MOSSBAUER SPECTROSCOPIC STUDIES

OF

IRON DOPED HIGH TEMPERATURE SUPERCONDUCTORS

AND RELATED OXIDES

by

SURJEET SUHARAN

A thesis submitted in accordance with the requirements of the University of

Liverpool for the degree of Doctor of Philosophy.

September 1991 Oliver Lodge Laboratory,

University of Liverpool



CONTENTS

Acknowledgements

Abstract

Chapter 1: Introduction

Chapter 2: The High Temperature Superconductor, YBasCu3Os 54 p

Chapter 3: Mossbauer Spectroscopy

Chapter 4: Experimental Apparatus and Techniques

Chapter 5: Preparation and Characterisation of Samples

Chapter 6: Mossbauer Spectra at High Temperatures

Chapter T: Low Temperature Spectra

Chapter 8: Summary of Results and Conclusions

References

10

26

39

49

61

74

77



Acknowledgements

I would like to thank Prof. Erwin Gabathuler for extending me the facili-
ties available in the Department of Physics.

Foremost I would like to thank my supervisor, Dr. Mike Thomas, for his
considerable help, knowledge and guidance. In addition I am grateful to Dr.
Quentin Pankhurst whose help knowledge and patience was invaluable. I am
also indebted to Prof. Charles Johnson and Drs. Dominic Dickson, Ian Hall
and Don Jones for many useful and stimulating discussions. I would also like
to thank Mr. Bob Bilsborrow of Daresbury Laboratories, Dr. Peter Beehan
from the Materials Science department and Dr. Mike Wood from Liverpool
Polytechnic for their respective aid in the EXAFS, SEM and x-ray diffraction
measurements. The technical assistance given by Mr. Dave Muskett and Mr.
Keith Williams is much appreciated. Finally I am deeply grateful for all the
help and support given to me during the course of this study by my family and
friends.

I was supported by a studentship from the Science and Engineering Re-

search Council.



Abstract

The aim of this thesis is to investigate the properties of iron doped high
temperature superconductors by the use of the Massbauer microprobe.

We have prepared and characterised single phase samples of iron doped
superconductor, YBa, [Cul_xl:‘e,c]3 Og¢.5+p, for values of x=0.01, 0.02, 0.04 and
0.10, each with two different values of p. The characterisation of these samples
consisted of x-ray diffraction, iodometric titration, resistivity and susceptibility
measurements.

Analysis of the high temperature Méssbauer spectra concludes that there
are at least three iron sites, in some cases four, which are identified as sites A,
B, C and D corresponding to quadrupole splittings, AEq, of AEq= 2.0mms ™!,
1.0mms ', 0.5-0.7mms ! and 1.5mms ! respectively. The nature of these sites
is discussed in chapter 6 with respect to the iron substitutional sites, oxygen
co-ordination and charge state. The iron atoms themselves tend to cluster into
regions such as twinning boundaries with the majority of these located at the
Cu(1) site and a small percentage on the Cu(2) sites.

At low temperature all the samples exhibit magnetic hyperfine splittings
which results from the superposition of component A, B, C and D (where ap-
propriate) with at least two distinct values of the hyperfine field, Bys. Lightly
doped samples, x<0.10, have a low values of Ty, the temperature at which the
Bh¢ vanishes, while samples with x=0.10 show a magnetic subcomponent with
Th~400K. The behaviour of this magnetic system is studied both as a function
of temperature and the level of iron doping. It is found that we have a repro-
ducible magnetic system which behaves as a ‘spin glass’ at low temperatures

and which co—exists with superconductivity in the same sample.



1 Introduction

Since the discovery of the La,_,Ba,CuOy4 (T.=35K) series of high tem-
perature superconductors by Bednorz and Miiller, a great deal of work has been
done to improve and explain their highly interesting physical properties. [t was
quickly found that replacing Ba with Sr increased the superconducting critical
temperature slightly and improved sample homogeneity. However, the most im-

portant observation was made by M.K.Wu et al after they had found that dd%

was positive and very large in (La,Ba);CuQO4. This suggested to them the pos-
sibility of greatly increasing T. through an internal ‘chemical’ pressure which
can be generated by a large A-B size difference in an ABCuO type compound
with possibly a new crystal structure. These ideas were confirmed with the
discovery of YBayCu3Og 54p (Tc=93K) by M.K.Wu et al. These new materials
promise a possibility of a much higher T, and many new applications, hence
the continued interest in this new phenomenon.

Many different methods have been employed to investigate not only super-
conductivity in YBasCu3QOg 54, but also the electronic, magnetic, vibrational,
optical and structural properties. An important parallel set of these investiga-
tions is the cationic replacement of Y by other rare earth elements such as Eu,
Gd and Dy. More relevantly the Cu site neighbourhoods are investigated by
the substitution of impurities such as Ni, Zn and Fe in the place of Cu, this is
discussed more fully in chapter 2. If °"Fe is used as an impurity which replaces
the Cu atoms at the Cu atom sites then Mossbauer spectroscopy can be used
as a microprobe in the locale of the Cu sites. This can potentially be very im-
portant because the superconductivity in YBasCu3Og 54, occurs on the Cu-O
planes.

The crystal structure of YBa;Cu3Og 54, provides two unique Cu sites,
both of which can potentially be occupied by an impurity atom such as °"Fe.

There has been great a great deal of discussion as to which of these substitu-
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tional sites are actually occupied and the relation of site occupancy with the
high temperature Mdassbauer spectra obtained, this is discussed in depth in
chapter 6. Such questions need to be resolved in order to interpret information
supplied by the Méssbauer microprobe, for example, the temperature varia-
tion of Mossbauer parameters above and below T.. There have been reports
of anomalous behaviour of the isomer shift, for example, as the temperature is
lowered through T., these have been investigated and are discussed in chapter
6.

Doping YBayCu3Og 54 with Fe may, of course, alter the structural and
electronic properties of the high temperature superconductor, hence such effects
have to be investigated. Traditionally this is done by altering the level of dop-
ing over a range of impurity levels. Such a method was used in the present
study where YBayCu3Og 54 is doped with Fe as an impurity within the range
0.01<x<0.30. Two values of the oxygen content, p, were also obtained for each
sample by altering the rate at which the sample is cooled during preparation.
The procedures for both preparation and the necessary characterisation are
explained in chapter 5.

The properties of undoped YBa;Cu3Og 54, are crucially dependant on
the oxygen co-ordination, C"V, expressed here by the value of p. A metal to
semi—conductor/insulator transition occurs if p becomes negative, this corre-
sponds to a good superconductor (T.~ 90K) to a bad superconductor (T, <
90K) or semiconductor/insulator transition below T.. Also a change in the
oxygen CN from p>0 to p<0 is accompanied by a change from a non-magnetic,
superconducting state to a non-superconducting, antiferromagnetic state, the
antiferromagnetism residing solely on the Cu(2) planes. Fe doping, even at the

low level of 1% Fe for Cu, induces a magnetic system at T<4.2K.



Thus the aims of this exploratory work are to:
i) Solve the problem of the site occupancy of the Fe atoms in YBasCu3Og 5.4 p.
ii) To use the results of the Mdossbauer studies to understand the magnetic

system that can co-exist with superconductivity in these materials.
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2 The High Temperature Superconductor YBa;CuzOg 5,
2.1 Crystal Structure and Associated Information

2.1.1 Unit Cell

The superconductor YBasCu3Og 54, has an open layered structure which
is similar to that of K;NiF4. This may be realised if all the Cu atoms were
octahedrally co-ordinated so that the compound was YBa;Cu3QOg. This would
be the case if the oxygen atoms occupied the O(4), O(5) and X in the lattice (as
in figure 2.1.1). However there is a maximum of up to 7 oxygen atoms per unit
cell which may not occupy sites O(5) and X (These conclusions are reached by
M.K. Wu et al (1987) etc. through the use of powder neutron diffraction). Thus
it may be seen that a tripling of the ‘perovskite’ cell along the c-axis occurs
with two inequivalent Cu sites, labelled Cu(1) and Cu(2). The Cu(1) sites are
sandwiched between Ba planes, the Cu(2) sites are located between Ba and Y

planes (see figure 2.1.1).

2.1.2 Structural variation due to oxygen content

Variation of oxygen content is due to vacancies in the Cu(l) chains at
the O(4) site, this affects p such that it lies in the range —0.5 < p < 0.5.
It has been reported that [M.K. Wu et al, R.J.Cava et al| the orthorhombic
structure persists in the range 6.3 < (6.5+p) < 7.0 with at least two stable
superconducting phases (see figure 2.3.1). Observations of an orthorhombic to

tetragonal phase transition at (6.54+p) ~ 6.2 have been reported, however this

seems to be dependant on sample preparation (as previous ref.).

2.1.3 Superconductivity locale and Bulk Samples

The structure of the unit cell shows two different Cu sites and supercon-

ductivity is thought to be local to the Cu(2) ‘planes’ [M. Oda et al.
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Bulk samples studied in this thesis are either powders or compressed pel-
lets. In both cases, even in single phase ceramic YBagC!ug()e,Hp, supercon-
ductivity is thought to occur in thin shells surrounding normal (either metallic
or semi-conductive) cores. The shells comprise no more than 25 vol% of the
material, this is independent of preparation and subsequent processing. The
thickness of the shells however can be altered by changing the method of syn-
thesis [D.S. Ginley et all.

Bulk measurements, such as resistivity and susceptibility, depend on the
mechanical connectivity of these grains, typical grain sizes being ~ 10pm. Scan-
ning electron micrographs of some samples studied in this work have been taken

and are shown in chapter 5.

2.2 Effect of dopants

2.2.1 Substitutional Sites

Many metals are known to alloy substitutionally with Cu metal and to
add and subtract electrons from the Cu conduction band according to simple
valence considerations.

Substituents such as Ni and Zn respectively subtract or add one conduc-
tion electron/atom, with the magnetic moment on Ni being larger than the
magnetic moment for Zn, have been studied [J.M. Tarascon et al, S. Horn
et al|. Data shows that the Ni atoms substitute only for the Cu(2) atoms
whereas two thirds of the Zn atoms substitute for the Cu(l) sites. Also Ni
and Zn impurities are accompanied by oxygen vacancies, O(,), in the ratio
Ni[O¢v)(1)]0.3[Ov)(2)lo.1 and Zn[Oy)(1)]0.3[Ov)(2)]0.2, where Oy )(1), O(y)(2)
are oxygen vacancies in the Cu(1)-O(1) chains and the Cu(2)-0O2(2) planes re-
spectively. Hence a greater reduction in T, occurs through Zn doping than via
Ni doping.

The depression of T, for Zn and Ni doped samples is qualitatively different

F ol
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from that of Al, Co and Fe doped samples (see figure 2.2.1) although this may
be due to inhomogoneities in the samples as indicated by F. Izumi et al. The
dopant studied here is Fe which being of comparable size to the Cu atom may
be reasonably assumed to substitute preferentially on Cu sites[J.M.Tranquada
et al]. These are the samples studied in this work and can be written as
YBas [Cuy _yFey|; Og 54,. However, as mentioned before, two distinct Cu sites
exist in the YBa;Cu3Og 5.4, materials so the question arises as to which of these
sites do the Fe atoms substitute. Neutron diffraction experiments have been
done on the YBa, [Cu, _,cl:'e'x]3 Og.54p compounds which indicate that Fe substi-
tutes for Cu mainly at the Cu(1) site [J.M. Tarascon et al, J.M.Tranquada et al,
P. Bordet et al, G.Roth et al]. These results are compared with the Méssbauer
data of this study in chapters 6 and 7.

[t should be mentioned that the effect of doping YBa;Cu3Os 54, with Fe
may alter the oxygen content p so that a correlation between x and p exists. This
was shown to be the case when thermogravimetric analysis was performed on
Y Ba, [Cul_xFex]3 O¢.54p samples for different values of x. The results showed
that the greater the dopant concentration x, the lower was the % weight loss,

which shows a greater non-removable oxygen occupation. [J.M. Tarascon et al.

2.2.2 Normal State Transport Properties and T.

The normal state resistivity can be seen to correlate with T, when both
may be altered by varying the composition of the YBa;Cu3zOg 54, materials.
The resistivity said to be metallic if dp/dT > 0 and semiconductive if dp/dT <
0. It can tentatively be said that the metal to semiconductor ‘transition’ may
be due to ‘carrier freeze out’, ie the localisation of electrons in the Cu-O layers
(planes or chains) due to either increasing dopant concentration or decreasing
oxygen content [J.C.Philips 1989]. This is suggested because single crystal
transport measurements can show semiconductive behaviour along the direction

of the c-axis and metallic behaviour in the (a,b) plane [S.W. Totzer et al|]. In
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practice resistivity measurements have been done [H.Stormer et al 1987], but
attempts to quantify any degree of localisation by measuring the band gaps
of impurity levels relative to a band edge are difficult. This is partly due
to problems in the resistivity measurements but mostly the problem lies in
preparing homogenous samples.

Doping the high T, material with increasing levels of Fe causes it to change
from a metallic conductor to a semiconductor to an insulator. The supercon-
ducting transition temperature, T., remains approximately constant for small
x but then decreases monotonically with increasing x until x ~ 0.12 where this
material becomes a non-superconductor [Maeno et al, our own work see later|

It should also be mentioned that a BCS—type superconductor will rapidly
become non-superconducting if magnetic moments are placed into its lattice
[Arbrikosov and Gorkov 1961]. This does not seem to be the case where the

new high-T. materials are concerned.
2.3 The Effects of Oxygen content

Variation of oxygen content alone affects both T, and p(T) by producing
two superconducting phases, one with a T, ~ 60K and one with a T, ~ 90K,
which are correlated with changes in the room temperature resistivity as a func-
tion of oxygen content [R.J. Cava et al], see figure 2.3.1. If the oxygen content is
sufficiently decreased then YBayCu3Og 5., is no longer superconducting, this
corresponds to a orthorhombic/tetragonal structural phase transition and a su-
perconducting/(semiconducting insulator which is antiferromagnetic) transition
(see figure 2.3.2) [J.M. Tranquada et al|. These results imply that superconduc-
tivity and and magnetism are mutually exclusive, however our work and that of
other studies involving YBa, [Cu; —«Fey], Og 54, samples suggest a co—existance
of magnetism and superconductivity. This will also be discussed more fully in
chapter 7. In summary, in Fe-doped samples the properties of the material

depend on x and p and these quantities can be correlated.
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3 Mossbauer Spectroscopy
3.1 Introduction

In 1958 a method for obtaining resonant scattering of y-ray photons was
discovered by Rudolf Méssbauer. This was done while he was investigating the
resonant absorption of the 129 keV transition in *'Ir. This phenomenon, the
‘Mossbauer effect’, is the recoilless emission and absorption of photons. The
Mossbauer effect has been found in almost 50 elements, the most commonly
used of which are tin, antimony and iron. Méssbauer data, in this study, was
collected using the stable isotope *"Fe. This effect is used in a diversity of fields

where the nucleus can be used as a probe for its surrounding.
3.2 The Mossbauer Effect
3.2.1 Recoilless Emission and Absorption

In a situation where we have a free atom, in an energy state E, emitting

a 7-ray photon, of energy E., we can see that, by conservation of energy:

E,=E—Ern—Ep (3.2.1)

Where Ep is the recoil energy of the atom and Ep the ‘Doppler effect’ energy.
By conservation of momentum the recoil energy of the atom, of mass M, is

then:

B}
= 3.2.2
ER [2114(‘2:’ (3 )

The statistical distribution of the emission is then seen to be shifted by — Ep

and broadened by Fp where :

B j

e ——— kT
ED —. Z\r)EKER = E—;. [q—f':"_;]
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a) This diagram represents the emission and absorption overlap for a free atom.

b) A schematic of the Mossbauer set-up showing a lorenzian absorption profile.

Fig 3.2.1



57C0
I=7/2 half life = 270 days

electron capture

57Fe
[=5/2 137kev
137keV 123keV
9% 91%
Eo/ 14.4keV
14.4keV
I=1/2 b ground state
Figure 3.2.1a
Méssbauer y-rays, E. 104—10° eV
Chemical binding and lattice energies 1—10eV
Free atom recoil energies, Eg 107*—10"teV
Lattice vibration or phonon energies 1073—10"eV
Heisenberg natural linewidths 107°—10"%eV

Table 3.2.1



Er ~ %kT, k is the Boltzman constant and 7' is the temperature in
Kelvin. During absorption the same scenario applies except that the energy
distribution is shifted by an amount +Epg as seen in figure 3.2.1.

We can then see that the two peaks are separated by an energy 2Ex. Thus
resonant absorption occurs if the emission and absorption energy distributions
overlap by any significant amount. The 14.4keV transition in *"Fe, at 300K,
has Eg ~ 2 x10"%eV and Ep ~ 1 » 10™%eV. A diagram of the overlap is shown
in figure 3.2.1. This overlap is small compared to the overlap for the Méssbauer
effect for any energy range studied here.

The Méssbauer effect takes place if the nucleus emitting the y-ray is
in an atom which is a part of a solid matrix, if this is the case then recoil
energy can be transferred to the crystal as a whole, essentially making the
recoiling mass infinite (i.e. no recoil). Alternatively the recoil energy can
be transferred to the crystal lattice by increasing its vibrational energy via
quantised lattice vibrations — phonons. Thus the desirable resonant absorption
can occur, because E'g and hence Ep are eliminated, if the emitter and absorber
are tightly bound by a solid matrix (see table 3.2.1 for some typical energy
values). Without the presence of thermal and recoil broadening, the width of
the y-ray energy distribution is governed by the mean lifetime, 7, of the excited

state. The Heisenberg uncertainty principle states that:

AE - At > h (3.2.4)

The ground state being stable, has an infinite lifetime and definite energy,

but the excited state of the source has a finite lifetime and energy width, I',:

Cyr = h (3.2.5)

‘or ®"Fe, 7 is 97.7 ns and hence 'y = 4.67 < 107° eV (see figure 3.2.1a
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for a decay scheme). This means that if thermal and recoil broadening are
eliminated radiation with a monochromaticity of I';/E, ~ 1 part in 10'* can
be obtained.

Qualitatively we can see that the recoil-free fraction or probability of zero

phonon events depends on;

i) the free atom recoil energy (o E.Tz).
i) the properties of the solid lattice.

iii) the ambient temperature.

(Quantitatively this probability, which has been calculated using dispersion the-

ory by Lipkin (1960) and Frauenfelder (1962), states that:

f =exp (3.2.6)

h2c?

-E? <w-‘-'>]

Where f is the recoil free fraction and (2?) is the mean square displace-

ment of the emitting atom in the y-ray direction.
3.2.2 The Mossbauer Lineshape

The Méssbauer lineshape, in the limit of a thin absorber, has a character-
istic Lorentzian line profile. This arises from the nature of the emission process
and the fact that the nuclear excited state in the source has a finite width. The

lineshape can be expressed in the form:

I(E) =

b2 ] (3.2.7)

(E - E,)* - (T/2)*

Where I' is the width of the measured line,E is the energy and E, is the tran-

sition energy.

12
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3.2.3 Absorber thickness

It is necessary to consider absorber thickness for two main reasons; i)
to obtain a good signal to noise ratio. ii) to understand the distortion of the

Lorentzian line caused by absorber thickness.

Qualitatively this can be understood because a thick absorber will appre-
ciably attenuate a y-rays beam as it traverses the absorber. Thus for a thick
absorber the absorption, particularly near the resonance frequency, is less than
would be expected when scaling the absorption of a thin absorber by the ratio
of the thickness’s (as seen in figure 3.2.2). The result of this is that in practice
the absorption near the resonant energy is proportionally less than absorption
off resonance. The consequences of this are;

i) the line width is no longer Lorentzian

ii) the effective line width is increased.

iii) the absorption area is proportionally reduced.

For a quantitative discussion see Margulies and Ehrman (1961).

13
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3.3 The Mossbauer spectrum

A typical Mossbauer spectrum profile will depend on the hyperfine inter-
actions present in the sample being studied. These interactions are the isomer
shift, the quadrupole splitting and the magnetic splitting (as seen in figure

3.3.1).
3.3.1 Hyperfine Interactions

Two of the Méssbauer parameters arise because of the electrical interaction
of the nucleus with its surroundings. Following Abragam and Bleaney we can

write the energy of this interaction as:

W // Pn rn)PE(rf ER s BeNTe) gy (3.3.1)

|rn — rel

where p,, (r,) is the nuclear charge density, p. (r.) is the electronic charge den-
sity and r, . are the nuclear and electronic radial distances. This expression
can be reduced via the multipole expansion to give all the well known results
for the Mossbauer parameters. The zeroth term in this expansion is the isomer
shift, the first order term is zero (nuclei do not have an electric dipole moment)
and the second order term is the quadrupole splitting. Higher order terms are

negligible in strength.
3.3.2 The Isomer shift

This term arises because of the coulomb interaction between the s—electron
charge density at the nucleus and the nuclear charge itself. The electron charge
density varies with chemical environment, hence there will be a change in this
quantity between the source environment and the absorber environment, ‘the

isomer shift’. This shift can be expressed (Walker et al 1961) as
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Ze® = o
§ = O‘Z (1% (0) |2 — [ (0) |2] AR? (3.3.2)

1

where Z is the atomic number, ¥, ; are the s—electron wavefunctions of the
absorber and the source at the nucleus and AR? is the mean square difference
in the nuclear ground and excited state radii.

The shift concerns the movement of the centre of gravity of the whole
spectrum In this study all the isomer shifts were measured relative to the shift
of Fe—foil at room temperature.

Although equation 3.3.2 is not intrinsically temperature dependant, the
observed shift can vary with temperature. The effect responsible for this is
known as the second order Doppler shift (S.0.D.S.). The effective resonance

frequency is:

S3p
v v? 4
u:uo[l——][l——] =l

c c? 2¢2

1+ i)-] (3.3.3)

Where v is the observed frequency, v, is the emitted frequency of the v rays and
v is the velocity. Atoms vibrate about their mean positions with a frequency
of oscillation of about 10'> Hz. This means that their average velocity,during a
Méssbauer event is zero. The mean square velocity, however, is finite. This is

the second order term:

2
Ajpds(mms=*) = E <U ) (3.3.4)

Y 2e2

This expression can then be related to T, using the Debye approximation
and has been treated in a simple way by Greenwood and Gibb (1971). Isomer
shift varies with chemical environment. In g sample in which the probing *"Fe
atom is present in several different oxidation states, identification of the oxida-
tion states is possible via their isomer shifts which reflect the oxidation state
and cation co-ordination number in materials where the bonding is predomi-
nantly ionic. Typical values for shifts are tabulated and discussed in a review

article by F.Menil (1984).



3.3.3 Quadrupole Interaction

Nuclei with a spin I > 1/2 can have a non-spherical charge distribution
and hence a quadrupole moment (eQ). This is the second term in the multi-
pole expansion. This interaction is a result of the electric field gradient, efg,
arising from lattice and valence contributions (see later) acting on the nuclear
quadrupole moment. The Hamiltonian for this interaction can be written as:

% erzg

r2 2
= TRr-1) 37 ~I(I+1)+ -(r 412 (3.3.5)

Here I is the nuclear spin, V.. denotes 9>V /9z* and 7 is the asymmetry param-
eter. These are defined such that V2V = fo Es Vyzy B sz =0,Ve: 2 Voy 2 Vau
and n = (V. — V,y)/V... Thus it can be seen that 0 < n < 1. Equation 3.3.5
can be solved exactly in simple cases. For the I = 3/2 state of *"Fe nucleus,

the energy eigenvalues are given by:

E,=+- eQV.z{l + ’3] (3.3.6)

The efg originates from the potential, V, at the nucleus, of all surrounding
charges. Cubic symmetry gives a value of zero for the efg but lesser symmetries
result in finite values of the efg. The contributions to the efg can be split into
two parts. One part arising from the valence electrons of the atom and the

other from the surrounding ions. In ionic complexes it is customary to write

[Greenwood and Gibb|:

— = ¢ = (1= R)gion + (1 — Yes) Qlatt (3.3.7)

Where R is the shielding factor, v is the anti-shielding factor and gi,n,
Jlate are due to valence contributions from electrons in the incomplete d-shell

and to contributions from neighbouring ions. The valence term, ¢;,n, usually
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a) Quadrupole doublet in b) Quadrupole doublet

a powder spectrum in a single crystal

[ntensity

Where o and 7 represent the £1/2 — +1/2 and the £3/2 — £1/2 transitions
respectively. Relative intensities of the components of the absorption lines of
57Fe in a magnetic field as a function of the angle 8 between field and direction
of propagation. Only three components are shown and the ratio of transition
intensities o : r may be obtained by taking the sum of the +1/2 — +1/2 intensity
and the +1/2 — —1/2: the +3/2 — 1/2 intensity (Frauenfelder et al)

Fig. 3.3.2



dominates, unless the ion concerned has the intrinsic symmetry of an s—state
ion. An example of such a case is high-spin Fe**(d®) where qiatt > gion.
Valuable information may also be obtained from the intensity ratios of
the high-energy and low energy components of quadrupole split spectra. This
is possible if measurements are made on single crystals or, more pertinently
textured samples. The latter are polycrystalline samples which are aligned or
oriented along a particular axis. This means that a change in intensities of the
two transitions ,in a quadrupole split spectrum , can be observed if the angle
between the y-radiation and the efg axis is varied. This angular correlation is
due to the difference in polarisation of the two quadrupole transitions. In *7Fe
the £3/2 — +£1/2 transition is fully circularly polarised and the +1/2 —
+1/2 is partly circularly polarised and partly linearly polarised. The ratio of
intensities of the two transitions for a fixed efg axis at an angle 6 to the y-rays

1s:

Iisja—g1/2 1+ cos®

— 3.3.8
jr:|:1,!'z—-:|:1,12 2 — cos?0 ( )

This applies for the simple case where n = 0. A more general expression
has been calculated by Boolchand et al (1988). Where the two transitions are

represented by 7 : £3/2 — +1/2 and ¢ : £1/2 — +1/2:

P ——-1—2[ [3(‘052 6 — 1 + nsin? Hcos2¢] (3.3.9)
B(d -+ %)2

O | -
»

Here 8 and ¢ are the polar and azimuthal angles between the efg and the y-ray
direction. A pictorial representation of these probabilities is shown in figure

3.3.2.
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3.3.4 Magnetic Hyperfine Interactions

The interaction of a nuclear magnetic moment Y ; with an external mag-

netic field B,; produced by the electrons at the nucleus can be described by:
Hm = _Tf i Bef == _"g#n.f:Bei (33.10)

The energy eigenvalues of this Hamiltonian are:

Em = —gpnBam; (3.3.11)

Where ji,, is the nuclear magneton, g is the gyromagnetic ratio or nuclear g-
factor and my is the component of the nuclear spin I along the field direction.
The contributions to this field can be represented by the more general

expression:

4
Br = |B. - DM + §Trﬂ-f + B'| + B¢. + Br + Bp (3.3.12)

Here Br is the total field, B, is the externally applied field,— DM is the demag-
netising field, 47 M is the Lorentz field (the coefficient is for cubic symmetry
only), B' is non-zero for non—cubic symmetries only. The parameters in brack-
ets are zero away from any large magnetic field. The other three terms arise
from atomic electrons, collectively these terms constitute the internal or hy-

perfine field. The contributions to this are described below.
i) The Fermi Contact Interaction, By,

By is caused by direct coupling between the nucleus and an imbalance in

the s—electron density at the nucleus:

16 9 9
Bj. = Tﬁ#B<Z( 145(0) — L'¢’§(0)]> (3.3.13)
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Where pp is the Bohr magneton,13(0) is the the wavefunction of the spin
‘up’ electron density at the nucleus and |2?(0) is spin ‘down’ electron density at
the nucleus. The difference of the spin ‘up’ and spin ‘down’ s-electron density
at the nucleus arises from the the different interactions that occur between the
s—electrons and the 3d-shell. That is, the s—electron with spin parallel to that
of the unpaired 3d-shell and the s—electron with spin anti-parallel to the spin

of the 3d-shell interact differently.
ii) The Orbital Term, By,

The contribution due to the orbital magnetic moment, B, can be written

as:

Br = -2up <'I'_3> (L)

~2up (1) (9 - 2)(S) (3.3.14)

Where (r) is the radial of the 3d shell, (L) and (S) are the expectation values

of the orbital and spin angular momenta respectively.
iii) The Dipolar Interaction, Bp

The final term, Bp, is the dipolar interaction of the nuclear spin with the

electronic spin of the 3d-shell.

Bp = —2up (3r-(s-r)r > —sr™?) (3.3.15)

/

In axial symmetry equation 3.3.15 can be written as:

Bp = —2up (S) <:-r'_3} (:3 cos®f — 1) (3.3.16)

19


























































































































































































































































































































































































































































































