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ABSTRACT

The technique of dispersive Fourier transform spectroscopy (DFTS)
pernits the direct measurement of phase spectra, end thus removes a major
limitetion of conventional spectroscopy where the phase, which is required
to determine the dielectric response, must be derived from a Kramers-Kronig
analysis of the measured power reflectivity. DFTS studies between 300K &nd
100K using interferometers equipped with dielectric beem dividers have
recently been reported, but the performance of such instruments at frequencies
less than ebout 30 cm.—l is seriously impaired by interference effects in
the dividers.

The acquisition of accurate date from this region is extremely
important when investigating phase transitions in ferroelectric crystals
such as KH,PO) (XDP), characterised by a 'soft' mode whose freguency
ws > 0. The development of polarising interferometers employing wire grid
beam dividers hes made low frequency dispersive studies feasible, although
such measurements have been previously made only at ambient temperature.

In the present work a dispersive polarising interferometer has been
constructed. The instrument has a working range of 20 - 235 cm._1 when used
with a Golay detector and this can be extended to N2 cm.._l by using e liquid
helium cooled Ge bolometer. The sermple tempersture may be held to v #0.1K
anywhere between 90K and 300K. Consequently the interferometer permits low
frequency temperature dependent DFTS studies of solids for the first time,
simultaneously overcoming ell the aforementioned problems.

The performance of the instrument was evaluasted by measuring the
complex reflectivity of CsI and CsBr at 100K and 300K, The results agree
well with published data,

The complex reflectivity of KDP was measured from 300K down towards



the ferroelectric transition at 122K, The resultant ‘c¢' axis dielectrie
functions were analysed in terms of the coupled mode formalism adopted
by previous workers, whose work is briefly reviewed. The results are
éupplemented by trensmission measurements performed with a conventional
power interferometer on thin KDP crystals, whose ‘c' axis spectra were
found to exhibit a temperature dependent transmission window. Complex

reflectivity spectra of antiferroelectric NH) H,PO,, (ADP) are also presented.

The results illustrate the advantages to be obtained by using
dispersive Fourier trsnsform spectroscopy when accurate values of the

comrplex dielectric response are required.
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CHAPTER 1

INTRODUCTION

The science of sgpectroscopy has its origins in the experiments of Sir
Isaac Newton who produced an array of the colours of the rainbow on a screen
by refracting sunlight with a gless prism. Nowadays spectroscopy is performed
throughout the electromagnetic spectrum from radiowaves through to y-rays

‘and is an extremely important tool of the physicist.

Spectroscopy has proved invaluable in gaining an insight into the
lattice dynamics of meterials and provides information on many of their
important physical properties, including the specific heat and the thermal
and electrical conductivities. The foundations of the rigorous theory cf
lattice vibrations and the calculation of the possible modes of vibration of
atomic lattices were laid at the beginning of this century by Born and

(1)

Von Karman'~’. Their work followed earlier theories by Einstein(e) and

(3)

Debye and in their simplest model of a linear chain of equidistantly
spaced atoms of identical mass the interatomic force constent and the atomic
mass determine & maximum frequency that may be propagated through the chain.,

13 Hz and thus lies in the infrared

This frequency is of the order of 10
region of the spectrum. Hence even the simple linear chain model indicates
the importance of IR experimental studies to obtain information on lattice

dynamics.

However, until about 1950, the infrared region of the spectrum, and
in particular the extreme infrared, was one of the most inaccessible to the
spectroscopist due to the severe technical difficulties encountered when
attempting measurements in this region. All this begen to change with

~developments in IR sources and detectors, improvements in IR grating

spectroscopy and later, the development of Fourier transform spectroscopy,



a technique which beceme feasible with the advent of the computer age. In
future years, the tunable laser, which is &t present under intense develop-
ment, might prove to be the most powerful technique available for IR
measurements, superceding the majority, if not all, of the techniques in

present—-day use.

Fourier transform spectroscopy (hereafter abbreviated to FIS) using
Michelson-type interferometers, has been used to measure the IR power
spectra of numerous solids, liquids and gases during the last decade and
has become an extremely popular end valueble technique in the study of the
vibrational properties of materials. Conventional power FTS does, however,
have one particular disadvantege, & disadventage suffered also by grating
spectroscopy. Phase spectra, required to calculate the optical constants
and the releted dielectric functions, are not measured directly but must be
constructed from a Kramers-Krdnig (KK) methematical analysis of the measured
power spectra. Such an analysis is inevitably an approximate procedure

when applied to the truncated spectral range covered in any FTS experiment.

The construction of phase spectra by KK analysis has proved successful
in some experiments where data has been available from a wide spectral
range by combining results obtained using FT and grating spectrometers.
However, the method is inadequate for studies where accurete phase vslues
are required over a restricted spectral range, particularly at frequencies
near the truncation. An important example of such studies is the
investigation of the phase transition in ferroelectric materials where
temperature dependent changes in the optical constant end dielectric
function values must be monitored via small changes, often ~ lo, in the

measured phase spectra.

Recent years have seen the development of a major new technique in

the field of FTS, a technique known as dispersive Fourier transform
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spectroscopy (DFTS). The principal difference between this and conventional
"power" FTS is that the sample under investigetion is introduced into the
opticel path in one arm of the interferometer. This enables the complex
reflectivity or transmissivity, thet is both the amplitude and phese spectra,
to be measured. The optical constants can then be determined from the

measured phase spectra, thus avoiding the need for a KK analysis.

The technique of DFTS has been used by a number of workers to make

ambient temperature measurements of solids, liquids and gases. The pioneering

(W)

workers include Ball'"’, Genzel (see for example Gast et al(S)) and

(6)

Chamberlain'~’. Later measurements have been performed by Birch et al

(8)

and Gauss et al . Measurements below ambient tempersture introduce

(1)

further difficulties which have however been overcome by Parker et al(9—12)

who have performed DFTS studies down to 90K using an interferometer equipped
with a dielectric beam divider. These additional problems were largely
solved by use of an experimental technique termed the division of the field
of view. This technique and the problems it solves are discussed in

Chapter 4 of this thesis.

For many studies in solid state physics the ability to meske measurements
over a wide temperature range is important. In addition it is often
extremely important to obtain data from the low frequency endlof the far
IR spectrum. This is particularly true for many ferroelectric materials
since much of the information required to explain the mechanism of the phase
transition, from paraelectric to ferroelectric, lies in this spectral region.
Hewever, the performance below Vv 3C cm-l, of interferometers equipped with
dielectric beam dividers is seriously impaired by interference effects in
the dividers. The effects lead to a strongly frequency-dependent trans-
missivity, rising from zero at zero frequency to & maximum and felling to

zero again at a frequency inversely proportional to the beam divider thickness.
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(13)

To overcome these difficulties Martin devised a polarising
interfercmeter employing wire grid beam dividers with & constant trans—
missivity up to a frequency inversely proportional to the grid spacing.

The author has built a polarising interferometer for far IR reflection
studies which employs two wire grid beam dividers in a configuration similar
to thet developed by Chamberlain(6). The instrument has a working range of

20 - 235 cm_l when used with a Golay detector and this can be extended to

N2 oem T by using a liquid helium cooled Ge bolometer.

The design of_the instrument permits measurements to be performed at
any temperature between 90K and 300K. Thus the interferometer allows low
frequency temperature dependent DFTS studies of solids to be made for the
first time. Descriptions of the polarising interferometer and the severe

technical problems involved in its construction are presented in Chapter k4,

Initial measurements made with the polarising interferometer were
of the complex reflectivity spectra of the alkali halides CsBr and CsI.
These materials were chosen partly because the reststrahlen band of each
lies comfortably within the working range of the instrument and partly
because their reflection spectra are comparatively well known from power

measurements.

The main subject of study was the ferroelectric KHQPOh (KDP) which
has been investigated previously by a number of workers using Reman
scattering techniques, grating spectroscopy and power FTIS. The transition
in KDP is characterised by a soft mode whose frequency w; > 0. Thus, use
of a polarising interferometer is highly desirable when DFTS studies of
KDP are being considered in order thet the mode may be tracked into the

l, as the temperature is lowered towards

low frequency region below ~ 30 em
the trensition. Previcus work on KDP, both experimental and theoretical,

is reviewed in Chapter 5.
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The complex reflectivity spectrum of the KDP ferroelectric 'c!' axis
was measured from 300K down towards the transition temperature at 123K.
The ensuing dielectric functions exhibit the expected soft mode behaviour
and were analysed in terms of the coupled mode formalism of Barker and
Hopfield(lh). These results are presented, discussed and compared to those
obtained by other workers in Chepter 6. Room temperature measurenents of

the complex reflectivity spectra of the 'a' axis of KDP and both axes of

antiferroelectric NHthPOh (ADP) ere olso presented.

The KDP results obtained with the polarising interferometer were
supplemented by power transmission and reflection studies of KDP. These
measurements were made from 300K down to below the transition temperature
using a conventional interferometer with a mylar beem divider. The trans~
mission measurements were made on thin crystals of KDP, the ‘¢’ axis of
which was found to exhibit & temperature dependent transmission window.
This enabled a check to be made, in the region of the spectral window, on
the accuracy of the phase values which were obtained directly using the
polarising interferometer. These power FTS studies are described and the

results presented and discussed in Chapter T.
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CHAPTER 2

THE THEORY OF FOURIER TRANSFORM SPECTROSCOPY

2.1 INTRODUCTION

The aim of this chapter is to give a brief description of the method
of FIS. Following a few general comments on the technigue, an outline of
the theory involved is presented. The concepts of resolution, resolving
power, Etendue, apodisation, aliasing and the Fellgett and Jacquinot advantages,
amongst others, are introduced and defined. The chapter is concluded with

a discussion of the advanced technique of DFTS.

Throughout the chapter comparisons are made with the theory of &
grating spectrometer to clarify certain points and to illustrate the

advantages and disadvanteges of the FTS method.

Much of the theoretical detail is omitted for the sake of brevity
but can readily be found in various books; in particular asn excellent
review of FIS by Bellﬁla and the Proceedings of the 1970 International
(16) ’

Conference on Fourier Spectroscopy at Aspen, Colorado

In describing the theory of FTS it is necessary from time to time to
mention certain details of the apparetus used. The discussions in this
chapter consequently assume an elementary knowledge of the Michelson
interferometer, a knowledge which may be obtained from a vast number of

sources including the majority of text books on optics.

The chief reason for the sudden rise of FTS to the front line of
solid state experimental rescarch lies with one of the basic procedures
the method involves. The output from the optical instrument, in general a
Michelson-type interferometer or one of its variants, is obtained in the
form of an interferogram, a plot of recorded signal versus optical path

difference, the path difference being related to the relative displacement
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of the two mirrors in the two arms of the interferometer. This interferogram
nust undergo a point-by-point mathematical Fourier transformation to obtain
the required spectral information. The task of performing this FT procedure
by hand calculatioﬁ was far too daunting a prospect to make FTS a viable
proposition, until the advent of computers. Now, advances in program
development and in particular the Fast Fourier transform algorithm, have
turned this once mammoth task into a computational procedure which can be

performed in a fraction of a second.

In convehtional "power" FTS the role of the Michelsoﬁ is similar to
that of the IR grating spectrometer in that it defines a throughput spectrum
P(v), the intensity of IR radiation as a function of frequency. The profile
of this power spectrum, which essentially dictates the pass-band of the
instrument, is fixed by features in the instrumental design, the use of
filters and the mode of cperation of the recording electronics., Some of
these factors which define the spectral prcfile are undesirable but are,

unfortunately, in meny cases unavoidable.

The throughput radiction from the Michelson is caused to be incident
upon the sample under investigation and the output optics arranged so as
to obtain either the power reflection or the power transmission spectrum
by FT of the resulting interferogram. The phase spectrum is then obtained
from the experimental power spectrum by use of a Kramers—Krénig (KK)
methematical analysis, the essentisl equations cf which are presented in
section 3.7. Information on the optical constents and the related dielectric
paremzters is then obtainéd using the Frecnel equations which are derived in

section 3.4,
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2.2 THE BASIC INTEGRAL FOR POWER FTS

On displacement of the moving mirror in one arm of the Michelson,
each wavelength present produces its own characteristic interferogram. For
& monochrorstic source the flux of the combined rediation from the two arms

is a cosine variation, a well-kncwn FT result.

For & polychromatic source the interferogrem is the sum of the fluxes
of the patterns produced by each wavelength, The method of Fourier analysis
unscrembles this interferogram to obtain the pattern for each frequency,
and hence determines the magnitude of the flux at that frequency, the Fourier
coefficient. Thus a record of signal versus frequency, ie a spectrum, is

obtained.

The two coherent waves in the two arms of the interferometer, each a
continuous distribution of frequencies, which have the same amplitude g(v)
at wave number v and which are separated by a phase difference 2wvx where

x is the optical path difference between the two waves, can be expressed as

El(z) = J_:g(v) exp[2wivz] av
(2.1)
E2(z) = I oog(v) exp[2niv(z+x)] dv

where z is the parameter defining position in the interfercmeter arms.

Providing the response of the system to a disturbance is linear, the
principle of Lineer Superpcsition can be applied to define the resultant

field of the recombined waves in terms of the amplitude g(v).

However, it is not the amplitude cf the field but its intensity which
is required in order to cbtain en expression for the power spectrum. To
derive such an expression an assumption must be made before we can justify

applying the zrinciple of Linear Superposition to the beam intensities.

We must assume that all wave packets in the beams are identical and
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that they are both closely and randomly spaced in time, ie there is no
phase reldtion between the fluxes of different frequencies at a given path

difference from & poclychromatic source.

We can then derive the basic equation of power FIS giving the intensity

@3,

of the interferogram I(x) in terms of the power spectrum P(v) (Bell

I(x) = Jw P(v) cos2mvx dv (2.2)
o

vhere x is the path difference between the two arms of the interferometer

end v is the wavenumber.

By use of the Fourier transform integral theorem we can invert (2.2)

to obtain its Fourier "pair", an expression for the power spectrum

P(v) = Jm I(x) cos2mvx dx . (2.3)

o}

2.3 FUNDAMENTAL DEFINITIONS OF FTS

(a) Resclution
We may obtain a simple expression for the resolution of the Michelson

by considering the particular case of

P(v) = Poﬁ(v - vo) (2.4)

ie a Dirac 6 function or in physical terms, & purely monochrometic line.
Thus

I(x) = [“ Poé(v - vo) cos2mvxdv = P cos2mv x . (2.5)

o

Now the mechanical limitations of the Michelson epparatus impose a
restriction on the interferogram I(x). It is obviously impossidble to
record the interferogram to infinity and in practice we are restricted to
a meximum displacement O > X . Owing to unavcidable asyrmetry, double-

sided interferogrums ere usually recorded and hence we are forced to
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truncate the integral within the limits #L where L = x0/2. Hence the

recovered spectrum is given by

L
P(v) = I Poc052ﬂvox cos2mvxdx
~-L
[ sin2w(v+vo)L sin2n(v~vo)L
= PL + . (2.6)
o 2w(v+vo)L en(v-VOTL

The first term is very small ccmpared to the second, thus we can consider

P(v) as a sinc function which has zeros when

2n('v—vo)L =iT  or v=v + .2.% . (2.7)

Therefore we recover the § function as a peak with full width

o= . (2.8)

We may take (2.8) as = measure of the resolution of the interfercmeter.
There can, however, be no fixed definition ¢f the resolution of a Michelson,
for a number of different viewpoints may be considered including the effect
of apodisation, a discussion of which is left until section 2.3(c¢). However,
in all cases the genersl result is cobtained that the resolution is inversely

proportionel to the maximum path difference.

For the case of (2.6) one possible definition is obtained from the
width of the sinc function at half its peak value, commonly termed the half-
width. Fig 2.1 illustrotes the function sinc z' versus z' and from this it
con be determined that the intensity drops to half its peak value at z' =
+0.607m. Hence the full half-width is ~ 1.21m ond so, for z' = 2ﬂ(v~vo)L,
we obtain the resolution

_ 121
Av = 2 . (2.9)

Another possible definition follows from the so-called Rayleigh

criterion which defines the resolution in terms of the separation cf two
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lines of equal intensity. If we consider that each of the recovered lines

is given by (2.6) then we can show (Bellcla chapter 6)

= L
Mpe = 3 . (2.10)

As (2.9) and (2.10) differ by only 20%, the simpler expression of
(2.10) will be used as o definition for the resolution for an unapodized

interferogram in the derivation of further spectroscopic quantities,

The resolving power of an interferometer can be very large; eg relative
mirror displecements of ~ 2 metres have been obtained in practice leading

to resolutions ~ 0,0025 cm-l.

(b) The Fellgett and Jacquinot Advantages

The potentially large resolving power of the interferometer may be
practically reslised as a consequence of two important properties of the

instrument, the Fellgett and Jacquinot advantages.

The Fellgett (or Multiplex) advantage can be stated in the following
way. Suppose we observe o spectrum of N elements in & time T, each spectral
increment being equal to the resolution. With & grating spectrometer each
element will be observed for a time T/N as it lies within the exit slit
of the instrument. The signal-to-noise ratio in the observed spectrum
will be proportional to the square root of the observaticn time, ie (T/N)%.
However, with an interferometer each element is observed all the time during
& scan so that the signal-to-noise will be proportional to T%. Thus the
interferometric system is superior by the factor N% which is generally

considerable, N being typically of the order of 100 or more.

Fiz .2.2 shows en equivalent optical diagram of a Michelson inter~
ferameter where the two arms containing the mirrors have been superimposed
and off-axis rays are included. This diagrom is an aid to the understanding

cf the following discussion.



19

Prior to describing the Jacquinot or throughput advantage (étendue)
we must define the maximum sperture we may use with a Michelscon., This is
a consequence of the well-known circular fringe pattern produced when the
mirrors in the two amms, as illustrated in the equivalent diagram of
Fig 2.2, are parallel., The rings shrink as the path difference (x) is
increased causing the intensity at any point to vary sinusoidally from a
maximum to & minimum., The aperture must therefore be limited to include
only the central fringe in order that the interferogram exhibit & variation
of intensity with x. Hence we set the aperture to the size of the central

fringe spot at maximum path difference x = L.

Fig 2.2 shows an oblique ray incident on and reflected from the fixed
end movable mirrors, at an angle a to the optic axis. The optical path

difference (A) for this oblique ray is given by

A = (2d/cosa) - 23 tanasina = 24 cosa (2.11)

where d is the mirror separation. However, the measured "there and back”
optical path difference for a ray on the optic axis is x = 2d; thus we may
write

A = x cosa . (2.12)

Modifying (2.2) to take account of the off-axis rays in the interferometer

we write

I(A) = Jw P(v) cos2mvA dv . (2.13)

o)

Therefore integrating over the solid angle Q subtended by the source

I(x,0) = %- Jm P(v) Jw[cos(znvxcosa)] agav . (2.1k)

o} o)
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The size of the central fringe is governed by the term in (2.1h)

2
cos(2mvxcosa) = cos2mvx [l - %?J for smalla . (2.15)

The phase difference between the central ray (a = 0) and the first

intensity minimum is 7, so the first minimum is given by

02
21vx 7?- = 1 ie aé = L . (2.16)

The solid angle subtended from the centre to the first intensity
minimun, the size of the central fringe, is therefore

o = nag = :%; . (2.17)

Thus the meximum aperture which is dictated by the size of the
central fringe and which occurs for x = L, the maximun path difference and

V= Ve, is

m
Q = . (2.18)
m LvMAX

A further limiting factor arises from the integration of (2.14). By
use of the small angle expression coso = (1 - a2/2), setting Q = ra? ond

using trigonometric identities, evaluation of (2.1h) yields

I(x,0) = r P(v) sinc[g—‘e’l]cos(ewx[l - I%—])dv . (2.19)

o)
The interferogram is now modulested by a sinc function which has its
first zero at

= 2n
2 = = . (2.20)

On progressing beyond the first zero of the sinc function the phase
of the fringes is reversed and energy is removed not added to the spectrum
as X is increased. From these considerations, the meximum usable aperture

is therefcre

. (2.21)
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The aperture Q, is a limit imposed by the modulating sinec function
and not that of (2.18) which was dictated by the size of the central fringe
spot. For correct interferometry the smaller of the two apertures must be
employed. Since ﬂm < Q. it is Qm that is taken to define the msximum

usable aperture for the interferometer.

The étendue for a particular optical system is a constant which
determines the amount of light that can be transmitted by the system or
the "throughput". It is defined as

E = AQ (2.22)

where A is the area of the collimator and Q is the solid angle subtended by

the source.

The Jacquinot advantage states that we mey consider the flux through-
put at sny point in a lossless optical system for, in such a system, the
brightness of an object is equal to the brightness of an imsge. We may

now compare the étendues of a Michelson and a grating spectrometer.

From (2.10) the resolution of & Michelson was defined as

R = — . (2.23)

Thue, from (2.10) and (2.18) the meximum solid angle aperture of the

Michelson is given by

g = 2° ) (2.24)

= am
E. = A S . (2.25)
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In the case of the grating spectrometer the throughput power is

limited by the entrance slit. The grating solid angle is
o, = & (2.26)

where £ is the focal length of the collimator, w the width and % the length

of the slit.

The resolving power of a grating spectrometer can be expressed in
terms of the angle increment d6 through which the grating must be rotated
to move a spectral increment dv across the exit slit. With reference to

BellaS) (p 21)

= ¥ ] = 2L
a® = % thus R, =~ tand . (2.27)
Therefore
A
- = X _G
L‘G = AGQG = 3 G2tane . (2.28)

For meximum efficiency 6 is chosen nesr the blaze angle 65 end for

6, typically ~ 30°, we have 2tang v 1.
Hence we obtain

E n

e
G R

G

. (2.29)

H|wo

Assuning AG v Am, and that the focal length of the collimators and
the resolving powers of the Michelson and the grating instrument are the

same, & justifiable assumption, then

Em -
2.l (2.30)
G

Even in the best grating spectrometer, 2/f does not exceed 1/30 thus
the étendue of the Michelson is nearly 200 times better than that of the
grating spectrometer, a factor attributable to the cylindrical symmetry of

the interferometer.
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It is important that the design of the interferometer allows the
detector to accept the whole available solid angle from the instrument to

meke the best use of this throughput advantsage.

(¢) Instrumental Line Shape and Apodizstion

The effect of truncating the interferogram as defined by (2.2) and
(2.3), within the limits *L has already been demonstrated for the case of a
purely monochromatic line of frequency vo. From (2.6) the recovered spectrum
is of the form

sinen(v-vo)L
(2.31)

P(v) = PL 2w(v-vo)L 3

that is, we obtain a sinc function as an approximation to the monochromatic
beam. From (2.31) we define the Instrumental Line Shape (ILS) or spectral

window as

W(v) = L sine { 2n(v~vo)L } . (2.32)

Besides a central peak of finite width which we can tolerate as an
aprroximation to the monochromatic line within the resolution limits imposed
by the truncation, the sinc function also possesses sharp sidelobes or
"feet" (see Fig 2.1). These undesirable features are symmetrically placed
either side of the central pesk and in practice they could be mistaken for
real spectral features. This situation is improved by a mathemstical
procedure known as "apodization" from the Greek word apodal meaning

"removal of the feet".

The feet arise from the sharp cut—off at x = +L and the process of
apodization arranges for the interferogram to be smoothly and progressively
reduced to zero at these points. In consequence a greatly improved spectral
profile is obtained though a sacrifice of some of the resolution accompenies

the procedure.
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The epodization process can of course be applied to the cese of a
polychromatic source which can be considered as a linear superposition of

Dirac § functions or monochromatic lines.

The apodizing function f(x) is introduced into (2.3) to give the

computed apodized spectrum

L
P(v) = [ £(x) I(x) cos2mvxdx (2.33)
-~L

a closer approximation to the true spectrum than the unapodized

T
P(v) = I I(x) cos2mvxdx . ' (2.34)
~-L

In order that both positive and negative x values may be scanned the
chosen f(x) should be an even function. In additioh, to avoid phase errors
for the two-sided interferograms the peak of f(x) should fall at the

experimental origin, the position of zero path difference.

Three widely used apodizing functions are

f(x) = 1- |x|/L
£(x) = 1 - (x/L)° (2.35)
f(x) = cosmx/2L .

As an exarple let us apply apodization in the form of the "triangulser"

function £(x) = 1 - |x|/L to the case of the mcnochromatic line. Thus

L
[ e
o

-L

using (2.6)

P(v) 1 - |x]/L

cosEﬂvox cos2nmvxdx

(2.36)

L
P, I l 1 - x|/ cog2m(v-v )xdx ,

o]
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where we have dropped the COSEﬂ(V+VO)x term as its contribution to the

integral is very small.

Hence
1 - cosen(v-vo)x

P
P(v) = 7?
[21r(v—vo)]2

and by use of the identity cos26 = 1 - 2sin®e we cbtain

sinzn(v-vo)L

Pv) = P2
’ ° % [nlv-v )L
. _ L . 2
ie P(v) = P_ 3 sinc {n(v—vo)L } . (2.37)

This result is illustrated in Fig 2.1 along with the unapodized
spectrum given by (2.31). The effect of the apodization can easily be seen.
The sidelobes are greatly reduced in height and the negetive intensity
values disappear. The width has slightly increased, hence the resolution
has been slightly degraded but not seriously. The resultant apodized
spectrum is now a spectrosccpically acceptable approximation to the pure

monochromatic line.

(d) Discrete Sampling and the Phencmenon of Aliasing

In a real experiment the problem arises of how to record the inter-
ferogrem in a form that can be fed into the computer for Fourier analysis,
In practice the interferogram is sampled at equal intervals of path
difference Ax. This is often achieved as in our case by mounting the
moveble mirror on e micrometer which is moved in discrete steps of length
x' = Ax/2 thus giving a "there and back" path difference increment of Ax

in the arm of the interfercmeter.

One benefit of adopting this procedure is that use nsy be made of

the Fast Fourier "Cooley Tukey" algorithm in the Fourier analysis, which
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greatly reduces the computation time, for this method requires the data to

be recorded in equal increments.

The sampled interferogram Is(x) obtained in this way is not the
continuous interferogram Ic(x) as given by (2.2), for the integration has

now been replaced by a summation. The two interferograms are related by

I(x) = [l (G2 1,00 (2.38)

where | ¢ | (i%ﬁ is the Shah "Comb" function defined mathematically in terms

of the Dirac § function

Led (x) = §F 0 8(x-n) : (2.39)

vhere n is an integer.

Therefore in (2.38) the Shah function allows for Is(x) to have only

those values for which x = 0, #Ax, #2Ax ... .

The effect of discrete sampling on the final computed spectrum can be
deduced using the convenient property of the Shah function that it is its

own Fourier transform. That is

FT { 4] (eax) } = -lé-l. Lil (v/a) . (2.40)

a

This follows from the definition of the Dirac § function and a change of

variable relation.

And from (2.2) and (2.3)

P(v) = Fr{I (x)}]

(2.41)

Pc(v) FT{Ic(x)} .

Use must now be made of the convolution theorem which states that
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if h(x) [f(y)g(x*y)dy = f(x)xg(x), ie the convolution of f(x) and g(x)

then H(K) F(K)G(K) where H(K) = FT{n(x)} etc.

Hence from (2.38)

P(v) = Fo{ L] (D)} =B (v) (2.42)
and using (2.40) one may write
Ps(v) = Ax |y |(vax) = Pc(v)

leading to

o

FI{I(x)} = P,(v) = ] P (v=-mna'v) (2.43)
n= —»

where A'v = 1/Ax and the definitions of the Shah function, the convolution
integral and the Dirac § function were employed. Note that A'v is not the

seme as the resolution Av discussed previously.

The complete spectrum Pc(v) is then cbtained for v = nA'v for all n,
leading to duplicate spectra starting at nA'v. Overlapping or aliasing of
these spectra may occur depending on the magnitude of A'v., This aliasing
must be avoided by separating the repeated spectra in order to determine
the true spectrum. Fig 2.3 shows & spectrum where the problem of sliasing
arises. A double-sided continuous interfercgram Ic(x) gives both positive
and negative frequency values for Pc(v) which thus extends from “VMAX to

Haxe & width of 2v In Fig 2.3(a) the full lines represent the positive

MAX®
spectra ond the dashed lines the negative spectra as computed from a sampled
interferogram. Fig 2.3(b) shows the resultant spectrum which would thus be

computed, the sum of the components of (a). The negative mirrored spectrum

from “Vyax Yo zero is ordinarily ignored leaving the required positive

spectrun from zerc to v But of course, as illustrated by Fig 2.3, the

I\ .

separation of repeated spectra can only be cssured by setting
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A'v 2 2vye
. (2.L4)
or Ax < 1/2\)MAX
The stepping increment x' = Ax/2 must therefore be chosen carefully

to avoid aliasing. As the true spectral information is restricted to the

range O -+ v we define the cut-off or aliasing frequency

MAX
7 o= = -+ - 1
K = vax = Zax Tx" . (2.15)

The micrometer of the polarising interferometer was rotated using a
stepping motor with e maximum of 200 steps per revolution, equivalent to
0.5 mm of micrometer travel. Thus the smallest stepping increment was

2.5 ﬁm corresponding to a cut-off frequency K = 1000 cm—l.

2.4 DISPERSIVE FOURIER TRANSFORM SPECTROSCOPY

The technique of DFTS, where the phase spectrum is measured directly
by placing the sample in one arm of the interferometer, was developed to
remove some of the limitations that arose in conventional power FTS. There,
the phase must be constructed from the power reflectivity P(v) using the
Kremers-Kr¥nig (KK) enalysis which is, in practice, an approximation
procedure, for the experimental data is generally incomplete since it is
recorded over a restricted spectral range. Details of the KK procedure
are given in chapter 3. In this section, the basic integral for DFTS is

. derived and shown to be valid also for the power FTS case.

First we must egein assume that the lew of superposition holds and
also that the electric fields are real functions, In addition we now

attribute different reflectivities to the two reflectors in the twe arms of
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the interferometer.

The essential expression for the electric field as a function of

position z is

E(z)

[“ g(v) exp[2wivz]av . (2.46)

/0
Here we are concerned with electric field amplitudesand the corresponding
reflectivity is the complex reflection coefficient defined as
p(v) = [p(v)] exp i¢(v) (2.47)
where |p(v)| is the modulus or amplitude and ¢(v) the phase. For a plane
mirror, for example, |p(v)] = 1 and ¢(v) = n, thus p(v) = exp ir = -1.
The power reflectivity or reflectance, the ratio of reflected to
incident power is given by

R(v) = p(v)p*(v) (2.48)

where the * denotes the complex conjugzate.

The field from the sample arm is

El(z) = Jm p({v)g(v) exp(2rivz)dv (2.149)

-0

and from the moving mirror arm

E2(z) = Jm exp(in) g(v) exp(2niv[z+x])av (2.50)

where X is the path difference between the two arms and p(v) the true

complex reflection coefficient of the semple,

Invoking the principle of linear superposition the resultant recombined

amplitude is

gx(xv) = g(v) [p(v) + exp i(2mvx+n)] (2.51)
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and the resulting flux

P(x,v) gR(x,V) EE(XaV)

gz(v){l+R(v)+|p(v)|[exp i(emvx+n-¢(v) ) +exp-i(2mvx+n-¢(v))] }

(2.52)
Hence the interferogrem
I(x) = J gg(v){l+R(v) + 2]|p(v) |cos[2mvx+m-¢(v)] }av (2.53)

The information om the spectrum is, however, provided by the varying part of
the interference function ie the cosine term, the other terms merely contributing

to a charge in the overall level. Thus essentially

I(x) = ij lo(v)| ge(v) cos[2mvx+m=¢(v)] av . (2.54)

-0

Now multiplying both sides by exp(-2wiv'x), expressing the cosine as a sum

of complex exponentials and integrating we obtain

J exp(-2miv'x) I(x)av = J lo(v)lgz(V){ I (exp i[2n(v—v')x+m-¢(v)]

+ exp-i[2n(v+v!)x+m-¢(v)])ax } av . (2.55)
Using the integral result

Iw exp (iKx) dx = 2n6(K)

O

where 8(K) is the Dirac delta function defined such that

Jm §(x-a) f(x) ax = £(a)

-0

and ignoring the negative wave number part of the solution and any multiplying

constants we obtain the result
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lp(v')lgz(v')exp i[m=¢(v")] = J I(x) exp(-2miv'x)ax . (2.56)

-0

Since P(v) = gz(v) is the spectrum, (2.56) yields the basic complex Fourier

transform integral for FIS

[e+]

-P(v) p*(v) = J I(x) exp[-2wivx] dx . (2.57)
-0

Hence for the case where a sample replaces one of the interferometer mirrors

we require the complex FT (2.57) and not the cosine FT (2.3). The ccmplex

FT yields p{v)P(v) rather than just P(v) where p(v) is the complex reflection

coefficient of the sample.

For conventional power FTS where the sample is placed in the recambined
beams and the interferometer contains perfect mirrors in each of the two
arms, we have p(v) = -1. Thus (2.57), the complex transform, may be used
for this case as well as for the dispersive case. Even if the two mirrors
are not perfect, this factor cencels when retioing results obtained with

the sample in against those with the sample out.

Returning to the dispersive situation described by (2.57), P(v) is

easily obtained by replacing the sample with a perfect plane mirror
[ loW)] =1, pv) =expin=-11].

Hence

P(v) = exp[-2nivx]dx . (2.58)

Jim () yrRRoR

Ratioing this with the complex FT of the sample interferogrem gives

: FT{I(x) }
o*(v) = |p(v)]|exp ~i¢(v) = - () sepre . (2.59)
FP{1(x)yrpeor!

Thus both the amplitude p(v) and the phase ¢(v) reflection spectra sre
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obtained by direct measurement. The optical constants [n and %] and the
related dielectric functions [e' and €"] may then be calculated using the

Fresnel relations which are derived in the following chapter,

Besides providing a direct measurement of ¢(v) another advantage of
DFTS is that extremely small values of power reflection or transmission
may be determined cn squaring the measured amplitudes. For example, a
measured transmission amplitude of 1% yields a power transmission of 0,01%,

a figure beyond the limits of a power FTS experiment.

2,5 PHASE FRRORS DUE TO MISMATCHING OF RATIOED INTERFEROGRAMS

It has been shown that to obtain the phase spectrum ¢(v) in DFTS we
moay ratio the interferogram obtained with the sample in the fixed arm against
that obtained with the mirror in the seme arm. To avoid phase errors it is
important that the reflecting plane of the sample coincides exactly with
that of the mirror it replaces and that the recording of the two interferograms
commences at the same point. This is to ensure that the experimentel origins
coincide. A technique for achieving this exact replacement experimentally

will be discussed later in chapter L.

We will ncw consider the effect on the measured phase spectrum of a

mismatch of the two interferograms,

For the sample, using (2.57)

o«

~P(v) p*¥(v) = J ISAMPLE(X) exp[-2rivx]dx . (2.60)

-0

Suppose the mirror interferogram is mismatched at every step by a
distance §; ie the experimental origin of the interferogram is displaced
& distance § from that of the sample interferogram. We can express the

mirror spectrum as

B(v) = f I(X_G)MIRROR exp[-erivx]ax . (2.61)
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On ratioing we obtained

p'*(v) = %%%% p*(v) (2.62)

and not the required p*(v) as for (2.59).

However, use of the Shift rule for Fourier transforms gives

B(v) = exp[-2rivé] J I(x)MIRROR exp[-2rivx]dx . (2.63)

Thus

B(v) = exp[-2mivs] . P(v) (2.64)

and

p'*(v) = exp[2rivs] p*(v)

= |p(v)] exp - i[¢(v) - 2mvé] . (2.65)
Thus the true phase spectrum is shifted by a factor which is linear
in wave number v.

If, for example, we mismatch by one sampling step, ie § = Ax, then

the phase error is
AP = 2uvAx . . (2.66)
At the cut-off or aliasing frequency v = K = E%; (see 2.45),

the phase error A o= oo,

Hence a one sampling step mismatch between the ratioed interferograms

leads to a phase error of m at the cut-off or aliasing frequency.
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CHAPTER 3

DIELECTRIC AND OPTICAL THEORY OF CRYSTALS

3.1 INTRODUCTION

With & view to providing a background for the discussion and interpretation
of experimental results, the relevant elements of the dielectric and optical

theory of crystals are presented in this chapter.

It is inevitable that such an outline will commence with a statement
of Maxwell's fundamental equations giving a description of an elecﬁf;magnetic
field. With these as a basis, the electromagnetic theory of reflection and
refraction is considered leading to a derivation of the Fresnel equations,

relating reflected and refracted energy to incident energy.

Then via dispersion theory the oscillator model equation for the
dielectric constants €' and ¢" is developed and certain other aspects of

the theory are thereby deduced.

The chapter is concluded with & section on linear response theory and
Kremers-Krdnig analysis. It has already been indicated that knowledge of
this procedure is required in order to obtain optical constant data from

conventional power FTS measurements.

The theoretical details presented in this chepter were obtained from

(17)

a number of sources which included books by Born and Wolf s Born and

Huans(ls), Turrell(lg) and Nudelman and Mitra (eds)(eo),

As most of the time available was spent making measurements on the
ferroclectric KDP and the anti-Terroelectric ADP and fitting theoretical
models to these results, a discussion of the theory of ferroelectricity and
crystals such as KDP merits a chapter of its own, Hence, chapter 5 has

been devoted to this topic.
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3.2 ELECTROMAGNETIC BASIS

An electromagnetic field in a dielectric medium is described by four
vector quentities, the electric field E, the magnetic field H, the electric
displacement D and the magnetic induction B. The macroscopic electromagnetic
properties of the medium are then determined by Maxwell's equations which

take the general form

VeD = p (3.1)
VeB = 0 (3.2)
UxH = j+D | (3.3)
VxE = -B ‘ (3.L)

where p is the charge density in the medium and j is the current density

given by Ohm's law

Jd = oF (3.5)

0 being the electrical conductivity which is zero for a non-conducting

dielectric medium,

It is convenient to introduce an additional variable, the polarization
P which represents the electric dipole moment per unit volume defined by

the relation
D = eE+P (3.6)
where €, is the permittivity of a vacuum.

For an isotropic medium D, E and P are parallel and for smell fields

P is proportional to D. Thus we write

D = eE (3.7)
P
where e = gty (3.8)

and e/so is the dielectric constant or relative permittivity of the medium.
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Rewriting (3.8) gives

P = Ele-¢) . (3.9)
We now define the electric susceptibility or polarizability x by
the equation

P (3.10)

L}
>
™
=

Hence

x = —-1 (3.11)

vhich is usually split into electronic and atomic contributions. For an

isotropic crystal

0

+ y.
elec x1on

where Xelec is due to distortion of the electron distribution by the electric

field, and Xion erises fram ionic displacements during lattice vibrations.

At frequencies which are high compared to molecular and ionic vibrational

frequencies a high-frequency or optical dielectrie constant may be defined as
e

'E--=l+x
o

. (3.13)

elec

At lower frequencies e is essentially constant and the variation of e is

due to the x; . term in (3.12).
Considering the magnetic properties of the medium, H is defined by
Wi = B-ul (3.14)

where M is the magnetic polarizetion for unit volume., Similar considerations

as those used for the electric properties lead to
wH = B (3.15)
where u/uo is the relative permeability of the medium.

Furthermore, for a homogentous electrically neutral medium there is
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no net charge, ie p = 0, We may thus rewrite equations (3.1) to (3.4) as

VeD = eV +E = 0 (3.16)

V o _I_‘I_ = O (3-17)

UxH = 0E+ ¢k = oE+c B+ P (3.18)
):4 E + €¢E E+eE+E

VxE = -uf . ’ (3.19)

By taking the curl of (3.19) and using (3.18) we obtain the differential

equation for the electric field in a homogeneous, neutral medium, as
V2E = ueE + pok . (3.20)

The final term in (3.20) essentially describes the damping of the
field by the medium. For a non—conducting, lossless, dielectric medium the
conductivity o = 0. However, for real crystals losses are present, ie radiation
is absorbed by the medium, in the infrared region of the spectrum and hence
o cannot be set equal to zero. This requires both the refractive index and

the dielectric constant of the medium to be complex.

3.3 GENERAL CONSIDERATIONS AND DEFINITIONS

Plane wave solutions of (3,20) are of the form

E = E_ exp i[K-r - wt] (3.21)

where K is the propagation constant and is in general complex for a lossy

medium; ie K = B + ia.

Taking the simple exmmple of a wave travelling in the positive z

direction, ie
E = E_ exp i[Kz - wt] (3.21p)

then substitution into (3.20) which now has the form
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32 2
——f— = ye -a——f + uo %% (3.22)
9z ot
yields
K2 = wlp(e + %f- . (3.23)

This corresponds to the situation for non-conducting media (o = 0)
where the dielectric constant is real if a complex dielectric constant &

is introduced as

Hence

K = o = ofv . (3.25)
vhere v = (ué)-% is the complex phase velocity at which E is propagated
in the medium,

Following from the general definition of refrective index we may

introduce a complex refractive index

N = %- = %K . L . (3.26)
w/y e
O O
Thus y
N(w) = [‘u—:e—o' e + %;q } = n + ik (3.27)

where n and k are the optical constants of the absorbing medium, n is the
reel refractive index and k/n is known as the extinction coefficient or

attenuation index.
Now the magnetic equivalent of (3.11) is

Xy, = u/uo -1 (3.28)

where X is the magnetic susceptibility which is zero in our case for we

are not concerned with magnetic phenomena,
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Therefore (3.28) gives n = M- Using this result and equating real
and imeginery parts of (3.27)

n° - k% = e/sO , (3.29)

and
2nk = o/som. (3.30)

From (3.2%) and (3.27) we may write

¢ = e ln+ik]® = &'+ ic" (3.31)
lesding to

e'/eo = 0% - ¥° (3.32)

e"/eO = 2nk . (3.33)

Henceforth the symbol e will be used to designate the complex

dielectric constent given by

W) = St o eltdel (3.34)
o (o]

and not the real part of the dielectric constant as in (3.2h).

A relative refractive index for twc media 1 and 2 may be defined sas
I S N R 41
NQl =5 =% =35 =% . (3.35)
2 2 1 2
The effect of absorpticn due to the medium through which the wave
propagates can be determined by substitution of (3.26) and (3.27) into the

equaticn for the plane wave (3.21).
Consequently,

E = & exp[— %’-.ﬁ_z] exp i0ln/C Kox. - ut] (3.36)

where X is the unit vector in the direction of propagation.

This represents a plane wave with velocity C/n which is exponentially
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damped by the term

The power flux I is proportional to the square of the modulus of the complex

amplitude, hence

p _ B 2k 2
T = 5~ = exp ETI'('?'] (3.37)
0 E
ﬂ
or
I = I exp-o(Ker) (3.38)

which is usually referred to as Lambert's Law.

= 2w _ bk
= 55 A (3.39)

is the power sbsorption coefficient per unit length within the medium,

A being the wavelength in vacuum.

3.4 REFLECTION AND REFRACTION OF RADIATION — THT FRESNEL RELATIONS

Now consider the case of a plane wave as given by (3.21) incident
onto a plane boundary seperating two media 1 and 2, with medium 2 more

> k..

dense, ie k2 1

The situation is illustrated in Fig 3.1 where the relevant E and H
vectors, the propagation vectors n; and the required engles are drawn. The
problem is treated in two separate cases for Eo perpendicular and Eo

parallel to the plane of incidence.
The boundary plene is designated by

ner = 0 . (3.%0)
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The wave vectors are:

For the incident wave K = Kn = Kln

-0 =0
For the reflected wave K = Kl_gl (3.41)
For the transmitted wave ;ge = Kz_r_x_2

vhere K. is given by (3.23).

To relate the E and H vectors, assume they are of the form given by

(3.21b) and substitute into (3.19), one of Maxwell's equations.

Therefore
3E .
nx3= = —ui = il (3.42)
or
{ ik(n x E_O) = douH } exp i[Kz - wt] = O
ie B = £axE) . (3.43)
-0 wp = o - °
Since EenxE = 0,
=0 =" =0
thenm E < H = O. (3.k4)

Therefore _150 and Eo ere mutually perpendicular and both are perpendicular
to n, the propagation direction. These three vectors form a positive right-—

handed triad.

We may now write the wave equations as:

Incident plane weave _Ei = go exp 1[Kl n er -~ wt]
K, (3.45)
H. = ~—n xE,
=i wiy =0 =i
Reflected wave (assume plane)
E. = E, exp l[Kl n,°r - wt]
(3.16)

H E
i mul -1 =
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Trensmitted wave (assume plane)

E, = E; exp i[K; nyor - wt]
(3.47)
K
2
B =3

¥o

2, * By

The boundary conditions of the problem demand that the tangential
ccmponents of E and H be continuous across the boundery plane ner = 0,
Consequently the arguments of the exponentials in the three cases are
identical and this condition requires that the frequencies be the same for

the three waves. We may rewrite the boundary condition using the expression

nx (nxzr) = n(nr)-rinn) . (3.48)

The first term on the right-hand side is zero at the boundary end (g_»_é) =1,

Thus

-r nx(nxzr) = nxh (3.49)

where h = n x r must lie in the boundary plane.

Substitution for r in (3.45) + (3.47) and using the boundary condition

yields
K e(@xh) = K -(nxh) = K, ° (axh) (3.50)
or (K, xm) <k = (K xn)+h = K, (nxh) (3.51)
Hence (_Igo - _I_C_l) xne+«h = 0 (3.52)
(8, ~K,)xn-h = 0 . (3.53)
As the plene of incidence is defined by K_ and n then X, and X, also
lie in this plane, a statement of the Coplanar Law.
Furthermore, from Fig 3.1
|k xn| = K siné ; ]K_lx_r_z_l = K,5in6; |k xn| = K,sing, .

(3.54)
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_ 8o using (3.52)

smeo = sx:ml?:L (3.55)

and KISineo = Kzsine2 3 (3.56)

respectively, the law of Reflection and Snell's law of Refraction.

For E and H to be continuous across the boundary

nx (E+E) = nxE, (3.57)
end  nx (E+) = nxH (3.58)
or rewriting (3.58) using (3.43)
K2 ;
nx (n xE +p xE) w, = B (n, x E,) o, - (3.59)
Expanding, we have typically
nx(n xE) = n(nE)-E(pn) . (3.60)

We now resclve @0 into components perpendiculer and parallel to the

plane of incidence and treat the two cases independently.

CASE 1: E_ perpendiculer (1) to the plane of incidence

Consequently we have

_n_eEOL = EOQEO.L = g_-ElL = goEQL = 0 (3.61)
for in this case EOJ_’ El.L and EQL are parallel.
Now nen = cos®_; neny = cos(n-0,) = -cos®,; n-n, = cosd, , (3.62)
so from (3.57) end (3.58) and putting uo = ¥y = Uy as before,

E +E = E (3.63)

or 1lg 2L

end [ - EOL(;_L_«EO) - ElL(go_g_l)] K, = - EZL(_:}_ag_e) K, . (3.64)
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Thus
Ké
EOI. cosf - Elj_ cosd; = E, cosb, k—l- (3.65)
so solving (3.63) and (3.65) for E, and E, .
L 2L
The reflected wave is given by
Kl cosd = K, cos8
2 2
E, = < - E (3.66)
1r K1 cos, + K2 cosf, or
and the trensmitted wave is given by
(cos8_ + cosb,)

2y = Kjcosb; + K,cos8,

CASE 2: E_ parallel (l]) tc the plane of incidence

As E and H are perpendicular, then for this case, the H vectors are

perpendicular to the plane of incidence, and alsc -%°-E-o = 0 since Eo is
transverse.
From (3.43) go = ;;z'go X Eo .
Thus
Kl
B, xH, = wiy [o,(n,°E,) - Er(n,n,)]
and hence
Wiy
Eo” = - T(I‘ (go x HO.L) . (3.68)
Similarly
why wh,
Eln = - _f; (_13_1 x Hl.[_) : E2” = - '—f(—; (32 x H2.L) . (3.69)
Typicelly,
K1
I;u;'(p_ X Eo") = - p_x(ngHOL) = - EO(P"QHO.L) + Ho_;_(p-o-x}*o)
= H cosf

s (3.70)
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since _r_1_°H0L = 0, and so from (3.57)

11 u
- £ - -2
[HQLFOSB H cose Ki Hzl_cose2 K, (3.71)
and using (3.58)
E +H = H . (3.72)

Solving (3.71) and (3.72) for Hll.and H2Lf and putting u_ = u; = u,, gives
for the reflected wave

K cose chose

H, = H (3.73)
1p K.20056l + Kjcosé, “of

and the transmitted wave is given by

Ka(coseo + cosel)

H, = H . (3.74)
21 chosel + K1c0562 of

Using (3.35), the Law of Reflection (3.55) and Snell's Law of Refraction

(3.56), the complex refractive index

K2 sinel
N12 = 'I{*l" = Sine (3-75)

2

and we mey rewrite (3.66), (3.67), (3.73) and (3.74) as

sin(e -9 )
EIL = -——T———-sm 5.70,) E, (3.76)

23inf _.cosb

2 1
2r sin(0 +62) E (3.77)

=
1]

tan( el-eg)

1 T, 75,7 H, (3.78)

23]
L}

25in201

: : H
21 51n201+51n202 or

(3.79)

o
]

The equations (3.78) and (3.79) for the H vectors mey be expressed in terms
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of the E vectors remembering from (3.43) that

Wiy
= I (3.80)

lJ'_'

giving
tan(Bl-Be)

1) = Tem(e+0,) ol (3.81)

12

2sinf . cosh

= 2 1
E2" - sin(0,+0,)cos(0,-0,)  ° (3.82)

The four equetions for the E vectors form the well-known Fresnel
relations, derived in slightly less general form by Fresnel in 1823, on

the basis of his elastic theory of light.

For normal incidence, 6 0 and consequently 62 = 0 and so the

1
Fresnel relations reduce to
N -1
- - 12
ElL = EOL R+ 1 (3.83)
E, = E ——8— (3.84)
21 o1 N12 + 1
N -1
12
E = E y = (3.85)
1| of ¥, +1
o Mo

The distinction between perpendicular components now disappears and the

concept of a plane of incidence becomes inanplicable.
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3.5 REFLECTION AT NORMAL AND OBLIQUE INCIDENCE

The reflecting power RO is defined to be the ratio of the reflected

to the incident energy for normal incidence. Thus, from (3.83) and (3.85)

we have
E, -E* E. - E*
R el - A - N1 m (3.87)
2 E2 N+l  N*+) ¢
o, of
and with N = n + ik,
2 2
R = (p-1)” + ¥ . (3.88)

[o] (n+l)2 + k.2

For regions of the spectrum where the conductivity o and hence losses

2 2

are low, k° << n“, hence (3.88) nay be modified to assume the form for a

non-conducting medium (N = n is real), by neglecting k2. This leads to

2
_ _ (n-1)
R o=0— R! = —-—-———-(nﬂ)z (3.89)
1+ VR!
or n = -——-T;:t . (3.90)
1l- Ro

For the case of oblique incidence we have from (3.76) and (3.81)

=1 sin(8,-8,)
or & S1n 1 2)
B tan(0,-0,)
— = p_ = L_2 (3.92)
E o) tan(0,+0,) )
ol 172
. _ 1.2 . 2..3
where, via Snell's Law, cosd, = FI° - sin 61) . (3.93)
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Expressing (N2 - sin2el)% = a + ib, then

82 - b° = n° - k2 - sinqu; &b = nk . (3.94%)

and with these new variables we may conveniently write (3.93) as

_ a+ib
c0562 = =5 . (3.95)

(21))

(Ref. Roessler

Thus
(a+ib) - cosel
Pg = 7 (a+idb) + cosOl (3.96)
and
ER. (a+ib) - 51neltan91 (3.97)
Py (a+ib) + sin@ltanel * *

The corresponding power reflectivities are hence

| |2 (a-cosol)2 + b2
R, = |p = (3.98)
8 8 (a+cosGl)2 + B2
. 2 2
R p_ 12 (a~sind.tand, ) + b
i ol —l . (3.99)
Y s (a+sin91tan61) +b

The phase change (&) on reflection st the boundery for normal

incidence can be found using (3.83) or (3.85).

The complex reflected amplitude

El'l ~ . n+ik - 1
p = Iﬁo‘ exp iy = T (3.100)

EO” o)
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(n2-1)+k°+2ik

ie  [p_| {coss + ising} = . . (3.101) -
(n+1)° + k
Comparison of real and imaginary parts yields
2 2
- -1 + k - .
I3g] cosp = B=gm5 5 5] s = —S—
(n+1)“+x (n+1)“+k
or tany = ~Er£2£7§ . (3.102)
n -l+k
However, from (3.33)
1"
= = onx;
o
thus
E"/e
6 = tan ¥ —_— (3.103)
n(n“-1)+nk ‘
For the limiting case n2 >> k2, we obtain
_ E"/E
¢ = tan 1 ___2?11_ . (3.104)
n(n“-1)

3.6 INFRARED DISPERSION BY IONIC CRYSTALS

There now follows an outline of the dispersion of infrared radiation
by cubic diatomic ionic crystals which possess optical isotropy. This
cctegory includes the common alkeli halides such as NaCl. The anelysis of
lattice vibrations in such crystals has been dealt with in depth by various

(18) (

[n}
authors (Born and Huang 3 Donovan end Angress ‘2)) requiring the sclution

of an eigenvelue equation relating a dynemical matrix D to the frequencies
w;(q).

In general, for a crystal with n atoms per unit cell, the angular
frequency w has 3n branches. Three of these branches are the so-called
acoustic modes identified by the fact that wi(q) +> 0 as @ > 0. The remaining
3n-3 branches are termed the optic modes and have non-zero values of wi(q)

as q + 0. A diatomic crystal thus has six brenches, three acoustic and
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three optic.

In the long wavelength 1limit the optical vibrations of a diatomic
lattice correspond to atoms of one type moving as a body in anti-phase to
atoms of the other kind, The resultant strong electric moment will interact
directly with an electric field due to incident electromagnetic radiation.
The infrared esctive frequency branches are modified by the incident radiation
and the resulting waves that propagate through the erystal are due to a

combination of the EM end mechanical vibrations.

A rigorous treatment of the diatomic dispersion problem must account
for this electro-mechanical combination in order that both the lattice
vibrations end the optical (radintive) waves, which together form the

infrared dispersion, are accounted for.

If u represents the displscement of the positive ions relative to
the negative ions, & reduced vector w may be expressed as w = E/ﬁ where

m is the reduced mass of the positive and negative ions. The macroscopic

equations describing the polar motions are then (Huang(23))
0 = by,w+ b, B
He s (3.105)
end P = b219.+b22§_.

vwhere E the macroscopic electric field and P the dielectric polarisation
ore related by (3.8). The b coefficients are scalar constants which are
characteristic of the solid and furthermore the principle of conservation

of energy gives

b = b (3.106)

12 21

for the cubic distomic lattice.

The linearity of the equations of motion implies that anhermonie,

higher order terms in the electric moment have been neglected.
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A purely electrostatic treetment of the problem, which assumes a
Coulomb-type intersction between the ions, fails to take into account the
retardation of the interaction forces due to the finite velocity of light.
The full electro-mechanical analysis recognises the retardation by solving
the two equations of motion simultaneously with the four Maxwell equations

(3.16) + (3.19). (Born end Huang 18))

The short range isotropic forces are represented by the coefficient
bll vhilst the long range forces are represented by sn EM field which

satisfiegs Maxwell's equations.
Trial solutions of the form

(Q.sg_:,,E_) = ( sP

w B 5E)) exp i(Kex - wt) (3.107)

are used.

Elimination of w from the equations of motion (3.105) yields

b. b
P = {b22 + 12 212 };E_ (3.108)
-bll—m

and comparison with (3.9) gives the dielectric constant

b b
e = e +b. + 221 (3.109)
o) 22 b -2
11

This dispersion formula is more generally written

e _~€_
€ = ¢ + —2 2 (3.110)

® 1- (w/wo)2

where W, is the infrared dispersion frecuency, the frequency at which the

dielectric constant and refractive index become infinitely large.

Camparison of (3.10¢) and (3.110) enables us to express the b

coefficients in terms of measurable quentities,

1
= - 2. - = - 2 * = -

11 12 21
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Substitution of solutions of the form (3.107) into the system of six
simultaneous equations and recognising that E cannot venish as this gives

the trivial case E=H =P = w = 0, leads to two alternative possibilities
('18) ) .

(Born and Huang

(i) w, P, E and K are all parallel and the resulting longitudinal

frequencies are given by solution of

byoboy

(3.112)
€otop

= hpp t

2
“2
which is a constant independent of K.

Use of the identities (3.111) leads to the well-known Lyddane-

Sachs-Teller (LST) relation

CRY.
w, = [—-Z] w , (3.113)

or
(ii) w, P end E are parallel but are perpendicular to K. The resulting

transverse modes are given by

2 b, b (e —€_)
KI® = ¢ ¢p_ 4 2222 o o L, _© = (3.114)
© o e’ _» ® 1 (wfw )2
11 o}

For a given K (3.114) gives two solutions. However, there also exist two
alternative orientations of K with respect to E which maintain their

mutual orthogonality. Thus there are two doubly 3esenerate frequencies

and hence four independent transverse vibrational modes. These modes

which arise as a result of the long range polarisation of the crystal by
the ionic motion are termed polarisation Aedes. The excitaticns are neither

those of pure phonons or pure photons and the term polaritaen has come

to be used for such a coupled excitation.

Using the dispersion relation (3.110) we may formulate the

corresponding reflection spectra from (3.87) the expression for the
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reflecting power et normal incidence R, end remembering that N = éi&)._

o
from (3.34).

As w increases, N increases steadily end when w reaches the dispersion
frequency W, e(w) and hence N become infinite and R = 1, ie the crystal
becomes a perfect reflector. Past this point e(w) is negative until
becoming zero egain for a frequency satisfying

wg(eo*ew)
g+ ———— (3.115)

©

o
]

w2-2

or w

n
r———
m'm
3_10,
O
€
(o)
[
€
o

(3.116)

the longitudinal optic (LO) frequency of equation (3.112). Thus between
the frequency values w, and w, the refractive index N is imaginary and
there exists a band of perfect reflection. This is known as the Reststrahlen

phenonmenon.,

In real diatomic cubic crystals the observed reflectivities in this
region, the characteristic reststrahlen bands, do not agree quantitatively
with the above case of an ideal crystal. This is because the dispersion
relation (3.110) is incapable of representing the dispersion of a real
crystal in the region w ~ @, Anharmonic, higher order electric moment
terms must be included in the equations of motion to account for energy

dissipation.

A more realistic dispersion relation may be obtained by the inclusion

of & demping term in the first equation of motion which now becomes

B = b,.0=vd +Dd (3.117)

ul 11 128
leading to the following relation which includes the effect of absorption

in the vicinity of w, ¢
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w?(e -e_)
elw) = e + == (3.118)

© -
w2-w2=iyw
o

However, in reality the damping (y) may be frequency dependent giving
rise to additional structure in the observed spectrum. For most alkali
halides y varies considerably in the LO frequency region and the theory

must be modified to account for this.

Two important effects, which are features of real crystals, arise
from the inclusion of anharmonic terms in the equation of motion. First,
thermel expansion is allowed, and secondly, the anharmonicity leads to
interactions between the normal modes. The temperature dependent changes
of the normal mode frequencies, ie the phonon energy shifts, of an anharmonic
erystel can thus be divided into two parts. The thermal expansion causes
chenges in the distances and hence the forces between the ions resulting
in a tempersture dependent change in the hermonic normal mcde frequencies.
The other contributicn arises from the anharmonic interactions between
phonons causing a further temperature dependent shift in the normal mode
frequencies and this is present even if the crystal is held at a constant
volume.

(2L) (25)

To account for anharmonicity, Maradudin and Fein and Cowley

proposed that the dielectric function may be fitted to an oscilletor model
according to
2 -
wo(eo €,)

e(w) = e'+ie" = ¢+ (3.119)
wg—w2+2mo(A(m)-ir(w))

where the real and imaginary parts A(w) and I'(w) are, respectively, the

frequency dependent self-energy and mode demping functionms.

. E . .
The phonon self-energy shift A(w) has two components, A~ which is

. . A .
frequency independent and arises from thermal expension, and A"(w) which
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arises purely from the enharmonic interactions. The experimental

determination of T'(w) and the components of A(w) is discussed in chapter 6.

3.7 THE KRAMERS-KRONIG DISPERSION RELATIONS

To obtain information on the optical properties of a material from
measurements of its power reflectivity spectrum P(v), use must be made of

(26) and Krbnig(27)). A 3jispersion

Kramers-Krdnig (KK) analysis (Kramers
relation must first be employed to calculaste the phase ¢(v) from P(v).
In order to do this with confidence, P(v) must be known over a wide
frequency range. In practice this is achieved by a combination of
measurement and extrapolation. Then from P(v) and ¢(v), the opticel

constants, n, k and the related dielectric functions e'(v) and €"(v) can

be celculsted,

However, the method of KK, although successful in many espects, is
an approximation procedure when applied to e truncated spectrum end its
use is very precarious; small errors in P(v) can lead to very large errors

in the final optical property data.

It is principaslly for this reason that the method of DFTS was
developed. Here, the phase is measured directly avoiding the need for
extrapolations, wide frequency range measurements and the spproximating
KK analysis. Since this thesis is chiefly concerned with the method of
DFTS, only the basics of the KX analysis are outlined. This section is,
however, relevant to the power transmission measurements performed on

thin crystals of KDP which are described in chapter T.

The behavicur of a dielectric under the influence of an electric
field is one example of various physical phenomena which can be treated

using linear response theory. In general, a system is linear if its
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response to the sum of & number of independent applied signals is equal
to the sum of its responses to each signal. The linear response may be

related to the stimulus or cause by a set of dispersion relations.

For a lineer response, we may write
glw) = Alw)f(w) (3.120)

where f(w) and g(w) are generalised input and output functions, and A(w)
is the generalised response function. The time dependent stimulus F(t)
end the response G(t) are then given by the Fourier transforms

Plo) = —=— r F(t) exp iwt at

2n
(3.121)

glw) = == J G(t) exp iwt at .

verw
Let us now consider the response T(t~t') produced at time t by o

§-function pulse applied at time t'. The response produced by F(t) is then

olt) = —=— r T(t-t') F(t') at' . (3.122)
o

9 -0

The principle of causality implies T(t-t') = O for t < t' as there can

be no response to the pulse until the pulse (or cause) is applied.

To relate the above to the measurements obtained by FTIS, we introduce
the power reflectivity R(w) via the expression for the complex reflection

coefficient (2.4k4)

p(w) = |p(w)| exp id(w) = /R(w) exp i¢(w) . (3.123)
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For normal incidence reflection et a vacuum/medium interface, p(w) is given
by (3.100) and is an analytic function of the ccmplex velued w, having no

poles in the upper half plane.

A further and obvious condition is that for a finite input signal,
the conservation of energy requires that the output signsl be less than

or equal to the input.

The response function A(w) of (3.120), analytic in the upper half

plane, may be expressed by the contour integral

o Alw_ ) : . .
P o e Mn [ M) o, i M), o
- Y o Y [¢] r o

(3.124)

The first term is the Cauchy principal integral, denoted by P, along
the reel W axis. The second term is the integral along the contour ¥y
of radius r ebout the singularity w, on the real axis, and the third term

is the contribution of contour I' of radius R as Riw,

Evaluation of the integrals leads to

=y dw = in(A(mo) - A(=)) = 0o . (3.125)

PJ»m A(wr)

Now we relaste the function A(w) to the reflectivity via the definition

Alw) = 2fnplw) = 2n |p(w)] + io(w) . (3.126)

Equating real and imaginary parts of (3.125) and (3.126) leads to

1 [ zn]p(mr)l
¢(wo) = - ;‘PI e dw ¢+ $() (3.127)
=00 r (o]
o $(w))
s lp(w )| = %- P I.@ wr_zo aw + logle(=)| . (3.128)
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For real response functions o(-w) = p*(w) and by the choice of phase

d(=) = 0, the phase shift dispersion relation of (3.127) may be rewritten

Mwo) = "7

- dw . (3.129)

2w wa anp(wr)[
r

2.2
w.—
(o] er

The optical constants and the dielectric functions may then be calculated

from an expression such as (3.100) which leads to

3
el(w)vie’(u) | . e(e) = Lt|ofw)lexn f6(w)
[ € = nfw) + ik(w) l-]p(:;) l:§§ :"¢($) .

(3.130)

The KK dispersion relation (3.129) is the relevant one for the
power FTS measurements covered in this thesis. Details of the KK analysis
and other dispersion relations maey be found in a number of books including

a conference review edited by Nudelman and Mitra(go).
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CHAPTER L

THE EXPERIMENTAL APFARATUS

4,1 INTRODUCTION

Two different interferometers were used during the course of the
experimental work. The great majority of the time available was spent
building and developing the polarising instrument for low frequency measure-
ment. However, the versatility of a conventional power FTS interferometer
_ was exploited in order to obtain the transmission results for thin crystals

of KDP.

The chapter commences with a description of this basic power instrument
together with a discussion of the limitations one encounters when long
wavelength spectral measurement below v 30 cmfl is being considered. There
is then a natural progression to a description of the development of the
polarising interferometer for DFTS, with emphasis on the way the limitations

of the power instrument are overcome in this design.

Various experimental problems that arose are then discussed together
with their solutions and the dispersive spectroscopic method of division of

aay

the field of view is introduced (Parker et al The chapter is concluded

with a short description of the mode of operation of the recording electronies.

4,2 THE BASIC INTERFEROMETER FOR POWER FTS

The design of both interferometers is based upon the modular units
developed by the Notional Physical Laboratory with the cooperation of
Grubb Parsons and Co Ltd (Chantry(28)), and follows very closely that of

the original interferometer conceived by Michelson. In addition a large
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number of supplementary units which are not commercially available have
been designed and built here at Westfield and their compatibility with the
basic units enables the interferometer designs to be extended to allow

specialised work to be performed.

A typical configuration of the instrument used for genersal power
measurements is illustrated in Fig 4.1, The hub of the design is the
central cube which contains the mylar beam divider held vertically along
the cube diagcnal. The ports in the four vertical faces of the cube allow
four extension arms to be bolted on. Essentially these arms house the

source, the moving mirror, the fixed mirror and the detector.

The source is a quartz encapsulated mercury lamp which generates broad
band submillimetre radiation by thermal emission. The lamp is located in
a water—cocled housing and to approximate a point source, the aperture is
limited using a cylinder of copper positioned around the lamp with a hole of
diameter v 3" centred on the opticel exis of the instrument. The radiation
emerging from this eperture is collimated and caused to be incident upon
the beam divider by the joint influence cf & prarabolic and a plane mirror

(Ml and M, in Fig 4.1), which together form the collimator unit.

At the divider the radiation is partially transmitted and partially
reflected into the two mirror arms., The movable plane mirror in one arm
is mounted on the non-rotating spindle of a micrometer which has a maximum
travel of 25 mm and which is driven by & stepping motor. The motor and
its associated electronics allow the mirror to mcve in either direction
in steps of length 2.5, 5, 7.5 or 10 um corresponding to cut-off or
aliasing frequencies of 1000, 500, 333 and 250 cmfl respectively. (Ref
equation 2.45), For power measurements the mirror in the fixed arm is
clemped, but a facility for aligning it to give a maximum throughput signal

is provided by e system of three aligning screws.
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Following reflection by the two mirrors, the two beams are incident
back onto the beam divider where they recombine and interfere according to
the difference in the optical paths in the two mirror arms. The reccmbined
beam then passes through a specimen chamber where the optical system focusses
it down to be either reflected or transmitted by the sample under investigation.
It is then finally refocussed by a Pfund-type all-reflecting condensing

system onto the window of a CGolay detector.

The Pfund system consists of a plain mirror and a spherical concave
mirror (M3 and M, in Fig 4.1), and replaces the pair of polythene lenses
vhich are normally used and which absorb & large propcrtion of the energy
that would otherwise be incident on the Golay no.se, Use of the Pfund
system in place of the lenses increases the throughput energy of the

instrument by more than 100%.

Two importent preceutionary measures to improve the performance of
the apparatus were adopted and were also incorporated into the design of

the polarising interferometer.

A temperature stabilising system was installed on the interferometers
to reduce thermal expansion or contraction due to ambient temperature
changes. Water circulates through pipes attached to the outside of the
interferometer and then passes through a radiator and is kept at a temperature
of a few degrees above room temperature by a thermostatic heater incorporated
in the circulator. Thermal stability is maintained to better than 0.25° ¢
over periods of many hours. This is particularly importent for a dispersive
instrument such as the polarising one when changes in the overall temperature
and differential expension of the two mirror arms can cause significant

errors in the directly measured phase spectra.

The second precaution taken is that the interferometer is evacuated

to eliminate water vapour which heavily absorbs the radiction in the far
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infrared and which would, if not removed, seriously degrade semple spectra
recorded in this region of the spectrum. A water vapour spectrum is
included amongst the results (Fig 6.2) and the strong sbsorption at certain
wavelengths is clearly visible. For room temperature work reduction of
the pressure tc 10-l Torr is sufficient to remove the absorption effect

of the vapour and such pressures are easily obtained with a rotary vacuum

- pump. However, when low temperature data is being recorded pressures as
low as 10_5 Torr are required to prevent or at least delay icing-up of the
sample surface due to the small amounts of water vapour present even in
such a vacuum. This icing-up can have a serious effect on the phase spectrum
measured by DFTS especially in the case of alkali halides. A diffusion
punp is employed to obtain these low pressures and is situated immediately
below the central cube. The modular components have either male or female
flanges and an '0O' ring is carried on the male flange. This provides a
vacuun tight seal when the male flange is mated and bolted tightly to the

female flange.

4.3 FACTORS LIMITING THE PERFORMANCE OF THE CONVENTIONAL INTERFEROMETER

A number of fectors exist which 1limit the working range of the

conventional instrument described above.

As previously indicated the detector in standard use is a Golay cell,
Amongst its adventages are its convenient size, its ease of operation and
the fact that its performance is perfectly adequate for most IR applications.
A choice of window materials encbles different regions of the IR spectrum
to be investigated, the two most commonly used for interferometric studies
being diamond and quartz. The diamond Goley has no upper frequency cut-off

in the IR, being trensparent up to and beyond 10,000 cmfl, epart from an
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absorption region between about 1500 snd 3000 cmfl. The cheaper quartz

Golay has a high frequency cut-off at n 250 cmfl.

Below about 30 cm-.1 the outfut from the mercury lamp is extremely
wveak and for accurate spectroscopy below this point the Golay cell must be
exchanged for a liquid helium cooled detectcr., The performance of any
detector is characterised by the radiating power "equivalent to the noise-
of the receiver", a factor termed the Noise Equivalent Power (NEP), This
is the averasge power of sinusoidal modulated radiation which would give &
signal equal to the average quedratic value of the detector noise. When
defining the NEP, the experimental conditions such as the time constant,
the modulation frequency, the temperature and the solid angle employed
must he stated. The inverse of the NEP is termed the detectivity, a
lmeasure of the quality of the detector (Hadni(29)). The NEP for a typical
liquid helium cooled detector is of the order of 1000 times better than
that of a Golay, under similar experimental conditions, with a corresponding
superior detectivity. Consequently such detectors perform well in this
energy starved region. The helium cooled detector used in the laboratory
is an Antimony (Sb) doped Germanium (Ge) thermal bolometer manufactured
by QMC Industrial Research Limited. This detector has a working range of
2 to 250 cmfl. Other types of liquid helium cocled detector are also
available, in perticular an Indium Antimonide (InSb) photodetector with
a range of 1 to 50 cmfl. Helium cooled detectors are normally only used
for special epplications, when the performance of a Golay is inadequate,

because of the need for cryogenic facilities.

To discriminaete against noise inherent in the interferometer, such
as lemp fluctuations, the radiation is modulated before reaching the
detector and the recording electronics only measures the sigral which lies

within & small bandwidth around the modulation frequency. This procedure
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is discussed in more detail in section 4.8 where the mode of operation of
the recording electronics is described. A significant amount of far IR
radiation is emitted by the warm walls of the interferometer and by other
points in the field of view in addition to the lemp source. Due to the
large acceptance angle of the Golay nose (600), moduletion must be performed
far enough back along the optical path in the interferometer in order that
any stray reys produced by these extraneous socurces, that mey enter the

nose, are unmodulated and thus do not contribute to the measured signal.

Severel methods of modulating the redistion may be used. The first
and most obvious is amplitude modulation (AM) or chopping, usually
performed in the Grubb Parscns system. by installing & cylindrical chopper
around the lemp. This however has the unfortunate result that a large DC
load is carried at the detector as a backgzround to the required signal.
The resultant noise and drift of the mean level of the interferogram is
often an erharressment when accurate spectroscopy is required. This DC
load may e reduced by chopping in one of the mirror arms though this
presents practical problems, in particular microphony effects at the
detector due to the vibrations caoused by the rotating chopper. Furthermore,
by its very neture, AM has the disadvantage that 50% of the lemp energy,
or more for a non-ideal chopping system, is irmediately extinguished. Its
great advantege is that it is frequency independent, and does not impose

any envelope or cut-off on the throughput spectrum.

The second form of modulestion that has found favour in the last few
years after initial development prcblems, is that of phase modulation (PM).
Here the path difference is modulated by & small periodic displacement of

one of the interferometer mirrors.
If the modulation function has the form

j(ft) = a sin2m £t , : ©(L.1)
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where 'a' is the meximum emplitude of vibraticn of the mirror, then the

time dependent signal from the detector is a modified form of (2.2)
V(x,t) v~ P(v) cos{ 2mv (x + & sinow £t)} . (4.2)
The time dependent parts of this function are complicated and the coefficients

of their Fourier components are Bessel functions. The pass band of the

electronics mey be arranged so as to include only the first order and the

resulting interferogram adopts the form (Chantry(ea), Chamberlain(30))
o
I(x) ~ J P(v) Jl(2nva)sin2wvx av . (4.3)
o

Thus the effect of sinusoidal PM on the throughput spectrum is to
impose on it a Bessel function envelope. The Bessel function J1(2nva) has
its first zero at v = O and next zeroes at & frequency given by 2nva = 3.8k

(30)).

(Chamberlain Use of PM thus impeirs the low frequency side of the
throughput spectrum, although it does have a number of distinct advantages

over AM,

In the region of the primary maximum of the Bessel function the
modulation approaches 100%, a vast improvement on AM. Furthermore, the
DC contribution to the signal is unmodulated so Arift problems are eliminated
and the noise due to source fluctuations is greatly reduced, The vibrational
problens agsociated with the chopper in AM do not occur and finally the
frequency dependent nature of the Bessel function provides a non-absorptive
method of limiting the frequency range of the instrument. For gocd quality
spectroscopy it is usually an adventage to limit the throughput profile to
the spectral range of interest. Since the Bessel function maximises and
zeroes at frequencies dictated by 'a' the amplitude of vibration of the
mirror, then changing 'a' by altering the power provided by the oscillator

drive unit enables the response in a particular frequency region to be
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optimised. Thus, for instance, improved low frequency performance may be
obteined by increasing the vibrational emplitude to shift the primary
maximum and hence the peak of the measured energy spectrum to lower wave
numbers. The pass band however is consequently progressively reduced in
width and the resultant lack of "high" frequency modulated energy required
for aligning purposes can be a great handicap when DFTS measurements are
performed as the quality of the optical alignment is dependent on the

highest frequency present.

It is of interest at this stage to compare the intérferograms
obtained using AM and PM. The two situations afe illustrated in Fig L4.2.
The AM interferogram is symmetrical about the positicn of zero-path
difference (ZPD) anc has a mean background level of ideally half the value
of the central maximum. The PM interferogram of (4.3) is, however,
antisyrmetrical about ZPD and has a mean level of zero as there is no DC
contribution to the signal. The interferogram of (4.3) involves sine
rather than cosine terms, but it is just as readily Fourier transformed

using the camplex transform of ecuation (2.57).

Apart from the use of Golay detectors and phase modulation, & third
limitation on the working range of the conventional interferometer is
caused by the use of dielectric beam dividers. These are usually made of
mylar (polyethylene terepthalate) and are stretched taut on a metal frame

which locetes intc a slot cut across the diagonel of the central cube.

Since the divider is parallel sided the phenomenon of multiple
internsl reflection occurs. Hence, not only the primary reflected and
transmitted beams must be considered but all the other beams produced by
internsl reflection as well. It is obvicusly necessary to determine
vhich, if any, of the sccondery and higher order beams are of sufficient
magnitude to * & important. Bellc19 hes shown thet for an unpolerised beam

of radiation incident at L45° upon & mylar beem divider, the primary
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transnitted beam contains about 83%7 of the incident flux whereas the
secondary transmitted beem contributes a mere 0.7%, a negligible amount,
The primary, secondary and third order reflected beams respectively
contain 8.9, 7.4 and 0.07% of the iﬁcident intensity. Hence, only the
two primary beams and the secondary reflected beam are significant. For
these calculations the refractive index of the myler was taken to be 1.85
and the divider was assumed to be ncn-absorbing whereas in practice,

absorption occurs.

As the magnitudes of the two reflected beams are nearly equal and
e. definite phese relationship exists between them, these two components

interfere. This interference occurs upon each reflection by the divider,

For externel end internal reflection by the divider the phase shifts
are m and zero respectively, If d is the thickness of the myler and n
the refractive index, then the condition for interference between the two

0—5))

reflected components is (Bell

m = 24 (n2~%)% (L.4)

where for destructuve interferencem =0, 1, 2, 3 ....

and for constructive interference m = 3, 3/2, 5/2 ... .

Equation (4.4) essentially governs the efficiency of the beam divider.
The efficiency at v = 1/X = 0 is zero as one reflected component has a phase
shift of 7 with respect to the other and they thus interfere destructively.
The other minima are predicted by (4.L) with m = 1,2 etec, The first order
interference fringes, ie those lying between m = 0 and m = 1, for & number
of different thicknesses (d) of mylar are illustrated in Fig 4,3, Clearly,
when measurements are performed using en interferometer equipped with &
mylar or similar dielectric beam divider, the thickness d must be chosen

80 as to optimise the throughput energy in the spectral region under



71

investigation. By the use of thicker and thicker mylar, the low frequency
performance of the instrument may be improved elthough as Fig 4.3 shows,
the instrumental bandwidth dictated by the first order interference fringe
progressively narrows. Consequently, such dielectric beam dividers sre

far from ideel for long wavelength measurements below v 20 cmfl.

Some other properties of dielectric beam dividers are worth
mentioning at this stage prior to discussing possible solutions to the

problems they cause.

The beams in the two arms of a conventional interferometer each
undergo one transmission and one reflection before reaching the detector.
Assuming unit incident intensity and thet the non-sbsorbing beam divider
has wower transmission and reflection coefficients To and Ro respectively,

then the intensity falling on the detector is 2ROTO end that lost.back

2

to the source is R2 + T7. The moexinmum of 2R T occurs for R =T = 0,50
o o c o o o

and hence the maxirum efficiency of even a perfect Michelson is only 50%.

The reflected and transmitted powers are given by the Fresnel
relations (section 3.4) and are dependent on the angle of incidence.
Hence, if a beam of unpolarised radiation is incident upon & dielectric
divider, the reflected and transmitted beams are partially polarised. For
mylar, the well-known Brewster angle ep (given by taneP = n, vhere n is
the refractive index), the angle for which the reflected radiation is
100% perpendicularly polarised, is approximatelyv60°. So with beam
dividers used in practice at the convenient angle of 45° to the incident
beam, a considerable degree of polarisation occurs in the emerging
recombined beam. The experimental polarising ratio of the parallel and
perpendiculer components in the beam at the detector for the power
instrument with a 12.5 ym mylar divider is shown in Fig 4.4, The most

extreme ratic is ~ 2:1 in favour of the vertical component, ie the
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component perpendicular to the plane of incidence.

To summarise this section, the main problems that restrict the
range of the conventional instrument and in particular impair its
performance at the important low frequency end of the IR are the following.
First, the high NEP of the Golay detector which severely limits its use
at frequencies < 30 cmfl, due to the extremely low lamp energy in this
region. This may be overcome by the use of a liquid helium cooled detector
with its vastly superior detectivity. Secondly, the use of phase modulation
which imposes an envelope function on the throughput spectrum., PM may,
however, be "tuned" to the low frequency region provided the resultant
narrow bendwidth can be tolerated. Otherwise, frequency independent AM
may be used as long as the assoclated noise levels and drift can be
adequately suppressed. Finally, due to multiple internal reflection in
the dielectric beam divider, the divider efficiency and consequently the
throughput of the instrument is extremely frequency dependent. It is
zero at zero frequency and has additional minima at frequencies inversely

proportional to the beam divider thickness (h.4).

This last problem has been surmounted by the use of polarising
interferometers, several configurations of which have been recently
developed, eg Martin(13). These employ one or more wire grid polarisers
as beam dividers, resulting in greatly improved low frequency throughput.

The following sections describe the layout and mode of action of the

polarising interferometer developed by the author at Westfield College.

4.} THE POLARISING INTERFEROMETER

The fundamental design of the polerising interferometer developed

was formulated by Chemberlain at the National Physical Labotatory (see
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(6),

for example Chamberlain et al « Its principal advantages over other
types of polarising interferometer are first that the radiation is incident
normally on the specimen, and secondly its relative simplicity. As a result,
few modifications are required to the dispersive "mylar" interferometer
developed by Parker which has been successfully employed to obtain a veriety
of DFTS results in the range 30 to 500 cm T (9;3.

The layout of the polarising instrument is illustrated in Fig 4.5 and
the photogreph Fig 4.6 which shows an updated form of an earlier version(Bl).
Many of the modular components are identical to those previously described

for the power instrument. The major difference is the use of two "central

cube"” units each containing a wire grid polariser.

The Pfund type "all-reflecting" condensing optics was designed to
replace the polythene lenses used in the earlier version(3l). Since, as
will be shown in the following section, the grid polarisers themselves act
as low pass filters, none of the usual polythene filters to suppress the
near IR and protect the Goley from overload, are required. Thus, removal of
the lenses eliminates all absorbing material from the path of the radiation
from source to the detector window excepting, of course, the sample under
investigation, and consequently troublescme polythene absorption lines do
not appear in the measured spectra. The Pfund system was designed to be
compact since pressures as low as 10-6 Torr were required end so it was
desirable that the volume of the instrument to be pumped was kept to a
minimm. A compromise had to be made between the compactness and the need
for space to arrange the optics so as to minimise off-axis aberrationms.

This was achieved by choosing a concave mirror (M1 in Fig 4.5) with

£f=10cmand r = 2.5 cm.

Phase modulation was originally provided by mounting the moving mirror

on the cone of a loudspeaker. This arrangement, which worked within the
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tolerances required of the quality of the oscillations,'is shown in Fig
4.7. The loudspecker is bolted to an adjustable jig mounted on the
nicrometer spindle and the plene of the mirror was aligned normal to the

axis of the spindle by spinning the complete assembly slowly on a lathe.

The proposed use of a liquid helium cooled detector initiated a change
in the PM arrangement. The noise which occurs in the recording electronics
is not "white" but varies inversely with the frequency of moduletion., It
is thus desirable to use as high & chopping frequency as possible to avoid
excessive noise though this frequency is limited by the response time of
the detector. For the Golay, a frequency of ~ 16 Hz is used and cannot be
greatly exceeded. However, the response time of a typical helium cooled
detector is much fester (& 1 ps) and hence much higher modulation frequencies
(up to ~ 800 Hz with some detectors) may be used, with a corresponding
decrease in noise. The performance of the loudspeeker at such high frequencies
over long periods of time was suspect and so & more robust commercial
vibrator was used. This necessitated a change in the design of the moving
mirror earm. The vibrator could not be attached to the micrometer spindle
but was housed in a right-angled unit half-way along the arm and vibrated a
plane mirror at 45° to the propegetion direction. This angle could be

adjusted using a system of aligning screws.

The temperature of the interferometer wes stebilised to within 0.25°¢
using & thermostaticelly controlled water supply circulating through tubes
attached to the arms, cubes and lamp housing, & system similar to that used
on the power instrument. The interfercmeter could be evacuated to v 10—6

Torr using a diffusion pump. This pump was situsted beneath the cube to

which the two arms were sttached so as to be as near the sample as possible,

~ The arm that contained the fixed mirror or seample was designed so

that the DFTS technique of "Division of the field of view" developed by
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(10)

Parker et al could be adopted.

The fixed reflector was held in a copper mount (Fig 4.8)., This was
atteched by means of thermally isolating nylon bolts to a sensitive micro-
meter alignment mechanism in the specimen chamber (Fig 4.10) end could be
aligned in vacuum by the use of feedthrough adjusters in the chamber 1id.
Using this arrangement the fixed reflector could be accurately aligned with
a precision of better thaen 0,15 ym at any temperature between 90 and 300K.
Changing the reflector was a simple task and it could also be rotated
through any angle without first being removed from the mount, a great

edventage when studying the different axes of ferroelectric crystals,

The direct measurement of phase by DFTS requires replacement of the
fixed mirror by the sample, between recording celibration and sample inter—
ferograms, to & high degree of accuracy. The phase error due to a misplacement
was calculated in section (2.5), from which it follows that typically
replacement to within 0.2 um (ie #0.1 um) results in a phase accurascy of

N $1.5° at 100 em T

DFTS measurements have been undertsken by & number of workers using
the obvious method of accurately replacing the fixed mirror by the sample,
Birch et al(T) have designed s counter-balencing support system for the
fixed reflector which enables replacement to be mede to better than 0,1 um
end allows this replacement to be performed inside the evacuated inter-
ferometer. There are, however, two majcr problems: the sinkage of soft
specimens on the reference supports and the fact that since the crystal
mist remain "free", it is not possible to perform low temperature measure-
ments requiring good thermal linkage between the sample and a liquid
nitrogen dewar. Other workers have tried similar methods and met the same

problems and more besides.

Although when using the copper mount, the reflectors in the fixed
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arm could not be replaced to within the limits set by the desired phase
sccuracy, use of the division of the field of view technique developed by

@a

Parker et al gave reproducibility of phese measurements to within +1°,

It also solved the problems met by other workers.

Low temperature results were obtained by connecting the back of the
mount to the base of a nitrogen "cold finger" dewar using a thick piece of
copper braid (Fig b.8). A feedback system conmprising a 4O W thermostat
heater mounted on the back of the sample mount and controlled by & cryogenic
temperature unit, and two copper-constantan thermocouples held the sample
at the required temperature. Stability to ~ 0.1K could be obtained in
practice anywhere between 90 and 300K. This was achieved within 5 minutes
for small temperature steps n 25K end took up to 30 minutes for changes

of ~ 150K.

4,5 THE TECHNIQUE OF DIVISION OF THE FIELD OF VIEW

The division of the field of view technique was utilised in the
following way., With reference tc Fig 4.9, the outer ring X of the optically
flat sample was aluminised in an evaporetor using a mask to cover the
inner circle Y which thus remained as exposed sample surface. By an
arrangement of cpaque screens located in a screen unit between the wire
grid and the specimen chamber (Fig 4.11) which could be slid into position
from outside the interferometer when it was evacuated, each of the areas
X and Y could in turn be used as the fixed reflector. The geometry of the
screens is illustreted in Fig 4.9 and was such that the possibility of

cross-talk between the areas X and Y was elimineted,

A set of data was recorded in the following manner. First, with

the fixed mirror installed in the mount, the outer erea X was used to align
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its surface perpendicular to the incident beam, This was achieved by
maximising the detector signel at the grand meximum of the PM interferogram
near the zero path position with the moving mirror at a sampling point.
Having a large radius the area X provides a very reproducible alignment,
Interferograms were then recorded from psrt X and by moving the screens,
part Y. The interferograms were Fourier transformed and the resulting
amplitude and phase spectra (rX’¢X and ry,¢Y):ratioed to give a complex
calibration spectrum (rY/rx and ¢Y—¢X). The experiment was then repeated
using the sample in place of the mirror. The sample was again aligned on
the aluminised cuter ring X and two more interferograms recorded from area
X and area Y, the exposed sample surface. These interferograms were also
Fourier transformed and the ensuing complex spectra (r!, % and rs,¢s) were
raticed to give the complex reflection spectrum of the somple (rslri and
¢s-¢i). Then, systematic errors caused by asymmetry between the areas X
and Y and differences in the two arms were reduced by re-ratioing egainst

the calibration spectrum. Thus the correct=3d emplitude and phase sample

spectra are

rs/r'

r =

e, 04T (95-05) = (oy=0y) - (L.5)

In this way the sample phase spectrum was measured directly though a
correction had to be made (see section 2.5) to allow for the thickness of
the aluminising film. The thickness of the film introduces an undesireble
problem. Typically films leid down by the evaporator have a thickness

- -1
~ 0.2 ym. However, at 300K the skin depth (d) for aluminium st 100 cm

is v 0.05 ym and et 10 cm..l increases to v 0.165 um(32). Thus the use of
films ~ 0.2 pm thick could lead to significent errors in the measured
amplitude particularly at low frequencies (4 « /Ao where o is the

conductivity). For example, with a deposition which corresponds to 24 for

& wavelength A, the reflectivity from the aluminium which should be 100% to
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match that from the mirror is low by an amount (1/e)2 ~ 13% at that point

in the spectrum. Increasing the thickness to Ld reduces the error to less
then 2%, a figure comparable to the reproducibility of rgpeated amplitude
spectral measurements. Hence, for measurements below 100 em the film
thickness should be at least ~ 0.5 um thus requiring a large phase correction
(~ 3.6° at 100 cmfl). When the specimen is cooled for low tempereture
measurements, the situation improves since the conductivity o increases

leading to a reduction in the skin depth.

Thus the division of field technique eliminates the need for exact

replacement of the fixed mirror by the sample.

Certain precautions were taken to minimise other systematic errors.
Backlesh errors due to the micrometer werc minimised by scanning each
interferogram in the same direction. Also, each interferogram cormenced
et the same sampling point which could thus be used as the phase reference.
A manual single step trigger in the stepping motor drive circuit enebled
the starting poirt to be chosen conveniently. The method itself reduces
the effects of any systematic changes in the lamp intensity between the
mirror and sample runs. However, the effects of fluctuations in the lamp
output during the time taken to record & pair of runs from areas X and Y

contributed to noise in the usual way.

The method does, however, have drawbacks. Firstly, a series of four
interferograms is required, each of which is in practice recorded a number
of times and averaged to reduce the noise. Also, the measured reflector
areas are reduced by the use of the screens. The excessive cost and
general unavailability of some of the crystals measured necessitated using
smell samples, The crystels used were either 1" diameter or 1" square
and were aluminised so as to leave & 0.6" diameter exposed area of the

sample surface at the centre. However, despite the small reflector aresas,
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the phase reproducibility eppeared to be limited, not by lack of energy,
but by flatness of the specimen surface, typically ~ #0.2 ym, and by the

flatness of the wire grids, a problem discussed in the following section.,

In addition to the division of field technique, a simpler method
which did not require four different interferogrems wes employed. Inter-
ferograms were recorded from the whole unaluminised sample surface which
was then replaced by the fixed mirror from which interferograms were also
recorded for calibration purposes; no screens were used at all. When the
. spectre obtaeined by Fourier transform from these sample end mirror inter-
ferograms were retioced, & true measurement of the sample amplitude reflection
spectrum was obtained. This was providing the lamp intensity and various
other experimental factors did not change significantly between the sample
and mirror measurements. However, as the sample surface had not been, indeed
could not be, replaced exectly by the mirror surfzce, the phase spectrum
obtained had to be corrected for the error in the zero path. Knowledge
of the exact phase at a particular point obtained from spectra measured

using the division of field technique enabled this correctica to be made.

The advantages of this method were that, unlike in the division of
field technique where about 50% of the sample surface was covered by the
aluminising leyer, the whole of this surface could be utilised for the
recording of sample data, thus giving a large increase in the reflected
energy. In addition, only two different interferograms were required to
achieve a final result, though prior knowledge of certain phase points weas

required. The two techniques thus go hand-in-hand.
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4.6 WIRE GRID POLARISERS AND THE MODE OF ACTION OF THE
POLARISING INTERFEROMETER

Some of the eerliest experiments with wire grids were performed by
Hertz at the turn of the century using short wavelength radio waves (A n
1 em). If d is the distance between the centres of adjacent wires of the
grid, Hertz demonstrated that for A < d the transmitted radiation is
partially polarised whilst for A > 4, it is completely polarised with the
electric vector E perpendicular to the wires. The reflected radiation is
alwvays completely polarised with E parallel to the wire direction. 1In
prectice the polarisation is never 100%; however, in general it is typically

of the order of 95%, enough to justify ignoring the minor component,

The electromsgnetic theory of the polarising action of such grids

has been discussed by a number of authors by analogy with a transmission
line problem. The theory explains why the E vector parallel to the wires

is reflected and that perpendicular is transmitted with constant efficiency
up to a frequency ~ 1/d, in fact in practice ~ 1/2d. The expressions for
the transmittences of the polarising grid for radiation with E perpendicular
and parallel to the grid lines have been derived by Marcuvitz(33) and tested
experimentally by Auton(3h). The grids and the more complex meshes heave
been used in various aspects of IR spectroscopy for a number of years

(Vogel and Genze1(35), Mertin and Puplett(l3)).

The polarising interferometer employs two grid dividers, one in each
central cube unit, & configuraticn similar to that first used by
Chamberlain et al(6). The grids are constructed of 10 um tungsten wire
wound with a spacing of 25 um using a technique developed at the National
Physical Laboratory(36). Hence the interferometer has a constant
transmissivity up to frequencies in excess of 200 cm‘l elininating the

internal reflection problem associated with dielectric dividers which
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leads to & frequency dependent transmissivity in this range.

For use in the polarising interferometer, one grid is wound with the
wires vertical (grid A in Fig 4.5), and the other (grid B) so that its
wires lie et 45° with respect to the wires in grid A. As the érid frames
are held across the cube diagonels, grid B must be wound at an angle
tan-l /%? = 35° 16" on the divider frame in order that the incident
redietion "sees" the wires at an effective angle of 45°. Improved "high"
frequency perforﬁance is obtained by winding grid A vertically as opposed
to horizontally since, as it lies czcross the cube diagonal, the effective
spacing "seen" by the incident radistion is a factor -1 times the real

V2
spacing.

The grids are wound concurrently onto frames which are a slightly
modified form of those used for the dielectric beam dividers. One helf
of each of the frumes is clamped at the appropriate angle to either side
of a winding jig which is slowly rotated on & lathe. The tungsten wire is
held in a tensioned bobbin which traverses the length of the jig such that
the wire win®s around the jig and frames with the desired spacing. On
completion of the winding across the whole frame eperture of 4" diameter,
the other two halves of the frames are carefully bo}ted to the halves
lying on the jig, the wires being held in position by an '0' ring contained
in the top half frame. A solution of "Durofix" adhesive and acetone is
then dripped onto the wires around the outside of the frames to ensure
they are firmly secured end then the wire is cut so that the complete grids
may be lifted awey from the jig. A grid wound in this mamner is shown in

Fig Lk.12.

To maintain plane wavefronts upon reflection and thus minimise
errors in the directly measured phase spectra, it is obviously important

for the grids to be as flat as possible. This was found to be a critical
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factor in the performance of the instrument along with the flatness of the

reflecting surface of the specimen.

To improve the flatness of the grid across the important central area
a simple tensioning system was installed on the grid frames. This system
consisted of a brass annular ring of 2.5" diameter, one side of which was
lepped and pressed gently against the grid wires by means of three copper
spring strips. The arrangement, which may clearly be seen in the photograph
of Fig 4.12, markedly improved the reprcducibility of the alipgnment of the

specimen and consequently the accuracy of the measured phase spectra.

The polarising action of the interferometer can be briefly summarised
as follows. With reference to Fig 4.5, having emerged from the collimstor,
the unpolarised radistion is incident upon the grid A which reflects & plane
polarised beam towards grid B, the wires of which are at 45° to the plane
of polarisation of the incident radiation. The component of this radiastion
with its E-vector perpendicular to the grid wires is transmitted into the
moving mirror arm, whilst the parallel component is reflected into the fixed
arm, Following reflection from the mcving mirror and fixed reflector, the
beams follow the seme transmission and reflection laws on their return to
B end pass on to grid A which now acts as an enalyser., The components of
each beam with their E-vectors perpendicular to the wires of A are transmitted
by A and interfere according to the difference in the optical paths of the
two beams in the instrument. Thus an interferogram is obtained in the usual
wey by displacing the moving mirror about the rcsition of zero path difference.
An adventage of this arrangement is that the radiation in the fixed reflector
arm is plane polarised and so no additional polariser is required when single

axis measurements on certain samples are performed.

A more detailed enalysis of this polarising action is presented with

the 2id of the vector diagrams illustrated in Fig 4.13. This clearly shows
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why the interference function has a dark fringe, ie a minimum, st the

position of zero path difference when amplitude modulation is used.

Empiricel curves illustrating the performance of wire grids similar
to the type used in the polarising interferometer may be found in a paper

by Costley et 31(36).

ly .7 ADDITIONAL EXPERIMENTAL METHODS AND PROBLEMS

The importance of the temperature stability of the instrument for DFTS
measurements has already been stressed. Differential expansion between the
two ams can cause severe errors in the measured phase spectra. The water
circulation system stabilised the tempersture of the overall interferometer
to better than iO.ZSOC over a period of many hours. For low temperature
measurement the sarple temperature could be held to &~ 0.1K anywhere between
90K and 300K. To check the stability of the apparatus the detector signal
at o ssmpling point near the position of ZPD was monitored over a period of
time. As the chosen point lay between the grand maximum and the grand
minimum of the phase modulated interferogram it was extremely sensitive to
instebility. In practice, fluctuation end drift of the signal were negligible
provided the epparatus had been allowed sufficient time to stabilise. The
time allowed was generally ~ 12 hours after having turned on the apparstus
vhich, during a course of measurements, was probably not turned off egein

for a few weeks,

Another possible source of significant phase errors was the flatness
of the mirrors and samples used in the interferometer. All the mirrors used
vere flat to better than $0.1 um. Simple geometrical considerations show
that finer tolerances are required of the flatness of the 45° vibreting
nirror in the moving mirror arn and so it is perticularly important thsat

this mirror is es flat, if not flatter, than the other interferometer mirrors.
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The samples could often not be polished commercially to better thon #0.2 um
and thus the accuracy of phase measurement was determined by sample flatness

and the aforementioned flatness of the wire grids.

To prevent warping, both the samples and the mirrors used were >5m
thick to ensure that the carefully prepared surface flatness was maintained.
Care had to be taken when performing measurements on the alkali halide CsI
because of its hygroscopic nature. To avoid deterioration of the reflecting

surface prolonged exposure of the crystal to the air was avoided.

Any parallel-sided piece of material in the optical path of the
interferometer with an opticel thickness (t) less than that corresponding
to the distunce scanned by the moving mirror gives rise to spurious signals
or "signatures" et positions *t either side of the zero path on the recorded
interferogram, due to multiple reflection., These signatures can have &
harmful effect on spectra, being difficult to ratic out between mirror and
sample runs. In many interferometers the cause of the trouble can lie with
thin filters but no filters were used in the pclerising instrument though
signaetures were present at a distance #1.2 rm from the zero peth., At first
the quartz envelope of the lamp was suspected and so a dimpled lamp was
fitted but the problem still existed. It wos finally traced to multiple
reflections in the quartz window of the Golay detector. To avoid signatures
or the need for extreme care to ratio them out, the interferograms were
recorded within the limits imposed by the signatures giving a maximm
resolution n 5 cmal, sufficient for most measurements undertsken, However,
for higher resolution a Golay with a wedged nose window (4°) was available.
The water vepour spectrum of Fig 6.2 resolved to better than 1 cm"1 clearly
shows the ability of the interferometer to attain such resolutions when

the signatures on the interferograms are carefully ratioed out.

A particular adventage of the design of this polarising interferometer
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is that by replacing grid A by a mirror, an aluminised mylar beam divider
being used in practice, and grid B by a mylar beam divider, transferring |
the Golay to the vacant part of the other cube converts the instrument to
the more conventional dispersive Michelsonuj). Thus changing the thickness

of the mylar beam divider enables a new range of frequencies in excess of the

240 cm ' attainable with the grids, to be studied.

4.8 THE RECORDING ELECTRONICS

The recording electronics used for both the power and the polarising
interferometers was basically identical, though different sampling techniques

could be employed leading to improved results in certain circumstances.

The signal‘due to the modulated radiation faliing on the detector
passes on to be rectified by a phase sensitive detector (P3D). In order
to operate the PSD, a reference voltage which is coherent with the signal
to be measured, is required. This reference is derived from the power
oscillator which drives the phase modulated mirror and is passed through
a phésé~shifter where it is phase-matched to the signal., The resultant
output ébmprisés a DC Voltage proporti.aal to the required component of the
signal and also AC components due to noise which are filtered using a low
pass RC filter of variable time constant. These AC noise components are
not coherent with the reference snd the response of the electronics to the
noise depends on the time constant t of the PSD, which acts as a selective
rectifier of bandwidth 1l/t. If t is chosen to be long, to meke the
bandwidth narrow, the spectrum must be recorded slowly in order thet sharp
features are properly observed. There is usually an optimum time constant,
o compromisge between noise reduction and the time taken to record the

whole interferogram.
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The PSD also responds to frequencies corresponding to odd hermonics of
the reference, and noise hands centred on these frequencies sre recorded but
with reduced sensitivity. This extra noise is usually negligible but can

be eliminated by eltering the frequency response of the electronics.

The output from the PSD, which has acted as a Fourier analyser, is
passed to both a digitel voltmeter (DVM) and a chart recorder. The sampling
sequence is dictated by an electronic triggering unit. First, the moving
mirror is stepped; there then follows a short delay during which time the
signal to the PSD rises exponentially under the ection of the RC filter.
After this set delay which may be varied but is held accuretely constant
for a series of measurements, the signal on the DVM is read and recorded
on paper tape for analysis by computer. There then follows s further short

delay before the mirror is stepped again and the eycle is repeated.

The electronic trigger units, the paper tepe punch drive and the

stepping drive were all built in the Electronics Workshop at Westfield.

The stepping time interval and the PSD time constant are inter-related
and both are chosen to give an adequate signal to noise ratic for the
spectrum recorded with the required resoluticn, whilst not allowing the

totel scan time to be prohibitive.

The electronic recording system used is shown in the block diagram of
Fig k.1h., A slightly different recordihg system was available in the
laboratory and was sometimes employed. The enalogue signal from the PSD is
converted tc & square wave of frequency proportional to the enalogue signel
which passes to a frequency ccunter to which an oscillator is connected.
After a short delay from the time the mirror steps, the PSD integrates the
signal for a certain "integration" time which cen be varied, whilst the
frequency counter, triggered by the oscillator counts the pulses proportional
to the input signel over this time period. The result is then punched onto

the paper tape and the sequence repeated until the scan is complete.
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FIG 4.13(a) THE ACTION OF THE POLARISING INTERFEROMETER

For simplicity the action is described for a single frequency component

v and for the situation where the two interferometer arms have the same
physical length, defined as the position of zero path difference (ZPD).

The horizontal and vertical axes with respect to the instrument are shown.
The grids are assumed to be lossless. For an unpolarised beam, the
component of the radiation perpendicular to the wires is 100% transmitted
and the component parallel to the wires, assumed to have the same amplitude
as the perpendicular component, is 100% reflected. It is also assumed

that the reflecting areas in the two arms are equal.

1. AT GRID 'A'

Wire direckion Unpolarised radiation is incident

1‘ from the source via the collimator
onto grid 'A', the wires of which

are vertical. A vertically polarised
beam is thus reflected into the
instrument towards grid 'B'. The
horizontal component is transmitted

ﬂ+ and lost.
ry :

2. AT GRID 'B'

. - The plane polarised beam from 'A'
Whre direction is split into two components
parallel and perpendicular to the

N X N wires of 'B'. The parallel component
. A B is reflected into the fixed reflector
e . arm whilst the perpendicular

component is transmitted into the
moving mirror arm.
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FIG 4.13(b)

3. AT GRID 'B' FOLLOWING REFLECTION IN THE TWO ARMS

VWire direchion

Assume the mirror is a perfect reflector
and that the reflectivity of the fixed
reflector is p(v) = |p(v)|exp i¢ with
O<|p(v)|<1. Thus the length X of the
vector which represents the radiation
from the fixed reflector is dependent
on both the amplitude and phase reflect-
ivities of the reflector, neither of
which is completely determined by the
value of the other at this frequency.
The vector length

X = lp(v)l 2 cosé
V2

represents the projection of the

reflected amplitude lp(v)laéﬁ'along the wire direction. No interference
is observed at this stage as the two components are orthogonal.

4. ON RETURN TO GRID 'A!

. \Wire direchon

Tmntm:“ﬁ to
detecror

| Resultant of Hwo components from'8’
1
R= (2ex)2 & 1+ |plo)Peosh) 2

a = 45°-B = 1:an_1

a/v2

'A' now acts as the analyser, causing
the interference of the two components
from 'B' to be observable. The signal
transmitted through to the detector is
Rsinf with R as given.

For the non-dispersive case when

l[o(v)] =1 and ¢ = 0 for all v, X = a/v2,
and B = 0 and thus no signal reaches the
detector, ie a dark fringe occurs at the
position of ZPD.

However, in the dispersive situation when
lo(v)] < 1 and ¢ # O, then 8 # O, but is
given by

= tan [ o] cos¢ } .

The signal transmitted to the detector, Rsinf is therefore a function of
Ip(v)l cos¢ and thus information on both lo(v)|, the amplitude reflectivity
and ¢(v) the phase reflectivity may be obtained.

At the frequency v, the position of equal optical path lengths, as opposed
to physical path length, is found by displacing the moving mirror out a
distance 3(¢/2mv) from the position of ZPD. Thus the positions of optical
ZPD for different frequencies are dispersively distributed on the phase

delayed side of the position of ZPD.
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CHAPTER 5

ASPECTS OF FERROELECTRIC THEORY

5.1 INTRODUCTION

The dielectrics considered in Chapter 3 had a linear relation between
polarisation and applied electric field (3.9). However, a class of
dielectries exists for which this relationship exhibits hysteresis effects.
Their dielectric behaviour, by ansalogy to the magnetic behaviour of ferro-
magnetic materials leads to their name, ferroelectrics., Such meteriels
possess a degree of polarisation in the absence of an external field, termed
sponteneous polarisetion Ps. The direction of the spontaneous polarisation

may be altered by epplication of an electric field.

In general, a mecroscopic ferroelectric crystal consists of a number
of domains which form to reduce the electrostatic self-energy of the crystal.
Within each domain the polarisation has a specific direction which varies
from one domain to another. The existence of domains, confirmed by X-ray
studies, explains the possibility for a crystal in its ferroelectric phase
to have a zero or very small overall polerisetion. When an electric field
is applied to such & crystal, the number and size of domains polarised in
the field direction may be increased. Reversal of the field leads to the
phenomenon of switching and is accompanied by the hysteresis observed in
the P versus E curveé, giving rise to dielectric losses. The domains can
often be seen very easily with an optical microscope as a direct result of

the birefringence of the crystal.

A necessary requirement for a solid to be a ferroelectric is that its
crystal structure lecks a centre of symmetry. No centro-symmetric crystal
can possess a finite polarisation, for inversion of the polarisation vector

by the symmetry operation leads to & recognissble change, contradicting the
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symmetry requirements. This is an example of Neumann's Principle which
states that the symuetry elements of any physical property of a crystal must

include the symmetry elements of the crystal point group.

Of the 32 crystal classes, 21 lack a centre of symmetry and of these,
20 are termed piezoelectric. The polarisation of such crystals may be
altered by external stress. Ten of the piezoelectric classes form the sub-
group of pyroelectric crystals which are spontenecusly polarised, possessing
8 finite polarisation even for zero external fields and stresses. The
polarisation changés wvhen the crystal tempersture is altered. Ferroelectrics
are a further subgroup of these spontaneously polarised pyroelectrics heving
the additional prcperty that the polarisation may be reversed or switched

by an applied electric field.

A permanent electrical polarisation would arise in a crystal if,
having started with an unpolarised ionic crystal, the whole structure of
positive ions were displaced with respect to the structure of negative
ions, a situation of the type which seems to exist in ferroelectric materials
where X-ray evidence shows actual displacements of ions in the polarised

state.

The ferroelectric properties of most ferroelectric crystals disappear
above a critical transition temperature To. The magnitude of the spontaneous
polarisation decreases as the temperature rises until at TO it disappears.
Above To the crystal'is non-polar and the dielectric constant freguently

obeys the Curie Weiss Lew

e = C 4 € (5.1)

where Tc is the characteristic Curie tempersture which sometimes coincides
with, but more often lies & few degrees below, the transition temperature

To' At the transition tempersture, a change in crystal structure
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accompanies the chenge in phase, the ferroelectric structure being a
distortion of the non-polar structure which exists above To’ with
correspondingly lower symmetry. Ancmalies in certain physical properties

of the crystal can occur at this transition.

Ferroelectricity was first discovered by Valasek in 1921 in the sodium-
potagsium salt of tartaric acid (NaKChHMOG'tho) known as Rochelle salt.
This salt was first prepared by Seignette in 1672 at La Rochelle and heas

led to ferroelectrics being alternatively termed Seignette-electrics.

In 1935, potassium dihydrogen phosphate (KHZPOM)’ well-known by the
initials KDP, was found to exhibit ferroelectric properties by Busch and
(37)

Scherrer . It is typical of a group of ferroelectrics consisting of

dihydrogen phosphates and arsenates of the alkali metals.

In 1942 came the observation of anomalous dielectric properties in
barium titenate (BaTiO3), an important member of the Perovskite group of
ferroelectrics with & general formule ABO3. The independent discovery
of BaTiO3 in several laboratories during World War II prcmpted renewed
theoretical interest in the mechanismg of the crystallographic distortions
accompanying the phase transitions and much experimental work was performed
to try to produce practical technological devices such as piezoelectric
transducers, from the new ferroelectric materials, to aid the war effort.
This experimental work was primarily on BaT103 and the hydrogen bonded
ferroelectrics disco&ered earlier, in perticular triglycine sulphate (TGS)

and KDP.

Since the war a large number of materials have been shown to exhibit
ferroelectric properties end the vast amount of research on ferroelectrics

done in recent years ensures that this list continues to grow.

Numerous books snd articles have been written in recent years on

ferroelectric materials, their properties and the verious theories
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derived to explain ferroelectric behaviour. This Chapter only tcuches
upon & few of the general aspects of ferroelectric theory that are
pertinent to the studies performed using the polarising and power inter-
ferometers. For further details consultation of the referenced literature
is required, in particular the excellent review of the experimental studies

of structurasl phase transitions by Scott( 38).

Two further definitions deserve a menticn at this stage, those of
an antiferroelectric and the order of a transition. Early definitions of
anti-ferrcelectricity were based on the model of dipoles occupying lattice
sites in a simple cubic structure with alternste arrays of the dipoles
orientated in opposite directions leading to zero overaell polarisation.
Calculations show that this anti-ferroelectric configuration is the stable
arrengement for such a two-dimensional system of dipoles, &s epposed to
the metastable ferroelectric arrangement of parallel dipoles all with the

same orientation.

Later definitions of anti-ferroelectrics were based on the behaviour
of the dielectric constant in which a small peak is generally cbserved at
the transition temperature between the anti-ferroelectric and the higher
temperature paraelectric phases. Scott however points out that according
to this definition a crystal without a phase transition cannot be defined
as enti~ferroclectric and neither can the highest temperature thase of any
crystal. He proposes a definition analogous to the one he puts forward
for e ferroelectric. Armonium dihydrogen phosphate (NHhH2POu), otherwise
known as ADP, is an example of a crystal that has been termed anti-

ferroelectric.

A common feature of any vhase transition, whether it is ferroelectric
or of another nature, is the existence of a displacement or order

parcmeter which is a measure of the ordering which tekes place at the



104

transition temperature (see for example Burfoot(39)). In ferroelectrics
the order parameter is the spontaneous polarisstion Py vhich has the

tempersture dependence

. 8 .
P~ (TO—T) for T <T end P, =0 forT>T_ (5.2)

where 8 has the value of 3 in some theories.

A 'first order' transition, and use of the word order here is not to
be confused with its use above, is one where the displacement parameter
changes discontinuously at T = T,. By second order we designate those
transitions in which the displacement parameter decreases continuously to
zero as TO is approached from above and below. Hence ferroelectric
transitions ere graded according to the continuous or discontinucus
behavioﬁr of the spontaneous polarisation at T = To' However, it is usually
not possible to cbtain a clear-cut distinction between & first or second
order transition from measurement cof PS with temperature as, even for a
second order transition, the rise of Py just below T is repid. They may,
however, be distinguished by the sc-called "double hysteresis loop"

(hO)).

experiment (Dekker

It is perhaps worth noting in passing that a class of ferroelectriés
exists where PS is not the phase transition displacement parameter, and
gsuch materials are termed 'improper ferroelectrics'. The observed
spontaneous polarisation and the dielectric anomelies are here not the
primary critical characteristics but are secondary effects linked to the
primary lattice anomely, a crystallographic quentity usually being the

order parameter.
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5.2 THEORIES OF THE FERROELECTRIC TRANSITION

A comprehensive discussion of the ferroelectric phenomenon and the

(k1)

phase transition has been given by Slater vho employs the aneslogy of
the mechanical problem of a particle held in a double potential well, two
minima with & meximum between. The maximum, & position of unstable
equilibrium, corresponds to the unpolarised state and the particle can be
pushed in either of two opposite directions into a lower, stable, potential
minimum corresponding to a permanent polarisation Pg. Ps is the product

of ion displacement and ion charge, the displacement in this simple model
being the meximum to minimum separation. Thus the decrease to zero at

T = TO of the magnitude of Ps as the temperature is raised, corresponds to
the two minima becoming shallower, moving together and finslly coalescing

at the critical transition tempersature To‘ This treatment leads to the

proposed existence of a vibraticnsl mode with a frequency of the form

w2(T) n C(T—-’I‘o) (5.3)

which thus venishes st T = To and becomes unstable for T < To leading to

the onset of spontaneous polarisation. The existence of such a mode was

(42) (43)

earlier predicted by the free energy theories of Landau and Devonshire

(14)

the lattice dynemical thecry of Cochran and the microscopic,

anharmonic theory of Cowley(zs).

(o) p 192), analogous to the

An earlier dipole theory (Dekker
Langevin-Weiss theory of ferromegnetism, assumed that in ferroelectrics
a degree of "cooperation' wes present. The existence of spontaneous
polerisstion requires thet the dipole moments of the different unit cells
in the crystal are orientated in the same direction, the cooperation being

the tendency for a unit cell to have its dipole direction parallel to that

of its neighbours. An expression for the internal field which orientates
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a given dipole

Ei = E + YP (5-’4)

where E is the external field, P the polagisation and y the internal field
constant, illustrates the cooperation between the dipoles. The larger the
value of P, the 1arge.~Ei and the stronger the tendency for the dipole to
align itself in the direction of the polarisation of its surroundings. The
field of (5.4) leads to the Curie-Weiss lew for the dielectric constant for
T> To end also an expression for the saturation polarisation corresponding

to camplete alignment of dipoles.

The free energy theories assume the free energy F near T° nay bé
expanded in & power series of the displacerment parameter, the spontaneous
polarisation in the case of a ferroelectric. By requiring F to be &
minimuﬁ, the condition for stability, then the signs of the remsining
coefficients of the expansion describe beth the onset of the transition
and its order. This leads to the prediction thet the order parameter n

obeys
3
n = no(To-T) . _ (5.5)
Fram the simple single harmonic oscillatcr equation with linear response

2
my? = E-j- (5.6)
on

it follows that there exists a phonon frequency
3
w = wo(T~To) . (5.7)

Hence the free energy model, which assumes infinitely long range forces,

leads to en equaticn of the form (5.3).

This same equation was cbtained by both Cowley snd Cochran via their

particular theories. In general, Cochran proposed that for most transitions
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in which the crystal possesses periodic transitionsl symmetry (ie is
ordered) in both the phases, above and below TO, the structural distortions
are characterised by an unstable optical phonon, whose frequency decreases
substantially as the transition temperature is apprcached from sbove or
below., The stebility of a crystsl lattice is dependent upon the elastic
coefficients which must satisfy certain conditions converiently surmarised

by the requirement that
w. >0
i

for all i, where wy is the ith normal mode freguency. Thus w; > 0 is
equivalent tc some generalised elastic coefficient becoming small. The
crystal's restoring force agninst some shear deformations is consequently
weak and the crystal literally softens. This equivalence of ws vith a

"

generalised elastic coefficient is thus responsible for the term "soft mode

applied to the normel mode for which w(T) + O.

The basic concept of such a soft mode wag first put forward efter
measurements on quartz by Ramen and Nedungadi(hs) in 1940, Following
Cochran's theory, the existence of such a mode in the vibrational spectrum
of strontium titanete (SrTiO3) was shown experimentally by Cowley(h6)

using neutron scattering technigues, the mode becoming unstable for T < To

resulting in the onset of spontaneous polarisation.

Ths soft mode concept can be readily extended to enti-ferroelectric
materials as discussed by Cochran. However, here the transition is
usually charscterised by a soft mode at the Brillouin zone boundary, not

at the zone centre as in ferroelectrics.

Objections have been raised to various aspects of the theories
outlined above, but they form a background to the vest smount of work,
both experimental and theoretical, that has been performed in recent years

on ferroelectric meterials and soft modes.
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5.3 POTASSIUM DIHYDROGEN PHOSPHATE (KHEPOM)

The bulk of theoretical and experimental studies on ferrcelectrics
belonging to the hydrosen-bonded group have concerned KDP and its isomorphs.
Such materials have been known for & long‘time in comparison to other
ferroelectrics and werk in the early days of ferroelectricity was largely

limited to these crystals.

KDP hes cne ferroelectric transition temperature, T0 = 122K, It is
perheps worth mentioning at this stage that some crystals have more than
one such trensition temperature. Rochelle salt, for example, has the
reculiar pronerty of being ferroelectric only in the region between 255K

and 296K, thus it has two transition temperatures.

KDP is piezcelectric in both phases., In its non-polar paraelectric
rhase above 122K the crystal symmetry is tetragonal with the point group
fiom (D2d)‘ In the ferroclectric vhase the crystal is orthorhombic
belonging to the group mm2 (sz)' In both cases, the primitive cell
contains two anpoh units. In the paraelectric phase, there are three
mutually perpendicular axes a, a and c. Thus_above TO the dielectric
properties of KDP ere described by two complex dielectric constants, one
for radiation polarised parallel to the 'c! axis and one for radiastion
polarised along an 'a' axis, Below To’ the three rutually perpendicular

axes are a, b and ¢, corresponding to the orthorhombic symmetry.

7))y

The crystal structure is built up in the following manner (Agrawal
Each phosphorus stom is surrounded by four oxygens et the corners of a
near regular tetrahedron. Every [POh] group of this kind is linked to
four others by hydrogen bonds. These bonds are between the upper oxygen
of one [POu] group and a lower oxygen of e neighbouring group, and hence
each adopt & form O-H-O. Each hydrogen bond of this type lies almost

perpendicular to the ‘c' axis and thus perpendicular to the ferroelectric
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axis, for this axis, the direction along which the spontaneous polarisation

occurs, lies parallel to the 'c' axis of the tetragonal phase.

The important role played by these hydrogen bonds in the polarisation
of the crystal is clear from the large effect deuteration hes been shown
to have on the transition temperasture. Replacement of the hydrogen by
deuterium in KDP, leading to KD2POh, raises the transition temperature

from 122K to 213K.

Above To, neutron and X-ray studies have revealed that the protons
are randomly distributed on either side of the O-H~O bond and are not
centred exactly between the oxygens. They can thus be considered as:
disordered. In passing through the transition from above, the lengths of
the hydrogen bonds do not change significantly but below To, the protons
are all near the upper oxygens or near lower oxygens depending on polarity,
resulting in an ordered arrangement. Reversal of the polarity.by means
of an electric field, for example, produces & shift of the hydrogen atoms

along the O0-H-O bonds from one ordered system to another.

The ferroelectric transition in KDP is thus of the order — disorder
type. Whilst the protons undergo the order-disorder transition at To’
the metal ions undergo a displacive transition from one ordered asrrangement

to another.

The ordering pf the protons below TO results in changed forces on
the other ioms which result in a distortion of the crystal as a whole,
there being & small though significant shift of the other ions from their
equilibrium positions in the tetragonal phase. Since the proton shifts
at T are nearly perpendicular to the 'c' axis, the axis along which the
spohtaneous polerisation occurs, then the 'c' axis component of such a
displacement is far too small to account for the total polerisation which

develops at To' Tt is far more likely that the spontaneous polarisation
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arises from the aforementioned displacement of the potassium and phosphorus
ions along the 'c' axis caused by complex coupling between the protons
and these heavy ions. 1Indeed it has been shown by Bacon and Pease(ha)

that the polerisation calculated in this way agrees well with experimental

values.

Following his double potential well model developed to explain the
occurrence of the ferroelectric transition in generalised terms (section
5.2), Slater(hg) suggested that the protons in KDP occupy such double
wells corresponding to the O-H-O hydrogen bond arrengement. He produced &
statisticel theory based on this model showing that the proton order%ng

was the origin of the ferroelectric transition.

In 1968 KObuyashi(so) published & theory which assumed a tunnelling
motion of individual protons between the two Slater potential minims in
the presence of direct proton-proton interaction. The two pesitions of
the proton in the kydrogen bond well are treated like a spin system
described by ficticious spin 43 and -} states. He incorporated into his
theory the strong proton-lattice interaction, the coupling of the tunnelling
frequency of the protons to the lattice vibrations of the heavy potassium
and phosphcrus ions. This strong coupling results in a pair of optic-
lattice-vibration modes w_ and w_. Kobayashi identified the low frequency
member w_ a8 the ferroelectric mode which fcllcws the soft behaviour
predicted by Cochran, the higher frequency transverse optic mode w,
remaining unshifted as the temperature is lowered towards To'

Since, for KDP, the transition order perameter is given by the
proton tunnelling, whereas the polarisation is determined by a transverse
optic mode of the K-P-O system, the material has been considered by some
to be an imprcper ferroelectric, although its properties are typical cf

those of a ferroelectric. However, the strong proton-lattice interaction

leads to a coupling between PS and the proton ordering which, furthermore,
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is linear. They thus have the same temperature dependence whereas in a
typical improper ferroelectric the coupling is not linear. Hence KDP is a
ferroelectric in which we are dealing with a mixed, coupled mode system and
not just with a simple soft mode. An analysis of the coupled mode problem

is given in the following section.

Until recently all evidence indicated that the transition in KDP was
of second order, that is, the spontaneous polarisation Ps rises continuously
from zero at To. However, Benepe and Reese(sl) in 1971 found that Ps actually
rises discontinuously at the transition indicating a.first order type
transition. A double hysteresis loop in the P versus E relation has been
observed, by a number of workers, just above To by use of an external field

of ultra-low frequency.

5.4 THE COUPLED MODE ANALYSIS

It was described in the previous section how the onset of ferro-
electricity in KDP involves both proton displacements (tunnelling) and some
optical-phoncn instebility involving the heavier ions. This section deals
with the experimental work performed on KDP in recent years, and its
interpretation in terms of a coupled mode formalism which has led to a
better understanding of the transition.

(52) found a low frequency highly overdsmped

In 1962 Berker end Tinkhem
band peaking at ~ 50 cm._l in the room temperature reflectivity spectrum of
the KDP 'c' axis. By means of its strength and temperature dependence,
they deduced that it was the mode responsible for the interesting ferro-
electric and electro-optic properties of the crystal. They could not,

however, give a precise description of it in terms of classical oscillator

parameters.
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Quantitative measurements of the temperature dependence of this low

(53) using the technique

frequency mcde were first made by Keminow and Damen
of Reman scattering. Their measurements revealed o broad low frequency
ferroelectric mode which they represented by a simple damped harmonic

oscillator function in the following manner.

The classical equation for force~ damped harmonic motion mey be

written as
¥ +Tx+kx = eE(w) (5.8)

where x is the displecement parameter, I' is the damping, k represents the
restoring forces and e is the effective charge. The mass m of the particle

is inecluded in these definitions.

Aséuming hermonic solutions E, x v exp iwt then (5.8) leads to

(w2 + iTw + k)X = eE . (5.9)

The polerisation P = ex, the product of charge and displacement, is
alsc given by (3.9) which thus allows for the substitution for x in (5.9)
yielding
2

elw) = e+ — e (5.10)

° w§~m2+irw

where the restoring force parameter has been written in the form k = mmg.

The Renan (Stokes) scattering intensity S(w) measured by Kaminow
end Damen is related to the imaginery part of the susceptibility x"(w)

by means of the fluctuation—dissipation theorem

S(w) = R[n(wtl)]lx"(w) (5.11)
where -1
alw) = [exp% -l] (5.12)

end R is s normalisation constant.
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The electrical susceptibility x(w) and the dielectric function e(w)

are related by (3.11) and comparison with (5.10) yields

2
x(w) = & —L (5.13)

o (wg-m2+irw)

Simplification may be achieved via the limit w + O which gives

2

x(0) = == . (5.14)
€ w2 ,
0 0

Hence we may write

w?x(0)

x(w) = —— R (5.15) °
mg-w2+irm

the imaginary part of which is

w2y (0)Tw
x"w) = —= (5.16)
(wg-w2)2+rzm2

enabling us to relate tc the measured scattering intensities via (5.11).

On fitting their experimental intensity curves using the oscillsator

function of (5.15), Keminow and Damen made the following observations.

To a good accurecy

x(0) = S (5.17)

T-T
c

* : . . .

with Tc = 117K and C an undetermined Curie constant. The damping constant
I' was large and temperature independent to within the experimental accurccy
and the characteristic frequency W tended tc zeroc as T » To and epproached

a constant value for T >> To'

To obtain a function fitting this tempersture dependence they
employed an elementary single oscillator model of a ferrcelectric and

assumed certein temperature dependences for the microscopic parameters
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which would leed to the cbserved dependence of (5.17).

They thereby cbtained an wg temperature dependence of the form

2 = ko P 4 T‘T: 18
S U R A L e (5.18)

vhere for the best fit to their experimental datae, the hizh temperature
value of wg, k/m = 99 cmfl. This fit was achieved to within the experimental

uncerteinty over the range 10 + 140 cmfl.

Hovever, by use of only a single oscillator model, Keminow and Damen
had neglected the strong coupling between the ferrcelectric mode and the
optic phonon mode of the same symmetry lying near 180 cmfl, the proton-

phonon interaction proposed by Kobayashi.

This was later pcinted out byKatiyar et al(sh) end She et al(ss), who
realised that only when this coupling was properly accounted for could the

correct temperature dependence of the uncoupled soft mode parameter 0, be found.

Barker and Hopfieldujo

formulated such a ccupled-optical-phonon mode
theory in 1964 in order to explain an interference effect in the IR dispersion
of Ba.TiO3 and other high dielectric constant materials., They found such an
analysis gave greatly improved fits to their data which could not be fitted

by any choice of parameters using uncoupled oscillators.

Their anslysis tcok the following form. Consider a system of two
particles with effective charges e and e, coupled mutually by a spring of
constant kia and to fixed points by springs of constants k, and k,
respectively. The equations of motion of the two particles coupled

reactively in this way may be written

Bty vy e E + ky,(y, — ¥p)
(5.19)

Yo+ Ty * kv = e igp(yy m )
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with polarisation P = yje, +y,e, . (5.20)

Here E is the applied electric field, ¥1 and y, are the displacements
of particles 1 and 2 and the ri are damping constants. The model for two

independent oscillators is identical but with k), = 0.

As shown by Barker and Hopfield these equations of motion can be
written in an equivalent way to describe two particles with resistive
"dashpot" courling:

]

2B + vy, (x5 - %)

[

- 2
£ Xt ex

(5.21) .

° 2 _ ) _ e
Ry + Yo%, *+ wdx, = 22E * Yo (xl x2)

with polarisation P = x,z, + x,2, . (5.22)

The equivalence is given by a 2x2 orthogonal (ie a real unitary)

transformation (u) which diagonalises the force constant matrix, with

cosd =in8 :
u = (5.23)
~sin® cosd
X y z e
2=, 2=, (5.24)
2 Yo 2
1*12 Y10 9 (5.25
= u u 5.25
Yip Y212 0 I
end w2 ) k +k k _
1 o= 17512 12| (5.26)
0 w5 k1o Ktk

Multiplying out equation (5.26) leads to the following expression

for 6,
cct26'+{(k2~kl)/k12 Jeote -1 = 0 . (5.27)
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The mechanical analogue of (5.21) is illustreted in Fig 5.1. The
three "resistive" d=shpots Yis Y, &nd vy, contribute to losses by providing
velocity dependent damping for driving fields of nearly eny frequency. If
the two particles have opposite charges there exists a frequency, between
the resonant frequencies of each of the particles, which causes them to
move together resulting in the Y10 dashpot becoming inactive, and hence,

a reduction in the losses.

If we assume harmonic soluctions E, x., %. ~ exp iwt, then from (5.21)

12 "2
1wy, 2B
zlE+ S 12 2
. = wp*Huly,ty, )
1 w2y2
. 12
wl-w2+in(y, +y, ) +
1 112 w2102 4+iw (Y. +Y..)
o W Ll Yy
(5.28)
iwy, 2. E
z2E + - i2 1
wp-w*Holy tryp)
x, = .

Wiyl

2,243
w5=w +1w(Y2+Y12) + 2o ein(y 7. )
1 1 '12

The dielectric constant € is the sum of the contributions due to each

oscillator plus the background term € due to any higher frequency modes

{3.8) ~ (3.13}
ie elw) = e + %’ = g +te, te (5.29)

oo

where &g = zlxl/E; E, = zgxz/E . (5.30)

Thus substitution yields:
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2, 5 2.
2y +iuyy 52, 2,/ [3-wi+iely,tyy )]
1 7 S .. 2.2 Fo2 24z (5.31)
i~ +io(y,+y )+ Y Slws-w +1w(Y2+712)]

2. . 202413
. 2 +iuy, 52,2,/ [w3-w +iw(yy+y;,5)] (5.32)
2 2_. 92, 2.2 24243 ]
wi=wsHin(y, 4y 5 )ty o/ [0 +iely,+yy )]

and hence from (5.29)

2 2 .
z. G +2,G,+22.2, 10y, G, G
P
e(m)-em = £ = 1’1 72 22 21 271127172 (5.33)
l+ow leGle .
where
- 1 . '
G, = (i =1,2) (5.34)

2 o .2 :
wf-w + 1w(yj+712)

is the response function of the uncoupled mode.

Alternatively, from the equations of motion for the spring coupling

model (5.19) we may obtain

p e§Gi+e§Gé+zelezk12GiG§
e(w)-e, = 7= 5 (5.35)
— 111
1= k56965
where
0y = 1 — (j =1,2) . (5.36)
[kj + k12 - wé + 1ij]

The models of (5.33) and (5.35) each have seven parameters,

There are in fact en infinite number of mathematically correct models
to deseribe a coupled mode system, each with its ccrresponding set of

seven perameters. The "spring” and "dashpot" couplings ere two particular
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choices. These additional solutions are intermediate forms involving

both kinds of coupling and ere obtained by use of unitary transformetions (u)
which diagonalise neither the force constant metrix nor the damping matrix.
Each model gives the same fit to data since they are equivalent to within
the unitary transformation. However, the different models may be used to

give insights into the physies cf the vibrating system,

One consequence of the coupled mode snalysis may be noted from (5.33)
where it may be seen that e(w) depends on the signs of the effective charges
of the two interacting modes, via the last term in the numerator, The
independent mode formula, however, obtained by putting Y0 =0 is iqsensitive

to the sign of the charges as only zi and zg appes&r.

Barker and Hopfield found that fits obtained using interaction
damping for BaTiO3 and other perovskite materials were a great improvement
in the region that could not be fitted by any choice of parameters using
uncoupled oscillators. A third clessical independent mode was added in
each case as these perovskite structure materiels all have three optically

active mcdes.

Thus e(w) = e+ €, + e, ¥ eq (5.37)
vhere e, and e, are given by (5.31) and (5.32) and
2
z
€3 = "";__2'—3‘:-—'-—" . (5038)
wi-w?+iny,

It was this coupled mode formelism of Barker and Hopfield that was
adopted by She et 31(55) to explain their KDP 'c' axis Raman spectra in
terms of the procton-phonon coupling. This resulted in a more complete
treatment of the problem than thet which hed been performed by Kaminow

(54)

and Damen, who neglected this interaction. Katiyar et al also gpplied
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this analysis to treat similar coupling in CstAsOh (CsDA) and KHZASOh

(kpA).
In these and other cases where coupled mode fits were made to Ramen

spectra, a Green's function formaelism of the problem was employed.

Following Katiyar, the complex susceptibility x(w) for the coupled
modes may be written in terms of the Green's functions Gij(m) and the mode

strengths Pi’ Pj as

x(w) = ] P;P; Gij(w) - (5.39)
1

Cue

where the Gij(m) may be expressed in terms of the response functions of

the uncoupled modes

6 = —— (5.10)
w2-p2+iwT,
i i
from (5.39)
x"(w) = Im.z PP, Gij(w) (5.41)

ij
which may be related to the scattered Raman intensity S(w) by means of the
fluctuation-dissipation theorem (5.11).
For the case of coupling between the ferroelectric mode and the
higher frequency optic mode, let G = [w2=-w?+iwT ]“l and G, = [wl-w?+iwl ]-l
; ? a a a b “p b
be the response function of the uncoupled ferroelectric and optic modes,

respectively.

The coupled mcde equation may then be written as

G A2+iwD G G 1 0
a, ab 11 12 = y (5.h2)
A2+iwl et G, G o 1
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where the coupling is described by AZ+iwT A% is the force constant of

ab”

a "spring" connecting the two oscillators having unperturbed frequencies

w, and w and T . is the demping constent of & "dashpot" connecting the

two modes,

Thus, solving (5.L42)

G G ]
11 9us 12 5,
Gt Gy [a%Hwr,] G+ Gpp [A%+iwry,]
a 8 1 O
G. G, o 1
2.s 12 9. 22
Gyq A +1wI‘ab] + —-—Gb G12 (A +1wI‘ab] t o
b b —
(5.43)
Comparison of coefficients yields
G
11 2, - _ .
G, + Gl2[A +1m1"ab] = 1 (1)
G
12 0. _ ..
-—"-Ga + G22[A +1mI‘&b] = 0 (ii)
. | (5.44)
9. 2 ., (1i1)
Gll[A +1w1‘ab] + 3, = iii
G,
22 .
243 — =
Gy, [A +1mI‘ab] + 5, 1 (iv) .

From (ii) end (iv), 2limination of G,, yields

G
-G-]-'g- + (A2+ipT
a

ab){ 1 - Glg(A2+inab)}Gb = 0 . (5.45)

Thus

(A2+iwl ) G
G12 = — b 5 aGb , (5.’46)
(a +1wI‘ab) GaGb~l
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and from (i) and (iii) elimination of G,, leads to

21 (A2+i0T )2 6.6 = 1 (5.4

G, oT g 11 G = . 5.47)
Hence

G, = i . (5.48)

Y a(aear,)? 66,

Likewise from (ii) and (iv)

. - %

22 1-(a2+i0r )2 GG (5:49)
Expansion of (5.39) gives

x(w) = PG, + P3Gy, + 2P, PG, (5.50)
and substituting for the Gij

P26 + P56, - 2P, P (A%+iul, )G G,
X(w) = 1l ¢ 2 172 eb’ "a . (5.51)

 (A2as 2
1 - (a +1wrab) GaGb

As described previously, Barker and Hopfield pointed out that the
equations of motion of the oscillators coupled by a spring (I‘ab = 0) may be
transfcrmed to describe oscillators coupled by a dashpot (A = O) since
they are conmnected by a unitary transformation. Thus the choice of reel or
-imaginary coupling is arbitrery; both will give the same fits to spectra.
Katiyar et a1(5h) and She et a1(55) both chose real coupling (rab = 0) as
they found only this produced simple temperature dependences for the
parameters.

The expression of (5.51) may be compared with (5.33) and (5.35) by

use of (3.8) »+ (3.13) which gives
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2 2 )
e{w)-c PSG + PG, ~ 2P.P,_ (A2+iwl )G G
® 1 2%
— = xlw) = =2 — 522 . (5.52)
o 1-(a +1wF5b) GaGb

Thus, putting A2 = 0 leads to (5.33) and putting rab = 0 leads to

(5.35). It should be noted that the effective charges of (5.33) and (5.35)

ie €15 & and 25 2, &re both pairs of opposite sign charges. To indicate

this, a minus is attached to e, and z, when performing parameter fits
(see Chapter 6). This accounts for the difference in sign of the third

term in the numerator of (5.51) compared to (5.33) and (5.35).

5.5 FURTHER ASPECTS OF THE COUPLED MODE THEORY

The choice of real or imsginary coupling has an effect on the
temperature at which the uncoupled soft mode frequency W extrapolates to
zero. The choice of real (l"ab = 0) coupling, as used by She et al, causes
this temperature to be necessarily lower then T:, theclamped Curie tempereature

which occurs when x(0) + « or 1/x(0) » 0.
ie from (5.51)

[ -2t (0)g ()] , = 0 . (5.53)
T
c

This occurs abcve the temperature at which Ga(O) = —%;-* w; ie mi-+ 0.
w
8

The appearance of this finite temperature gep resulting from an
enalysis with real coupling is & consequence of the proton-phonon coupling.
The divergence of x(0) at TZ is & property of the coupled modes and not

of the ferroelectric mode alone.

From Kobayashi(so) the coupled mode frequency w_, with demping

neglected, is given by
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w2 = %‘(wéﬁm%) - {%{mg—w%)g + Au}% . (5.54)

Now, the results of She et al may be sumarised analytically as

1/x(0) « (T - 116) (5.55)
2 = 6T (T-30) o (5.56)

from which it is clear that wg, the square of the uncoupled soft mode
frequency, is linear with temperature and extrapoletes to zero at 30K. This
dependence differs from that obtained by Kamninow and Demen using a single
oscillator fit, (5.17). When they plotted w?, given by (5.54), es a function
of temperature, a linear plot was again obtained which extrapolated to zero
at the same temperature as 1/x(0), ie 116K. The temperature gap, they
expleined, was attributeble to the level repulsion of the strong proton-
vhonon coupling which forces the coupled mode to become soft (“3 + 0) long
before the extrapolsted transition temperature of the uncoupled soft mode

is reached at 30K.

If, on the other hand, the coupling is chosen to be imaginery (A = 0)

then from (5.51)
2 2
x(0) = PG (0) + PG (0) (5.57)

*

and thus x(0) and Ga(O) must diverge at the same temperature T, or in

other words, 1/x(0) and wg (= l/Ga(O)) extrepolate to the same temperature,
»

Tc.

The difference between the extrapolated temperature of 116X obtained
by She et al and the true phese transition in KDP at 122K, may be explained
in terms of further coupling between the ferroelectric soft mode and & soft
transverse acoustic mode. This coupling was described by Brody and Cummins,
(56), and later by Reese, Fritz and Cummins(ST). They extended the theory

of Kobayashi to include the piezoelectric coupling between the ferro-
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electric soft mode and the x—~y sheer acoustic mode., As T + TO, the soft
ferroelectric mode frequency epproaches that of the acoustic mode and the
piezoelectric interaction forces the acoustic mode frequency down until it
reaches zero. As the transition is approached from above, the phase
transition occurs when this soft acoustic mode reaches zero at To’ a few
degrees ebove T:. Thus, the acoustic mode becomes unstable before the

optic mode has an opportunity to do so.

The difference in the trensition temperatures for the acoustic and
optic modes is a manifestation of a similar measured difference for high and
low frequency (clamped end free) dielectric constants. This has been shown
by Lagekos asnd Cummins(sg). In order to describe the coupling of the ferro-
electric mode tc both the x-y transverse acoustic mode and the optic mode
they exténded the coupled mode formelism of Berker and Hopfield to a three

oscillator model. The response function of the acoustic mode was teken to

be of the form

G, = [mg - w2+ iwrc]~l (5.58)

and direct coupling between the optic mode and the acoustic mcde was
excluded as it was considered unimportant. The coupling of the ferroelectric
mode to the optic mode was chosen as imaginary (A = 0) and that between

the ferrcelectric and acoustic modes was taken to be real (rac = 0). By
solving the coupled mode equation of the form (5.42) which now of course

includes 3x3 mstrices, the static susceptibility is given by

2 2 2 b may L 2
x(0) = PlGa + P3Gc + PZGb(l AacCaGc) 2P1P3AacGaGc
1- A:c GaGc
(5.59)

If the crystal is clamped, then G, = 0 and x(0) is again given by

(5.57) demonstrating that GC(O) should diverge at the clamped Curie
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*
temperature Tc’ ascribed the value of 117.7XK by Lagakos and Cummins, For
e free crystal, the transition will occur at the free Curie temperature To

determined by

[1- AZcGa(O)Gc(O)]T=TO = 0 . (5.60)

For KDP the free Curie temperature T, = 122K, 4.3K above the clamped Curie

temperature.

Some workers reported improved fits to their KDP deta by essuming a
Debye relaxation form for the soft mode response when using the two oscillator

coupled model. Such a Debye response has the form

x(w) = —x(Q) (5.61)

1 - iwt

when the relaxation time
L. 2
©o(T) = Pa(T)/wa(T) . | (5.62)

(59) who obtained an underdamped soft

However, the work of Peercy
mode in KDP by applying hydrostatic pressure showed that the mode can only

be described by a demped hermonic oscillator and not by a Debye relaxation.

5.6 A SUMMARY OF OTHER WORK ON KDP-TYPE CRYSTALS

Though nmuch of the coupled mode theory of KDP discussed to date in
this chapter followed from Raman scattering experiments the techniques of
FIS and grating spectroscopy have also proved useful in the investigation.

(52) in 1962

The earliest work of this type was that of Barker and Tinkhom
who used an IR monochromstor with e wire grid polariser. It was they who

first found the overdamped ferroelectric mode bend in the 'c! axis of
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paraelectric KTUP,

(€0)

Other work was later performed by Onyango et al who used the
combination of a power interfercmeter and a grating spectrometer to obtain
reflection spectra of the 'a' and 'e¢' axes of KDP at 290K and of the 'a!’
exis at 125K over the range 10 - 700 cmfl. Furthermore, they obtained
trensmission data from thin polycrystalline films of KDP and correlated
these results with the dielectric functions obtained from a Kramers-Krtnig
analysis of the reflection spectra. Similar power reflection measurements

(47

*
have been performed by Agrewal ) on KDP, KD P (KDEPOM) and ADP, to

supplement results he cbtained using Raman techniques. Reflection measurements

(61) (62)

have also been made on KDP by Kawamura et al and Sugawera and Nakanmura

using far IR grating spectrometers.

The technique of DFTS has been used to investigate KDP by Gauss et
al( 8) who measured the 'c' axis complex reflection spectrum et 300K with
an asymmetric interferometer. The spectrum was fitted with & coupled
oscillator model of the form (5.52) using the choice of imaginery coupling,
(A = 0). They also measured the complex reflection coefficient for both
'a' and 'c' axes at w = 4,62 cm..l between 100 and 295K using & Michelson
and & laser radiation source. Hence they were able to deduce the temperature
dependence of the complex dielectric constants of both axes. They concluded
that the temperature dependence of mi (where wy is the uncoupled soft mode
frequency associzted with the 'c! axis) was not linear in the range between
Tc and room temperature but was best fitted with a formula of the type

L2 o 15911 (T - 117.7) -2
w3 T + 155 e

thereby disagreeing with the linear fits obtained by other workers.

Gauss also measured the 'a' axis complex reflection spectrum at room
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temperature in the range 10 to 80 cm._1 and found evidence of a shoulder on
the €" curve. This hed also been found by Onyango et 51(60) during the
course of their power interferometric studies. This low frequency structure
could be fitted by a heavily demped oscillator and was identified as the
protonic mode of E symmetry which has been discussed in a recent publication
by Hevlin et al(63) using a theoretical pseudospin model. These authors
found the frequency of this mode to be nearly temperature independent for

T > 'I.'c but strongly temperature dependent for T < Tc. They concluded that
the pseudospin formalism which predicts ancmalous behaviour for the ferro-

electric soft mode (a protonic mode of B, symmetry), necessarily predicts

2

an anomalous behaviour of the protonic E mode. Quantitative temperature

dependence measurements of this E mode have yet to be performed.

A number of workers have investigated, both experimentelly and
theoretically, the hehaviour of KDP in its ferroelectric phase (ie T < 122K)

where the crystal has orthorhombic symmetry. Amongst their power reflectivity

(62)

results, Sugawara and Nakamura included & spectrum for the electric

vector parallel to the 'e' exis recorded at a temperature of 83K.

Raman scattering was used to investigate KDP below its transition by

Shigenari and Takagi(6h) in 1971. They found evidence of a satellite mode

appearing on the high frequency side of the ferroelectric mode. This extra

mode appeared on cooling the crystal below 1LOK, as & shoulder at ~ 130 cm.-'l

vhich was hidden under the broad ferroelectric mode at room temperature. On
cooling further to below the transition, the mode width narrowed and its

(65,66) analysed this underdamped

frequency incressed. Lavrencic et al
spectral feature and concluded that it was also a scft mode with a frequency
proportional to the spontarneous polerisation. Their theoretical spectra
calculated from a pseudospin analysis with demping included, were in

-(64)

excellent agreement with the experimental results of Shigenari and Takegi .
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This chapter sumarises the theoretical and experimental work on
ferroelectrics which is relevant to the measurements that have been performed
with the power and polarising interferometers. Varicus other importent but
less relevant aspects of ferrcelectric theory have been omitted but may
readily be found described in recent literature. They include the recently
theoretically predicted centrzl modes, a peak at o ~ O which grows in
intensity as T - To' The existence of such modes has been confirmed by

(59

various Raman experiments including the work of Legakos and Cummins
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CHAPTER 6

A DISCUSSION OF THE RESULTS OBTAINED WITH

THE POLARISING INTERFEROMETER

6.1 INTRODUCTION

The performance of the pclarizing interferometer was rigorously
assessed at each stage in its development to detect any defects in the
various components. Primarily the testing consisted of performing repeated
ratioed run pairs, ares Y diviéed by area X (section 4.5), with the two
mirrors in the two arms to check the reproducibility of the complex
calibration spectra. This provided an insight into the limitations due to
various instrumental factors such as micrometer backlash, instrumental
alignment, the flatness of the mirrors and wire grids, and the quality of

motion of the phase modulated mirror.

The high frequency cut-off of the wire grid beam dividers was near
250 cmfl and so to aveid aliasing effects & stepping increment (x') of 5 um
was used corresponding to an aliasing frequencyrﬁ = 500 cm * (2.45)., This
micrometer step length was twice the smallest that could be achieved with
the stepping motor used. No spectral information was lost by 'double’
rather than 'single' stepping (K = 1000 cmfl) and the time taken to record

each deta run wes halved.

Fig 6.1 illustrates three throughput 'emplitude' spectra Ip(v)l
obtained with mirrors in the two arms of the evacuated polarising inter-~
ferometer and using & quartz window Golay detector. Each of the three
spectra corresponds to a different vibrational amplitude of the phase
modulated mirror achieved by altering the power (v) supplied by the

oseillator driving the mirror vibrator. As discussed in the previous
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chapter, this has the effect of shifting the peak of |p(v)| within the

spectral range, an effect clearly shown by Fig 6.1. Curve 'a' was obtained

by optimising the pover delivered by the oscillator (v = 9.5 mV) to give the
largest possible Golay signal from the aligned interferometer at the grand
maximum of the interferogram. Curves 'b' and 'c' were obtained by respectively
'underblowing' (v = 5 mV) and ‘overblowing! (v = 25 mV) the phase modulation.
In the case of curve 'c¢', the effect of the envelope Bessel function imposed

by the phease modulation is clearly recognisable.

- For the majority of studies undertaken a resolution of ~ 5 cmf%vwas
adequate. This was achieved by recording double-sided interferogramskeach
of 400 double (5 um) steps (2.10). The resolving power of the instrument
could be»conveniently assessed by recording a water vapour spectrum.
Published results show & large number of narrow absorption lines in the far
IR. The spectrum is easily mzasured by ratioing the mirror calibration
spectrum obtained with air in the interferometer egainst that obtained from
the evacusted interferometer. A spectrum obtained in this manner is
illustrated in Fig 6.2. The lines indicated are listed in a reference of
wavelength standards in the IR(67). The spectrum was computed from e
'single side' interferogram scan whereby the moving mirror traversed 200
steps up to the position of ZPD and continued beyond for a further 2000 steps.

This corresponds to a resolution of 0.5 cm +

which is slightly degraded in
the final computed spectrum by the apcdisation process. The leading 200
points wers required by the 'single side scan' computer program to dotect
and computetionelly relocate the position of zero path difference at en

actual sampling point. The water vapour interferogram, recorded from the

unevocusted interferometer in the menner just described is shown in Fig 6.3.
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6.2 ALKALI HALIDE STUDIES

Alkali helides are a good subject for spectroscopic studies in the
far IR because of their distinctive reststrahlen region. Previous DFTS
work has been done mainly on KBr(ll’l2); however, for studies using the

polarising interfercmeter, CsBr and CsI were chosen, for the reststrahlen

band of each lies ccmfortably within the working range of the instrument,

The major problems encountered during these studies were in preparing
the samples for measurement in the interferometer. Both the Cs salts
investigated are hygrosccpic, and so prolonged exposure of the crystals to
the air had to be avoided. The crystals were polished flat to N 0,2 Hm
(ie v +0.1 um) across the reflecting surface of 1" diemeter. It was soon
discovered that the flatness of these samples deteriorated with time., The
deterioration was hastened by repeated cooling to low temperatures. The
surface flatness was thus checked after each set of measurements and if

necessary, the crystel was repolished.

After polishing, the crystals were aluminised in an evaporator. A
mask was used in order that a 0.6" diameter area of exposed crystal surface
remained at the centre of the crystal. The thickness of the aluminium film
exceeded 0.3 um, thus the problems due to skin-depth, discussed in section
4.5, were overcome. Any errors in the amplitude spectra due to this cause
that were still present were smaller than those in the reproducibility of

repeated amplitude measurements.

Upon instaelling the sample in the interferometer, the screens were
carefully asligned to eliminate crosstalk between the aluminised and exposed
crystal areas. Care was also taken to ensure that the exposed area was
free of specks of aluminium. The effect of these specks, crosstalk or

semple flatness outside the required tclerances was particularly apparent
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at the point in the crystal spectrum vhere the amplitude reflectivity drops
to a minimum on the high frequency side of the reststrahlen resonance. In
the region of this minimum, which is characteristic of an alkali halide,
excess noise has a marked effect on the phase spectrum and must therefore

be aveided in order that accurate dielectric function values can be obtained.

The complex reflectivity spectra of CsBr and Csl, measured using the
polarising interfercmeter, are shown in Figs 6.4 and 6.5, and the ensuing
dielectric functions are illustreted in Figs 6.6 and 6.7. The TO and LO

(68)

frequencies are given and may be compared to those of Lowndes and Martin .

Assuming these‘functions can be fitted by an oscillator model according
to (3.119) then A(w) and I'(w) the self-energy and damping functions respectively
can be derived and are shown in Figs 6.8 and 6.9. The self-energy calculated
in this manner by fits to the dielectric functicns is the sum of two
components, A" vhich is frequency independent and arises from thermel
expansion and AA(m) arising purely from anharmonic interactions. In order
tc isolate the anharmonic contribution AA(w), knowledge of AE must be
acquired. Lowndes(69) has obtalned such information for RbI, CsI and T1Cl

using high pressure far IR studies.

6.3 INITIAL AMBIENT TEMPERATURE STUDIES OF KDP AND ADP

Ferroelectric KDP was first investigated, along with anti-ferroelectric
ADP, at embient temperature using an early version of the polarising
interferometer(3l). In this early form, the phase modulation was provided
by the loudspeaker arrangement shown in Fig 4.7 and the output focussing

was performed by polythene lenses rather than the all-reflecting output

cptics system adopted later.

Both the 'a' and 'e' axis spectra were obtained for KDP and ADP. The
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results over the range 40 - 210 ecm are illustrated in Figs 6.10 to 6.15.
They are in good agreement with previous published data including that of

(7)

Birch et al in which the first direct measurements of the complex

reflectivities of both axes of KDP and the 'a' axis of ADP are reported,

(52,60,61)

and with earlier work involving Kremers-Krdnig determinations

The e" curve for the KDP 'c' axis should exhibit a maximum in the
region of 50 cmfl, associated with the ferroelectric transition, but in these

initial measurements this was not resolved.

The sensitivity of the dielectric functions of both KDP and ADP to
small changes in the phase spectra is illustrated by the dotted and dashed
curves in Figs 6.11, 6.12, 6.14 and 6.15. These curves show the effect of
errors of 0.1 of a sempling step (ie #0.5 um), on the computed dielectric
functions. The dotted and dashed curves ccrrespond, respectively, to shifts
which increase end decrease the phase of the computed reflectivity, by an
amount linearly proportional to the frequency. This has little effect on
the positions of the various features in the spectrum but changes the

magnitudes of the features quite markedly in some cases.

6.4 TEMPERATURE DEPENDENT INVESTIGATIONS
OF THE KDP FERROELECTRIC 'c' AXTS

In order to improve upon the results presented in section 6.3, certain
modifications described in Chapter 4 were made to the polarising inter-
ferometer. These included changes in the phase modulation system and the
use of all-reflecting output opties. This later version of the pclarising
interferometer was used for temperature dependent studies of the KDP 'c!
(70)

axis

The complex reflectivity spectra of the 'c' axis of KDP at 300, 200,
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175 and 150K are shown in Fig 6.16 and the resulting dielectric functions
are displeyed in Fig 6.17. The results were cbtained from two crystals
purchased from different sources and no significant difference was observed

in the spectra obtained from themn.

The overdamped band, found by Barker and Tinkham(sz), in the 300K e"

curve which peaks at about 50 cm.—1 has been resolved.

To account for the coupling in the KDP 'c' exis spectrum between the
soft mode and the higher frequency optic mode lying near 180 cmfl, the results
(14)

were fitted using the coupled mode formalism of Barker and Hopfield

discussed in Chapter 6. '

Both resistive 'dashpot' and reactive 'spring' coupling fits were
performed to the KDP spectra using equations (5.33) and (5.35) respectively.
In each case, J = 1 was teken to designate the ferroelectric soft mode and
j = 2, the optic mode. Each model has seven porameters, the set mi,m%,
(Yl+712), (Y2+712): Yyps 2s7Z, Wos used for resistive coupling and the set
(kiikle), (k2+k12), klz’ Pl, Ty» ey» "€, Was used for reactive coupling
following Barker and Hopfield. The effective charges are of opposite sign

and z..

and to indicate this a minus sign is attached to e, 5

The parameters obtained via the fits are listed in Tables 1 and 2.

(8’52), and only the

For both sets of paremeters the value e; = 3.2 wes used
results above LO cm‘} were employed in the fits. Also included in these
tables is the equivalent notation for the parameters as used by other

workers who employed the same coupling model.

The use of the Barker and Hopfield notation clearly illustrates the
problem that arises when the resistive coupling model is employed. This
problem, encountered by Barker and Hopfield, has since become obscured by

(8,58)

the different notation adopted by other workers . It is immedistely
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TABLE 1

Parameters obtained from theoretical fits to the

experimental data using the resistive "dashpot” coupling model

Barker and Hopfield | 2, Zo ew am Y1+Y10 Yoty Y15
analysis parameters (cm™1) cm1) (em—2) (cm—2) (em=1) (em™1) (cm—1)
mwsmwwmuwﬁsmwpﬁws M M, o} w5 Y1 Yo r(4=0)

T = 300K | 203 472 7300 37800 140 96 108

200K 352 507 5300 39200 143 88 110

LT5K 363 188 4100 37900 139 T6 99

150K 388 478 2700 36300 125 59 81
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Parameters obtained from theoretical fits to the

TABLE 2

experimental data using the reactive "spring" coupling model

wmwmw.mﬁw mowwwmwm ey e k ._.:m“_.m Wm._w“_.m N,H H.m * Wﬁm
m.w_ ysis parane mH ( oB..”S osiu.v (em—2) (cm™2) (em™1) (em—1) w Aomsmv
Equivalent notaticn 2 5 W 2 _
of She et el (55). mm w,c Ye Y r r A%(r,,=0)
T = 300K 526 181 19500 25600 228 T.2 * 15000
]
200K 589 182 18200 26300 229 2.3 * 16500
|
175K 581 181 15800 26200 211 %.0 m 16100
150K 589 181 13100 25900 180 4.1 f 15600
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evident‘from Table 1 thot (y2+712) < Yo in all ceses hence Y, < 0 and so

we have the unphysical ceccurrence of 2 negative resistance in the high
frequency mode. The resistive model should thus be treated simply as a
mathematical curve fitting exercise and not es a description of the physical
situation. Consequently, the author prefers to use reactive coupling as did

She ¢t 5.1(55) .

In this version, it is found that in two cases the spring constant

¥

“
be unstable by itself, and that the overall stebility is maintained by the

is nepative, but this simply means that the low frequency oscillstor would

spring coupling to the other oscillator.

The clue to what is happening is the very small value of eg at v 135
em T (Fig 6.17). This minimum can be described as fcllows. The heavily
domped soft mode is not being driven here because the direct coupling to
the radiation field is cancelled by the indirect coupling through the high
frequency mode. The low value of e" caused by this "interference" requires
firstly that any damping in the coupling and in the high frequency mode must
be smell, and secondly that the effective charges must have opposite signs,
since the interference takes place below the frequency of the high frequency
mode. Any attempt tc describe the situation by using resistive coupling
leads to the use of an unphysical compensating negative damping in the high
frequency mode. The reactive mode, however, only requires a low value of
r, and opposite signs for the effective charges. There may be some damping
in the coupling but it cannot be very large; a recent paper by Wehner and

Steigmeier(7l) discusses the need for more information before the choice of

one set of parameters can be physically justified.

The resistive parsmcters are listeld so that comparison can be made

with results obtained by other workers(a’ss). The main difference is that



139

the mi values obtained, the square of the ferroelectric mode frequency, are
consistently larger due perhaps to a lack of accurate data below 40 cmfl.
However, the trend in these values doeg exhibit the soft behaviour of this

mode.

Theoretical fits to the dielectric functions using the reactive "spring"
coupling model are illustrated in Fig 6.18. The parameters obtained can be
compared with those of She et a1(55). Here the (k1+k12) values are higher
than those of She but show the expected "softening" whereas the (ké+k12)

values are temperature independent to ~ *17%.

Fits using the reactive model were alsc performed on three modified
300K spectra. These spectra were obtained by #1% changes in the experimental
p curve and by shifting the ¢ curve by the equivalent of -0.020 of a sampling
step (ie 0.020 x 5 um). This ccrresponds to & phase shift which is linearly
proportional to the frequency and typically produces a change of -1° at
136 cm--l in the ¢ épectrum. In this way, the effects on the parameter values

of errors in the measured spectra could be observed.

The parameters changed by only ~ 1% due to the modifications in the
amplitude. However, the model appeared to be sensitive to shifts in the
phase spectrum. The phase shift used gave the following parameter values.
The figures in brackets show the difference between these values and those

given in Table 2, obtained from the unmodified spectra.

551 (+5%) 3 e, 186 (+32)

el = =
K+, = 21600 (+11%); kiky, = 26100 (+2%)
r, = 2i8 (+9%); T, = L.3 (-bo%); X%, = 15900 (+6%)

One of the important regions in the spectra is the phase minimum

between the two modes. The division of field technique gave 3.2+0.5° at
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300K, 2.5+0.05° at 200K and 2.3+0.5° at 175K and 150K as the phase at the
minimum, Simulated curves show no significant variation of the phase ¢

at this point with (ki+k12). Measurements by Gauss et a1(8) at 300K show
almost zero phase at this point indicating decoupling of the soft mode to

the electric field.

Because of the limit on the accuracy of the phase measurements the
uncorrected ¢ curves, obtained by replecement of the crystal by the mirror

were ''phased-up" to 30 at 300K and 2.5° at 200, 175 and 150K at the minimm,

Due to the minimum in €" (v 1 at 136 cmfl) and the corresponding low
value for the absorption coefficient ((3.33) and (3.39)), this dip in the
spectrum is particularly suited to investigations by transmission spectroscopy.
Such investigations, which are far more sensitive to changes of phase than

those obtained by reflection techniques, are described in Chapter T.

The trends in the curves of Fig 6.16 and 6.17 below 40 em T illustrate
the importance of obtaining better low frequency data, for most of the
effects produced by cooling manifest themselves in this region. The over-
damped €" band associatel with the ferroelectric transition, which pesaks
at ~ 50 cm—l at 300K, peaks at lower frequenciés as the temperature drops
towards the transition temperature. Resolution of this band &t these lower
temperatures necessitates the use of a liquid helium cooled detector. Such
a detector is now svailable in the laboratory end it is hoped that its use
will enable the specéra to be extended down to &t least ~ 5 cm.-l and

consequently ensble better theoretical fits to be made.
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G 6.4 Compiex ReFLECTVITY oF CsBr
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Figc.5 ComprLEx REFLECTIVITY OF CsT
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FIG 6.6 DIELECTRIC FUNCTIONS For (CsBr
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FIG 6.8 THE DAMPING AND SELF ENERGY FUNCTIONS
CsBr AT 300K
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CHAPTER T

POWER FTS MEASUREMENTS ON KDP

7.1 INTRODUCTION

Transmission spectroscopy has, in certain cases, advantages over
reflection studies. One such adventage is that accurate values of the
rhase change on reflection at a surface, the phase reflectivity, may be
calculated from power transmission data. To obtain values of similar
accuracy by reflection studies requires high quality dispersive measurements.
Consequently, in addition to providing further information on crystal
properties, the possibility arises of checking the performance of the

polerising interfercmeter by power transmission measurements.

The main problem that arises when performing such measurements on
KDP-type crystals is the high optical absorption in the spectral region
of interest which nzcessitates the use of extremely thin single crystals.
The difficulty of thinning down specimens to thicknesses at which a
measurable smount of energy is transmitted has been by-passed by previgus

(60) have published results obtained from poly-

workers. Onyango et al
. . . 2 .

crystalline films of KDP whilst Aref'ev et af}ﬁged suspensions of KDP

powder in paraffin. However, their results fail to provide all ‘the

information required on the various parameters involved.

Fcrtunately, in KDP there exists a region in the far IR '¢! axis
spectrum where the imasginary part of the dielectric constent e;, vhich
governs the optical absorption, falls sufficiently to allow crystals of
thicknesses v 150 ym to transmit radiation. The €" curves for the KDP
'e! axis, Fig 6.17,0btained dispersively, show eg falling to low values
at 3 135 cm,-l end first indicated the possibility of transmission measure-

ments. Following these dispersive results, the first trensmission measure-
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ments on a single KDP crystal were performed by Gledhill et a1(73) in this
laboratory. Their result displayed the 300K ‘e’ axis transmission as a
sharp spike peaking at ~ 136 cmfl, with & width of v 10 cmfl and & height

of 1.3% for e specimen of mean thickness 120 jm.

Furthermore, the dispersive ag curves of Fig 617 show that on cooling
towards the transition, eg drops even lower in the region of the spectral
window indiceting that transmission measurements should become easier as

the crystal is cooled due to the greater transmitted energy.

To supplement the dispersive results obtained with the polarising
interferometer and to obtain further information on the nature of thé
ferroelectric transition in KDP, the room temperature measurements of
Gledhill et al have been repeated and extended to low temperatures, down

to and beyond the ferroelectric transition tempersture.

T.2 THE THEORY OF TRANSMISSION THROUGH A THIN CRYSTAL

Fig T.l shows & beam of radiation of unit intensity incident normally
on a parallel sided slab of crystal of thickness d. The transmitted
and reflected beams up to and including the fifth multiple internal
reflection are included. R and T are the normal incidence power reflection
and transmissicn cogfficients respectively, and o is the ebsorption

coefficient of (3.39).

Allowing for multiple reflections, the power transmission (T) is

given by the sum of the transmitted beams

2 4 2 }

7 = (1-R)Z exp[-0d]. { 1 + B°x + R'x° + ... (7.1)

vhere x = exp[~2ad].
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This is a converging series, the sum of which is

2
1-R z d
r = { 2) exp[-ad] (7.2)
1-R" exp[-2ad]
It is importent to consider the contribution of the multiple
reflections to the transmitted energy. This may be done by investigating
the ratio Tl/T where T, = (l—R)2 exp[-ad] is the contribution of the primary

trensmitted beam and T is given by (7.2).
Thus Tl/T = 1-R° exp[-20d] . (7.3)

By considering the dispersive results obtained with the polarising
interferometer an approximate value may be attached to the ratio of (7.3).

The results of Gledhill et al show that the spectral region under con-
sideration is v 130 - 140 cm ©. From Figs 616 and 617, to good approximations,
R = |p]2 ~ 20% and eg/so ~ 1 in this region for temperatures between 150

and 300K.
Using equetions (3.33) and (3.39) we obtain

o = %%— e"/eo ) (7.4)

where A is the wavelength of the radiation. In asddition, the use of

(3.90) yields

or e" | 1 - VR
0 = = = | =——=1. (7.5)
A eo 1l + /ﬁ:l

By inserting the approximate values for A, e"/eO end R, and assuming

a crystel of thickness 4 v 150 um we obtain

ad = 4,86 .

Hence from (T.3):

1- (0.2)2 exp[-9.72] = 1 - (2.4 x 10'6).

Tl/T
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However, because of the exponentisl factor in (7.3) we should
investigate the ratio Tl/T more thoroughly, particularly as Fig 6.17
indicates that eg decreases eas the temperature is lowered. If, for example,
e"/eO falls by an order of magnitude to & value of 0,1, then ad = 0.486,

and
T/T = 1 - (0.2)° exp[-0.972] = 1 - 0.015.

Thus, even in this extreme case Tl = T and hence we may justifiably

ignore multiple reflections. The trensmitted power is therefore

T= T o= (1-R)> exp[-ad] . (7.6)

Equations (T7.4) and (7.6) yield

. 2
! _ m (1-Rr)
= = ong 108, "< . (1.7)

o}

The values of e"/eo obtained using this expression may be used to
calculate values of ¢, the phase change on reflection at a surface, vie

(3.104), which was derived from the Fresnel relations and has the form

N -1 " . 1 ‘ 2 2
¢ = tan | c NP } (for n° >> k%) . (7.8)

7.3 THE EXPERIMENTAL -METHOD

More than twenty samples of X—cut KDP (ie 'a' and 'c' exes in the
plane of incidence) of varying thicknesses between 100 um and 250 um were
used for the low tempersture transmission measurements. All the samples
had an area v 1 cm?. One of the great adventages of power FTS over DFTS
is that sample preparation is comparstively simple., The tolerances on the

sample flatness are for greater than the 0.1 um required for accurate
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DFTS studies. Consequently the samples for FTS are much simpler and

cheaper to prepare. Each specimen was obtained by polishing down a single
crystal of KDP grown in this lsboratory by a precipitation method. Care
was token to ensure the.orientation of the 'c' axis in the final specimen

was known though this could be checked by X-ray analysis.

The spectra were obtained using the power interferometer described in
Chepter b and the tempersture control system was similar to that used with
the polarising interfercmeter giving stability to n +0.25K anywhere between

90 and 300K.

It is evident from the theory (7.7) that in order to calculate\values
for eg/eo and hence ¢ at points in the IR spectrum from power transmission
data, information on the power reflection (R) in that spectral region is
required. Some of this information could be obtained from the dispersive
results. However, in addition tc the power transmission, power reflection
measurenents were performed over the same termperature range using the
interferometer in the reflection mode. Once ageain, the samples used were
cut from single crystels of KDP grown in this laboratory. After recording
interferograms by reflection from the sample, the sample was then aluminised
whilst still held in the sample mount which was detachable from the base
of the "cold finger" dewar. Background calibration spectra were then
recorded from the aluminised sample. Thus the area of the reflection surface

was identical for both crystal and calibration measurements.,

The reflection measurements were performed st an angle of incidence of
20°, technically necessitating the use of a correction (section 3.5) to
obtain the normel incidence spectra. Figs 7.2 and T.3 display the spectra
recorded at en angle of 20° (Rzo). The normal incidence spectra (RO) are

very similar to L in the region under investigation. However, the values
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of the power reflection used to calculate € and ¢ from the transmission
data were corrected to the normal incidence values. Typically, RZO =
(26.0 + 0.5)% at 136 em T on the 300K curve gives a corresponding value of
R = (23.9 + 0.5)%. This value is calculated using the optical constant

values derived from the dispersive results.

For the reflection measurements it was necessary to employ a polariser
placed in the be&ﬁ before the sample and orientated so as to ensure the
'c' axis alone was being measured. Due to the finite width of the polarising
strips, use of the polariser has the unfortunate but unavoidable result
of reducing the throughput energy of the instrument by & factor in excess
of three. This is not a real disadvantage for the reflection measurements
as the reflected energy incident on the Golay detector is plentiful. But,
for the transmission measurements where the measureble energy is already
extremely small due to the high absorption cof the sample, use of the

polariser is hipghly undesirable.

Fortunately, the relatively high value of e;/eo (Fig 612 over the
measured region, excludes the possibility of any measurasble radiation
being transmitted in the direction of the 'a’ axis. Thus, no polariser
was required when recording the crystal transmission spectra though it was
used to check the results. The calibration mirror spectra against which
the crystal spectra mre ratioed can then either be measured using the
poleriser in the correct orientation or corrected to allow for its absence,
taking into account the polarising effect of the mylar beam divider in the

interferometer (Fig L.4).



160

7.4 DISCUSSION OF RESULTS

The power reflection spectra (RQO) are illustrated in Figs 7.2 and T.3.
The results for T > Tc compare favourably with the dispersive results of
Fig 6.16 and other power reflecticn measufements(h7’6l’62). Published
results for T <‘Tc are scarce, though a qualitative comparison may be

(62)

made with the power measurement of Sugawara and Naekemura performed

at 83K.

The power reflection studies were primarily undertsken to obtain
reflectivity measurements in the region of the transmission window, required
in order to calculate phase values from the transmission measurements.
However, extending the spectral renge to higher frequencies by changing to
a thinner mylar beam divider would yield more information on the behaviour
of KDP below the transition and allow a better comparison with the result
of Sugawara. Clearly there is much work that could be done in this area.

If dispersive measurements are attempted below Tc’ great care nust be taken
to ensure that the stresses that accompany the phase transition do not cause
the expensive and carefully prepared samples to crack. One sample shattered
in just this manner. Power reflectivity measurements below Tc_have the
advantage that the samples are cheap and easy to prepare and thkus, to a

certain degree, expendable.

The power transmissicn results are summerised in Table 3. The results
given for each température aere average values obtained from repeated
measurements on meny samples. The phase values listed are in close
agreement with the corresponding results obtained dispersively (Fig 6.1f)
and give a good indication of the accuracy to which direct phase measure-
ments may be made with the polarising interferometer. This accuracy
appears to be well within the error of iO.SO, at 136 cmfl, assigned in

Chepter 6.
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A SUMMARY OF THE POWER TRANSMISSICN RESULTS

TABLE 3

FREQUENCY (X) IMAGINARY PART OF CALCULATED PHASE
SAMPLE OF PEAK OF THE DIFELECTRIC CONSTANT CHANGE ON REFLECTION

TEMPERATURE .Hm»ZmZHmmwoz mM\mo AT K om L

2K ¥0.2 cm 62

300 136.0 H.oowwo.oemv 3.400.06

170 140.5 0.680+0.018 2.11+0.05

155 1411 0.648+0.015 2.01#+0.05

1ks 1.1 0.584+0.015 1.82+0.05

130 1Lk1.h 0.567+0.014 1.76+0.04

118 1k2.3 0.517+0.012 1.61+0.04

115 1k3.2 0.k47+0.007 1.3910.02

112 1hk.5 0.357+0.012 1.11+0.04

103 14%.8 0.302+0.016 0.94+0.05

92 145.5 0.205+0.,039 0.64+0.12
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Two typical interferogrems recorded during the course of the measure-
ments are illustrated in Fig 7.4 and three transmission spectra, for crystals
of thickness 4 as given, which were typical of the many obtained, are
illustrated in Fig 7.5. The gain factor of the ordinate should be noted
when comparing the three spectra shown, each of which was arrived at by
averaging at least three interferograms for both semple and calibration

spectra.

Besides providing the phase values in the window region, the power
results also provide qualitative information on the ferroelectric bshaviour
of KDP. The transmission window indicates the position of the gop between
the soft ferroelectric and the optic modes, shown in the dispersive results
of Fig 6.17, where the value of eg is a minimum. The results presented in
Table 3 show that on cooling towards the transition at Tc’ the value of
the minimum in the eg curve falls, with a corresponding increase in the
transmission at this point in the spectrum. The minimum also moves to
slightly higher frequencies on cooling. Such behaviour is predictable from

the dispersive results and to this degree, the two sets of results correlate.

On cooling to below the transition these trends continue, the
transmission increasing still further as eg drops to even lower values at
the minimum which itself continues to move slowly up the frequency scale.
However, as shown in Fig 7.5, when the temperature falls sufficiently, the
crystal begins to become transparent in the low frequency region < 80 cmfl.
Evidence of this first appears on reaching v 100K. The 92K curve of
Fig 7.5 shoﬁs a significant amount of radiation is transmitted in this
region at this temperature. On cooling further, results indicate that
the energy transmitted by this low frequency region greetly increases.

When the tempersture reaches v 85K, the energy transmitted by the higher

frequency window is negligible in comparison. Accuraste quantitative
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measurements have not yet, however, been performed at temperatures lower

than 92K.

The results obtained below the transition temperature are in
qualitative agreement with the Reman scatfering results of Shigenari and
Tagaki(6h). From their Raman intensity curves the possible occurrence of
& low frequency window at temperatures below ~ 100K can be predicted. In
addition their results, which cover the range from 300K to 93K indicate
that, as has indeed been found, the higher frequency window exists throughout

this temperature range and would not be expected to shift significantly

in the spectrunm.

The transmission results are an aid to the understanding of KDP in
its ferroelectric phase and to the determination of parameter values for
models describing its behaviour, particularly when considered along with
the Ramen results of Shigenari. However, extensive IR reflection studies
should greatly help tc clarify the mode behavicur, in particular the

existence of & further soft mode, below the transition.

7.5 A SHORT DISCUSSION OF EXPERIMENTAL ERRORS

As stated previously, the results in Table 3 were obtained by
averaging & number of equivalent results from measurements on over 20
different samples, though no scmple was measured over the whole temperature
renge covered in the experiment. The errors assigned to the dielectric
function and phase values are the standard errors in these mean values and

indicate the perhaps surprisingly good agreement of repeasted results,

The most significent error in en individual result was caused by

measurenent of sample thickness though sny systemaetic errors present were



164

minimised by the use of a number of different samples. The samples were
ground down to the required thickness by hand in s fairly crude manner
though the finished result was spectroscopically accepteble for power
transmission measurements. The mean thickness was calculated from measure-
ments of the esample surface area, its weight and its known density. The
error in the value calculated in this manner is estimated at +10%, a figure
that should also taske asccount of the variation in thickness across the
sample. This error, when carried through the various stages in the
calculations, leads typically to errors of ~ #0.3° and +0.1° in the phase
values at 300K and 112K respectively, as calculated froﬁ a single result

rather then from an average of repeated results.

The sample temperature could be stabilised to better than +0.25K
using the thermostatic control system described in Chepter L. However, the
sample temperstures quoted sre estimated to be in error by v 2K due to
problems encountered in temperature measurement during the power FIS studies.
In particular, the thermocouples used could not be attached to the sample
but were attached instead to the sample mount as near the sample as possible.
Thus, the likely existence of a temperature gradient between the mount and
the area of the semple in the radistion field would lead to incorrect

sample temperatures being recorded.
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CHAPTER 8

CONCLUDING REMARKS

The direct experimental measurement of the optical constants and
the dielectric response of solids in the Par infrared, which provides
knowledge inveluable to the understanding of the dynamics of crystal
lattices, became a reality following recent advances in the technique of
dispersive Fourier transform spectroscopy. This techpique was firmly

(11,12) who have

established by several workers including Parker et al
recently reported the first results of temperature dependent dispersive

reflection studies on a number of different mastevials.

For reasons discussed in Chapter 4, extending the range of such
investigations to the extreme infrared, an important spectral region in
the study of many materials, notably farrcelectrics, requires the solution

of a number of severe technical problems.

The design and construction of a polarising interferometer which
overccmes these prcblems has been described in Chapter 4 and results
obtained with it have been presented in Chapter 6. The instrument represents
a significant advance in Fourier transform spectroscopy, allowing low
frequency temperature dependent dispersive reflection studies to be performed

for the first time.

The prescnt working range of the polerising interferometer is
approximately 20 - 235 cm._l when used with a Golay detector. However,
results in this range should be greatly improved and the range itself
extended down to v 2 cm—l by the use of the liguid He cooled Ge bolometer

which has recently become available in the laboratory.

An enormous amount of time and effort was put into solving numercus
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experimental problems that arose during the construction of the interferometer
and in evaluaeting the performsnce of the instrument at each stage in its
development. A major problem lay with the fine tolerances required of the
flatness of the optical components which is dictated by the accuracy
required of the measured phase values. The nirrors, flat to well within
the set limits, were obtained commercially, but the wire grid beam dividers
were wound by the author using 10 um diameter tungsten wire to a modified
form of a design obtained from the National Prysical Laboratory. The grid
frames incorporated a simple tensioning system which greatly improved the
flatness of the dividers and thereby removed a major source of phése errors.
A possible future development would be the design of a more complex "wire-
stretching” system to further improve the grid quality. The use of firer
grids is pianned, wound with the 5 um diameter wire now availeble. The
employment of these grids in the polarising interfercmeter would allow the
high frequency cut-off to be raised towards v 500 cm_l and consequently

improve the quality of the optical alignment.

At present the accuracy of phase measurement appears to be limited by
the optical quality of the specimen reflecting surfaces and not by factors
in the instrumental design. This was particularly apparent with the measure-
ments on the Cs salts where the specimen surfaces appeared to deteriorate
7ith time leading to poor reproducibility of results. The problem was much
less evident with the KDP samples. The cereful preparation and subsequent
care of samples requires further investigation in order that the potential

of the polarising interferometer be fully reelised.

The KDP studies, using both the polarising interferometer and &
conventional power interferometer, have provided further valueble informetion
for the study of ferroelectric behaviour and the mechanism of the phase

transition in KDP at 123K. The results obteinad are discussed in detail in
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Chapters 6 and T and are in good agreement with previcusly published data,
where this is available. The use of the Ge bolometer detector should
greatly improve the quality and extend the range of these encouraging
results and leed to better correlation between experimental and theoretical

studies.
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Abstract—Techniques are described for making dispersive reflection measurements on solids be-
tween about 5 and 500cm™! and at temperatures above 77 K using Fourier spectrometers
equipped with dielectric or wire grid beam dividers and used in the asymmetric mode. Interfero-
grams can be recorded with a positional accuracy of +0-1 um which is independent of the
specimen temperature, and the performance of the instruments is illustrated with amplitude
reflection measurements on crystals of NaCl and CsI at room temperature. The ensuing dielectric
response functions are also given and the TO and LO mode frequencies taken from these are in
good agreement with published data. In the case of NaCl the self-energy and damping functions
are also computed from the data and the results are in reasonable agreement with theoretical
calculations by Hisano et al.

INTRODUCTION

During the past few years important advances have been made in the use of dispersive
Fourier transform spectroscopy for the determination of refractive index spectra in the
far infrared from transmission measurements," =) and for obtaining the optical constants
or dielectric functions directly from measurements of amplitude and phase reflection
spectra.=® ,

Although it is well known that there are advantages in certain circumstances in obtain-
ing the phase spectrum directly from dispersive reflection measurements rather than
from a Kramers-Kronig analysis of the power reflectivity'®”) the technique is not widely
used because of the difficulty of measuring the phase with sufficient accuracy. Ideally,
the phase accuracy would be limited only by the signal to noise ratio in the normal
way. However, this requirement imposes severe constraints on the permissible error
in the location of each interferogram on the micrometer scale. For instance, a signal
to noise ratio of 100 at a frequency v = 300 cm™ ! implies a phase accuracy A¢ = 1/100
rad, corresponding to an absolute positional error Ax between the recorded sample
and reference mirror interferograms of only Ax ~ 1/4nv x 1/100 = 0-03 um, and it is
the difficulty of finding a technique for comparing reference mirror and sample phase
spectra with this accuracy over a wide temperature range which has been the main
obstacle to further development of dispersive reflection spectroscopy.

EXPERIMENTAL

We have recently described a phase modulated Fourier spectrometer'®® with which
dispersive measurements can be made on suitable solids by either reflection or transmis-
sion in the frequency range from 20 to 500cm™?. In this instrument, which is equipped
with a dielectric beam splitter, the phase errors which usually result from the mechanical
replacement of reflecting surfaces are avoided by metallising part of the specimen surface
for use as a phase reference surface. The technique, which has been successfully used
at room temperature and 100 K, is suitable for many applications, and the phase accu-
racy is independent of the specimen temperature and is illustrated in Fig. 1. The dashed
line shows the mean of three phase spectra obtained with a reference mirror using a

* On leave of absence at the Department of Physics, Northeastern University, Boston, MA 02115, U.S.A.
+ Department of Physics.
I Department of Mathematics.
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Fig. 1. Dashed curve shows the phase of the mean of three ratios of background pairs. Solid
curves show the deviations of phase of each ratio from the phase of the mean.
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625 pm mylar beam splitter, and the solid lines show the deviation of each phase
spectrum from the mean. The interferometer was optically realigned at the position
of zero path difference before each measurement so the reproducibility is limited by
positional errors which arise during realignment and depend on the Golay detector
noise level, as well as by positional errors due to the micrometer backlash. Errors
due to the lack of flatness in the Michelson mirrors are insignificant but there may
be a significant contribution from the flatness of the beam splitter. It is clear from
the figure that the overall positional error does not exceed the noise level, indicating
that the instrument is performing satisfactorily with a positional accuracy of better
than O-1 um. Similar phase reproducibility is obtained with specimens of 2:5cm dia
either at room temperature or at low temperatures. However, the flatness of the specimen
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Fig. 5. Magnitude r and phase ¢ of reflectivity amplitude obtained for CsI at 300 K. Resolution
is about 5cm™?,
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surface becomes the limiting factor in most measurements. The lower frequency limit
can be conveniently extended to about 20cm™! by changing to thicker beam splitters.

The performance of this instrument is illustrated in Fig. 2 with measurements of
the amplitude and phase reflection spectra of NaCl at a temperature of 300K, and
the related dielectric functions calculated from"?

80

a0t

€} €”

120

Frequency cm'

Fig. 6. Real and imaginary parts (€', €’ respectively) of dielectric function obtained from (1)
for CslI at 300 K.

€ + " =[(1 + re®)/(1 —re®]*> (1)

are shown in Fig. 3. If it is assumed that the dielectric functions can be fitted by
an oscillator model according to the formula*?

€+ ie" =€, + wile, — €,)/[wh — w? + 2wy(A — il)] )

where w, is the oscillator frequency, then A(w) and I'(w). the self energy and damping
functions respectively, can be obtained from the data shown in Figs. 2 and 3 and they
are shown in Fig. 4 for the limited frequency range available from these measurements.
The parameters were chosen as €, = 590,¢, = 2:30 and w, = 164cm ~!, and the results
for I' and A are in reasonable agreement with the theoretical curves of Hisano et al.*"
with the exception of the feature at about 235 cm™! which is not present in the theoreti-
cal curves.

This technique should be particularly useful in circumstances in which KK analysis
is difficult as, for instance, in the study of soft mode behaviour in ferroelectric crystals*?),
but it would be preferable if the lower frequency limit of the spectrometer could be
reduced without loss of phase accuracy. This is difficult with a conventional Michelson
interferometer because of the poor efficiency of dielectric beam splitters at low frequen-
cies, combined with the disadvantage of the appearance of additional unwanted interfer-
ence minima on increasing the beam splitter thickness, but these limitations are avoided
in a polarising interferometer with a wire grid beam splitter.(!*)

With these considerations in mind we have constructed a polarising interferometer
with suitable modifications to enable dispersive measurements to be made as a function
of temperature as described above. Two wire grid beam dividers constructed of 10 um
tungsten wire with 25 um spacing are used in a configuration similar to that employed
by Chamberlain et al.** This allows dispersive reflection or transmission measurements
to be made at normal incidence in the frequency range from about 7 to 200cm™!
using a Golay detector, and the limitation on the phase accuracy is again found to
be about 0:1 um for the same reasons as before.

The amplitude and phase reflection spectra of a CsI crystal measured at room tem-
perature in the region of the restrahlen band with the polarising interferometer are
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shown in Fig. 5, and the resulting dielectric functions calculated from the Fresnel rela-
tions!® are shown in Fig. 6. These results are in good agreement with published data.

Acknowledgements— This work is supported in part by the Science Research Council. We also thank Mr.
D. G. Moss and Mr. J. R. Birch of the National Physical Laboratory, Teddington, for sending us before
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Abstract—A polarising interferometer designed for dispersive reflection measurements on solids
between about 5 and 210cm™! at temperatures between 77°K and 300°K is described and
its performance illustrated with measurements of the complex reflectivity spectra of Csl, KDP
and ADP at 300°K in the range 40-210cm™'. The dielectric functions resulting from these
spectra are given and are in good agreement with published data. In addition, the self energy
and damping functions are computed for Csl. Developments for future measurements down
to 77°K and 5cm™! are discussed.

INTRODUCTION

- The use of dispersive Fourier transform spectroscopy (DFTS) for the determination
of the optical constants or the dielectric functions directly from measurements of the
amplitude and phase reflection spectra in the far infrared has been firmly established
over the past few years.!~> This method has well-known advantages over conventional
Fourier transform spectroscopy where the phase is constructed from a Kramers-Kronig
analysis of the power transmission or reflection.

The advantages of a polarising interferometer over a conventional Michelson with
dielectric beam splitters, for DFTS in the range 5-210cm™! have been discussed in
various articles.>® In the conventional instrument the poor efficiency of the dielectric
beam splitters at low frequencies combined with the unwanted interference effects, leading
to a strongly frequency-dependent transmissivity, make reducing the low frequency limit
to 20cm™! and beyond extremely difficult. However, these problems are avoided in
a polarising interferometer with wire grid beam splitters which have a constant transmis-
sivity up to a frequency inversely proportional to the grid spacing.

In this paper we describe a polarising interferometer and initial measurements made
with it on crystals of CsI, ferroelectric KH,PO, (KDP) and antiferroelectric NH,H,PO,
(ADP) at 300°K. The technique reported in previous articles”"® of division of the field
of view in the fixed arm of the interferometer, eliminating errors due to mechanical
replacement of reflecting surfaces, is used. This enables interferograms to be recorded
with a positional accuracy of ~ +0.15 um.

EXPERIMENTAL METHOD

The basic form of the instrument is illustrated in Fig. 1. The design is an extension
of the conventional instrument with dielectric beam splitters.>"”-® Two grid beam split-
ters are used in a configuration similar to that employed by Chamberlain et al.® and
are constructed of 10 um tungsten wire with a spacing of 25 um, using a technique
developed by them at the National Physical Laboratory, Teddington, Middlesex. Having
emerged from the collimator, the unpolarised radiation is incident upon the grid 4
which reflects a plane polarised beam towards grid B, the wires of which are at 45°
to the plane of polarisation of the incident radiation. The component of this radiation
with its E-vector perpendicular to the grid wires is transmitted into the moving mirror
arm, whilst the parallel component is reflected into the fixed arm. Following reflection

t On leave of absence at the Department of Physics, Northeastern University, Boston, Mass. 02115, USA,
until September 1976,
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Fig. 1. Schematic diagram of the polarising interferometer.

from the moving mirror and the fixed mirror (or sample) the beams follow the same
transmission and reflection laws on their return to grid B, and pass onto grid A, which
now acts as an analyser. The components of each beam with their E-vectors perpendicu-
lar to the wires of A are transmitted by 4 and interfere according to the difference
in the optical paths of the two beams in the instrument. Thus, an interferogram is
obtained in the usual way by displacing the moving mirror about the position of zero
path difference.

Other modifications include the use of phase modulation, described in a previous
article," achieved by mounting the moving mirror on the cone of a loudspeaker, and
the design of a new mounting arrangement for the fixed reflector, based on one that
has been successfully employed before.’® Using this arrangement (Fig. 2) the fixed reflec-
tor could be accurately aligned with a precision of 0.15 um at any temperature between
77 and 300°K. Changing the reflector was a simple task, and it could also be rotated
through any angle without first being removed from the mount, a great advantage
when studying the different axes of ferroelectric crystals.

With the temperature of the interferometer stabilised to within 0.25°C using a tempera-
ture controlled water supply circulating through cooling tubes attached to the arms,
cubes and lamp housing, it was found that within one hour of installing the mount
and evacuating the instrument to the working pressure of 107! Torr, movement of
the fixed reflector surface due to thermal instability was negligible.
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Fig. 2. The fixed reflector mount.
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Although using this mount, replacement of reflectors in the fixed arm could not
be achieved to within 0.15 um, use of the division of the field of view technique gave
phase reproducibility to within 41°, This technique has been fully described before,!’-®
however, the geometry of the screens has been modified (Fig. 3) and is such that the
possibility of cross-talk between the areas X and Y has been eliminated.

Four interferograms are again required. Firstly, with the fixed gold mirror installed
and aligned on the outer ring X, interferograms are recorded from parts X and Y.
These are Fourier transformed and the resulting spectra ratioed to give a calibration
spectrum. Then, with the crystal installed and again aligned on the outer ring X which
has been metallised with gold, two more interferograms are recorded, from part X
and from part Y; the exposed specimen surface. On ratioing the resulting spectra,

Fixed reflector

Fig. 3. The geometry of the screens and the division of the ficld of view at the fixed reflector.

the complex reflection spectrum of the specimen is obtained and then, systematic errors,
caused by asymmetry between the areas X and Y and differences in the two arms,
are reduced by re-ratioing against the calibration spectrum.

The crystals used were either lin. dia or lin. square and were metallised so as
to leave a 0.6in. dia exposed area of the specimen surface at the centre. Previous
measurements'**® used 2.5 in. dia specimens with exposed surfaces of approximately 1 in.
dia. However, the excessive cost and general unavailability of suitable ferroelectric crys-
tals of this size necessitated adapting the technique for use on smaller crystals without
loss of phase accuracy due to the reduction in the energy reflected from the smaller
specimens. This has been achieved to the extent that the phase reproducibility now
appears to be limited, not by lack of energy, but by the flatness of the specimen surface.

DISCUSSION OF RESULTS

To improve the signal to noise ratio which, for an individual crystal measurement
was of the order of 100:1, each pair of interferograms was recorded at least four times.
An average pair of interferograms was then obtained which were Fourier transformed
in the usual way. Before each pair was recorded, the interferometer was optically rea-
ligned at the position of zero path difference. Thus, the reproducibility of successive
pairs from the same fixed reflector is limited by positional errors due to realignment,
dependent on the Golay detector noise level, and micrometer backlash. Reproducibility
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to +1° was obtainable in practice, thus with a sampling step length of 5um, giving
a 500cm™! cut-off,!® this implies a positional accuracy Ax ~ 0.15um at 150 cm™?,

Below about 40 cm ™", the reproducibility of the results is impaired by lack of energy,
due in particular to the low frequency cut-off imposed by the use of phase modulation.
The ferroelectric spectra are shown with faint lines in this region, as further measure-
ments are required before the spectral features can be published with any confidence.

This, of course, is the region of interest when ferroelectrics such as KDP are being
studied, for it is here that the soft modes lie. The use of amplitude modulation which,
although noisier than phase modulation, has no low frequency cut-off, and other modifi-
cations are at present being investigated to improve the performance of the instrument
below 40cm™!. The results will be published in a later article. Ultimately for results
below about 7cm™!, the Golay cell will have to be changed for a liquid Helium cooled
detector.

100 —— T T — T T 120

¢, degrees

20 40 60 80 100 120 140 160
Frequency, cm™!

Fig. 4. The magnitude and phase reflection spectra of CsI at 390°K. The resolution is 5cm™".

(i) CsI Results

Alkali halides are a good subject for spectroscopic studies in the far infrared because
of their distinctive restrahlen region. Previous work has been done mainly on KBr,{!-319
however, for this work, CsI was chosen as its restrahlen band, along with that of CsBr,
are the only two of the common alkali halides to lie comfortably within the working
range of the instrument. Unfortunately, the hygroscopic nature of CsI introduced un-
wanted problems into the measurements and care had to be taken to avoid prolonged
exposure of the crystal to the air.

The reflection spectra of CsI at 300°K are shown in Fig. 4 and the related dielectric
functions calculated from

€ +ie" = [(1 + re?)(l — re?)]? (1)

are shown in Fig. 5. The values wro = 622cm™! and w0 = 90.3cm™! obtained from
these functions are in good agreement with published data,*® and are more accurate
than those published previously.”®) Assuming these functions can be fitted by an oscil-
lator model according to

€ +ie" =€, + 0Foley — €,) [who — ? + 2 wro(A — i)~ )

then A(w) and T (w) the self energy and damping functions respectively, can be obtained
and are shown in Fig. 6. The parameters were chosen as €, = 6.54 and €, = 3.02.%

(ii)) The KDP and ADP results
Both the ‘a’ and ‘c’ axis spectra were obtained for KDP and ADP. The results,
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Figs. 8 and 9. Solid curves: The real and imaginary parts respectively of the dielectric functions

of KDP at 300°K for radiation polarised. (a) parallel to a-axis, (b) parallel to c-axis. Dotted

and dashed curves: Effect of errors of £0.1 of a sampling step on the calculated dielectric
functions.

Figs. 7-12, over the range 40-210cm ™! are in good agreement with previous published
data including that by Birch et al*® in which the first direct measurements of the
complex reflectivities of both axes of KDP and the ‘a’ axis of ADP are reported, and
earlier work involving Kramers-Kronig determinations.*4=16)

The €” curve for the KDP ‘¢’ axis should exhibit a maximum in the region of 50 cm™?,
associated with the ferroelectric transition but this has not been resolved. However,
the improvements in the performance of the instrument below 40cm™?!, mentioned
earlier, should solve this problem.

The sensitivity of the dielectric functions, of both KDP and ADP, to small changes
in the phase spectra is illustrated by the dotted and dashed curves in Figs. 8, 9, 11,
12. These curves show the effect of errors of +0.1 of a sampling step (ie +0.5um)
on the computed dielectric functions. The dotted and dashed curves correspond, respect-
ively, to shifts which increase and decrease the phase of the computed reflectivity, by
an amount linearly proportional to the frequency. This has little effect on the positions
of the various features in the spectrum but changes the magnitudes of the features
quite markedly in some cases.

CONCLUDING REMARKS

Besides the use of amplitude modulation to improve the low frequency performance
of the instrument, other developments are being investigated.
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The stability of the instrument has already been tested at low temperatures. It is
now possible to control the temperature of the crystal to within ~ 0.25°C anywhere
between 90°K and 300°K using a cryogenic temperature controller and a system of
thermocouples and heaters in conjunction with a dewar of liquid nitrogen. Improving
the working pressure from ~ 1073 Torr to better than 107° Torr should eliminate
or delay the “icing-up” of the crystal surface caused by water vapour inside the instru-
ment condensing on it. At present this gradual “icing-up” process doesn’t allow sufficient
time for repeated measurements on the cooled crystal after allowing time for the tem-
perature, and then the output at that temperature, to stabilise.

Use of “all-reflecting” output optics to replace the polythene lenses is also being
considered as the lenses absorb a large proportion of the energy that would otherwise
be incident on the Golay nose. Since the grids themselves act as low pass filters,
none of the usual black polythene filters are required and so removal of the lenses
would eliminate all absorbing material from the path of the radiation from source
to detector, excepting, of course, the crystal.

With these developments and the use of a liquid Helium cooled detector, the measure-
ment of spectra down to about 5cm™! and 77°K should be possible to the required
accuracy. allowing plots of the soft mode frequency of various ferroelectrics. such as
KDP, vs temperature, to be obtained down to their ferroelectric transition temperature.

A particular advantage of the design of this polarising interferometer is that by replac-
ing grid A by a mirror, an aluminised mylar beam splitter is used in practice, and
grid B by a mylar beam splitter, transferring the Golay to the vacant port of the other
cube converts the instrument to the more conventional Michelson.™ Thus, changing
the thickness of the mylar beam splitter enables a new range of frequencies, greater
than 210cm ™!, to be studied.

Acknowledgements—This work is supported in part by the Science Research Council. The authors also wish
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and Mr J R Birch and others at the National Physical Laboratory, Teddington, for teaching us the grid
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Abstract—Dispersive measurements of the ¢ axis complex reflectivity spectra of KH,PO, in
the range 20-235cm ™!, from 300 down to 150°K, obtained using a polarising interferometer
are presented. The resulting dielectric functions are calculated and the results are analysed in
terms of coupled mode theory. The model parameters obtained by curve-fitting, using both
reactive “spring” coupling and resistive “dashpot” coupling, are listed and comparison made
with those obtained by other workers. For both models, the “soft” frequency values are higher
than those of other authors, probably because of the lack of reliable low frequency data.

INTRODUCTION

Recent advances in the technique of dispersive Fourier transform spectroscopy (DFTS)
have led to far infrared measurements of the complex reflectivity spectra of various
alkali halides, particularly KBr, at 300°K and 100°K*+? and of certain ferroelectrics
at room temperature.®~> The development of a polarising interferometer and initial
results obtained with it for the reflection spectra of Csl, ferroelectric KH,PO, (KDP)
and antiferroelectric NH,H,PO, (ADP) at 300°K have been described in a previous
article.®

Due to the considerable interest, both experimental and theoretical, shown in KDP
and similar ferroelectrics, Raman scattering ‘®~® and power spectroscopic measure-
ments °~'? have been performed on such materials down to and beyond their ferroelec-
tric transition temperatures. Through this work, which began with measurements by
Barker and Tinkham,"'® a coupled-mode picture of the infrared spectra of KDP type
ferroelectrics has been formulated.

In this paper we describe dispersive reflection measurements performed on the ¢ axis
of KDP, with the polarising interferometer, from 300 down to 150°K. The results are
discussed in terms of the coupled-mode formalism.

EXPERIMENTAL METHOD

Descriptions of the polarising instrument, which employs two wire-grid beam dividers,
and of the measuring technique, have been given in detail previously,®'** though certain
modifications have brought improvements and simplifications to both.

An all-reflecting output optics system has been developed to replace the polythene
lenses. This increases the through-put energy of the instrument by more than 100%,
since the lenses absorbed a large proportion of the infrared radiation. Since the grids
themselves act as low pass filters, none of the usual polythene filters are used and
the polythene absorption lines in the measured spectra have been eliminated.

Phase modulation is produced by vibrating a mirror, at 45° to the propagation direc-
tion, mounted in a right-angled unit halfway along the moving mirror arm. This arrange-
ment is similar to that used by Birch et al.‘* The vibrator used, makes this arrangement
capable of a far wider range of modulation frequencies with far larger amplitudes than
were possible with the system previously employed,”® and gives improved stability. These
aspects are especially important as the use of a liquid Helium detector is being con-
sidered for low frequency measurements below ~ 30cm™'.
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Although the wire grids, which cut-off above 250 cm~!, and the Golay detector, the
efficiency of which falls off rapidly below about 30 cm™', limit the working range of
the instrument, the profile of the through-put spectrum could be altered within this
range by changing the amplitude of the phase modulation. This has the effect of shifting
the peak of the energy spectrum, thus enabling more accurate results to be obtained
by concentrating the energy in different regions of the range.

The working pressure for the low temperature measurements has been reduced
to < 107% Torr and no significant “icing-up” of the crystal surface occurred during
low temperature experimental runs. These runs had a duration of up to 5 h.

The measuring technique was simplified in the following way. The division of the
field of view method®!'¥ was again used. Partly aluminised crystal surfaces and screens
enable the phase to be measured directly after a correction has been made to allow
for the thickness of the aluminising film (=~ 0.1 um). This method eliminates the need
for exact replacement of the crystal by the fixed mirror, though a series of four interfero-
grams is required. ‘

However, in addition, interferograms were recorded from the whole unaluminised
crystal surface which was then replaced by the fixed mirror from which an interferogram
was also recorded for calibration purposes; no screens were used at all. When the
spectra obtained by Fourier transform from these crystal and mirror interferograms
were ratioed, a true measurement of the crystal amplitude reflection spectrum was
obtained. This was providing the lamp intensity and various other experimental factors
did not change significantly between the crystal and mirror measurements. However,
as the crystal surface had not, indeed could not, be replaced exactly by the mirror
surface, the phase spectrum obtained had to be corrected for the error in the zero
path. Knowledge of the exact phase at a particular point obtained from spectra measured
using the division of field technique, together with a knowledge of the theory, enabled
this correction to be made.

The advantages of this method were that unlike the division of field technique where
about 50% of the crystal surface was covered by the aluminising layer, the whole of
this surface could be utilised for the recording of crystal data, thus giving a large increase
in the reflected energy. In addition, only two different interferograms were required
to achieve a final result though prior knowledge of certain phase points is required.
The two techniques thus go hand-in-hand and gave a series of spectra which were
averaged to give the results presented in this paper.

The low temperature measurements were obtained using a liquid nitrogen dewar fixed
to the sample chamber of the interferometer and in good thermal contact with the
crystal mount. A feedback system comprising of a 40 W thermostat heater, controlled
by a cryogenic temperature unit, and two thermocouples, held the crystal mount at
the required temperature. Stability to ~ 0.1°K could be obtained in practice anywhere
between 90° and 300°K. This was achieved within Smin for small temperature
steps ~ 25°K and took up to about 30 min for changes of ~ 150°K.

RESULTS AND CURVE FITTING

The amplitude and phase reflection spectra for the ¢ axis of KDP at 300, 200, 175
and 150°K are shown in Figs. 1(a) and (b) and the resulting dielectric functions are
displayed in Figs. 2(a) and (b). It should be noted that the results were obtained from
two crystals purchased from different sources and no significant difference was observed
in the spectra obtained from them.

The overdamped band in the 300°K €” curve which peaks at about 50cm~! and
is associated with the ferroelectric transition has been resolved. This feature was found
by Barker and Tinkham in 1962.'% Quantitative measurements of the temperature
dependence of this low frequency mode were first made by Kaminov and Damen,®
using Raman scattering, who fitted their data to a simple damped harmonic oscillator
function, :
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Figs. 1(a) and (b). The amplitude (r) and phase (¢) reflection spectra, respectively, of the ¢
axis of KDP. The resolution is Scm™1.

More recent Raman experiments®®) have revealed that the ferroelectric soft mode
is strongly coupled to an optic phonon mode of the same symmetry lying near 180 cm™?.
Barker and Hopfield!* formulated a coupled-optical-phonon mode theory in 1964 in
order to explain the i.r. dispersion of BaTiO; and other high dielectric constant mater-
ials. They found such an analysis gave greatly improved fits to their data which could
not be fitted by any choice of parameters using uncoupled oscillators.

This coupled mode theory has been used to analyse the spectra of KDP and similar
materials®~"**) where, once again, spectra could not be interpreted by superposition
of independent oscillators, and will be used in the discussion of our present data.*

* This theory has been further developed recently, for the ferroelectric soft mode is also coupled piezoelectri-
cally to a soft acoustic mode.!®!" Thus, a three-mode formalism has been put forward'® which has been
used to explain the occurrence of a finite temperature gap between the ferroelectric transition temperature
and the temperature at which the frequency of the ferroelectric soft mode goes to zero.
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Following Barker and Hopfield"* > we consider two particles of unit mass with effective
charges e, and e,, coupled mutually by a spring of spring constant k;, and to fixed

points by springs of constants k, and k, respectively. The equations of motion for
the two particles are:

o+ Ty + kyy = . E+ ko (y2 — y1) )
Vo + Taps + koys = E + kyp (yy — y2) :
with polarisation P = y;e; + y,e,.

Here E is the applied electric field, y, and y, are the displacements of particles 1
and 2, and the I'; are damping constants.
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Figs. 2(a) and (b). The real (€'} and imaginary part, (€”) respectively, of the dielectric functions
of the ¢ axis of KDP.
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Figs. 3(a) and (b). Theoretical fits to the dielectric functions (¢'€"). The dotted lines are the

experimental curves of Figs. 2(a) and (b). The 200, 175 and 150°K curves are displaced by

10, 20 and 30 units, respectively, up the € axes, from the 300°K curve, for clarity. The crosses

are points from theoretical curves calculated using the parameters of Table 1 and the reactive
coupling model.

As shown by Barker and Hopfield, these equations of motion can be written in an
equivalent way to describe two particles with resistive “dashpot” coupling. The equiva-
lence is given by a 2 x 2 orthogonal transformation which diagonalizes the force con-
stant matrix to give:

| Ty ok Fwixg = 2 E 4 ypp (% — %) 2)
Xy + y2%; + wixy = 2,E + 712 (X — X3)
with the polarisation P = x,;z; 4+ Xx,2,.

If we assume harmonic solutions E, x;, x, ~ €™ then from (2) the dielectric function
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is given by
723Gy + 23G, + 22,2,iwy;,G, G,
—€¢._ = P/E = 3
€0r) = <o / 1 + w?1,G,G, G)
where
1 .
G; (j=12) 4

iT wi — w? + iw(y; + y12)

is the response function of the uncoupled mode.

The dielectric function for the case of reactive “spring” coupling is similarly obtained
using (1). For the analysis of our KDP ¢ axis spectra we take j = 1 to designate the
ferroelectric soft mode and j = 2, the optic mode.

The model described by (3) has seven parameters. We use the sets wi, w3, (y; + y,,),
(y2 + V12)s V12, 21, — 2z, for resistive coupling and (ky + ky,), (ks + ky3), kya, Ty, Ty,
e,, —e, for reactive coupling following Barker and Hopfield. The effective charges are
of opposite sign and to indicate this we have attached a minus to e, and z,.

There are in fact an infinite number of mathematically correct solutions to the dia-
gonalization of the force constant matrix each with its corresponding set of seven par-
ameters. The “spring” and “dashpot” couplings are two particular choices.

We have performed both “spring” and “dashpot” coupling fits to our KDP spectra
and the parameters obtained are listed in Tables 1 and 2. For both sets of parameters
we took the value €, = 3.2 from Gauss et al.”® and only used the results above 40 cm™*
in the fits. Also included in these tables is the equivalent notation for the parameters
as used by other workers who employed the same coupling model.

The use of Barker and Hopfield notation clearly illustrates the problem that arises
when the resistive coupling model is employed. This problem, encountered by Barker
and Hopfield, has since become obscured by the different notation adopted by other
workers.>*® 1t is immediately evident from Table 2 that (y, + y;2) < 7., in all cases,
hence y, < 0 and so we have the unphysical occurrence of a negative resistance in
the high frequency mode. We should thus treat the resistive model simply as a mathema-
tical curve fitting exercise and not as a description of the physical situation. Conse-
quently we prefer to use reactive coupling as did She et al.®

In this version we find that in two cases the spring constant k; is negative, but
this simply means that the low frequency oscillator would be unstable by itself, and
that the overall stability is maintained by the spring coupling to the other oscillator.

The clue to what is happening is the very small value of € at ~ 135cm™! [Fig.
2(b)]. This dip can be described as follows. The heavily damped soft mode is not being
driven here because the direct coupling to the radiation field is cancelled by the indirect
coupling through the high frequency mode. The low value of €” caused by this “interfer-
ence” requires firstly that any damping in the coupling and in the high frequency mode
must be small, and secondly that the effective charges must have opposite signs, since
the interference takes place below the frequency of the high frequency mode. Any attempt
to describe the situation by using resistive coupling leads to the use of an unphysical
compensating negative damping in the high frequency mode. The reactive model, how-

Table 1. Parameters obtained from theoretical fits to the experimental data using the reactive “spring” coupling

model
Barker & Hopfield e, e, ky + ki ky+ ky, r, r, ki,
analysis parameters (em™) (em™Y) (ecm~?) (cm™2) (em™Y)  (ecm™Y) (cm~?%)
Equivalent notation
of She et al® P, P, w2 wi I, r, A* (I, =0)
T = 300°K 526 181 19,500 25,600 228 72 15,000
200°K 589 182 18,200 . 26,300 229 2.3 . 16,500
175°K 581 181 15,800 26,200 211 4.0 16,100

150°K 589 181 13,100 25,900 180 4.1 15,600
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Table 2. Parameters obtained from theoretical fits to the experimental data using the resistive “dashpot”
coupling model

Barker & Hopfield 7 2, wi wi ¥ P2 Y2t V2 12

analysis parameters {cm™)  (cm™? (cm™?) (cm™?) (em™) (cm™Y) (cm™Y)

Equivalent notation '

of Gauss et al.® M, M, wi w3 71 Y2 r=0)

T = 300°K 293 472 7300 37,800 140 96 108
200°K 352 507 5300 39,200 143 88 110
175°K 363 438 4100 37,900 139 76 99

150°K 388 ' 4718 2700 36,300 125 59 81

ever, only requires a low value of I', and opposite signs for the effective charges. There
may be some damping in the coupling but it cannot be very large; a recent paper
by Wehner and Steigmeier!® discusses the need for more information before the choice
of one set of parameters can be physically justified.

COMPARISONS AND ERRORS

The resistive parameters are listed so that comparison can be made with results
obtained by other workers.*>'® The main difference is that our w? values, the square
of the ferroelectric mode frequency, are consistently larger due perhaps to a lack of
accurate data below 40 cm~!. However, the trend in these values does exhibit the soft
behaviour of this mode.

The parameters obtained for the reactive model can be compared with those of She
et al®) Here the (k; + k,,) values are higher than those of She but show the expected
“softening” whereas the (k, + k,,) values are temperature independent to ~ +1%,.

Fits using the reactive model were also performed on three modified 300°K spectra.
These spectra were obtained by +19% changes in the experimental r curve and by
shifting the ¢ curve by the equivalent of —0.020 of a sampling step (i.e. 0.020 x 5 um).
This corresponds to a phase shift which is linearly proportioned to the frequency and
typically produces a change of —1° at 136cm™" in the ¢ spectrum. In this way, the
effects on the parameter values of errors in the measured spectra could be observed.

The parameters changed by only ~ 1% due to the modifications in the amplitude.
However the model appeared to be sensitive to shifts in the phase spectrum. The phase
shift used gave the following parameter values. The figures in brackets showing the
difference between these values and those given in Table 1, obtained from the unmodified
spectra.

ey = 551(4+5%); €5 = 186 (+3%); ks + ky» = 21600 (+11%);
ky + kyy = 26100 (+2%)
Iy = 248(4+9%); T, = 4.3(—40%); ky, = 15900(+6%).

One of the important regions in the spectra is the phase minimum between the two
modes. The division of field technique gave 3.2 + 0.5° at 300°K, 2.5 + 0.5° at 200°K
and 2.3 + 0.5° at 175°K and 150°K as the phase at 136 cm™!. Simulated curves show
no significant variation of the phase ¢ at this point with (k; + k,,). Measurements
by Gauss et al.® at 300°K show almost zero phase at this point indicating decoupling
of the soft mode to the electric field.

Because of the limit on the accuracy of- the phase measurements the uncorrected
¢ curves, obtained by replacement of the crystal by the mirror were “phased up” to
3° at 300°K and 2.5° at 200, 175 and 150°K at 136cm™".

Due to the minimum in €” (~ 1 at 136cm™!) and the corresponding low value for
the absorption coefficient,"" ® this point in the spectrum is particularly suited to investiga-
tions by transmission spectroscopy. Such measurements are far more sensitive to changes
of phase than those obtained by reflection techniques.

Initial transmission measurements on a 0.17 mm thick crystal of KDP at 300°K dis-
played the ‘c’ axis transmission as a sharp spike peaking at ~ 135cm™?. They also gave
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indication of a similar phase value to the 3.2° obtained by the reflection studies.!*?

Further such measurements at lower temperatures are planned to give a good fix
on the behaviour of ¢ in this spectral region, and hence accurate phase reference points
for calibrating the reflection data.

CONCLUDING REMARKS

The trends in the curves of Figs. 1 and 2 below 40cm™" illustrate the importance of
obtaining better low frequency data, for most of the effects produced by cooling manifest
themselves in this region. The overdamped €” band, associated with the ferroelectric
transition, which peaks at ~ 50 cm™! at 300°K, peaks at lower frequencies as T drops
towards the transition temperature.!' ) To resolve this band at these lower temperatures
necessitates the use of a Helium cooled detector. It is hoped that such measurements
will commence shortly, enabling the spectra to be extended down to at least ~ 5¢cm™!
and consequently better theoretical fits to be made.

Initial results have been obtained at 125°K, just above the transition temperature
T, = 122°K, but a further problem was encountered. On cooling the crystal to 125°K
the temperature sometimes overshot and fell below T, before the thermostat heater
restored the system to equilibrium at 125°K. Thus, the crystal undergoes the transition
from its paraelectric to ferroelectric phase. The stresses in the crystal that accompany
this transition have caused one sample to crack. However, this “overshoot” can now
be prevented by taking extra precautions with the cooling process.
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