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PREPACR

The thesis reports the theoretical and experimental
studies carried out by the author on the application of
resonance scattering of X~rays, neutrons and electrons to
gome problems on the physices of the so0lid and liquid states

of matter.

The phenomenon of ancmalous or resonance scattering
of X-rays and neutrons arises whenever the frequency of the
incident radiation is cliose to the absorption region. It
is well kmown that the anomalous dispersion method provides
a powerful tool in the solution of the 'phase problea' in
crystallography. The first part of the thesis (with four
chapters) is concerned with,fhe novel applications of the .
resonance scattering of X-rays and neutrons in the fields
of lattice dynamics of erystals, structure of binary alloys
and amorphous systems. The'second part of the thesis has
three ohapters and deals with the concept of the resonance
scattering of conduction electrons manifesting itself in
the remarkable high pressure behaviour of liquid ocaesium and
cerium. Experimental studies of the thermo-electric power

and resistivity of cerium at high pressuresz are also reportsd.
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The first chapter presents the basie theory of
resonance scattering of X-rays, neutrons and electrons.
The results of this theory form the background material
for the subsequent chapters of the thesis. Although no

significantly new results are reported in this chapter, the '?i
method of presentation as far as the author is aware, is

essentially new. It accomplishes the following:

(1) Instead of dealing with the phenomena of X-ray and
neutron anomalous scattering separately, a unified approach
has been worked out based on the celebrated 'optical theorem®
of Bohr, Peieyl8 and Plac¢zek, and the partial wave method
in the scattering theory. This approach emphasizes the
interplay between the coherent and the incoherent channels
during the scattering process. The phenomenon of anomalous
scattering can be looked upon as a manifestation of either
a resonant elastic or inelastic process or of both. I-ray
anomalous seattering corresponds to a reaction in the
elastic channel due to a resonant inelastic process, vis.,
the photoelectric absorption. Neutron anomalous scattering
presents the case of both the elastic (n,n) and the imelastic

(n,_r) processes going through resonance at the same energy.

(11) fThe confusion that exists in the literature regarding
the sign of the imaginary component of the scatiering factor
is clarified. It is pointed out that this disecrepancy
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really stems from the different épace-time dependence
assumed for the incident wave in the case of X~-ray and
neutron scattering. A unified convention for the scattering
amplitudes and the structure factor is also presented.

(iii) %he Breit-Vigmer formalisam for resonance scattering
has been developed from first principles. These results
are used not only in neutron anomalous scattering but also
for treating the resonance scattering of conduction electrons

in liquid caesium and cerium.

The second chapter deals with the problem of the
determination of the polarization vectors of lattice waves
using the method of anomalous neutron scattering. The
displacement of atoms from their'equilibrium positions
under the influence of a lattice 'wave can be characterized
by their respective eigenvectors. In a crystal containing
n atoms per unit cell, the polarization vector for a lattice

wave defined by wave vector q and polarization index J

=

représents a 3n dimensional vector constructed out of the
n eigenvectors. The evaluation of the compenents of the
polarization vector gives ue information about the nature
and relative amplitudes of vibration of the different atoms
in the unit eell. The main objective in the study of the
lattice dynamics of crystals is to arrive at the interatomiec

force constants which can be used in the understanding of



iv

the various physical properties of the erystal. The
normal practice is to choose the set of force constants
which f}ts the experimentally determined lattice frequencies.
However it has been demonstrated by Leigh, Szigettl and
Tewary, and Cochran that the interatomic force conetants.
cannot be uniquely determined from a knowledge of the
lattice frequencies alone., This ambiguity in choosing the
right set out of an infinite number of sets of force
constants, all yielding the same frequencies, can be
resolved if one has a knowledge of the polarization vectors
glso. However the determination of the polarization
vectors of lattice waves propagating along a general
direction in the erystal is rendered difficult because of

~ the 'phase problem' associated with a complex eigenvector.
We have proposed a method based on anomalous neutron
scattering to solve this 'phase problem' which would enable
one to obtain complete informatiop on a complex eigenvector.
The important result of this investigation is that in a
non;centrosymmetric structure there will be a difference in -
the intensity of the coherent one-phonon peaks from opposite
faces of the crystal.under conditions of anomalous neuiron
scattering. In erystallography the violation of the
Friedel's law in a non-centrosymmetric structure leads to
I(H) # I(H) (H being a reciprocal lattice vector) and in

1attice dynamics we get the analogous result, viz.,



I1(HE,9) # I(E,E) where § represents the wave-vector of the
lattice wave. This breakdown of the law similar to Friedel's
law in orystallography leads to new relations with the 3
help of which the 'phase problea’ associated with the

determination of the initial phase of the elliptic motion

(complex eigenvector) ocan be solved. We also present the
Argand diagram representation of the ooherent inelastic
scattering (one-phonon process) which helps in visuallzing
the intensity differences between a pair of reflexions under
conditions of anomalous scatiering. The procedures for
extracting the components of the polarization vector in
non-centrosymmetric and centrosymmetric two atom structures
where they are in general complex and in Bravais lattices
where they are always linearly polarized, have been worked

out.

-

7 The +third chapter is concerned with the problem

of separating the individual static displacements in a binary
alloy system using the anomalous dispersion method. It is
well-known that in a binary alloy above the ordering tempe-
rature the atoms do not occupy the precise nodél positions

of the lattice. This 'static displacement' is due to two
factors, viz., the difference in the size of the atoms forming
the alloy and the non-centrosymmetric arrangement of the
neighbours in the eluster. The diffuse scattering associated

with the static displacement of atome modulates the short-
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range order diffuse soattering in a way as to make it
aperiodic in reciprocal space. The static displacement
(S.D.) diffuse scattering can be separated from the short-
range order diffuse scattering using the method of Boric

and Sparks. However the static displacement coefficients
that enter the expression for S.D. diffuse scattering
involve Emth the atomic displacements of both the AA and

BB pair of atoms in a AB alloy systea. A search of the
literature revealed the lack of a method of separating

these individual contribdutions. We propose that a measure-
ment of the diffuse intensity associated with short-range
order and static displacement, at two wavelengths near the
absorption region, leads to a separation of the atomic
displacements due to AA and BB .pairs of atoms for a given
ecoordination shell. The relevant expressions for Fourier
analysing the diffuse intensity data are also given. It is
pointed out that if one uses the method of anomalous neutron
scattering, the intensity of the aiffuse scattering can be
eonsiderably enhanced at the expense of the Bragg reflexions.

The fourth chapter deals with the problem of
separation of the partial structure factors in a liquid or
amorphous binary system using the three wavelength method
of anomalous scattering. The short range order in a binary

system AB is characterized by the three partial structure
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factors corresponding to AA, AB and BB pairs of atdms.

A single scattering experiment cannot lead 1o a separation
of these partial structure factoras. Enderby, North and
Egelataff were the first to separate the partial structure
factors of liquid Cu68n5 system using the neutron scattering
technique with isotope enrichment. We have proposed
another method for this separation using the intensity data
collected in the resonance region. The proposed method

is of general validity as regards to both I-ray and neutron
anomalous scattering. Por X-ray scattering from binary
liquids, anomalous scattering method is perhaps the only
tool to separate the different partial structure factors.
The anomalous neutron scattering method, although it has
many experimental advantages, is useful only for a few

systems comprising of 04113, Gdﬁn, Sm149, Eu151 etec., which
are resonant scatterers. A model ealculation on how the
total coherently scattered intensity would vary in the

presence of anomalous dispersion effects is also presented.

In the fifth chapter, we discuss the application
of the 'virtual bound state' concept of Friedel to the high
pressure behaviour of liquid caesium. The most interesting
feature of the phase diagram of caesium i1s the anomalous
density variation of the liquid with pressure, viz., the

liquid becomes denser than the closest packed solid phasb.
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This is also reflected in the marked resistivity variation
of liquid caesium with pressure. We have proposed a
theoretical model to explain the resistivity behaviour with
pressure which is also consistent with the density variation
in the liquid phase. The important result of this study

is that d-wave scattering resonance plays a vital role

in the high pressure behaviour of liquid caesium. In our
theoretical model the 68-5d 'electron collapse' results in
the formation of a 'virtual bournd state' accompanied by
d-wave scattering resonance. The 'two-species' model of
liguid caesium has been examined on the basis of the above
hypothesis and we suggest that the 68 &= 54 dynamic conversion
is due to the tunneling phenomenon. We have also drawn
attention to the faot that the high compressibility of
caesium in comparison with the other alkali metals is
responsible for the strange behaviour of liguid caesium; .
Theoretical calculations of %he resistivity based on the
Ziman's formula are presented. Phe Breit-Wigner forsmmlae
for resonance scattering and Priedel sum rule have been used
in evaluating the electron-ion form faetor. The initial
resistivity decrease leading to a shallow minimum in the low
pressure region observed for the liquid alkali metals (with
the exception of lithium) hae been explained. The general

features of the experimental resistivity versus pressure



graph can be accounted in our model although a substantial
discrepancy between the theoretical and experimental values
exists in the high pressure region. It is pointed out

that this may be due to the breakdown of Ziman's resistivity

formula under conditions of resonance scattering.

During +the course of this investigation it occured
to us that a study of the therme—electric power with pressure
would throw more light on the electronic behaviour of these
substances. The next two chapters are concerned with the
development of new techniques and an experimental study on
cerium where again the 'virtual bowmd state' picture plays

a vital role.

The sixth chapter 1is aefoted to the development-of
new techniques for measurement of the thermo-electric power
and resistivity at high pressures. A detailed literature
survey revealed that there have been relatively very few
gtudies on thermo-electriec bensviour of metals with pressuto
as éompared with the resistivity studies. Purther, most
of these studies were conzined to pressures up to only 5 kbar.
Since most of the phensmena of interest take place at still
higher pressures, we have developed mew high pressure

technigues for the measurement of the thermo-electric power.

A teflon thermo-power cell has been deviged for the

measurement of the thermo-power of solid and liquid metals up



t0 40 kbar pressure and 250°C. The main advantage of
this technique is that the pressure communicated to the

sample is truly hydrostatic.

In order to raise the temperature range of measure-
ment, we have developed a High temperature-High pressure
thermo-power cell using a solid pressure communicating medium,
This design of the cell permits measurements of the thermo-
power up to 800°C and 30 kbar pressure. The same cell can

also be utilised for the resistivity studies. L
: ;J':"

The ccllection of experimental data on thermo-power
is laborious ard time consuming, especlally when one has to
scan a wide temperature and pressure range. In order to
circumvent this problem, we have constructed an automatic
recording system for plotting directly the thermo-power as
a function of either the mean temperature at a given

pressure or the pressure at a specified mean temperature.

The last chapter of the ﬁhesis presents the experi-
mental work on the thermo-electric and the resistivity
behaviour of cerium at high pressures. Cerium, a rare-
earth metal, has a unique phase diagram in that a solid-
golid phase boundary ends in a eritical point. The y-a
transition in cerium has been the subject matter of numerous
investigations. Amongst the transport properties, however

only the resistivity had been used as a probe. We have



measured the thermoélectric powexr of eerium in the
temperature range 10-400°C and pressures up to 25 kbar,
using the experimental technigues described in the earlier
chapter. The important results of this experimental

study are briefly summarized here.

(1) The absolute thermo-power of y-cerium exhibits a
large variation with pressure in the pre-tramsition region

which is in sharp contrast with tke resistivity behaviour.

(2) The y—a iso-structural phase tramsition manifests
itself as a sharp decrease in the magnituje of the thermo-~

electric power,

(3) The thermo-power of a-cerium deereases ccntimmeusly

with pressure leading to a change of sign at higher pressures.

(4) The temperature variation of the thermo~power of
a-cerium exhibits a remarkable behaviour. In tke pressure
region close to the y-a phase boundary, the thermopower of
a-cerium varies markedly with temperature from negative
values at lower temperatures to large positive values at
higher temperatures. Further this rate of wvariation with

temperature decreases considerably at higher pressures.

We have also obtained new data on the resistivity
behaviour with pressure at a temperature above the critical

point. The resistivity versus pressure isotherm exhibits
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s broad meximum as the virtual bound state moves continuously
across the Fermi surface. This verifies the earlier
prediction of Blandin, Cogblin and Friedel concerning the

resistivity behaviour above the critical point.

, The experimental results on the thermo-electric

power variation with pressure have been discussed on the
basis of the Friedel-Anderson model and Hirst's modification
of this model. The behaviour of the y-phase can be accounted
satisfactorily on the basis of the virtual bound state picture
appropriate to cerium. The continuous decrease of thermo-
power with pressure in the a-phase and the anomalous tempe-

rature dependence support the fractional valency model

or the inter-configurational fluctuation model of a-cerium.

_ All the problems described in the thesis were
worked out by the author under the guidance and supervision
of Professor S. Ramaseshan, Head of the Materials Science

Division.
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NOTATION

Veetor' X.

Complex conjugate of f.

Average of A.



