodiode pre-amp o/p

/

/
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sync \ At At At Timepsec

PEM ref J |/_

Figure 7.2 Synchronous sampling as used in the FRASv1 and3¥RAlesigns.
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Figure 7.3 Asynchronous sampling as used in the FRASv3 dedtgich sample

strobe is time stamped from the rising edge oREB& reference.

The NI PXle-6368 and PXle-6363 multifunction boahdse timing control circuits
that are accurate to 10 ns (based on an intern@dlMBz clock), allowing the
possibility of time stamping every signal sampl&tiee to the PEM reference, see
figure 7.3. This means that the sampling clock gnedPEM reference are no longer
synchronised by the hardware, however pseudo sgndation can be achieved in
software. Two different methods were used an ‘puktion’ method and a

‘binning’ method, both are described below.

7.3.1 Synchronisation using linear interpolation

Simple linear interpolation can be used to gengpasudo synchronised sampling
and this can be carried out in real time or by gwstcessing the saved data later.
Post processing the data also allows the posgilmfitmore accurate interpolation

without the constraints of real time demands. Fgur4 illustrates the linear

interpolation.
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Figure 7.4 Interpolating to obtain signal values at synchsedifixed time values
(pink lines) from the unsynchronised input clockuéblines). Black trace represents

the real signal. The blue dots are the interpolatddes.

7.3.2 Synchronisation using binning
If the signal is to be averaged over a number d¥REcles then the sampling can be
overlaid and an average taken of the signal thatirscwithin phase boundaries that

correspond to ‘bins’ across the PEM cycle, thidlustrated in figure 7.5.

The binning method of software synchronisation istesl to cases where a
significant degree of signal averaging is needeis; ieans a large number of data
samples will be spread over the whole of each bam.example assuming a 50 kHz
PEM (20us period), and a requirement for 10 ms time reswiluthen 500 samples
(10 ms/20us) could be averaged within each bin. This resalesfairly accurate but
very fast method of software synchronisation angdagticularly suited to real time

processing.
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the sample intervat is slightly longer than the bin interval so thateo multiple

PEM cycles an even spread of samples is taken.

7.4 Data acquisition

National Instruments Labview software [42] was duder the data acquisition,

control, processing and storage of the data folFfRASv3 instrument. In Labview

parlance a programme subroutine is called a Viyairinstrument), the DAQmMX

Vis, in combination with compatible data acquisiti@ards, provide a set of
hardware drivers that allow un-interrupted highespelata streaming onto a hard
drive. The two PXle-6363 cards used for the ‘AC'weform capture could run at
over 1 MHz resulting in a data transfer rate ofMidyte/sec for the 32 16 bit ADCs.

This combination of hardware and software elimigatiead time and provides

maximum signal-to-noise to be achieved.

The full Labview code used in the FRASv3 instrumesntarge and would require
extensive documentation to explain fully so herst jthe main parts that are
particularly relevant to the operation of this mstent are explained. The user
interface and other programming details have beeitted, as they are fairly routine

to general Labview code.
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7.4.1 Input set-up

Figure 7.6 shows the setup part of the Labview iauogto initialise the AC and DC
channels. Above the ‘create virtual channel’ ladved the DAQmx create channels
VIs that set the type and range of the inputs. tbpewo VIs setup the AC channels
inputs on the PXle-6368 board, the lower VI setugp DC channels inputs. The AC
channels are set to ‘Differential’ mode , which figares the inputs as shown in
figure 7.7(a). Differential inputs provide good se@iimmunity as common mode
noise is rejected at the balanced inputs of theoaard amplifiers. The ‘DC’
channels are set to ‘Non-Referenced Single-Endd@SE) mode, which configures
the inputs as shown in figure 7.7(b), this is neaggas there is not enough pin-outs
to allow ‘Differential’ mode for 32 channel opeati

Both AC and DC channels are set to voltage mod#) wie ranges set using
variables which can be changed from software. Thsipal channels to which the
Vis are assigned are addresses using identifierescodAs an example;
PXI1Slot3/ai0:PXI1Slot3/ail5 is the id code for an analogue input range
sourced from PXI chassis no. 1, slot 3, analogpatichannel, 0 to 15 (this happens
to be the PXle 6368 card in slot 3).

The VIs over the ‘set input clock’ label in figures set the sampling rate, number of
samples and the clock source. Both the AC chanmele the same clock source
(from slot 4) whereas the DC channels are drivemfa clock source on slot 2 that

is synchronized to 1/40 of the AC clock rate.

The VIs above the ‘start task’ label, enable the @&quisition to start, subject to the
input clock. (Until the clock is activated no dataclocked in.) The Slot 4 PXle-6368

is enabled last (using the sequence structure)tardror channel is used to pass on
program flow to the clock generation VIs. This wadlydata acquisition channels are

ready before the input clock is started.
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Figure 7.6 The different input configurations selected by thaftware for the
analogue voltage inputs. Only two channels are shaivthe 32 for the PXle6363 or
the 16 for the PXle-6368.

7.4.2 Sample clock configuration

In the FRASV3 design, as mentioned above, a nooksgnised sampling clock is
used. This is made possible by the counter tingtufes available on all three of the
PXI boards used. Here is shown how the counterrtirmee configured to generate
the pulses at the right frequency and to recordithe delay (or phase) between the
rising edge of the PEM reference signal and eanipkag clock pulse. Figure 7.8
shows the Labview code used to setup the samplek.cldbove the ‘configure
counter’ label slot4 counter 0 (PXI1Slot4/ctrOpissigned by the ‘CO Pulse Freq’ VI
as the counter to do this, the DAQmx channel V§ s@h PFI2 from slot 4 as the
output pin for the clock, the variable ‘frequen@pove the set parameters label sets
the clock frequency. Depending on the applicatioa €xperiment can be set to
record a finite number of clock pulses or free wntil stopped by the user. This is
done on the timing VI, above the ‘set number okpal label. When the ‘start pulses

VI' is reached, the data is streamed directly m&mory or hard drive.
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Figure 7.8 Sampling clock configuration. Counter PXI1Slotddcts used to set the

sample clock frequency. Connector pin PXISlot4/ABl@sed as the counter output.

7.4.3 Time stamping each sample clock pulse

To record the time at each sample clock (relatwerising edge of the PEM
reference) counter, PXI1Slot4/ctrl, is used. Thidriven by the 100 MHz on-board

timebase, thereby giving the counter a 10 ns résoluThe counter is reset by the

rising edge of the PEM, via a user defined input, ({F17. The counter output is
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sampled by the sample clock (PFI2), which also kdaihe AC data. In this way

every sample clock has a time stamp from the IB& Bsing edge.

The setup code is shown in figure 7.9 which hasments added with a pink
background. Above the ‘input variables and constasdmment are all the inputs to
this section of code. Above the ‘select hardwarenter’ comment, is the VI that

selects counter 1 in slot 4 and configures it tontaising edges. Above ‘configure
DAQmx Channel’ is the ‘DAQmx Channel’ VI, this addsrther configuration

options to the counter channel, such as countiog fthe 100 MHz timebase and
resetting on the PEM rising edge (PFI7 on slot®e next VI in the chain assigns a
file in which to stream (or log in Labview parlancéne counter data into. The
‘Sample Clock’ VI uses PFI2, the sample clock tg tbe counter 1 value into the
DAQmx channel and onto disk. A nominal AC frequeigget, which in is used in

this mode so the VI can set buffer sizes.
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Figure 7.9 Pulses from the 100 MHz timebase are counted laadount at each
sampling clock is registered and streamed via DAQ@oiannel onto disk. The
counter is reset on each rising edge of PEM retereo that the saved file contains

the timing of each sample from the last rising edighe PEM reference.

When the VI above ‘start data acquisition’ comméntexecuted the DAQmMX
channel is primed and will clock counter 1 data wiiee sample clock is run. As the
sample clock also clocks the AC channels and, vidivade counter, the DC
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channels, all the data is synchronised. The ‘tagka@an be used to run other tasks

associated with this DAQmx channel such as the toong and display of data.

7.5 Data processing

Data processing may be done in real time and/er &fter the raw data is stored.
The availability of cheap high capacity hard drivessially means the latter is done
even if some processing is done in real time. df ittstrument is to be used for real
time monitoring then real time processing has tddme. After the data is captured it
is interpolated as described above, in order fasyesignal averaging. After

averaging the fundamental and second harmonic dremyu components are
determined. This may be done in real time or dfflidepending on the application

and/or the available computing resources available.

Depending on the application, the amount of time itstrument is run and the
available storage space, the software may takerdift forms. If an experiment is
run for a limited time, there is adequate dataagferspace and the results are not
required in real time, then streaming all dataitk ds the best option as this allows
maximum flexibility in analysing the data withousing information. In this case
only low CPU power, but large storage space magogired, depending on how
long the experiment is run. If storage space isavailable for the length of time the
instrument is run, then online signal averagingld¢die used at the cost of temporal
resolution. If the results are required in realditimen faster processing may be
required, this would require a combination of highspecification computer

hardware and less accurate but faster algorithms.

7.6 Noise reduction by averaging

The high performance of the PXle system with théview DAQmx allows for
continuous streaming of data. This means there agimmuum opportunity to use
averaging to reduce the noise level. The first waration in the noise reduction is
to establish the temporal resolution that is rezfiin the analysis. For example if 1
ms resolution is required with a 50 kHz PEM {&)period) then this would restrict
averaging to under 50 PEM cycles. This averaging mholly or partly be done

with the software synchronisation if ‘binning’ ised, otherwise it can be done later
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by signal averaging simply by overlaying and avearggmultiple waveforms, as

shown in figure 7.10.

If too much signal averaging is done then the te@pesolution suffers, an example
of this is shown figure 7.11, here the blue trabhews a typical output from a

FRASV3 instrument channel. The sample, a Au(11Qstal, was part of an

electrochemical cell that was subject to a voltagep. The sudden change in the
surface atoms causes an optical change that isgigl on the FRASV3 instrument.
Signal averaging 500 PEM cycles, gives the outpigingporal resolution of 10 ms.

This is shown in the blue trace in figure 7.11.sTsihows the output still has a high
level of noise. By using further signal averagifg200 points, this reduces the 10
ms resolution to 2 seconds, this is shown in tleemgitrace in figure 7.11. The noise
is dramatically reduced (by square root of 200) dtuh cost of temporal resolution

that may be unacceptable.

Traces shifted vertically for illustrative purposes

Multiple PEM cycles of data from
detector averaged to reduce noise

Detector AC output

0 ‘ ‘ ‘ ‘ ‘ ‘ PE‘M phaé;e (rad‘ian) ‘ ‘ ‘ ‘ ‘ ‘ on

Figure 7.10This is to illustrate how, after software synchsation, the data taken

over multiple cycles can be averaged to reduceoinse.

7.7 Noise reduction by fitting exponentials
To provide better signal-to-noise without loss @mporal resolution, when, for
example the sample is subject to a sudden chasge, the case of a voltage step

applied in an electrochemical cell, a method ofinit a series of exponential
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transients is explored. This method is not appleab all cases, but in many cases

the RAS signal can be approximated with a seriexpbnential transients.

RAS2 (10%)

212

-14

-16

-18

30 32 34 36 38 40 42time (S)44 46 48 50
Figure 7.11 A typical output from a single RAS channel (blushows how high
averaging (green) reduces noise but at the cashagoral resolution.

The period before the sample is subject to chaigeRAS output is assumed to be
guiescent, apart from being subject to random ndehis stage any amount of
signal averaging does not have an adverse effexte @ change is initiated, say by
applying a step voltage to the sample in an eleb&mical cell, then this can be
precisely marked, either electronically through tlea acquisition system, or by
monitoring the output of all channels and using tmannels with the highest
sensitivity to the change to time stamp the staptgor all channels. The fit uses the

method of least squares to fit an equation of e f
f(x) = Ae™ (7.1)

where f(x) is the fit to the experimental datax}z(A andb are constants that are
found by an iterative process in which they areiedhruntil equation 7.2 is a

minimum,i.e.

y f(x.) = F(x)|* = minimum (7.2)
L )l

i=0
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Figure 7.12 shows the RAS signal used in figurd With the quiescent, or pedestal
value shown in yellow. This is done by simple agarg over a suitable number of
samples prior to the step. The pedestal valueetwmh channel is stored and
subtracted from the RAS data before the first eepaial is calculated.

RAS2 (10%

AN
5]
L

212

214

-16

-18

30 31 32 33 34 35 36 37 38
time (s)

Figure 7.12 The quiescent or pedestal value (yellow) is calead by averaging a

number of sample values (blue) before the steptpoin

Figure 7.13 Shows the RAS output data (blue) nearstep point after the pedestal
has been removed. The first exponential fit is oo the RAS data, where the last
data point before the step is treated as t = zarthe fit. The purpose of this first fit
IS to capture the very fast initial transient of gtep.

The next stage in the process is to subtract teedkponential, the results of which
are shown in figure 7.13. The remaining data is n@ady for the second

exponential fit, show in yellow on figure 7.14.

This process is continued until, ideally, the remrag data averages out at zero. In

this example 3 exponentials are fitted. Figure BAd&ws the third exponential fit.
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RAS2 (10%)

37 37.1 37.2 37.3 37.4 375 37.6 37.7 37.8 37.9 38
time (s)

Figure 7.13 After subtracting the pedestal value from the Rfsa (blue) the first
exponential (yellow) is fitted to capture the imlifast transient of the step.

RAS2 (10%

34 36 38 40 42 44
time (s)

Figure 7.14 Having subtracted the first transient the secoxgbeential is fitted.
Note the longer time constant.
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Figure 7.15The final third exponent is fitted (yellow).
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Figure 7.16The final fit (yellow) overlaid on original RAS ta(blue).
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7.7.1 Equation of total fit to step change
The final fit to the original data is shown in Figur.16. This fit is described by the

following equations:
For —oo <t <t fras = Ped (7.3)

Fort>t, fras = 2 (Avexpl(t-t,)/T,)+C,)+ ped (7.4)

n

where; n is the index of the exponential At, is the amplitude of exponent h, is
time constant of exponent €, is level shift of constant ri is the time at start of

step,ped= value of f.,¢ beforets.

Thus for each step the RAS response can be redaaedew fit parameters and the
FRAS channel energy. For the example fit abovegriat an energy of 2.95 eV, the

fit parameters are:

Ao = 7.505x 10°
To = -0.00667 s
A; = 3.579x 10°
T, =-2.095s

A; = -0.1894x 10°
T,=-13.655s

C=-5.6125« 10°
ped=-3.02665 10°
ts=37.37 s

7.8 Experimental application of the FRASv3 instrumat

The FRASV3 instrument was used on an experimerddyisonet al [58] in which
rapid changes in the RAS profile were observedAiofl10) in an electrochemical
cell under HSQO, electrolyte as the applied potential was switchetiveen 0.3 V
and 0.6 V. This is a potential range in which thg20) surface is not reconstructed

and is below the potential range of surface oxatatirhe reversible spectral changes
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occurred in less than 10 ms and were, attributethéoreplacement of adsorbed

anions by an oxygenated species.

As part of the same experiment, but not yet publishihe potential was changed to
-0.6 V, after the second 0.3 V. Unlike the 0.3 \0t6 V transition, switching to -0.6
V does cause the surface to reconstruct and is kriowcreate a surface on the
Au(110) that has (43) arrangement [47]. As this change involves agaoisation of

the surface atoms it is not as fast or reversiblda 0.3 to 0.6 V change.

7.8.1 Au(110) response to potential switch from 0\3to 0.6 V

The kinetic change at 3.05 eV (stated as 3.1 gdaper) in the RAS spectrum, when
the electrochemical potential was changed from\0.® 0.6 V, is illustrated in
figure 7.17. The graph shows the data, integrated 0 ms steps displayed in blue,
along with a single exponent exponential. Figude8&hows a similar graph to 7.17
but at 3.38 eV. The respective time constants 0% and 3.38 eV are 6.8 ms and 7.3
ms. With a step interval of only 10 ms these timastants cannot be considered
accurate, but they do underline the fact that thasitions are fast and stable, and

can be fitted to one exponential function.

-10 4 ——3.05eV

1IN ﬁﬂl\v._/\ﬂ IA.VM b A I /\,./\- -
e

RAS2 (10%

pE==ic

-18

0.1 0.2 0.3 0.4 0.5 0,6 0.7 0.8 0.9 1

-20

Time (s)

Figure 7.17Change irRAS2at 3.1 eV when applied potential was change fragn 0
V to 0.6 V. Blue trace is the data from FRASv3 linstent, the yellow trace is the

single exponential fit which has a time constan®.8fms.
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The resulting spectra for the 3 potentials 0.3 8,0 and 0.3 V are shown in figure
7.19 and also included is the response from thedatd monochromator RAS
instrument for the 0.6 V potential. The latter skooth instruments have a good
agreement up to about 4 eV, after which both imsénits suffer from low signal

levels in which offsets and nonlinearities canadtrce errors.

] ,I\_A.v./\y, :W\/\M\A NA M,.. yj\/\f
| VWV L= e
.

i

-30

RAS2 (10

0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1
Time (s)

Figure 7.18Change irRAS2at 3.38 eV when applied potential was change ddsn
V to 0.6 V. Blue trace is the data from FRASv3 instent, yellow trace is the single

exponential fit which has a time constant of 7.3 ms

The blue trace in figure 7.19 shows the RAS spettatia potential of 0.3 V; when
0.6 V is applied there is a very quick jump to 8pectrum shown in green; then
when the voltage is returned to 0.3 V there is quadly fast transition to the pink
trace. The initial and final 0.3 V spectra are seehe almost identical, as RAS is a
very sensitive probe of the surface it indicatest the surface returns to the same
state. The speed of this reversibility indicatest tthe surface Au(110) atoms have
not undergone any reconstruction as this would ta&ee time and/or would not be
reversible. It is concluded in the paper by Hamigd al [58] that OH anions are
attracted to the surface when the potential isemsed to 0.6 V and are repelled
again when the potential returns to 0.3 V.
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Figure 7.19 RAS2spectra of Au(110) in an electrochemical cell walectrolyte

H.SO,. The blue trace shows the initial potential of ¥,3the potential is switched
to 0.6 V, shown by the green trace. The pink trslcews the spectrum after the
potential is switched back to 0.3 V. The grey trectie initial spectrum recorded on

a standard (slow) RAS instrument.

7.8.2 Au(110) response to potential switch from 0\ to -0.6 V
As part of the same experiment conducted by Haresal but not yet published the
potential was changed to -0.6 V, after the secaBd\0 This is know to create a

surface on the Au(110) that hax8) arrangement [47].

Using the same principles explained above, a famwilygpectra was produced to
follow the progression of the RAS spectra. Thishiswn in Figure 7.20 in which the
spectra are displayed on a logarithmic time basé&urther advantage of fitting the
RAS data to mathematical functions is that the spazan be displayed at any time
value, not necessarily at the ones recorded.

Figure 7.20 shows th&AS2spectral transition from Au(110)%1) to Au(110)-

(1x3). The black line shows the spectrum before thé& WOwas applied, the red line

shows the spectrum of the fast step (at t = 10 misijst the green lines show how
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the spectra evolve as the surface changes. The grewhs show the lggtime

response at three selected energies.

15.00 T I — I I

RAS (103) v Logytime at 2.79 eV RAS2 (ll‘f') Vv Log, time at 3.89 eV

AN b or

5.001

0.00

RAS2 (10%)

-5.00 RAS2 (10°) v Logy, time at 3.28 eV
0
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Figure 7.20 Family of RAS2spectra plotted on a logarithmic time base inthgat
dynamics of surface changes in Au(110) as the relgoemical potentials change
from 0.3 V to -0.6 V, invocing the surface arrangeainto change from a ¥1) to a

(1x2) structure. Inserts show temporal response dhtheated energies.

7.8.3 Summary of experimental application

Using the FRASV3 instrument Harrisehal [58] were able to show that changes in
the RAS2 profile of the Au(110)/HSO, interface, as the potential is switched
between 0.3 V and 0.6 V, are reversible and omadcale of less than 10 ms. This
excludes the possibility that the processes obdeave due to surface roughening,
rather that they are due to fast process assoomrtedOH adsorption. The fact that
changes are observed on a timescale of less thamsl establish the FRAS
instrument as a powerful tool for monitoring thendgnics of processes occurring at

electrochemical interfaces.

The study of the Au(110)-¢1) to Au(110)-(k3) shows that the FRASv3
instrument is capable of displaying the spectra ofynamic surface over orders of

magnitude of time response, in this case ms toslO0seconds. Further analysis of
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this data may help to understand the progressiahi®feorganisation. Being able to
obtain full spectral response with high temporalotation may enable known RAS
signatures to be used to infer the surface reosgtian that is happening over short,
as well as extended, time periods.
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8.1 RAS theory, instrumentation and analysis

In chapter 3 the theoretical RAS values and theutatled output of the PEM-based
RAS instrument, were expressed in terms of the apgrameters, b, ¢, d and the
sample orientationd. This enabled the output of the RAS instrumenbeadirectly
compared to the theoretical RAS values. This shotkatl with the sample at, the
standard@d= 774 orientation, theRAS1land RAS2outputs of the PEM-based RAS
instrument agree with R&(/r) and Im{r/r) provideda [Oc andb [O0d. However the
real value of this analysis is that it providesnaodel which can predict the output of
the RAS instrument in situations where the sampke d high anisotropy and where
the sample orientation is not at the stand@rd 774 rad. This will allow the correct

interpretation of the experimental data in theseuonstances.

In the analysis of the definition of RAS it was simothat the real part, R&(/r), was
found to be approximately equal, as expected,aalifierence of the reflectancen
andy directions divided by the sum of the reflectant& andy (see equation 3.29).
Perhaps not so obvious is the finding that the inmeg part of the RAS definition,
Im(Ar/r), was approximately equal to the phase differeneaveen the Fresnel
reflection coefficients gy, see equation 3.32, figure 3.2 and figure 4.6.uBing
Re(@r/r) and ImQr/r) it maybe possible to determine the anisotroptghencomplex

dielectric constant of the surface using equati&i.3

The discovery of a 4 term in theADRASZ2rotation waveform has prompted some
interest, for example Farredt al [44] and Laneet al [59]. From the description of
the ADRASoutput as shown in equation 3.80 we can seehbatdefficient of the —
sin(46) term is A\r|%/|r[?, as we get the Im¢/r) and Refr/r) from the standard RAS
instrument, thenAy||r> does not provide any more information. So the majo
benefit in the ADRAS technique is the ability totaddish the orientation of the

anisotropy and not to identify@components in the rotation waveform.

The detector output of the Aspnes PEM-based RA&uiment is described by
equation 3.60, where it is expressed in terms@ttdmple parameters, , c, d), the

rotation angled and the Bessel functiondy(J;, J2 ..Jn), which are derived from the
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PEM maximum retardationAJ. It is worth noting that equation 3.60 is not an
approximation but the exact detector output of deai Aspnes PEM-based RAS
instrument under sample rotation. But it is intéresto note that even an ideal RAS
instrument does not give exact values for/R&) and Im{Qr/r) when the anisotropy
is large. This can be seen by comparing figuresadd4.9 which showRAS2and
Re(Ar/r) respectively and also figures 4.10 and 4.11 wklobwRAS1and Im{Ar/r)
respectively. Following these calculations it slibloé possible to calibrate the RAS

instrument to give exact R&(r) and ImQr/r) values even under high anisotropy.

8.2 Chapter 4 Simulation of PEM-based RAS instrumein

In chapter 4 the RAS simulation was used to vehft the analysis in chapter 3 was
done correctly and to explore how the outputs efRAS instrument behaved under
different sample reflections. It was found that sivaulation agreed exactly with the

analysis, indicating that both were done correctly.

The simulation is capable of much more than tofydhe analysis. The azimuthal
angle of all the components can be varied. All foomplex Jones matrix elements
of each optical stage can be varied, including diagonisable matrices. Noise can
be added and dynamics studied. A further extenwotine simulation could be to

include un-polarised light, this would enable infpet optics to be modelled and
thus indicate the most appropriate components ® inosterms of cost versus
accuracy. To deal with un-polarised light the Jomegrix formalisation could be

replaced using Stokes vectors and Mueller cald@us

8.3 Displaying ADRAS data

Chapter 5 explored ways of presenting ADRAS data ttould reveal sample
features that may otherwise not be noticed. Tho& fareviously published work by
Farrell et al [44] and Weightmaret al [45], and displayed them on an Argand-type
diagram so that loci of the spectra could be disggglaon a 2D plane. This work
illustrated the point that anisotropy changes dagon as the spectrum wavelength
is changed. This could be used to highlight dipa@esng away from the normal
anisotropy direction.
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By adding an offset angle to the rotation angle, rtiost appropriate orientation can
be found to portrait the data as orthogonal speBlyaloing this, the spectrum that is
orthogonal to the dominant spectrum reveals degditgit dipole components acting
away from to the dominant anisotropy direction. TRBRAS2for the Ag(110)
shown in figure 5.11 is a good illustration of thi$e initial focus of interest was the
46 component in the rotational waveform which coutdyobe seen where theg2
ADRAS was near zero. However as figure 5.11 shdwsetis information hidden

from the standard RAS that is brought out by usirtjogonal spectra.

UnfortunatelyADRAS1data was not available for this study. The praogssf both
ADRASland ADRAS2data in future work would provide an interestingsight

particularly if plotted as described in chapter 5.

8.4 Development of a Fast RAS instrument

Chapter 6 introduces the first and second versidribe Fast RAS. The design of
these first two FRAS instruments was based on usimgilti-channel detector and a
multiplexing technique, 16:1 for FRASv1 and 3202 FRASV2, into a fast analogue
to digital converter(s) (ADC). The attraction withis design is the possibility of
making a small cost-effective instrument. Howeveithwmultiple ADCs now
available, for example the LTC2324-16 from Analogvizes [60] which has 4
independent 16 bit 2Msps X20° samples/s) ADCs on a single integrated circuit
package, a non-multiplexed approach would probatadw not be the preferred

option for most applications.

8.5 Improved 32 channel fast RAS version 3 (FRASv3)

In terms of accuracy dynamic range, stability amgitidation noise the FRASv3

instrument was superior to FRASv1 and FRASv2. Alttoit was more expensive
this was principally due to the use of general-psgodata acquisition cards in a
standard electronics crate. A commercial unit thas custom-build would have a
low unit price after development costs. The comtiamaof suitable software and

hardware is vital for a high specification instrurhesomething that FRASv1 and

FRASV2 lacked. Whilst compiled computer languageshsas C, C++ Java etc can
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do this just as well as National Instruments (N&bView, LabView is an off-the-

shelf solution specifically optimized for this role

Combining this instrument with better exponentiitirfg of switching data gave
detailed spectra in intervals down to 10 ms. Figug® demonstrates the quality and

speed that is achievable.

8.6 Combined rotation and Fast ADRAS

A further natural development from this study isojgerate a fast rotating sample
combined with a fast RAS instrument, such a fastRAI3 instrument may prove

useful in detecting the change in orientation gfotks before the anisotropy is
swamped by large changes caused by the movementfate atoms. The study of

conformational change in macromolecules could keearea of study.

By using a stepper motor the sample could be mbtateder computer control,
allowing if necessary averaging over multiple nmas. The system would need to
be setup carefully to avoid the reflected signadcmming, and thus not staying
stationary on the detector. However given that allsamount of précising would
produce only a rotation waveform component 6f this could be filtered out. The
speed at which these changes could be followed dvdebend on the sample
rotation that could be reached. Based on the dad un this study a rotation period
of 100 ms would seem realistic, so that full ADRé&&a could be achievable at a 20

Hz rate (ADRAS data has &2otational symmetry).

8.7 Future work - CD instrument

The components of a RAS instrument are similar tor@ular dichroism instrument
(CD) [61], except CD is carried out in transmissittimough a material, usually
liquid. This led to a design by P. Harrison andrarrell being submitted for a patent
by the University of Liverpool [62], and remains aative area of research and is
currently being funded by a BBSRC Pathfinder Aw&&

A simplified diagram is shown in Figure 8.1 of timain optical components of a CD

instrument. As can be seen it comprises of the damsec components as a RAS
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instrument, but for CD the components are set o line with the light passing

through the sample in transmission.

. . - modulate:
un-polarised linear elliptical modulated  5mpitude

X0 S

Focusing
H B [ H Grating
lamp polariserlsample polariser2
PEM detecto

Figure 8.1 lllustration of the components used in a CD insieat

CD uses circular-polarised light rather than tmedir-polarised light used in RAS.
Circular polarised light has two components; rigattded and left-handed circularly
polarised. A CD spectrum shows the difference betwbese two types with respect
to wavelength. Biological systems and relevant dbal® are often made up with
molecules that absorb one of these types moretkigaother. A CD spectrum of light
that has passed through a sample can give vitarnvdtion on its molecular

composition.

Generally responses in CD are much slower tharasairfeactions, as molecules
have to move around to react. However one possipfdication for a fast CD

instrument is in the drugs industry where milliaissamples have to be screened. A
fast CD instrument would be capable of doing tlusesning orders of magnitude

faster than a conventional CD instrument.

8.7.1 Calibration

In normal CD instruments there are standard comg®yié4] that can be used to
calibrate for both wavelength and ellipticity (mgledS-(+)-10-camphorsulphonic
acid (CSA) was chosen, as it is the industry stethda 0.6mg/ml of CSA gives an
ellipticity of +202 mdeg at 290.5 nm and -420 mded 92.5 nm with the ratio of the
absolute signals at 192.5 nm and 290.5 nm beirlg&.Qreater.
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To see the second peak (at 192.5 nm) in the CSétrspa ten times dilution of the

CSA solutions were prepared. An examination of FegBL2b suggests a possibility
that there is a peak at the lower energy of thetsppm however, due to the lack of
light below 200 nm it is not possible to make dwe peak completely at 190 nm and

it is definitely not the correct intensity.

Work is currently being done to develop the insteainto extend the spectral range
further into the UV.
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Figure 8.2aCD spectra of (blue) 0.57 mg/ml of 1S-(+)-10-camnsiilphonic acid
and (red) 0.7 mg/ml of 1R-(+)-10-camphorsulphoradaFigure 8.2b CD spectra
of (blue) 0.057 mg/ml of 1S-(+)-10-camphorsulphoa@d and (red) 0.2 mg/ml of
1R-(+)-10-camphorsulphonic acid.
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