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ABSTRACT

111-v semiconductors and their alloys are by no meams simple
and have some rather subtle propcrtiess Therefore their increasing

commercial exploitation has stimulated phenomenal growth in the

research effort devoted to studying their defects and radiation

effects.

NMR spectroscopy has become firmly established as one of the
major methods available for structure determination and for
obtaining physico-chemical information about atomic dynamics. Recent
years have seen severa] major developments of the technique, one of

which is NMR field-cycling.

This work was part of a recently established and on-going

NMR field-cycling research programme on semiconductors, in the

physics department at the University of Surrey in Guildford, U.K.
It is the first ever, series of investigations attempting a
systematic study of [[]-v semiconductors using field-cycling. The
Technique of field cycling is however wel] established for
quadrupolar studies in many other materials. |t is very sensitive
in contrast Lo NMR line shape techniques and shows great
~development potential. Posibive results were oblained in this

investrgation. These are presenred in chqpl’er‘ Pive.
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PREFACE

Scope of the thesis

The first chapter is a general introduction, including an

account on the purpose of the investigation. Chapter two, gives

the physical properties of pure and doped indium phosphide and
gallium arsenide. 1In this chapter a number of reproduced.
theoretical and experimental diagrams are includgd, as these are
neceésary to support the text. For non—standard diagrams, all

sources are indicated in the figure-captions. The third chapter
attempts to draw together the basic theory that is of relevance to

the investigation. The chapter is deliberately leaned heavily on

standard NMR material, this being the first purely NMR based thesis

presented to the department. Chapter four explains the
instrumentation, measurement technique and other experimental

aspects of the investigation with occasional digression into
theoretical considerations which were inevitable. In the fifth
chapter, the experimental results are presented and an attempt

made to systematically discuss the spectral information. Chapter

six, gives a largely theoretical general discussion of the

observed spin behaviour in terms 6f the concept of spin temperature
and the density matrix. In this chapter, a degree of repetition

of certain mathematical developments, given in other texts, was

unavoidable to achieve clarity, although they are undoubtedly not

as authoritatively dealt with as elsewhere. The last chapter

outlines the established phenomena and gives some conclusive remarks.
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Units

Almost all equations are written in SI rationalized units.

When CGS units are used’as in Eq. (3.63), this is indicated in
brackets. However, when referring to numerical values in the text or
in diagrams, whatever units that seem most appropriate to the
quantity described are used. Thus magnetic field induction is
frequently quoted in Gauss, optical absorption co-efficients in cm™?

etc., since this is the most widely used convention.
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Subscripts :

Superscripts

GLOSSARY OF SYMBOLS

n = nuclear; e = electron;

P = hole; L = longitudinal;

T = transverse

+ = ionized; integer superscript

nuclear species; decimal number superscript

reference number

hyperfine (electron-nuclear) interaction tensor
expectation value of observable A

magnetic induction field (magnetic flux density)
static magnetic field of an NMR spectrometer

RF magnetic field perpendicular to E:

Xi




BNMR

Ix,

I.

::'*::

ks
ko
M(t)

Mo

[Y)

I,

field at which measurement is made in NMR field cycling
speed of light iﬁ vacuum

magnitude of electronic charge

electron energy eigen value

band gap energy

force due to a magnetic field

Hamiltonian operator - its nature being indicated
in the text
value of plank's constant
Nuclear spin operator
-
components of 1
. . I
spin quantum number associated with |
nuclear spin raising operator
nuclear spin lowering operator
general angular momentum quantum number associated
R .
with the operator P
linear optical absorption co-efficient
electron wave rector
Boltzmann's constant
linear optical extinction co efficient
macroscopic magnetization of a spin system

equilibrium macroscopic magnetization of a spin

system in the presence of R,

Xii



Mx, My, M., components of macroscopic magnetization
mi ‘eigen value associated with I. (or magnetic projection

quantum number)

Dp value of proton mass
N total number of nuclei in a macroscopic sample
N. total number of nuclei in the spin +% state, in a

macroscopic sample

N_ total number of nuclei in the spin -3 state, in a
macroscopic sample
n population difference between spin-up and spin-down

nuclear states

—
P general angular momentum operator
o
Py, Py, P, components of P
Pn probability of occuption of state n
Pasb probability of transition from state a to state b
Qa nuclear quadrupole moment of nucleus A
q(r) coulomb electric field gradient per unit charge
_) -
S electron spin operator
S electron spin raising operator
S- electron spin lowering operator
T, longitudinal or spin-lattice relaxation time
T2 transverse or spin-spin relaxation time
to pulse duration
torep preparation time in field cycling
tewitcn switching time in field cycling
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To

Ts

KB

BN

(1" O'A)

A

lattice temperature

spin temperaturé

transitional probability per unit Lime

temperature parameter - subscripts indicate its
nature

magnetogyric ratio - subscripts indicate its nature
Dirac dclta operator or function

magnetic dipole moment

magnitude of magnetic dipole moment or mobility -

subscripts indicate the nature

Bohr magneton
nuclear magneton

larmor precession frequency of nucleus 1

conductivity or density matrix - the distinction being

made in the text

sternheimer anti shielding factor of nucleus at

point A
torque exerted on a spin magnetic moment
total wave function of a system

angular frequency
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CHAPTER ONE

INTRODUCTION

The Compounds In P and Ga As

Indium phosphide and gallium arsenide belong to a group

of simple compounds formed betweeen elements of groups lIf qnd VF
of the periodic table. This ¢lass of what are referred to as
I11-V compounds, constitute the besl understood class of
compound semiconductors as opposed to Lhe elemental
semiconductors of which the best known, silicon and germanium,
are the most extensively used semiconductors. There are many
other semiconductors of interests in the [[[-V group such as

In Sb, In As, Ga Sb, Al b and Ga P.

Indium Phosphide

Indium phosphide is a dark grey substance with a tarry
lustre. It crystalizes in the zinc blend structure where an

indium atom is tetrahedrally bonded to four phosphorus atonms.

It is a very highly reactive substance and is sometimes
difficult to work with. It's melting point is 1070°C. 1t begins to

oxidize in air upon healing at about 500°C and dissociation in

vacuum begins at approximately 750°C.

This compound is one of the most promising semiconductors

from the standpoint of practical application. It is of interest

in being the only member of the group [1I-V semiconductors for

which transistor action has been reported, that is in which

minority carrier injection has been observed. Its forbidden

1
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energy gap is 1.43 eV at 0°K. It displays an appreciable

"rectification effect and can also be used as a material for

amplification devices. [ts optical properties are also very

interesting.

Galli Arsenide
Gallium arsenide is a dark grey substance with a violet

line and a tarry lustre. ki1Keé indiunm phosphide, it crystalizes in

thé zinc blend structure. [t has a dielectric constant of 11.1,

specific gravity 5400 kg/m® and a melting point 1237+ 3°C. The

compound is stable under ordinary conditions of atmospheric

moisture and oxygen. Upon heating in air, it begins to oxidize

at 600°C and dissociation in vacuum begins at 850°C.

Gallium arsenide is a semiconductor with a great
technological future. Its forbidden gap widthywhich is 1.52 eV
at 0°K, is closer to the wave length of the maximum of solar
radiation than that of silicon, Fér this reason it is

used as a material for solar batteries, in which solar energy

is directly converted into electrical energy by means of the

photo voltaic effect.

The compound displays good rectification effect. Its

electrical conductivity and hall constant are practically

totally independent of temperature in the range of 1.5 to
J00°K which makes it suitable for electronic use. This feature
is due to the fact that the substance is in a degenerate or

metallic state when heavily doped,i.e. with an electron

2
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concentration of n = 10'7 - 10'%cm~3.

The Constituent Elements

Indium has two isotopes that possess spin (I = 9/2),
1151y and ''3In with natural abundance 95.72% and 4.28%
respectively. A wide range of investigations of solids or melts

of indium metals, alloys, and salts have been undertaken.

Several theoretical studies of indium NMR properties have been
feported. The large quadrupole moments of !'*%In and *'*[n, and

the low receptivity of the latter, probably accounlts for the

scarcity of chemistry-oriented NMR studies of these isotopes.

Gallium also has two isotopes ®°Ga and 7'Gai these possesS
spin (1 = 3/2) and have a more balanced natural abundance of

49.6% and 50.4% respectively. 7'Ga has the higher receptivity

and narrower relative line width. This indicates that it is
the more favourable isotope for direct NMR observation in
spite of the adverse natural abundance, However, resonance of
both isotopes can readily be‘studied and is reported in this
work. The relaxation properties of the galluim nuclei and

the relatively small number of compounds studied have resulted
in little information being évailable on NMR properties.

However, NMR has proved to be a very useful technique for
v
stqung the solid state properties of gallium compounds.
The only significantly abundant natural isotope of
phosphorus is Phosphorus - 31 (3'P). It is a spin (I = %)

nucleus,'fhe observation of its NMR spectra is relatively

3
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easy and consequently there is a huge mass of data in the
literature. There ére, however, two major difficulties?® firstly
phosphorus compounds are generally reaclive and secondly, no
suitable compound has been established for general studies on

the NMR properties of the nucleus.

Arsenic has been little studied by NMR, which is surprising
in view of its 100% natural abundance as 75As, which has a

reasonably high magnetic moment. The lack of interest in this

nucleus can only be partly traced to its %uadrupolar propertie%
but a moderate increase in the use of 75As NMR is apparent. The
75As nucleus has been used for NMR applications in solid state

physics! !,

Applications of InP and Ga As

In transistor development, fabrication can be from any

semiconductor having an energy gap wide enough that the thermally
excited concentration of minority carriersis rcasonably low at

the desired temperature of operation. A material with an

indirect gap, such as silicon or germa nium,is however preferred
because the lifetime of excess minority carriers is normally
longer in such a material since the strong direct recombination
process is not active. Therefore attention is not paid to details

of the energy bands in this case.

However, more recently, detailed knowledge and understanding
of band structure has beconme increasingly important in the design

and analysis of semiconductor devices. - With the invention and

4
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development of tuonel diodes. injection lasers, Gunn effect

- oscillators and othef such devices which tend to be more directly

based on complex band structure characteristics for their
operation, it has become necessary to pay more attention to

details of the energy bands in selecting and improving materials

for fabrication. Peculiarities of band structure are in fact
what make possible some of the operationsof these newer devices.

In view of this, InP and Ga As are becoming of increasing
importance in device fabrication, where they exhibit useful

characteristics that are not present in the more widely used

elemental semiconductors, silicon and germanium.

Tunnel Diodes

The highest performance tunnel diodes are generally made
from Ga As, which is a direct gap semiconductor, but Si and Ge

have also been used.

A tunnel diode consists basically of a pn junction between

heaviy doped p- and n-type regions. [Its current - voltage
characteristics include a negative resistance region, which is

what makes it a useful device. . Fig. 1.1 shows an energy band

diagram for a tunnel diode.

When a forward bias voltage is applied across the junction,
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Fig. 1.1 The energy band diagram for

a tunnel junction with zero applied bias
making the p-type region positive with respect to the n-type

ELECTRON ENERGY, E ——»

voltage. The shaded area represents filled
election states.

region, the Fermi level on the n side rises above that on the

p side and electrons are then able to "tunnel”™ by the quantum
mechanical process from Lhe conduction band on the n side

through the "barrier” into the valence band on the p side.

This tunneling current first increases with increasing

applied voltage, but it then decreases to zero as the botlom

of the n-side conduction band rises above the top of the

p-side valence band so that no further tunneling can occur. This
decreasing current with increasing voltage corresponds to the range
o? negative resistance. During the tunneling process an electron
does not change its energy. At still higher forward bias voltage,
the normal diode diffusion current rises significantly hence
restoring a positive slope in the current-voltage characteristic
curve. Under a reverse bias voltage, the tunneling current of

electrons from the p side valence band to the n side conduction

6
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band will in principle, increase without limit.

For high performance of a tunnel diode, the main criterion

is that it be made from a semiconductor having a direct energy gap
(like Ga As) although it is possible also to fabricate reasonably

good tunnel diodes from indirect gap materials (like Si and Ge).

A direct gap permits a tunneling transition without change of
the k vector of the electron, which is more probable than if the
gap were indirect, and the‘direct transition consequently leads
to the highest possible tunneling current.

Gahs as tunnel diode makerial Por padighion detechion can sperake
at higher 1emperobires than Fhpse made o germantum or silicen,

This  because ot by larger Porbidden gap with a width of 1520y
as to 0-T44 eV and 1-17eV for germanmium and sthiton respechively .

Injiection Lasers

Injection laser action has been observed in a number of well-
known direct gap semiconductors but only a material with a gap
width corresponding to the desired laser cmission wave length
is useful. Emphasis has been placed on the development of

Ga As alloys such as Ga(As,-xPx) as laser materials having a

designable output wavelength.

A semiconductor laser structure is essentially a p-n
junction diode which can be made to emil coherent radiation as a
laser, under conditions of high primary current s - An
injection laser diode is similar to a tunnel diode in that it is
made from rather heavily doped material,‘rhe energy band diagram

for such a diode is therefore similar to that of Fig. 1.1, but

in this case the geometry of the diode must be arranged to
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provide a cavity within which the emitted radiation can bounce
back and forth in order to be amplified by means of stimulated

emission. Laser action is achievd by applying a high forward

bias voltage to the pn junction to inject many electrons from
the n side into the p side and holes in the opposite direction.
This produces an inversion region in which the conduction

band electron and valence band hole populations are very high,
so that strong recombination occurs, the emitted quanta, which
correspond to the energy width across the band gap, travel back
and forth through this region stimulating emission of additional
quanta hence the lasing. Fig. (.2 shows a schematic diagram

of a p-n junction laser structure.

CLEAVED SURFACE

Fig.1.2 The p-n junction laser structure.
The two cleaved parallel faces have high

reflectivity and serve for a resonator.

(The structure is made of a single crystal).

Gunn Effect

The Gunn effect has been observed only in such

semiconductors as InP, Ga As and Cd Te which satisfy the band

8



structure requirement discussed below.

It was found that high frequency oscillations of voltage
across a sample are produced under conditions of high dc¢ bias
in certain few semiconductor materials. This effect can be

employed to realize a device which is a high frequency electrical

oscillator, in the micro wave region.

This effect results from a transfer of carricers from a

small effective mass band minimum to higher lying, higher

effective mass minima as the carriers gain energy from the strong
applied eleclric field. The carrier mobility is much lower

in the subsidiary band minima in this case, so that the e*cited
carriers cannot maintain their energy and they consequently fall
back down to the lower minimum. This is a situation of instability
and negative resistance which gives rise to Lhe observed
oscillations. Only those semiconductors having subsidiary band
minima at an attainable energy above a low effective mass

absolute band minimum would be feasible materials.



Purpose of Doping with Fe, S or §i

The question of why iron and sulphur are used as dopants
for indium phoshide and siliqon for gallium arsenide is one that
can be answered in a variety of ways, depending on the context
within which the question arises. From the acadenmic point of
view, these doped samples have stirred up a great deal of
interest. Eleclron nuclear double resonance (ENDOR)
investigations have been carried out and this work has been
published '- 2. Electron spin resonance (ESR) studies have
also been carried out and great promise is evident in NMR studies
as is apparent from the results of this work and work reported
in recent papers '- 3. ENDOR and ESR are just other methods of
spectroscopy. As regards industrial interest, since indium
phosphide and gallium arsenide are becoming of increasing
industrial value and the field of semiconductors being so
diverse, these particular dopants may well have been found
preferentially applicable in certain regards, of high
technological interest.

The dopants are not, however, unique for InP and Ga As.

For example, the elements cadmium and zinc could act as

acceptors in either one of the two compounds while seleniunm could
be used as a donor. These impurities introduce extra allowed
levels in the band gap of the semiconductors. Sulphur and
silicon introduce shallow donor levels in inP and Ga As
respectively, this being referenced to the edge of the conduction
band. Iron introduces a deep acceptor level in In P, the

impurity level in this case lies roughly in the middie of the



InP band gap,

Purpose of the Investigation

Many NMR techniques are being developed to study
interactions in solids. The particular technique used hereis NMR
field cycling which has been used to study quadrupolar
interactions in organic compounds and the quantum mechanical
tunneling of methyl groups at low temperature. A few studies
have been undertaken for the study of I111-V semiconductors, using
more traditional NMR methods based on careful analysis of the

NMR line shapes ’ These were confined to measurements

of interactions (nainly’quadrupolar) of TI1-V nuclei around
defects and impurities but since only a small fraction of these
nuclei are within a few coordination shells of an impurity site,
the impurity related spectral features were masked by the

features due to the larger fraction of nuclei more distant fronm

the impurity site. Work has also been done to study the
impurity atoms directly 3 but in this case too, the signal was
not large enough for decisive analysis.

The aim of this investigation was to use NMR field cycling
to produce impurity related spectral features in InP : Fe,
InP : S and Ga As : Si, thereby being able to analyse the
dopant impurity centres. It is hoped that the results can be
interpreted in terms of quadrupolar and hyperfine enhanced Zeemah
energy level cross-coupling around the impurities and possibly

distinguish between deep and shallow band gap states.



CHAPTER TWO

PHYSICAL PROPERTIES OF INDIUM PHOSPHIDE AND GALLIUM ARSENIDE

As mentioned in the first chapter, indium phosphide and
gallium arsenide are inorganic crystalline solids composed of
atoms arranged in regular perjodic arrays. The atoms are held
together in the crystal lattice primarily by covalent bonding,
in which valence electrons are shared between adjacent atoms to
form each bond. There is also some minor ionic contributions
to their inter atomic bonds unlike in the elemental semiconductors
such as silicon and germanium that are entirely covalently
bonded. The semiconducting properties of all these crystals
depend only on the valence electrons, including their energy
band structure. Concern is really with the outer shell electrons

of the atoms because the inner shell or core electrons are

localized mainly around the nucleus as in an isolated atom and
hence do not contribute directly to the physical properties of
interest. The physical semicondugting properties also

greatly depend on the band structure of the higher conduction

band states into which electrons can be excited.

Crystal Structure

As mentioned in the first chapter, InP and Ga As crystalize
in the zinc blend cubic structure. The cubic nature of the

structure arises when a basis of two atoms, belonging to different

1 2



species e.g. In and p is considered per lattice point. The atomic
arrangement in this Structure is shown in Fig. 2.1 for indium
phosphide. This structure is the Same as the diamond structure,
in which the elemental semiconductors silicon and germanium
crystallize, except that the immediately adjacent directly bonded

atoms are of different species. For example, in [p P, an In atom

is directly tetrahedrally bonded to four p atoms.

F}g. 2.1. The zinc blend cubic

structure of Indium phosphide.
The shaded circles represent

phospherus atoms while the unshaded
ones represent indiupg atoms.

It is easy to explain the tétrahedral bonding mechanisn
in the elemental senmj conductors. For example, silicon has the

outer-shell electronic structure 3s2 Ip?, i.e. it has a filled

K- and |- shell; in the M-sheil, the S-subshell is fil]ed but

the 3p-atomic orbital needs four electrons to pe filled. By
accepting and sharing four electrons from four other silicon
atomsit will obtain six electrons in its 3p-orbital, and form four

covalent bonds. This is shown in Fig. 2.2 below.

13



Si

Si

/N

Si Si

Fig. 2.2 Valence structure in pure silicon.

This simple explanation can however not be given for the

zinc blend structure. For example in InP, this is clear from
the outer shell electronic structures of In and P which are

5> s* 5p' and 3 s? 3p? respectively. i.e. the indiunm atom needs
five electrons to fill the p-orbital in the N shell or needs

to lose the single Sp-electron and the two 5s - electrons to
achieve the Krypton structure. The phosphorus atom on the other
hand needs three electrons to Fill the p-orbit of the M-shell
hence obtaining the Argon structure, this is clearly not achievable
through an entirely covalent tetrahedral bonding net work. The
actual nature of the bonding in such solids (including zinc
blend [Zn S§] itself) has in fact, long been a matter of some
debate. The electronegativity difference between indium and
phospherus is not so great as to suggest bonding of an

entirely ionic nature. Most chemists have in fact, by invoking
the concept of resonance, described this bonding as being

partially covalent, hence partially ionic.

1 4



The concept of resonance (in chemistry) accounts for the

fact that the valence structures drawn for some of the polyatomic

ions are ambiguous. For example, structural investigations show

that all three valence structures for the carbonate ion (C052-),

shown in

20-

I

Fig. 2.3 are valid.

30-

Fig. 2.3 Alternative or canonical valence
structures for C032-. The numbers 1, 2 and

3 refer to positions (After D.R. Stranks,
M.L. Hefferman, K.C. Leedow, P.T. McTique
and G.R.A. Withers: Chemistry, a structural

view, Cambridge University Press, Chapter 9
(1979)).

The striking feature is that a carbonate ion never has one

double and two single bonds, but rather has three identical

15



bonds.which are intermediate in character between single and
double. Futhermore, in this case, each oxygen will bear just
two-thirds of a negative charge. This true state of the ‘ion is
said to be a resonance hybfid of the three equivalent étructures.
any one of the three equivalent forams is referred to as a

canonical structure.

[t can safely be assumed that at liquid Helium temperature,
the iron impurity atoms in indium phosphide are in their ground
state. Electron spin resonance (ESR) shows thal this state is
achieved by iron at an indium lattice site, by contributing three
electrons to the covalent bonds. The iron would effectively be
electrically neutral in this case. It is found that the impurity
atoms being studied both in InP and Ga As preferentially occupy a
group III lattice site rather than a group V site or an
interstitial position. At an interstitial position, iron would
be a charged ion Fe3*-, which would give an clectric field
gradient that is about 500 timés larger than that due to Fe at
an In site. This large field gradient is not experimentally
evident at liquid heliun temperature hence ruling out interstitiél

occupation.
Fig. 2.4 shows a silicon impurity aton substituting at a

gallium site, with four arsenic nearest neighbor atoms and twelve

gallium next - nearest neighbor atoms.
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Fig. 2.4 The zinc blend
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Band Stiructure

Extensive experimental and theoretical studies on the electronic

energy band structures of semiconductors have given a very

comprehensive knowledge of the band structures in the range
covering the energy gap and the edges of the valence and conduction

bands, the energy region over which the electronic transitions

involved in the characteristic semiconductor phenomena occur.

It is possible, in principle to calculate the eleclronic

energies in a semiconductor crystal, since the nature of the forces

involved is well known. However, tLhe complexity of taking into

account the interactions of the great number of particles

constituting the crystal, has made it necessary in practice to resort
to simplifying approximations.(:ombined theoretical and experimental

methods have produced very accurate results for the well known

semiconductors.

Three different methods have been used to contribute to the
the determination of the valence and conduction band energy curves
of these semiconductors, these are:

1. Theoretical calculation of the band structure using on

assumed crystal potential and any of several possible
approaches in the calculation. This method is

beset with great computational difficulties and has

not yet been capable of producing results accurate
enough for the reliable quantitative prediction of all

the experimental parameters.

18



2. A combination of group theory and perturbation theory
to predict the possible forms of the band structure for
the particular crystal lattice involved; also to
determine the shapes of the energy curves accurately in
in the vicinity of points of high symmetry within

the Brillouin zone.

3. Specific experiments to study the possible form of bands
permitted according to group theory, to measure energy
gaps, and to determine the energy curve shapes near band

edges for comparison with the predictions of pertubation

theory.

In group theory, the symmelry operations of a crystal comprise

a special type of group known as a space group and the zinc blend

structure has such a space group.

All operations of the space group of a crystal commute with
the one-electron Hamiltonian of that crystal given in Eq. (2.1) for
a one dimensional case.
Keoo - (5_2__* V(x)) w= E¥(x) (2.1
m

where % represents the Hamiltonian, P the electron linear
momentum, m its mass and E the energy eigen value.

As a result, it can be shown that the electron energy must have

the symmetry of the crystal in E’- space: i.e. F (E) is invariant

- ’ . —‘ -
under any of the group operations performed in k - space. Inversion
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symmetry. is an operational constituent of the diamond structure
space group. A crystal with a center of inversion symmetry can be

inverted into itself by the operation T = :?i where T is the

position of a point in the crystal with respect to that center.
It is clear that the diamond structure exhibits inversion symmelry

about a point mid way between two adjacent directly bonded atonms.

_The occupation of adjacent sites by different atoms in the

zinc blend lattice results in an absence of the inversion symmetry.

This difference between the two closely related crystal types leads

to certain small fundamental differences between the energy band

structures of elemental semiconductors such as Si and Ge and the I1I-

V compound semiconductors.
0.36eV

1.53eV

ENERGY E(K] —
——nd

!
.3%5eV
WA VAN .

1.0 0.5 0 . 05 1.0
. [111) k(x10'0 m-1) ‘ (100]
Fig. 2.5 The E (k) curves of Ga As in the [111] and [ 100]
direction, showing a relatively high effective mass subsidiary
band minimum at 0.368 V above the low effective mass absolute
band minimum. The important energy differences are indicated

as obtained experimentally at 4K.
A plot of energy E(K) versus wave vector a}ong the [111] and
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[ 100] direction in the bgnd gap in Ga As is shown in Fig. 2.5. These
are theoretical E (;) curves but the indicated energy differences
between band eitrema are experimentally determined. As can’be seen
from Fig. 2.5, this is a direct gap semiconductor and there is a
relatively sharp low effective mass conduction band minimum at K = 0,
‘fhis band is non parabolic at higher energies, which is characteristic

of most of the 1I[-V compounds. Ga As along with In Sb form the
best known two compounds of the [I11-V group in terms of band
structure. The band structures of these two semiconductors are
generally representative of all the [11-V compounds and for that
reason I include Fig. 2.6 which shows an energy versus wavevector
diagram of In Sb along [ 111 J and [100 ] as in Ga As. This

figure shows the complex theoretically determined structure of the
valence band edge, resulting from the lack of inversion symmetry
combined with the spin-orbit interaction. This detailed valence
band structure has not actually been clearly observed experimentally
in any of the 111-V compounds except possibly indium antimonide

(In Sb) and indium arsenide (In As); because it involves such

small energy differences.

A complex valence band edge structure similar to that shown
in Fig. 2.6 is predicted for Ga As, From group theory considerations
(lack of inversion symmetry) and considerations of the spin-orbit

interaction » This is not shown in Fig. 2.5 because it has

never been experimentally verified.
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J? 0.8eV
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Fig. 2.6 The theoretical E(k) curves of In Sb in the
[111 J and [100 ] directions, indicating the band

gap energy and the valence band spin-orbit splitting
energy, ‘Iﬁese tre determined mainly from optical

experiments at 4 K. Also shown is the complex structure

~of the valence band edge. The dashed curve represents

tLhe shape the conduction band would have if it were
parabolic with a constant effective mass equal to the

k = o measured value.

Fig. 2.5 shows a relatively high effective mass subsidiary

[100] conduction band minimum at an attainable energy

2 2



(0.36 eV). above the low effective mass absolute [000) conduction

band minimum, a condition required for the oscillatory mechanism in

the Gunn effect.

The application of hydrostatic pressure causes a volume change

in a sample which in turn changes the band structure. In particular

the minima in the conduction band and maxima in the valence band

shift in energy. 1In general the amount of the shift in different
minima will be different so that’in a material like Ga As, it is
possible to alter the relative energies of the conduction band
minima quite considerably. The use of hydrostatic compression
provides one of the most convincing pieces of evidence to show that‘
the origin of the Gunn effect is electron transfer between

[ 000] and [ 100] conduction band minima. By the

‘application of pressure the [ 100] valleys are lowered to

and eventually below the central minimum. At the same time, the

Gunn effect oscillations become successively less pronounced and

eventually the effect vanishes.

The occurence of the Gunn efféct in In P confirms a similarity

in conduction band structure with Ga As. 1In P (along with most

other I1I-V semiconductors), although not as well established in
terms of band structure as Ga As and In Sb, is believed to have

a valence band structure with the general quatitative characterstics

indicated in Figs. 2.5 and 2.6, including the detailed band edge

structure shown for In Sb in Fig. 2.6.
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Electrical Properties

Indium Phosphide

For a long time In P was typically obtained with a carrier
concentration of n~10'7cm~3. The mobilities at Lhis sample

purity are . = 3400 cm2/V sec at 290 K and mp = 50 cm3/V sec

at the same temperature. Relatively recently, considerably purer
sampies have been obtained with a carrier concentration

n = 6 x 10'® cm~® and an electron mobility of 5000 cm 2/V sec.
e and pp stand here for electron and hole mobility respectively,

as described in the list of symbols.

Looking at the specific case of Fe-doped In P, as mentioned
earlier the Fe is a deep acceptor - . energy level located
near the centre of the In P band gap . ;E..\-GC’\’,K‘OTI:

concentration, conductivity and mobilily at approximately 290K are
n=2.3x10"7ce"®, p =7.6x107 Q cmand mwe = 2.9 x 103

cm?/V sec 24»4L4?1&;0A\ :

In view of the above values, this impure sample of In P is
referred to as semi-insulating. The energy difference between the
Fe level and the conduction band edge is found to be 0.65 eV
Sulphur in In P:S)being a shallow level donor, is likely to increase
the electron concentration in the conduction band} especiallg

at temperatures around 290 K and above. However, Lhe

electron mobility is likely to be reduced by the presence of the
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impurity,as is the case in In P: Fe (as explained alt the beginning
of this section). Thé question of whether the increased electron
concentration in In P : § results in an increased conductivity

can be answered byatheoretical analysis of the electron transport'
properties in the sample or through experimental observation.
However, for a heavily doped or degenerate sample, as is required
in tunnel diodes, the conductivity is greatly increased because

this is essentially a metallic state.

Gallium Arsenide

Gallium arsenide ordinarily has electron mobility in the

range 400-8500 cm®/V sec and hole mobility in the range

200-400 cm®*/V sec. The electrical conductivity and Hall constant
are practically totally independent of temperature in the range
fromi.5K to 300K for electronic samples of gallium arsenide. This

is due to the fact thal the substance is in a degenerate state
(i.e. metallic)uﬁn1an electron concentration of
n=10'7 - 10'® cm~3. Silicon in Ga As : Si increases the

electron concentration,being a shallow level donor.

The electron effective mass in both Ga As and In P increases
~

with increases in external magnetic field at low temperatures.-rﬁis

was deduced from cyclotron resonance data2 %,

There is a change in electrical resistance)referred to as

piezoresistance, of any conductor on the application of hydrostatic

pressure. Ga As and In P are no exceptions and this is essentially



due to the change in volume on compression which in turn changes

the band structure as discussed in Section 2.2.

Optical Properties

Macroscopically, the oplical properties of any medium can
be fully specified by two quantities:

the refractive index n, and the extinction coefficient k.

These two quantities are defined by a set of equations of the form

Fy = Fyo exp  {-iw [t - 2 (no + iko)] } (2.2)
C

which describes the electric field component in the y-direction of

a transverse electro magnetic wave propagating in the z-direction
through a medium described by no and ko. w is the angular frequency
and ¢ the velocity of light in a vacuum. Similar expressions apply

to the other components of the electromagnetic wave.

During transmission of radiation through the bulk of a sample,
the radiation intensity, I., which is proportional to the square

of the amplitude, falls off with distance through the sample as

Ir = TI:(0) exp (-Kz) (2.3)

where K is called the absorption coefficient,.

Comparing (2.3) with (2.2) shows that

K = 2Kow = 4mK, (2.4)
C A

where A is the wave length of the radiation. It follows therefore
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that if the refractive index and absorption coefficient of a
medium are known, then its optical properties are fully specified,

macroscopically.

Indium Phosphide

Indium phosphide has a refractive index of 3.0. Fig. 2.7
shows the absorption spectrum of Fe-doped In P. A broad
absorption band extending from the absorption edge to an energy in
the vicinity of 0.7 eV is evident for Fe-doped In P samples.
The intensivity of this absorption increases with decreasing
electron concentration, that is, with decreasing occupation of the
Fe acceptor levels. This behaviour indicates that the absorption
ispdmdfdy due to electronic transitions from the valence band
to the Fe levels. Transitions are evidently possible from these
Fe levels to the conduction band as well, since the absorption band

does not completely disappear even for an n-type sample, in which

all the Fe levels are occupied. An n-type sample can be obtained by

co-doping with Sn (tin) which is a donor.



2.

4.

2

0-1

[TTT]
oo ]

I
|

ABSORPTION COEFFICIENT K(cm-1]

0.-01

0.2 0.4 0-6
PHOTON ENERGY (eV)
Fig. 2.7 Experimental optical absorption spectrum
of InP: Fe at 300K. (After G.W. Iseter; Properties

of In P doped with Fe, Cr or Co. Inst. Phys. Conf.
Ser. No. 45: Chapter 2, 1978).

Gallium Arsenide

The index of refraction of Ga As is 3.2.

In the lattice vibrational spectrum of a three-dimensional

crystal, there is more than one oplical branch unlike in the
case of a one-dimensional model considering only longitudinal
oscillations of atoms. 1In a three-dimensional crystal there
are in addition, two transverse oscillations per longitudinal

oscillation but these two transverse oscillations are degenerate

with each other in a cubic crystal and hence appear on the same
optical branch. Fig. 2.8 is a reproduction of an experimental
lattice vibrational or phonon spectrum of Ga As at 296K.

Branches are shown for the two wave vector directions [ 100 ]

and [111 ] . kmax is the value of the wave vector k at the
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Fig. 2.8. Lattice vibrational spectrum of gallium
arsenide at 296K. The broken lines represent the
acoustic branches. L stands for the longitudinal
modes of vibration while T the transverse (doubly
degenerate). (After G. Dolling and J.L.T. Waugh:
Lattice Dynamics p. 19 Pergamon. 1965).

The Ga As phonon spectruﬁ of Fig. 2.8 is like that of a
purely covalent crystal like Si apart from the more pronounced
splitting between transverse and longitudinal optical branches
which even, persists up to k = o where degeneracy is expected
on symmetry grounds. This splitting is characteristic of
partially ionic crystals including InP and is due to Coulomb

forces resulting from the ionic nature. This shape effect



appéars to diminish as k increases and the lack of degeneracy
at the edge of the first Brilloun zone is not due to the coulohb

splitting but is typical of compound semiconductors as a result
of the different atomic masses of the constituent atoms

e.g. Ga and As atoms in Ga As. Due to the ionic binding character

in compound semiconductors, atomic oscillations in the

optical phonon mode may be excited by electromagnetic

radiation.

When the p side of a pn junction is made positive, current
is carried by a flow of electrons into the p material where
there are already free holes in equilibrium and conversely holes
flow into the n side. Recombination can then take place and
optical emission occurs. Ga As is a direct gap semiconductor,
therefore radiative recombination is highly probable. In
Ga As pn junctions, with the p side posiltive, junclions made
with low p and n impurity concentrations show strong emission
at low temperatures due to exciton annihilation. When high

impurity doping concentrations (>10'%cm~ %) are used, however,

excit on formation is no longer possible as the conductivity of
the material is too high and emission is primarily due to
band - impurity transitions. Frequently the emission is due to

transitions from the conduction band to impurity band-acceptor

levels. Emission is confined to a thin layer, a few pum thick,
on the P side of the junction due to the injection of electrons.
The peak of this emission shifts to higher photon ¢nergies as

the current through the junction is increased until, at a
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critiéal current, the emission peak sharpens considerably and

laser action or lasing begins.

The shift with current of the peak emission to higher photon

energies indicates that the density of electrons in the

conduction band of the p material is rising. As the band is
filled up, so the "centre of gravity' of the electron

distribution moves to higher energies in the band hence creating a
larger average energy difference relative to the acceptor levels
in the band gap down to which the electrons fall during radiation

emission.

The lifetime of minority carriers is one of the key
material parameters affecting the performance of semiconductor

devices including solar cells.

In semiconductors, lifetime limitations are brought about
by; radiative recombination (e.g. excit on anihilation),
non-radiative recombination (e.g. phonon creation) and Auger
recombination . The latter mechanism has been known to be
of significance primarily in low-energy-gap semiconductors,
It can however dominate the overall recombination under
certain conditions in Ga As. Fig. 2.9 shows a schematic
presentation of Auger recombination in p-type Ga As. A
recombining electron and hole (1 and 2) transfer the released
energy Er directly to a second hole (3), which changes its

energy position by E = E; to the final state 3". The




probability of Auger recombination increases with increasing
hole concentration and temperature, whereas the probability of
radiative and non-radiative recombination decreases with
increasing temperature and hence exhibits a different dependence

on_carrier concentration.

Z\

Fig . 2.9. Schematic representation of Auger recombination
process in p-type Ga As. (After L. Jastrzebski, J. Lagowski,
H.C. Gatos and W. Walukiewiez. Inst. Phys. Conf. Ser. No. 45:
Chapter 5. 1978).

The effect of Auger recombination on the conversion efficiency
of solar cells is phenomenologically described by introducing

a critical temperature, T., above which the lifetime of holes
decreases exponentially with temperature. The probability of

Auger recombination, and thus the critical temperature, depends

significantly on the semiconductor band structure. In InP
the probability of Auger recombination is smaller than in
Ga As. Therefore T. in InP is expected to be higher than in

Ga As cells 3 ' InP appears to be superior to Ga As

as a material for solar cells working at elevated temperatures.
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" CHAPTER THREE

NUCLEAR MAGNETIC RESONANCE SPECTROSCOPY AND RELATED THEORY

Basic NMR Theory

The magnetic properties of nuclei were first postulated by -
Pauli®- *. The phenomenon of nuclear magnetic resonance (NMR)
has been effectively exploited by Rabi and his co-workers (3- 2. 3. 3)
Since the discoverey of nuclear magnetic resonance in condensed
matter (e.g. water and paraffin wax) by Purcell3 2 and Bloch3 s
this phenomenon has been interesting to chemists and physicists.

The theory of NMR is presented in many text-books ¢3- 673-713@)

Nuclear Spin And Its Quantization

Any isolated particle is assumed to have an intrinsic angular
momentum in addition to its possible orbital motion (in terms
of a quantum mechanical description). This intrinsic angular
momentum of the particle, callcd its spin angular momentum P, is
quantized according to the formula (similar to that of orbital

angular momentunm):

P = ®[ J(J + 1))/ (3.1)

where H = h/27 , h is the Planck's constant and J is a quantum

number or simply "the spin™ of the particle. For a proton or

a neutron J equals to %.



The concept of spin angular momentum is applied also to a
system of bgrticles, e.g. an atomic nucleus. The spin of an
atomic nucleus other than hydrogen (*H) is the resultant of the
spins of its constituent nucleons , The ,mqgni\—ude

of the nuclear spin angular momentum of such nuclei is given

by
P =1 [I(I + 1)]'72 (3.2)

where I is the spin quantum number of the nucleus, which may be

integral, half-intergral or zero.

For nuclei other than hydrogen ('H) the spin angular momenta
of the individual nucleons couple together with their orbital-
type angular momenta to give the observed total spin angular
momentum of the nucleus. Nuclei with an even mass number and
an even charge number have zero spin (e.g. '2C, '°0, and 2°Si).
Nuclei with an even mass number but an odd charge number have
integral spin [e.g. '°B (I=3) and **N (I=1)] . \Nuclei with an
odd mass number have half—intégral spins [e.g. ''B (I=3,;),
170 (I=°72) and 2°Si (I=%) 1. Thus, the nuclei of different
elements and different isotopes of the same elements differ
in spin angular momentum. This fact may be traced to details
of the internal construction of nuclei. Since NMR depends on the
existence of nuclear spin, nuclei with I = 0 do not show any

direct effects and for most purposes may be ignored.
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The quantization of angular momentunm implies quantization

of energy. Each energy state of a particle or nucleus is

specified also by the appropriate quantum numbers.

Spin angular momentum, being a vector property, has to be

specified by magnitude as well as direction for a full
description. This is done, in quantum-mechanical terms by
using a set of values of another quantum number m,, called a
magnetic projection quantum number, such that the component of
angular momentum P, along any chosen axis assumed in the z

direction is
Pz =Tl|!1 (3.3)

From quantum mechanics it is known that there are 21 + 1

allowed values of m., i.e.
my = 1, I-1, [-2, ..... L, -1 (3.4)

gince the component cannot be‘greater than the vector itself

- (Fig. 3.1).



Fig. 3.1. Spin angular momentum
vector, P and its possible orientations
in space for I=1.

In the absence of a magnetic field all these states of
the nucleus with different my's but the same | value have the

same energy. However, when a magnetic field of strength B, is

applied in a direction defined as z, transitions between
nuclear spin energy levels, which are no longer degenerate, give

rise to the phenomenon of NMR.

Nuclei with spin quantun numbersgreater than Y% also

possess electric quadrupole moments. This results in lifetimes
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for their nuclear magnetic states in solution which are
normally much shérter than those for spin % % nuclei. The

NMR absorption lines of | >% nuclei are therefore generally
broad by virtue of the uncertainly principle and not so readily
studied as those for I = % nuclei. For some purposes such

nuclei may be regarded as effectively non-magnetic.

Nuclear Magnetic Moments

Any motion of a charged body has an associated magnetic
field. This phenomenon also occurs on an atomic scale. When

electrons or nuclei possess angular momentum, there is a magnetic

moment. Since angular momentum is quantized on this scale, so are

magnetic moments. The nuclear magnetic moment T is given by

= BEx_un P (3.5)
¥

where wn = eh/dmme is the nuclear magneton

(5.05095 x 10727 JT-'). m, being the mass of a proton and gy

is the nuclear g-factor which takes into account the quantum
mechanical effects. The equation allows the nuclear g-factor to
be either positive or negative, where a negative g-factor implies
that the spin magnetic moment is anti-parallel to the angular
momentum as for the electron. Usually nuclear magnetic moments
are described in terms of magnetogyric ratios,y, defined as the
ratio of the magnetic moment to the angular momentum taking

explicit account of the sign of the relationship

L =7 (3.6)



.3

From equations (3.5) and (3.6)

'Y'ﬁ = EBNMN (3.7)

Therefore the magnitude of the nuclear magnetic moment is
given by

o= g LI+ D1 % = v [1(1+1)] B (3.8)

.Nuclei In A Magnetic Field

When a magnetic field of strength B, is applied in a
direction defined as z, a magnetic moment T would have an
associated energy U given in classical ternms by

U =-T.8 = -u. 8 (3.9)
where w, is the z-component of I. Quantum mechanically

Rz = gapnmr = yh m (3.10)

Thus
U = - hn:B, (3.1

In this case there are (21 + 1) non-degenerate energy

levels, corresponding to the 21 + 1 values of m; (Fig. 3.2).



U
% /N& = ~ %@
Ve
/
/
/’/’ 1
/MI =" /2
/ -
e —=7
A
s -
/-
= —> B,
]
~
x N\ ~
\\I \\\\
N SMp =1,
\\\\
23
MY-'Q

Fig 3.2. The nuclear spin energy levels for a
nucleus with I = 37, (e.g. 7Li, °B., ''B, 23Na,

338, 3I%°K, ®°Ga, "'Ga, 7"5As) as a function of the
magnetic field B,. The transitions obeying the
selection rule Am; = 1 for a particular value of
Bo are indicated.

Spectroscopy may be defined as the interacltion between matter

and electromagnetic radiation such that energy is absorbed or



emitted according to the condition ATE = h », AE being

the energy difference between the initial and Tinal states

NMR involves the magnetic energy of nuclei when they are

placed in a magnetic field, and the transitions occur in the

radio wave frequency region.
There are four basic concerns for the NMR spectroscopists

1. Obtaining spectra and developing the techniques used.

2. Evaluating the nuclear magnetic parameters from the
spectra.

3. Interpreting or predicting these paramelters using
physical or theoretical models.

4. Applying the knowledge gained to problems of

chemical interest such as structure determination and

evaluation of kinetic or Lthermodynamic data.

The energy of an isolated nucleus in a magnetic field B,
(applied in the z-direction) is given by Eq. (3.11). The
energy levels corresponding to the 21 + 1 values of m,; are
each separated by | ¥HtB, | . It is clear that in principle,
transitions may be induced between these levels by the use of
appropriate electromagnetic radiation. Thus for NMR transitions

of a single nucleus

h v = | »%B, Am: | (3.12)



y = | ( v/2«) BoAnm: | (3.13)

The seletion rule governing such transitions is

Amny = x1 , therefore

vy = lv/2x |Bo

This is known as the Larmor frequency as explained in the

next section. Since the resonance frequency is proporlional to

the applied magnetic field, either » or B, may be varied in

order to achieve resonance. Magnelic fields in the range

0-2.5T and frequencies in the range 0-24MHz were used in this

case.

Larmor Precession

An alternative approach to NMR, which is of great

illustrative use, is to consider the classical motion of a

magnetic moment in a uniform magnetic field Bo, under
condition of constant total energy. Nuclei with spin

as protons ('H), are often described in terms of tiny

the
%, such

bar

magnets for certain classical treatments but because of their
small size and the fact that‘they are always in a state of
motion, their behaviour differs in some ways from the ordinary
behaviour of macroscopic bar magnets.When placed in a magnetic
field the spinning nuclei do not all obediently flip over and

align their magnetic moments in the fieid direction. Instead,

like gyroscopes in a gravitational field, their spin axes

undergo precession about the field direction. This could be



explained as follows:

The torque ??, exerted on a spin magnetic moment I in
a constant field of intensity B, and in the z-direction is

- e >
T

= w x B = Bo(ﬂ'yi + I-ij) (3015)

This torque only has components along the x- and y-

directions i.e. it produces turning moments about the X-axis
[Fig. 3.3 (d)]. The torque therefore tends to align the

magnetic moment along the magnetic field as in an ordinary

magnet, but since there is no component of torque in the

z-direction or no turning effect about the z-axis, whatever

rotational motion originally present in the Xy plane is unaltered

[Fig. 3.3 (b)], resulting in a net rotational motion of the spin

direction
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Fig. 3.3. (a) shows a three dimensional illustration

of a magnetic moment u in the field Bo.(b) shows

a view of the same magnetic moment with the positive
z-axis pointing out of the paper. (c) the positive
x-axis pointing out of the paper (d) the positive y-axis

pointing out of the paper. The curved arrows show the
direction of any turning effect

of o in a cone with its axis along Bo as shown in Fig. 3.4.

Such motion is known as Larmor precession.



Bo

Fig. 3.4 Larmor precession about a static field
ca . - .
Bo of a magnetic moment 4 making an angle ¢

with the field direction.

The induced angular velocity of the precession is given by

@ = -7y B, (3.15)
Thus, since w = 2=« v, the Larmor frequency is given by
v = | v/2%x |B,. (3.17)

In nuclear magnetic resonance we often need to apply a
weak alternating or rotating field (termed irradiation)
perpendicular to the static field Bo. This is used to induce
various nuclear transitions and is very important in pulse
methods which will be introduced later in connection with the

rotating frame of reference.



If a weak magnetic field E: is added perpendicular to E:,

it exertS a torque on i:, tending to change the angle ¢ as 7:
precesses. The net effect is a slight wobbling in the precession

of HT referred to as nutation.

.
If, on the other hand B, is not fixed in direction, but is
-
rotating about B, with the same frequency as the precession of IT

and in the same direction, its orientation with respect toﬁr

i
will be constant. Suppose this orientation is such that B, is
——
always perpendicular to the plane containing B, and 7: as shown

-
in Fig. 3.5. The torque exerted on I by B: will in this case

consistently be away from E:,‘This is indicated by the curved arrow

——
labled by an associatcd force F. Consequently, a large effect

—

- ﬁ B,

on W is possible.

™

e

Fig 3.5 The effect of a field Bl perpendicular

to both Bo and 7 and rotating at the same
frequency and in the same rotational direction

as L. F is a force associated with the
torque exerted on .
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Since changing ® correponds to changing the energy of If in

E:, this‘condition in which F: rotates at the same frequency
as L is described as resonance, the frequency » of the
field B, requiréd must therefore be equal to the Larmor
recession frequency . # = | v /2= | Bo, this clearly being

in agreement with the quantum mechanical expression for NMR
absorption. The energy for the change of ® is of course
derived from the rotating field E:, which may be supplied by

radio frequency electromagnetic radiation.

The Blioch Equations

The motion of the magnetic moment I, described in the
previous sec tion, can be described as caused by a resultant
field

= Bo + By (3.18)

The interaction of this applied magnetic field E-and the

- — . -
magnetic moment L gives a torque given by
o .

= % xB (3.19)

T =4

dt

=Y

ginceby eqn. (3.6) P = & therefore
Y

d ZE = ¥y x
d t

-y
B

(3,20)

In treating the experiemtnal observations of nuclear magnetic

resonance, it is convenient to adopt the approach of Bloch3- @,

and to consider the assembly of nuclei in macroscopic terms.



: b o
A total magnetic moment or magnetization of the sample, M,
can be defined as the resultant vectorial sunm per unit

volume, of all the individual nuclear magnetic moments 7: in

an assembly of identical nuclei with magnetogric ratio v.

Therefore over a tunit volume

M o= P (3.21)
J

¥
oot

(3.22)

B: can be thought of as a field rotating in the xy plane at

angular frequency ®. Thus the components of.ﬁ are
Bx = B, cos wt (3.23)
By = -B, sin wt (3.24)
B. = Bo (3.25)

From Eq. (3.22) we gel three equations for the time

*.
deriyaliye of the components of M,

[}

Y(Myﬁo + MzBl sin (J)t) (3.26)

d My

d t

v (MzB, cos wt - Mx Bo) (3.27)

fl

d My

d t

d Mz

d t
'1ﬁese equations are not complete, since they do not account

-7 (MxB: sin @t + My, B, cos wt) (3.28)

for the decay or relaxation of M, and My back to their

equilibrium values of zero, while My returns to its equilibrium



value of Mo. Assuming these decay processes could be treated
as first-order with characteristic times T, and T,

respectively we have

d Mx = »(MyBo + M, B, sin wt) - M, (3.29)
dt T,
v(M: By coswt - MxBo) - M, (3.30)

B

= a
= o

i

v (MxB, sin ot + MyB, coswt) - (M. - Mo) (3.31)
}1

1]

|

[=9
-

T: and T. are often called the longitudinal and

transverse relaxation times, respectively, since they are the
time constants for decay of the components of magnetization
along and perpendicular to the field B,. They are also referred
to as spin-lattice and spin-spin relaxation times for reasons
to be explained later.

A clearer insight into the significance of these
equations in experimental terms is gained if the frame of
reference is changed from fixed axes x, y and z to a set of
axes x’, y’ and 2z’ imagined to rotate with H,, i.e. with
angular velocity -w about the z-axis. In this rotating
frame, which is illustrated in greater depth in section 3. 1.7,

both B, and B, an fixed. M may then be projected on the
X, y plane into components Mx~ and My-, which are along and
perpendicular to B,, respectively, and will accordingly be

in-phase and out-of-phase with B, (Fig. 3.6)



Fig. 3.6. The components of magnetisation
Mx: and My in a fixed plane (referenced to
the lab.) and the components My- and M.~ in

a plane rotating along with B, at the Larmor
frequency about the static field B, taken as
directed out of the paper. Mx+ and My~ are
along and perpendicular to B, respectively.

To transform to this new frame

Mx = Mx7 coswot - My sin wt

My = My7 sinwt - My”7 cos wt

(3.32)

(3.33)

Substituting these into Eqs (3.29) - (3.31) and putting

@, = ¥Bo, also noting that ‘

M: = M./

we get

(3.34)
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d My’ + M7+ (0o - @) Mys - 0 (3.3%)

dt T2
d My’ + My’ - (wo - @) Mes + » B M, = 0 (3.36)
d t T,
d M- + M. - Mo - ¥By Mys = 0 (3.37)
d t T,
In this case, the terms ( wo - @) are a measurement of how

far @ is from exact resonance. From Eq. (3.37), it is clear
that changes of M., which corresponds to changes in energy of
the spin system, are associated only with M,~, the out-of-
phase component of the magnetisation (re?erredztn rotation
of’iﬁ) and not with Mxs. 1[It may then be anticipated that
absorption signals will be associated with the measurement of
Mys. The component M.’ will be associated with "dispersion -
mode” signals. The actual method of observation is discussed
in greater detail in section 3.1.9 and in specific instrumental

terms in chapter 4.

The Intensity of an NMR Signal

The NMR signal is as a result of the induced current in
a receiver coil around the sample holder as shown in Fig. 3.7,

{I} therefore depends on the rate of change of the magnetization

rather than the magnetization itself.



A

p—3
-

SIDE COILS EOR
LOW RF TRANSMISSION
ONLY.

SAMPLE COIL FOR o
24 MHz TRANSMISSION
AND RECEIVING.

SAMPLE
HOLDER

Fig. 3.7. The transmitter and receiver
coils on a sample probe, showing the

. . B e
perpendicular fields B, and B,.

It is techniqually difficult (though not intrinsically
impossible) to produce a magnetic field rotating in two
dimensional space and therefore,as shown in Fig. 3.7,the
transitions are caused by a one dimensional alternating

. . = . . ) ——
magnetic field B,, derived from two RF frgnsm;ssien coils. B,
is conventionally in the x direction and acts on the component of

the spin magnetic moment in that direction. The whole set up of

Fig. 3.7 is built at the end of a probe which is inserted into

51
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the core of a superconducting magnet that produces the strong

—
static field B,.

In a steady-state NMR experiment Lthe spin system can

absorb energy from the radio frequency radiation at a rate

which depends on three factors viz:

1. the probability P. per unit time per spin of
a transition being induced
2. the population difference between Lhe spin states

3. the energy change appropriate to the transition.

A detailed quantum-mechanical treatment shows that

Peocy?2B,2 g( ») (3.38)

where g(») is a quantum mechanical energy factor.

In a strong static magnetic field, the population
difference between the spin states depends on the temperature
of the sample, the lower the temperature the greater the
population difference and henée the greater the absorption
signal. Since all experiments, in this case, were done at
liquid helium temperature (4 k), this suggested the likelihood

of a good signal.

Ihe Rotating Frame of Reference

The total magnetic moment or magnetization,-ij of the



sample is the resultqnt of the individual magnetic moments
7: and it therefore has a resultant precession in a magnetic

field, Tt is useful to refer the motion of the magnetization,

not to the fixed coordinate system of the laboratory, but to

—,
a coordinate system that rotates about B. in the same direction

in which the nuclear moments precess. This coordinate sytem

is often called the rotating frame of reference.

if

B
M= Mt + My J+ M. ok (3.39)
then
-
dd = I Mxi + M d1 + My G+ M I+ dMk
dt at at at ot at
+ M. 9k
dt (3.40)

= ( IMxi + OMyj + IMk) + (M@ 1 + My, @)+ M, Jk) (3.41)

at 9t dt dt 9t 8t
but . > >

i = T x i, Jj=@ xj, k=1 xk (3.42)

gt gt gt

where the magnitude of ® gives the angular frequency of

rotation of the unit rectors, while the direction of @ 1is the

axis about which the rotation occurs.

Therefore
> -> >
(dM) = M + @ x (Mx 1 + Myd + M, k) (3.43)
dt fixed at
> - ->
= (dM) + w x M (3.43)

In first equation above, the total derivative represents the

—
overall motion of M in the fixed laboratory frame, whereas the




-2
partial derivative represents the explicit dependence of M

on time in the rotating frame.

But since

> - >
(dM) = yMx B (3.45)
dt fixed
thereforg, > -
(dM) = yHxB-3 xM (3.46)
dt rot
=yl x (F+ 2 (3.47)
Y L]

The tern @7/ 7fhas the dimensions of a magnetic field and
can be considered a fictitious field that arises from the
effect of the rotation. Alternatively we can write the

equation in terms of an effective field

- -»> >

(dM) = ¥YM X Beer (3.48)

dt rot

- -> >

Beer = B+ @ (3.49)
Y

Thus the ordinary equation of motion applicable in the
laboratory frame is valid in the rotating frame as well,

except that in the rotating frame the magnetization appears

—
to be precessing about an effective field Beee.

The frame of most interest is one that rotates at about the

i
same frequency of the applied RF field B; since this choice of
rotating frame not only results in the simplest treatment but,

gives the resonance condition if it also rotates at the Larmor

frequency.



Magnetization in the Rotating Frame

With the aid of the rotating frame we can explain just how

the magnetization behaves during certain types of NMR
experiments and see more explicitly the effects of relaxation.
Assuming the only field present is E: along the z axis, taking

a frame rotating at an angular frequency

;; = —7f§: (the Larmor frequency)
and
—’
(dM) = 0 (3.50)
dtrot

therefore i’is invariant with time in this rotating frame.
If the field ﬁ: is applied in the xy plane and rotates in the

laboratory frame at o rad sec™'. Then in the frame rotating

at o
— -
Bete = Bo + & + By (3.52)
Y
at resonance
P
w = -vB,
therefore
—- s
Beee = B, (3.53)

Since at resonance B, rotates at the same frequency as the frame

we can arbitrarily assign it along the rotating x axis

designated x' axis.



- -

From . (dW) = M x B, (3.54)

dfrot
ﬁ-precesses about the x' axis in the rotating frame at

resonance.

el
In a time t (secs). the angle 0 through which M precesses is

is given by

0 = o't (3.55)
= 9Bt . (3.56)
If B, is applied for the short period of time
te = (_1) = (3.57)
2 v B, 2

M precesses or is tipped by 90° as shown in Fig. 3.8

Fig. 3.8 The 90° tipping of magnetization
M by-ﬁl applied for a period tmw /2.

This irradiation (the presence of B, along x' axis) over the

short interval tw /2 is referred to as a 90° pulse, similarly

we could have a 180° pulse.



Before the pulse, there is no phase cohcrence of the moments
3 13 A ’ .+ - -
in the x'y' plane and hence no component of M in Lhis plane

as shown in Fig. 3.9 (a).

Fig. 3.9(a). The situation before a
pulse with no spin phase coherence in

x' y' plane hence no component of
magnetization in this plane.

As a result of the pulse the moments lie in such an orientation

—_
that M is generated along y' as shown in Fig. 3.9 (b).
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Fig. 3.9 (b). 1Ihe situation just after
a 90° pulse with ]T'along the y' axis.

'After B, is turned off, because of the natural processes that
cause nuclei to exchange energy with each other, the moments begin

to spread out in the x' y' plane as shown in Fig. 3.9 (¢). Thus

y' component of magnetization M, - decays with a time

constant T,.

Fig 3.9(c). The spreading oult of spin

in the x'" y' plane resulting in the

decay of My: in a time T,.
T. here is the same spin-spin relaxation time referred to in
connection with the block equations. However, since the

magnetic field is not perfectly homogeneous, nuclei in

different portions of the sample experience slightly different



values-of B,, hence precess at slightly different frequencies
both faster and slower than the rotating frame. This process
too causes My to diminish, hence making T. shorter, since it

causes the nuclei to precess out of phaseuﬂ}heach other.

Spin-lattice relaxation also occurs as the nuclear moments lose
energy to their surroundings and thus relax, or tip back,
tqwards the z' axis, as indicated in Fig. 3.9 (a). Therefore
M. relaxes towards its equilibrium value of M, with time
constant T, as explained in connection with the block

equations. In general

T2

1)

T, (3.58)

Free fnduction Decay (FID)

Just after a single 90° pulse, irlies entirely along the y' axis
as indicated in Fig. 3.9 (b). As transverse relaxation occurs,
the change in magnetization in the x’ y' plane induces a

signal in the receiver coil which as shown in Fig. 3.7, lies

in the fixed x y plane. The x' y' plane being equivalent to

the x y plane since the z and z’' axes coincide. The detector
responds to the magnetization which has a fixed phase relation
to E: hence which occurs along a fixed axis in the rotating
frame in this case the positive y' axis. This is done by
‘phase sensitive detection referenced to the RF. Thus although

detection of the signal occurs when no RF is directly applied

(after the pulse), the RF reference is applied to the detector



céntinously. The detected signal is a pure exponential decay
shown in Fig. 3.10(b), this is called Lhe free induction signal or
FID signal, since the nuclei precess freely without an applied
RF. Since the induced signal depends on the rate of change

or time derivative of magnetization, the original magnetization
along the y' axis just after the pulse can be obtained by
intergration of the FID signal. This magnetization along the
y'-axis just after the pulse is approximately equal to the
hagnetization along the z-axis before the pulse. This me thod
of measuring the recovered magnetization isefmmaged in NMR
field cycling as is illustrated in chapter 4. It is assumed
here that the length of the pulse is short relative to T, and

T2.

Figure 3.10(a) shows a representation of the 90° pulse
assuming that the RF is turned on and off so fast that the
envelope during irradiation has the shape of a single ripple

of a square wave.
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Fig. 3.10(a). The representation of
a 90° pulse, assuming a square wave
envelope.

r_.__
{ |
L
L
| |
i |
0 S | L
0 h{ time

Fig. 3.10(b). _The FID signal after
a 90° pulse showing the pure exponential
nature. ‘ R

The exponential nature of the FID confirms 1he assumpléon made

in the derivation of the bloch equations in section
J.1.5 that the relaxation or decay processes could be treated

as first-order i.e could be represented by first order

6 1



différential equations, with decay constants T and T,, which

when solved would of course give exponentials. The FID only

confirms the T, case however.

If the RF is slightly different from the Larmor frequency of
the nuclei, considering Lhe frame rotating at the radio
frequency, then immediately after the 90° pulse ircan be
‘taken as lying along the y' axis. However,i;now rotates
relative to the rotating frame, and the detector displays

not only the exponentially decaying value of Mxy but also the

interference effects of Mx. and the reference frequency
alternately coming in and out of phase with each other, a

typical response is shown in Fig. 3.10(q).



Fig. 3.10(c). A typical off-resonance
induction decay response.

The shape of the FID is directly related to Eq. (3.36) for
By = 0 i.e. free induction. However the inte gration of the

block equation, Eq. (3.31) or the other form of the equation,
Eq. (3.37) for B, = 0 is of more practicql importance although

not directly related to the FID. From those two equations if

By = 0 then

g_M-Z = - M'I - Mo (3.59)
dt Ty ‘

Intevgrating this equation and putting an inte gration constant

such that M, = Mo as t - o0 or M, = 0 at t = 0, we get

Mz(t) = Mo(1l - exp(- /Ty (3.60)

This expression is used in section 4.4 in relation to the

experimental determination of T,. The boundary conditions

considered here have a specific meaning in that section.



Relaxation mechanisms

In this case, by relaxation mechanisas is meant the mechanisms or
interactions by which a system of nuclear spins reclaxes when put in

a large magnetic field once perturbed from its equilibrium state.

The NMR technique used in this investigation, as mentioned in
section 1.4, is NMR field cycling. This is described in detail in
section 4.3. Referring to Fig. 4.2 in that section, during the
relaxation period of field cycling i.e. at the field B., the spins

preferably align themselves along the external field but energy
changes produced by interactions constituting the relaxation

mechanisms. disturb them from this state.

It is the dependence of the recovered magnetization on the relaxation

field B. or on the frequency of any irradiation during relaxation
that helps to determine the particular relaxation mechanisas

involved, hence giving better understanding of the structure and

other properties of the sample being studied.

The most prominent relaxation mechanism is the spin-lattice
relaxation in which the spins directly lose energy to the lattice.

This is explained in detail in terms of the concept of spin

temperature and the densily matrix in chapter 6.

There are many interactions of interest,one example of which is the

interaction termed the dipole-diple interaction, - The two



interactions. found to be of greatest relevance here are the

quadrupolar interaction and the hyperfine interaction.

In Eq. (3.1) of section 3.1.1 the symbol I was used to represent

the intrinsic spin angular momentum of any particle in general.

This symbol was carried on, as can be seen from Eq. (3.2), to

rebresent the specific case of nuclear spin angular momentum. It

will however become necessary in subsequent sections to distinguish

between the nuclear spin angular momentum operator which will have
->

the symbol, I, and the electron spin angular momentum operator which

will be represented by gi The nuclear and electron spin raising

and lowering operators are symbolizedasi,, I_- and S., S- respectively.

3.2.1. The Quadrupolar Interaction

A charged lattice site at some point "A", like a site
occupied by an impurity ion will give out a coulomb

electric field and hence a field gradient which when

assumed spherically symmetric, is given by

eq(r) = e(l _OAZ (3.61)

2 wELEcr?®
(1 _Oh) is the Sternheimer antishielding faclor which takes

into account the electron shielding of the nuclear charge.
Lo 1n the permittivily of Frec spage

Er is the dielectric constant



An electric quadrupole, though unaffected directly by an

electric field, interacts with an electric field gradient.

Therefore any nucleus possesing a quadrupole moment

and lying at some point "B” within the influence of the

field gradient will interact with it.

The hamiltonian of this quadrupolar interaction 1is

o= e2q(ds) Qa1 -OB) {26(3 cos? 06 - 1)(31,2 - 1(1 + 1)

41(21 - 1)
+ 3Sin 6ga cos 0s (I (1. + 1) + (. + 1) 12)
2
+ 3 Sin2@ s (1.2 + 1-2)} (Abragam 1983)
2 (3.62)

where
do is the distance from A to B
eq(do), the electric field gradient at B due to the
charge at A.
0s, the nuclear quadrupole moment of the nucleus
at B.

0 s,the angle between the field Bo and the A - B bond.

(1 - O5), the sternheimer antishielding factor, designed
to take care of the distortion from spherical

symmetry of the core electrons at B caused by

the charge at A.
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The Hyperfine Interaction

Hyperfine interaction is basically due to magnelic

coupling between electrons and nuclei. As long as the

- —
nuclear and electron moments fa and . are far enough
apart, we expect their interaction to be that of a pair of

magnetic dipoles, the Hamiltonian being

= Ee . r_’:n - 3(}79 . _F)( T‘rn . E (3'63)
r3 rs (C.G.S)

where‘r is the radius wvector from the nucleus to the

electron.

The appropriate quantum mechmical expression is
obtained by using

- -

noo= ¥ hl (3.64)
After expanding the scalar products and expressing in
terms of raising and lowering operators, the hamiltonian

can be written in the form

= ve ¥n h? (A+B+C+D+E+F) (3.65)
r3

where the terms A to F, expressed in spherical co-ordinates,
. @ 3)

can be found in any standard N M- R text book.

Eq. (3.65) is best suited for expressing the hyperfine

interaction between an electron and a nucleus of another

atom.



Now consider the hyperfine interaction between an electron

and a nucleus 6f Lhe same atom, If H is averaged over the
electron wave function U(r), the cffective interaction

energy in the s - state is

o = -8 7 H.. Ea U2(0) (3,66)

5
J

where U(0) is the electron wave function in the s-state.

This ground state coupling energy can be expressed in

terms of a Hamiltonian for the interaction as

8{0= 'g_”_{ —}re . _Irn 6(?) (3~67)

where 8 (¥) is the dirac delta function.

using e = - v K8 and L. = ¥ oh T
xo=§l7e voi2 T. 8 5P (3.68)
3
For non s-states
(- rexat? [ 3@ . HE.H -7T.31 G5y

r3 r2
If W (?) is taken as the general wave function, then the

general Hamiltonian will be the sum of the s-state Hamiltonian
and the non s-state Hamiltonian averaged over this general

wave function, i.e.

I 1w 2 83 Ye vaht T .38 (F+ 4. 7, oA hHAED
—— rZ
[ I (3.70)

This hamiltonian will clearly be linear in the spin variables

Iv, 1y, 1., Sx, S, and Sz’i.e. in general

6 8




’Sc = Ax Ix S« + Ay Sy Iy + A, 1. S, (3.71)

or

,S{ R
= § . A .1 (3.72)

-
where A is referred to as the hyperfine tensor.

Eq. (3.72) is generally valid as an expression ¢ither for
the hyperfine interaction between an electron and a nucleus

of another atom or with the nucieus of the same atom, the

difference lies in the way - of calculating Xt

Double Irradiation

As mentioned in section 3.2, it is the dependence of the spectral

variation of the recovered magnetization on either the field B.

(Section 4.3) or the frequency of any irradiation during relaxation
(at the field B.) that helps to determine the particular relaxation
mechanisms involved. The process of irradiation during relaxation
is termed double irradiation. The radiation in this case is
generally of low frequency. This is all explained in greater

detail in the preceeding chapters.

Certain simple theoretical implications are inherent in Lhe process

of double irradiation that are not entirely obvious. As an



example, for spin % nuclei like phospherous, if the number of

nuclei in the twom. states + % and -% are specified by N, and
N_ respectivelyv the total number of spins

/

N = Nf + N- (3.75)

is constant. Application of an alternating field will cause a change

in N, and N_ as a result of the transitions induced. The two states X2

shown in Fig. 3.11.

- % N_
)
¥ hBo
i

+ 1% N,

Fig. 3J.11. The two energy levels of
spin Y% nuclei with separation

¥ hBo and occupied by N_ and N, nuclei
respectively.

If the probability per second of inducing the transition of a spin
with m, = + %% to a state m( = -% is denoted W(,, — <->», and
that of the reverse transition by W.., — ¢<+», the differential

equation for the change of population N, can be written as
dN. = N- W, = () - N, Weoy = o (3.76)
dt

From time-dependent perturbation theory, the probability per second
Pa—b, that an interaction V(t) induces a transition from a state



(a) with energy Ea to a state (b) with energy Ey, is

Pa, b = 2n I(blvia)t2 8 (Ea - Ep - Kow) (3.77)
h
(An expression equivalent to this can be arrived al Lhrough

density matrix considerations explained in seclion 8.2)

It is V(t) that takes into account any interaction mechanisms

affecting the systen.

Since

I(at vi b)] 2 = (bl vi a)l 2 ' (3.78)
it follows that

Pa > p = Py > a (3.79)
therefore

Weor = = ¥ - (o, = W (3.80)
Eq. (3.76) becomes

dN. = W(N-. - N,) (3.81)

dt
or

dn = -2Wn (3.82)

dt

where n is the population difference (n = N. - N.). The solution

of this differential equation is

n = n(o) e~2%t (3.83)



where n(o) is the populqtion difference at t = 0. It is clear
that if there was an initial population difference, it would
eventually disaﬁpear under the action of the induced transitions.
This situation is referred to as saturation, needless to mention
that the total magnetization is zero in this state. This is of
course undesirable if one is to obtain a spectrum of radiation
freﬁuency against recovered magnetization. Therefore care has

to be .taken in selecting the length of time of irradiation during
the relaxation period. Saturation does however find a useful

application in field cycling as explained in section 4.3.

The rate of energy absorption is given by the difference belween
the energy absorbed by spins, per second, that go from the lower to

H’l(’ Lpper energ\j leel and that emitted by spins that drop from

the upper to the lower energy level;

dE = N, Wi @ - N_Wh @ = hewWn (3.84)
dt

Since tn apPrDaChEs ‘zem.ast“gets. very la.rgg , it follows that the

resonant absorption of energy would eventually stop.

Even when the irradiation is not set at the resonant or larmor

frequency, we expect to observe a certain small amount of
absorption because when a sine vave of frequency gay fHz, is turned
on for a short period of time By’ v sec, its fourier lransform

reveals that we not only obtain a frequency component at the

frequency f but also components of frequency over the range



(f+ T "')Hz. Hence the shorter the time =z the wider the range.
It is the fourier component at the nuclear resonance frequency that
is responsible for the absorption. Therefore, where as it is

undesirable to choose too long a period of irradiation for fear

L 4
of saturation, . [L "+ should be long enough to give a narrow
enough range of fourier components in the frequency domain . T71is

eénsure narrow absorption peaks in the spectrum.
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CHAPTER FOUR

EXPERIMENTAL DETAIL

The Samples

The samples used were obtained from large ingots of substrate
material. They were single crystal samples measuring

10mm x 5mm x 0.5nmm.

Measurement Technique

Fig. 4.1 shows a block diagram of the instrumentation used for the
investigation. This is a type of pulsed NMR spectrometer as

opposed to the continuous wave (CW) spectrometer. The pulse NMR

receiver system is able Lo withstand large voltages and recover
very quickly from overload, in about 10 micro seconds or faster.
The sample circuitry in this type of spectrometer is not only able
to handle large RF voltages, between 100-1000 Volts, of very short
duration (about 10 micro seconds), but is also able to process the
weak nuclear signal in such a way that a high sensilivity is

achieved.

4.2.1 The Trapsmitter Systen

The transmitter system contains a very stable RF'CFyskU!
oscillator which runs continuously, this is in the
continuous wave mode, at a high frequency of 24 MHz. The
gate is an RF switch which is open in the presence of a

d ¢ pulse signal from the monostable pulse generator, which
in turn, is controlled by the BBC microcomputer, The gate

7 4



e
O
—_———

|

I

[

]

|

I

I

L

431NdW0D O¥IIW D89

HOLVY¥3INI9
NOILONNS
AJON3ND3Y4
MO7
j——— aION310S
T~ === I9NIINANODYIdNS 40 3yog ._
3402507171950
31vo
K"
A010313g
3131dWY3Yd d31dI7dnv JAILISN3S
anNo23s 3SVHd
4314IHS
3SYHd
y . YOLVY3INI9
L4 M 3s57nd
318VLSONOW
Y3IJITdWY X3SS3IM 31V9 HOLVI112S0
AON3ND3Y¥4 HOIH ZHW 97




4.

2

.2

is closed otherwise. The RF pulsesthat pass through the gate
are amplified by the high frequency Wessex amplifier which

is coupled to the sanple probe. The amplifier is capable

of delivering short (between 1-10 microseconds long) and
powerful (between 100-1000 volts) bursts of RF power in

such a way that the rise and fall times of the envelope of

the RF pulse are short compared with the width.

Since phase sensitive detection is used, the high‘
frequency oscillator also provides a reference output
signat, It is of great importance that none of this signal
leaks out into the laboratory environment and into the
sample coil because neither the amplitude nor the phase

of this stray signal can be controlled, resulting in many

experimental difficulties in the receiver system.

IThe Sample Probhe

The sample is contained in the RF coil L2, which is tuned
with capacitors C, and C», at Lhe Larmor frequency. This is
coupled both to the transmitter system and the receiver-
detector system. L. in this case is used both to transmit

-
Bi to the sample, and to receive the nuclear signal or

FID after the pulse. 'E: at the sample must be large
compared with the width of the spectrum being studied,which

ani
meansa By in the range of 10 to several hundred gauss.



4.2.3

The RF coils Ly and L, are arranged orthogonal to L2 and

. >
are used to provide a B: irradiation at lower

frequencies (between 0-800 kHz). Since L, and La are
-~
orthogonal to L2, this B, is in the same plane as that

provided by L, i.e. in the x' y' plane of the rotating

frame. Irradiation by L, and L, is referred to as double
irradiation. This is also computer controlled as can be

seen from the figure.

The back-to-back Oor cross-coupied diodes and quarter-wave
( A/70) sections of the RF cable are used to optimize the

Sample circuitry for both intense signals of short duration

(the pulse) and for very weak slowly decaying signals

(the FID signals).

The sample probe fits into the bore of a Superconducting
solenoid that provides the strong d ¢ magnetic field E:

——
which is orthogonal to Bi. This field is very homogeneous

and its intehsity is computer controlled.

The receiver detector systen

The sample must be efficiently coupled to the receiver such
that the maximum signal to noise ratio (S5/N) is obtained

from the nuclear induction signal. The pre amplifier and the
sample coil configuration determine the signal to noise

ratio of the entire systen.



Both the preamﬁlifier and the receiver should have a linear
response over a wide voltage range. Since phase sensitive
detection is used, no phase information is lost. The phase
shifter is used to vary the phase of the reference signal and

the detector discriminates heavily against any signal which

does nolt have the same phase and frequency as the reference
signal. The major disadvantage of this detection mechanism

is the difficulty of eliminating the RF signal leakage at

the resonance frequency.

Although its not shown in figure 4.1 (for simplicity) the
monostable pulse generator also supplies pulses for

triggering the oscilloscope. A triggering pulse is sent to

the oscilloscope after any one or series of pulses which
control the transmitter depending on when recording is
required, this being computer controlled. The oscilloscope
is of the digital storage varigty such that the FID signal

can be storedlong enough to be integrated by the computer

for a determination of the magnetisation.

Finally, the whole system takes advantage of the time

stability of the BBC microcomputer by allowing the computer

to regulate the length, spacing and repetition rate of the

RF pulse sequences.



.

3

Field Cycling

Field cycling is a technique suitable for the observation of

sample response to RF irradiation, laser irradiation
and other special effects in a low magnetic field range. The
significance of this particular refer ence to the low field region

is made clear at the end of this section.

This cycle begins with a comb of resonant RF pulses at a field

Bumr referred to as the NMR field (resonant pulses in the sense

that the spectrometer frequency of 24 MHZ,Which is the frequency of

the RF signal within the pulse envelope, is the Larmor frequency
at the field Bumn.) These serve to saturate the NMR signal (to

destroy the magnetization in the sample) and ensure that the

starting conditions are always the same for each cycle.

The sample is then quickly brought down to the starting relaxation
field, B, of a range to be studied. The nuclear spin system is

allowed to recover for a short length of time at this field and

finally the field is returned to the NMR field value, where a

single 90° pulse, as described in section 3.1.9, is used to measure

.the amount of nagnetization recovered . The cycle is then repeated

and a range of fields B, is scanned to produce a spectrum of the

recovered magnetization as a function of the relaxation field.

Each cycle or the whole experiment is preceeded by a period of high

preparation field, Bprep, which simply generates more magnetization

or "cools” all the nuclear spins of different species in the sanmple.

79



The significance of this becomes apparent in chapter 5.

The preparation time, tore,, was typically set Frcn? 2 to 5 minutes,

which was long enough to generate a considerable amount of

magnetization in the sample. The switching time, tswiiten, was kept
short to avoid relaxation during the switch. This was Rrom

8 to 15 seconds depending on the extent of the difference between
the fields Bwmr and B.. The relaxation time, trniax, was of course
kept short compared to the spin lattice relaxation time to avoid
measuring .equilibrium magnetization throughout the experiment. This
was set at anything from zero to 2.5 seconds. The sample was kept

at liquid helium temperature throughout the investigalion. The

signal to noise ratio variedhbmexﬂﬂmkm}fbexyrﬂﬂuﬂtbut was roughly in
the rangelof 100 to 1 which was reasonably good for this particular
investigation. The magnet stability was better than 1 in 10% per
hour and the field reproducibility following switching was also

better than 1 in 105

RF excitation may be introduced during the relaxation stage of the

cycle as indicated at B., in Fig. 4.2. This is referred to as

double irradiat{on as explained-in section 3.3.

Frequency scans were also obtained in which the relaxation field,
B, was kept constant for each cycle, while the RF double irradiation

frequency was varied to cover the spectral frequency range of

interest. . o o . s : L
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As stated earlier, the measurement of recovered magnetization is

done at the field Bwur using a single resonant 90° pulse. This

pulse consists of a short burst of 24 MHz irradiation and the field
Buwr is the field for which 24 MHz is the Larmor frequency for the
particular nuclear species being studied. Therefore depending on how
one sets the value of Bwumgr, it is possible to measure the

"partial” recovered magnetizations in the nuclei of different

species, more or less independently, provided their Larmor

frequencies are well spaced.

Furthermore, where as all spins of different nuclear species are
"cooled” during preparation at the field Bprcp, Lhe pulses used for
saturation after the preparation are resonant pulses for one
particular nuclear species, hence they only saturate nuclear spins

of that particular species while the rest remain cool. This point

reflects the importance of the preparation, in that these "cool”
spins could then act as a heat sink for the saturated or "hot” spins

during relaxation at the field B.. And should the "hot™ spins

appear to lose energy to these "cool” spins faster than they do to
the reservior lattice (a phenomenon which is loosely referred to as

cross-relaxation in the next chapter) then some form of coupling
between the "hot™ and "cool” nuclear spins would be suggested. This

is explained in more depth in terms of spin temperature in

section 6.3.

Although as discussed earlier, it can be said that the different

nuclear species in a sample can be observed independently using

8 2



field cycling, this should not be taken to imply that the spins

of different species are not coupled by any interation mechanism.

Field cycling is suitable for investigation in the low field region

as indicated at the beginning of this section. The advantage being

that although the interaction mechanisms (which are effectively

relaxation mechanisms) being studied take effect during relaxation
at the low field B., the actual mesurements are carried out at the

high fields Buwmr, hence effectively anplifﬁng the signal.

Experimental Determination of Spin-Lattice Relaxation Time, T,

A procedure similar to that used in field cycling was employed for
the experimental determination of the values of T.. During the

relaxation period of field cycling, Eq. (3.60) applies because as in

section 3.1.9. we have here a situation where By = 0, as long as
there is no double irradiation. Furthermore we would also assume

in this case that M, ;\Mo as t — oo and of course M, = 0 at

t =0 i.e. after saturation.

Going through the procedure of field cycling but this time keeping

the relaxation field B, constant, wQ COUJd meqgsure H’I&

recovered magnetization as a function of the time within which the
system is allowed to relax at the field Br7i.e. the relaxation time,
Ty . This is done for a series of values of t to produce a graph of

M: versus t. This graph is then extrapolated to obtain Lhe
"saturation value” of M,(t) for very large values of t, i.e. the value

. 8 3



of Mo.

From Eq. (3.60) it is clear that

In[Mo - M.(t)] = -1t (4.1

Mo Tl
therefore using the value of M, obtained from the extrapolation

explained above and taking the values of M-(t) and t obtained,

the'straight line graph of In[M, - Mz (t)] versus t can be
Mo

obtained, from the gradient of which the value of T, is evaluated.
~.
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- CHAPTER FIVE

EXPERIMENTAL RESULTS AND DISCUSSION

Results of T, Measurements

Table 54 -chows  values of the spin-lalice .
reloxabion time T, measured ak vakious angles o%.. .
arientakion o .bhe. magnetic Pield. By, This. beng
relabive. bo Hhe. (100) plane of the won doped ndtum

phOSPhid@ru Cr:g%vl:lll.%a'._-u_ The experimental method used to

measure T, was explained™in section 4.4. This table refers
to InP : Fe which has a cubic structure, hence the T, values were

dlrnijsd::w symmetric between the angles 0° - 45° and 45° - 99°.

Despite the large values of error, it can conclusively be said that

the table shows an increase in length of T, with the angle.
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Table 5.1.

function of the angle b

The spin lattice relaxation time T., measured as a
ﬁLween the [100] plane of the crystal lattice

and the magnetic field

ANGLE OF T, LEAST SQUARE
ORIENTATION (Seconds) FIT ERROR
(degrees) (Seconds)
0 549 + 67
7 669 + 189
15 724 +208
22 749 + 151
30 773 + 109
37 801 + 20
45 868 + 22

The error was obtained from the standard deviation in the Least
Square Fit approximation of the experimental straight line
In [(Mo - M(t))/M.] versus time described in section 4.4. Al

symbols are explained in that section.

This error is evidently very largé, which reflects the difficulty

in obtaining accurate experimental valuesof long T,. This

difficulty is due to the electrical noise in the sysbemdespite
Y

the 1 in 10°% per hour field stability and a good field

reproducibility.



) Field Cycling Resulls (without double irradiation)

5.2.1 Cross-relaxation in [nP : Fe

'Fig. 5.1 shows a phospherous field scan of InP : Fe
without double irradiation. The spectrum shows a

distinct narrow peak in the low field region. This peak

is very reproducible, as can be seen in the more

sensitive scan of Fig. 5.2. The peak was seen to be

around 50 Gauss for all angles of orientation (of the

sample) considered.\Fbr au lhe sp9c}r0 W ¥his chapker>

the angle of erientabion s 0° unless indiwcaked
obherwise .
Fig. 5.3 and 5.4 show spectra obtained at angles of

orientaion 15° and 30° respectively. The peak diminishes
rapidly in intensity with increased angle probably due

to the increased high field spin lattice relaxation time.

The peak is thought to be either due to quadrupolar
interaction around the impurity atoms or hyperfine
interaction, both of which are illustrated later, on a
quantitative basis. This suggestion is based on the fact
that the pgak should be due to coupling between the
phosphorous and indium energy levels. At the start of a
cycle, the Indium (say) is cold and the phosphorous hot,
following saturation. Relaxation at a field where the
transition energies are the same causes magnetisation
transfer and hence the peak, this is proved by double

saturation which is discussed later.
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For InP : fe, the Fe impurity site is almost neutral as the
impurity electrons are strongly localised, resulting in a
deep electron level in the band gap (by impurity electron,
is meant, an electron from an impurity atowm, that may

occupy the impurity level in the band gap of ths

semiconductor). Consequently, the magnetic hyperfine
interaction due to the impurity electrons is likely to
dominate the quadrupolar interaction as the impurity site

is essentially neutral.

As shown in Chapter 3, the Hamiltonian for the combined

symmetric Hyperfine and Zeeman interaction is,

€ - wagS. B+ 9o B.1+A1.S (5.1)

(symmetric in the sense that all components of the

hyperfine tensor are assumed equal to the scalar Factor A),

A

where the first two terms areielectron and nuclear Zeeman

terms in that order. A is the Bohr magneton and g the
N
electron g-factor. All other symbols are as explained in

Chapter 3.
At high fields

B >> A (5.2)

g9 2




The hyperfine term can then be considered as a small

pertﬁrbation on the Zeeman term,in khi3~case the states

IT m¢ § m¢> can be taken as approximate eigen states of

AN

the system, resulting in an interaction energy of the

form
E~ wnegB #s + B m, + hyperfine term (5.3)

The hyperfine term to a first order shift, by the time

independent perturbation theory)is
<Imy SmelA 1.SI] my S me> = A m1 mg (5.4)

This is a diagonal term, suggesting that we get pure

states at high fields.

At low fields

A>> 8B (5.5)

In this case the hyperfine term assumes considerable
significance, hence the states I[ m: S ®s> can no

longer be considered eigen states since, as shown in
Chapter 4. The hyperfine Hamiltonian can be expressed in
terms of raising and lowering operators I,, S., etc. in
such a way that the states!] m: S ms> can not be

eigen states. We therefore get mixed states at low fields.
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The matrix elements for the combined hyperfine and zeeman
interactions were evaluated numerically and the Haniltonian

matrices diagonalised. The resulting energy levels for
indium are shown in Fig. 5.5. Since indium is a spin (§/ 2)

nucleus, the Hamiltonian matr)x is sixty by sixty.

The hyperfine faclor A was assumed to be equal to 75 MH:z
for phosphoruyg and 15 MHz for indium, values obtained from
Electron - nuclear double resonance (Endor) measurements
of simialr materials like Ga:P MnS '. Endor is a type of

spectroscopy as is NMR and ESR (electron spin resonance).

This diagram, as predicted earlier shows pure stales at
high fields and mixed states at low fields. It clearly
shows that the hyperfine interaction splits the zeeman
energy levels. In the case of indium s i From ten e Six"g

non degenerated levels, hence creating conditions for

possible cross coupling between the two nuclear species.’fhese

ahre conditions under which, for a particular field, the
energy sﬁhcing between two indium levels (between which
a transition is allowed) is approximately equal to a

corresponding phospherous energy difference.

To place the suggestion that the observed peéks are due to
hyperfine interaction on a more quantitative footing, I

adopt a method developed by Dr. P.J. Mc Donald (my
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supervisor). This is a new approach in the process of
improvement and was included in a paper® 2, unpublished at

the time of writing.

For the zeeman/hyperfine Hamiltonian, an expression for

the nuclear spin transition energies has been obtained by
Van Engelen , using second order perturbation Lheory. This
expression is used here both for phospherous and indium
spin transitions, thetwo being equated for an estimate of

the cross coupling fields. The validity of this approach

is strictly limited to high fields but the method is used
here as an extrapolation to lower field values permitting

more quantitative analysis.

As explained earlier, for Fe in In P : Fe, the impurity

electron for the neutral defect site is localised and hence
the hyperfine dominance. Cross coupling occurs approximately

at fields satisfying

YoB +ms Ay - (s(s+1) -m.% *+ m. (Zm. - 1)AZ,
27 Zg i aB (5.5)

= YinB + me Arn - (s(s + 1) - me? + 0.(2mra -1)A1n2
2« 2gunh

where all symbels and subscripts have their usual meanings.

This equation is quadratic in B and when solved, for all the

allowed values of Bpylrn and ms, gives the results of
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Table 5.2.

As expected, most of these values ljg¢ in the low field
region, the lowest being 3.6Ebd¥Tst1We do however get
clusters of rather large field values where coupling is
predicted, the largest being 6.3 Tesla, Uhese haven't as
vet been observed or fully explained on the basis of the

available spectral data, except to say that their small

relative occurance reflects a correspondingly small

significance in terms of the observable spectral transitions.
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Table 5.2. Possible cross-coupling field values
induced by the . Zeeman/hyperfine interaction in
InP : Fe, as predicted by second order perturbation

theory

POSSIBLE CROSS COUPLING MAGNETIC FIELD VALUES (Tesla)

VA T
&@59E - 4 6.347E0 -9.186E-3 1.278E0
D3E - 4 6.347E0 -1.278E0D 9.186E-3
-4,448E- 14 6.347E0 -1.278E0 9.142E-3
-4.893E-4 6.347E0 -1.278E0 9.098E-3
-5.338E-4 6.347E0 -1.278E0 9.055E-3
-5.782E-4 6.347E0 -1.278E0 9.011E-3
-6.227E-4 6.347F0 -1.278E0 8.967F-3
-6.672E-4 6.347E0 -1.278E0 8.923E-3
-7.117E-4 6.347E0 -1.278E0 8.879E-3
-2.134E-3 J.810E0 -1.278E0 8.835E-3
-2.178E-3 J.810F0 -3.810E0 2.489E-3
-2.223E-1 3.810E0 -3.810E0 2.445F-3
~-2.267E-3 J.810E0 -3.810E0 2.401E-3
~2.312E-3 3.810E0 -3.810E0 2.356E-3
-2.356E-3 3.810FE0 -3.810FE0 2.312E-3
-2.401E-3 J.810E0 -3.810E0 2.267E-13
-2.445E-3 J.810E0 -3.810F0 2.223E-3
-2.489E-3 J.810E0 _ | -3.810E0 2.178E-3
-8.835E-13 1.278E0 -3.810FE0 2.134E-3
-8.879E-3 1.278E0 -6.347E0 7.117€-4
-8.923E-3 1.278E0D -6.347E0 6.672E-4
~-8.967E-3 1.278E0 -6.347E0 6.227E-4
-9.011E-3 1.278E0 -6.347E0 5.782E-4
-9.055E-3 1.278E0 -6.347E0 5.338E-4
098E-3 1.278E0 -6.347E0 4.893E-4
42F-3 1.278E0 -6.347E0 4.448E-4
1.278E0 -6.347E0 4.003E-4
1.278E0 -6.347E0 J.559E-4

On the othQr hand, spin diffusion transferring magnetisation

from nuclei near an impurity to more distant nuclei,may

be less efficient at high field.

5.2.2 Cross-relaxation in InP : §

Fig. 5.6 shows a phospherous field scan of InP : § wlthout

double !rmdlahon the angle sf orientation was o°.
e The spectrum clearly shows a peak an
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order of magnitude (i0x) broader than the one observed in

the InP : Fe.

If we consider the sulphur impurity at an indium site, Lhe
impurity electron is diffuse,Lz~19 ab a shallow level.
Mence the site is not neutral but has a charge +e, the
quadrupchz interaction is expected to be significant around
this charged site. The hyperfine interaction on the other
hand is of negligible importance on account of the

impurity electron not being localised.

The electric field gradient due to the remaining nuclear

charge at the impurity site is assumed $o beﬁspherica\\g

symmetric and given by

eq(r) = e(l -Os) (5.7)

2w EoEt?

where all symbols are as explained in Chapter 3 and

similarly the hamiltonian for the zeeman quadrupole

interaction is

™~

oo o yiah B L+ e20(d0)Qin (I -Tia){
41 (21 - 1)
% (3 cos? 6 1n -1)(31.2 - 1(1+1)+ 3 sin 6 1n cOs® rn(
2
[.(Ta+12) + (1.+ 12)12) (5.8)
+ 3 sin20 a(l.2 + 1-7)}
2

this of course being only applicable to the indium nuclei

since phospherous is a spin % nucleus with zero quadrupole
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moment.

The matrix elements for this interaction were evaluated and
diagonalised numerically, the result of which is shown in

Fig. 5.7.

Table 5.3. Possible zeeman/quadropole induced.

cross-coupling field values in [nP :§ as

predicated by second order perturbation theory

POSSIBLE CROSS COUPLING MAGNETIC FIELD
VALUES (Tesla)

1.36600825E-3 1.66628019E-2

5.2669844E-3 1.72861912E-2
-9.97054057E-3 1.5980144E-2
-1.34941542E-2 1.34941542E-2
-1.5980144E-2 . 9.97054057E-3
-1.72861912E-2 5.2669844E-3
-I.GBGZQOIQE-Z i -1.36600825E-3

Although the quadrupole interaction does not split the
ten zeeman levels as in the hyperfine, it alters the

field dependence of zeeman levels significantly.
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Field cycling cross=coupling occurs when the energy of
phosbherous transitions equal  the energy of indium
transitions around the Fe impurity. Using similar
considerations as in section 5.2.1, based on second
order perterbation theory, cross coupling occurs

at fields closely satisfying the condition

ZEB = ¥ inB - 362(1((11)an(2ll1n—11 (5.9
2 2 8l:n(211n-1)h

Q, being equal to zero.

d;, is the Fe - In bond length

This equation is solved for a series of fields in the range
0 to 2000 Gauss, the result of which is shown in Table 5.3.
As expected the field values extend to higher fields than
in InP : Fe excluding the very high fiéld clusterings.
However, they do not extend as far as the observed peak and
clearly, more theoretical work directed to explaining this
is required.

1f indeéa the observed éeak is du€ to cross-coupling
between the two nuclear species then by saturating both
species before each cycle we would expect the peak to

disappear. This is because by saturating a single species

we made that species "hot' while the other remained "cold’
and hence acted as a resevior for energy transfer, which

would not be achieved if both species were hot.
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This experiment was carried out and the result was Fig. 5.8.
The upper graph was obtained with phospherous saturation

alone, while the second one was a result of the saturation

of both nuclear species.

The small hint of a peak in the lower graph was probably
due tp Indium - 113 which was not saturated and has a

natural occurcnce of 4.28%, while indium - 115 which was

saturalted has 95.72% occurrence.

5.2.3 Cross-Relaxation in Ga As : Si

Fig. 5.9 shows the cross-relaxation peak (withoul double

irradiation) in Ga As : Si. Here again, we observe a

relatively broad peék pointing more to the quadrapole

than to the localised hyperfine interaction. The silicon
impurity substituting for a Ga atom introduces a shallow

defect level. The impurity electron is diffused, and the

hyperfine interaction can be ignored.

As in the In P : S field ¢yecling cross—coupling should occur

at fields satisfying the condition

vasB - 3e2q(do)Qas(2mas - 1) = Y Gab
2 = BIAS(ZIAS - l)h ) Z ™
-3¢2q(d;)0ca(2mca = 1) (5.10)

8 ]Ga(ZIGa - l)h
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Table 5.4. Possible zeeman/quadrupole induced, cross-coupling

P

field values in Ga As : Si as predicted by second order

perturbation theory.

POSSIBLE CROSS COUPLING MAGNETIC
FIELD VALUES (Tesla)
1.365E-1 ‘ 0.000E0
1.504E-1 i 4.5441E-4
1.653E-1 0.000E0
1.084E-1 -1.228E-1
I.151E-1 -1 151E-1
1.228E-1 -1.084F-1
0.000E-0 -1.653E-1
-4.541F-4 -1.504E-1
0.000E0 -1.365E-1
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Table 5.4 shows a range of fields satisfghg this condition
Pl
and clearly shows consistency with the observed spectrus.

Galliumyas mentioned carlieryexists in two naturally
occuring isotapes i.e. Gallium - 69 (50.4%) and Gallium - 71
(49.6%). Fig. 5.11 shows a Ga - 69 scan with Arsenic
saturation and in Fig. '5.12, Gallium - 71 is also salurated.
Fig. 5-10 sh?ws an ordinary Ga - 69 scan performed under
exactly the same conditions as the other two. Successive
reduction in peak height is observed in these three spectra

as would be expected.

.3 Field Cycling Results (with double irradiation)

5.

3.

1

Double Irradiation of In P : Fe

Fig. 5.13 shows a frequency scan at 7083 .T.A more sensitive

frequency scan of the same nature as shown in Fig. 5.14.

fn these Lwo scans it can be seen that all prominent minima

appear at the Lheoretiéal Larmor frequencies for both nuclear
species. Certain minima are observed which correspond to a
double flip or even triple flip of the nucleiyi.e.

Am =2 and Am = Jywhere Am is the difference between the
magnetic projection quantum numbers of the two states before
and after the transition. Certain minima were seen to be
broader than gthers , which probably was due to a
superposition of two minima corresponding to appropriate

"orders” of transition in the ltwo nucledrspecies.
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The spectra of Fig. 5.13 and 5.14are Cor Ph()éphor‘ue’s(jang but
as:ceen, the pimima observed are due ko wmdwm trapsthons.  This
suggests a coupling between the two nuclei.,fhig cp;qﬂiﬂg and Hhe

flip transitions referred to earlier are explained later.

Figs. 5.15 through to 5.19 show field and frequency scans
at various angle§ of orientation of the sample. The

intensity of these minima was seen to be dependent on the

angle, FThere is a general reduction of intensity as the

angle increases from zeéro, bo 45‘:’ ~and a gradual resbmhon
ds ik increases ’?mm’: 45 te 90° , Lhis is clearly due to
the change in spin—latticé relaxation time which follows

a similar pattern.

I't was hoped that double irradiation scans of this sort
would identify cross coupling transitions, by enhancing
some transitions with irradiation. The holes in the
InP : Fe spectra a4¥ appeared at bulk matrix nuclei

resonance fields. More interesting effects were seen in

InP : S.

.3.2 Double Irradiation in InP :S
Figs 5.20 and 5.21 show the spectra of three different

double-irradiation field scans at the EEGQ’U&“CMZS‘;.@*?‘;

900 kHz and 1 MHz respectively.

i b . 2119 U S TR I |
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oy
These give a result very much similar to that observed in
the [nP : Fe except for the sudden rise in magnetisation

on the low field side of the In Am =1 hole, observed .

around 950 Gauss. This feature was readily reproducible

as can be seen from the two figures.

Fig 5.22 is the spectrum of a close-up scan of this feature.

No explanation has,as yet,been given for this effect

except to say that it could be some form of localised effect

due to the quadrupolg interaction discussedsiv s,

Fig. 5.23 is included to show that the cross-relaxation
region is very wide for this sample and although, as

expected, the magnetisation (recovered at lower field)

relaxes towards zero relatively quickly, a considerable
amount of magnetisation is nonetheless retained at zero
field. Thissprobably due to bulk effects and the fast
ultra low=field spin—=lattice relaxation. A different

approach to explaining this observation is given in section

6.1 (in terms of the concept of spin temperature).

3

High Pressure Field Cycling in InP-: §

Figs 5.24 through to 5.27 show phospheru.s field scans with double

irradiation, carried out at a pressure of about Zk b@rs on

the sample but at different successive times.
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A marked broadening of the quadrupole peak (by about a factor of

T

two) is observed which could bé as a result of some change to
the band structure inherent at such a high pressure, or simply

a shift in the. fermi level.

A hump—Iike feature is observed at around 2000 Gauss and secems to
shift towards the lower field region rather linegply with time as is

apparent from the four spectra. This may be due to decreasing

pressure resulting from a leaky bomb (high pressure:vessel).

These scans are at a very early stage in the investigation.
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GENERAL DISCUSSION IN TERMS OF THE CONCEPTS OF SPIN TEMPERATURE

AND THE DENSITY MATRIX

For the discussion of most of the field dependent phenomena
1hét are studied using magneti€ field cycling, the concepts
of the spin temperature and the density matrix are of such
paramount importance that one tends to feel that ja discussion

of field cycling is incomplete without their being mentioned.
This discussion is strictly a part of the NMR related theory
of chapter 3 but some of the experimentally observed spin
phenomena like zero field magnetization and cross-relaxation
are accounted for so naturally in this approach that it seemed
a premature inclusion before chapter 5. However, only a simple

general discussion is given here.

It must be mentioned that the concept of the density matrix . in
particular (which assumes the existence of spin temperature
for certain approximations) is a growing theoretical approach,

To actually relate it directly and in detail to the localized

interactions suggested by the observed spectra (e.g. hyperfine
and quadrypolar) is non trivial .but nog}heless very

interesting.

1 Relaxation in Terms of Spin Temperature

As mentioned in section 4.3, the different nuclear species in a
sample, can be observed independently using field cycling, as
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long as they resonate at well spaced frequencies. This leads
to the suggestion that the identical spins of a particular
nuclear species could, under certain conditions, be treated. as

a single macrosystem while the rest of the lattice acts as a

heat bath.

Considering a system of N non interacting identical nuclear spins

-
placed in the stalic field Bo. Assuming these are spin %% nuclei,

as in the caseFor phospher¢us, the spins will precess in a

general direction either parallel or anti parallel to the field

—
Bo..

If n spins arc oriented parallel to the field (M = %) and the

remaining (N-n) antiparallel (M: ~}§),the energy of Lhe

system is given by

E(n) = n(=—»hBs) + (N-n)(_hBa) (N-2n) v hBa (6.1)
2 2 2

Fig. 6.1 shows bwo. dsf-’?erent,.mtcms\-a}es ?or:a;’uuo»dtmen‘ional
model ~LW}h¥i"N!=f39% both of which correspond to the same
macrostate n = 2. The two microstaltes are distinct physically
different states because the Lwo nuclei with "spin up” are

located at different lattice sites in the two cases
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Fig. 6.1. (a) and (b) show two different
microstates, for an array of 9 spin %

ﬁuclei, both correponding to the same

macrostate n = L(AHP;I‘ F Vlandi, sh‘.\hshcul
physics, 7. ey & son(Londen, 1971)) .
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Cleacly‘allznicrostateSTvathc same macrostate give ‘the same
total energy. The number of microstates with energy E(n)
is given by the number of ways in which n sites can be selected,

out of the total of N sites, at which "up-spins’ are placed, all

other sites having "down-spins’. This number is

Q,(n) = (N) = N (6.2)
n nt(N-N)!?

Taking an energy interval & E < v hBo, the interval contains
only one energy level and since Q.:(n) gives the nuamber of
microstates with the same enrgy E(n), it follows that Q,(n)

is the statistical weight of the macrostate with energy E(n).

As a measure of the disorder of a system in a given macrostate,
the entropy is given by

S = kselnQ, (6.3)

where ks is the Boltzmann's constant.

At thermal equilibrium, by definition, Lhe absolute temperature

is given by

_%_= jL? (6.4)
dE S .

So far, this only goes to show that the concept of temperature
has natural occurrence for a spin system under Lhe simplifging

conditions and assumptions stated in this section.

Assuming ... ; . Lhat the lattice acts as a heat bath and

Pha}'the combined total energy of the spin system and the lattice
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has a constant value Eo; . IF the spin system possesses a
discrete set of energy levels En, then the probability P, that
the spin system will be in a state with energy En will be
proportional to the number of lallice stétes Q>(EL) compatible

with this energy level. Sgnce

E; = En *vEL , (6.5)

‘one can write

Pn = const. Q,(Eo - En), (6.6)

- The entropy of the heat bath is given by

Sz(Eo - En) = knLnQ2(Eo'En) e (6.7)

Therefore

Pn = const. expl(S2(Eo - En)/kal (6.8)

The average energy of the lattice is very large compared to that

of the spin system.Therefore

En << ED ° ,‘ . (ﬁ~g)
In view of this, expanding the function S2(Eo-En) into a

Taylor series about E\ gield

Se(Eo - En) = S2(Eo) - En 9.82(Ea) + Y%En @2S,(Es) +_ _ _ (6.10)
9 E. 9 o2
By definition
88,(E) = 1 (6.11)

8 Eo TL
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— ﬁhefe”TL ishthc ienpera(ure 6! the lattice. lgno}ing all Terms c?

order -higher thanongand substituting equ. 611 ko 6-€ gives

Pn = const.e)rp(-h (6.12a)
kBTL

where the term eS2(Eo)/ks goes 'as part of the constant.

For normalization of the probability

Pn = _l_exp(:ﬁn/ (5.12[))
: VA knTw o
where ‘ .
1 = zexplcr ) (6.13)
] kBTL

15 the partition function. .
Eqs. (6.12a, b) assume of cause that the spin system is in

thermal equilibrium with the lattice. However, vast progress
in solid state physics, and particularly in interpreting the
behaviour of spin systems arose frOI.realising that for any
other non-equilibrium states, it is equally valid to say that
the probability of the spin systenm befng in a state with

energy En is given by

Po = _l_ggp(s"/ < (6.14)
YA kuT,

?fhls formally assigns a temperature T. to the spins, called

the spin temperature, which is not necessarily equal to the

latlice temperaturcaf;uch a state in which thermal equilibrium is
diﬂkﬂbed,etcuxsin the presence of a varying external field.

However, Eq. (6.14) is only valid when the spins are in
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equilibrium with each other (although not with the lattice) and

this suggests a siailar condifion for the validity of a spin

temperature.

If an expression is obtained for the time rate of change of

spin temperture, it is likely to give some further insight
~into the relaxation of a spin sytem.

To do this, .Let; ‘ﬁ{ be the flamiltonian of the svstem with

eigen valucs E, and Lle-“ these energies \be mcasured froa

a reference such that

2 Ea=0, (6.15)

Then
¥ - o (6.16)

which is a condition fulfilled for the zeeman interaction.
The average energy of the system is
E = 2 PnEn N ’ (6-17)

n
’Thbt? Bs = 1/kaTs (the spin temperature paraneter), (6.18)

dE = dE d B« , (6.19)
dt dB . dt
dE = d 3 P, E, (6.20)
dﬁs dﬁs n ’

and ~ P, = 1l e"B .%n (6.21)
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Assume.. Lhe temperature to be high enough so that
B sEn << 1.

I = 2 e Basfn = X (1 - BaEn + BL2E%0 + ...) (6.22a)
n

n 21

By Eq. (6.15), the second term in the expansion vanishese .
Neglecting all other higher Qrder terms, Z becomes equal to
the total number of states

7 =N - (6.22b)
Using Eq. (6.20),

if - -

ar X E%, e B #%n (6.238)
dﬁ s n

= j—

or, by neglecting all high order terms of the exponential

dE ~ -1 X En? (6.23b)
dB s N n *

.SUbstituting this into Eq. (6.19)

dB. =-N _1__ dE (6.24)
dt S Ea2 dt
n
To evaluate QE , b w'r‘oi'e
dt
dE = d = PuEn = I En dP, (6.25)
dt dt n n dt

[f Wmyy, is the probability per second that the lattice induces
a transition of the system from ® to n then

dPn = X (PuWmn - Pn Wom) (6.26)
dt m
therefore
dE. = X (Pm Wan - Pn Wam) Fa (6.27a)
_ dt an
dE = %3 (Pm Wmn - Po WomdEn + % Z (Pu¥om - Pm Wan)Em
dt mn
(6.27b)
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=

% Z(PMWMQ —1 innm)(En = Em) (5.27C)
mn

(=N
o~

By Eq. (6.21) it is clear that

Pn - Pm e(Em - En)ﬁsl (6.28)

when the system is in thermal equilibrium with the lattice
(When Ta = Tb)y 7

Pm Wmn = PaWom ‘ (B.Zga)
wmn = _R_g Vom ) I 5 (ﬁ.ng)
Pm
Won = Wnm ¢ (Em - En)rdi» (B.ZQC)
where B+ = 1/(ksTy), the lattice temperature parameter

substituting Eqs. (6.28) and (6.29¢) inlo Eq. (6.27C),<Xﬁﬂ1

= 163 Pm Wmnll - g (Em-En) (‘f’s-ﬂl..)“ 1 (En - Em) e

d
d mn (6.30a)

[
t

By expanding the exponential and ignoring the high order
terms, one cbhans

4 ~16 3 Pum Wan (En - E)2 (B4 - B1) (6.30b)

t mn

and

P...=1___;r BEm + ... ~ 1 (for BEm << 1) (6.31)
N S

Using Eq. (6.31) in Eq. (6.30b) and substituting Eq. (6.30b)
into Eq. (6.24), yields

dBs = (BL - Bs) [BZ Wan(Em - En)?] (6.32a
dt BN
X Ea?
n

As expected, when the spin temperature equals the lattice
temperature i.e. B s = B, the spin temperature remains
constant i.e. dB 4 =0 :

dt
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This equilibrium condition is to be achieved in a time equal to
the spin lattice relaxation time hence

8. = B8, -8, (6.32b)
dt T:
where 2 E,?
Tv = 2 n _— (6.33)
‘ 4‘/12 wnn(Em - Enj_z
RN »

which gives an alternative expression for the spin lattice

relaxation time. W,, could be evaluated using time dependent

perturbation theory or density matrix considerations.

It is clear _ :.Frem. . Eq. (5.32b) that it is the spin-
lattice relaxation mechanisa which tends to make the spin

temperature equal the lattice temperature. Steady state
irradiation establishes a spin temperature which is higher
than the lattice temperature. This implies that, left to
themselves, the spins will rapidly achieve a state of thermal

equilibrium consistent vith the energy content and any

other quasi-invariant of the systenm.

Through rapid reduction of the applied field, spin systems can i
acquire a spin temperature much lower than that of the lattice.

This implies that they can preserve a significant amount of

magnetization even though the ‘external field is very small :

or even zero. This was a feature observed in Fig. 5.23. ﬁ

-
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6.

2

Behaviour of a Spin System in terms of the density matrix

The hypothesis of spin tengegature is based on the observation
that the spin system behaves in the same way as thermodynamical
$y5teps forAwhichthe arguments leading to the concept of
temperature have experimentally proved to be valid. One such
argument is that the spins'lainiain an equilibrium among

themselves (though nol necessarily with the lattice). This is
not always valid, .- . (as will be seenflater)’Fquxamplc\fl‘fS
only after a time longer than T, that it is valid to speak of

the existence of a spin temperature after a 90° pulse.

When the spin temperature concept breaks down, the technique

of the density matrix becomes very useful, TL allowsthe

discussion of both T, and T. processes in a natural way.

Cancg‘dwa system consisting of one isolated nucleus in the
static magnetic field E:. If w(t) is the time dependent
wave function of this system, then the expectation value

<A> of some opcrator A is
<A> = < WIAL ¥> (6.34)

If W is expanded in a complete set of orthonormal functions

Un which are time-dependent; ‘*\ZTI

/

v o= Cn Un (6.35)

%
A
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s.o that

<A> = % (%, C, <miAIn> (6.36)
n,m

Since Vvaries with Fime so must the Cn 5.

:As the wave function '4' varies, the coefficients Cxm Cn will
vary, hence the expectation value <A> will be a function of time.

However the matrix elements <miAin> will remain the same
in time, the 'expectation weightl' of these element is determined

by the product C*n ., at any given time. These products Cx, Cm::

Ve

can b2 casily . - arranged in the form of a matrix for all valuesof

m and n. It is convenient to express the malrix C.C*¥n. as the

.representaion of some operator P. i.e.

Cal¥m = <niPlm> (6.37)

Therefore
<A> = % <niPim> <mlAlIn> (6.38)
S n, m

As an example, if A is the operator for the x-component of
magnetization M.

Mx> = X <nIPla> <miMyin> (6.39a)
n, m
But
4 My> = S (MW (t)de (6.39b)

For an isolated nucleus in a static field E:, and for a

particular value of a.

Wa(t) = Un e- GisF Eme (6.40)
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where Em are the eigen values, ’
Em = "'yhBo (6.41)

The most general time-dependent solution, for all =
values is )
+] )
¥(t) = X am e i/ Eut, (6.42)
n

.._,l 'y

USing

Mx = o»h I, (6.43)

and Eq. (6.42) in Eq. (6.39b) 'glues

<My> = 2 yhatp - a, ei7F (B - Egp e <’ Ilxlm> (6.44)
m, m'

here il im> = JU m, Iy Un dz , (6.45)

Now Iy = WBII, + 1.} (6.46)

where |, and I- are the raising and lowering operators.

Since

and

e Un = | ICI+D) - m(asl)  Ua + 1 (5.47a)

l = Um = I l(["’l) - m(ll"l) Um - l (6.47'))
the matrix elements <m" Il.la> vanish unless m' = mt ], in
which case 4

Emn' - Em = * ¥y hBo » ' (6.48)

The expansion (6.44) for a spin ¥ nucleus like phospherous

is i

<My> = 'Yfla*,& Ay, e vt)  dellkl- B>
\ + 'yﬁaf,,l é'/z c“-y%,")l <= Y% I1ix1%> (6.49a)

Since < Y 1ix1- %> is the complex conjugate of <”{|Izl’i>,
My> = ztheThsi ay, et w°Y < 35110~ ¥%>](6.49b)
? .

where wo = ¥Bo
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The métrix element can easily be evaluated using Eq. (6.46)
and Eqs. (6.47a, b) to give
< Bill- J8> = K% (6.50)

The a?s,r;@msze-pﬂpwssed in terms of two real positive quantities
b and d and two other real quantities x and B8 which can

either be positive or negative as A?el‘@hié

a =b eix ‘ i (6.51)

c. =d eiP : (6.52)
_'i,é ’

where b2 + d2 = 1 for the normalization of the wave function.
This gives »
<My> = hibd cos (x -8 +wat) (6.53a)

If the same derivation is used for the y and z components of
magnetization the result is

<My> = -ytibd sin (x -8B +wot) (6.53b)
<M.> = yh(b® + d?) (6.53¢)
2

The three equations show that the expectation values <M,> and
<M,> oscillate‘in time at the frequency w., with the same
maximum amptitude, while <M.> is independent of time.

This is clearly a quantum mechanical interpretation of larmor
precession,ﬁﬁoreover, the frequency wo = ¥ Bo is exaclly the

larmor frequency.

Comparing Eq. (6.44) to Eq. (6.3%a), it is clear that
<nIPim> = a%, an ei7B 2 - EDY (6.54)
For the spin ¥ nucleus considered earlier, these matrix

elements can be evaluated by substituting the appropriate
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P © "z ~ values of ax,, anm

and putling PN |

€ = E,, - ho, (6.55)
e . 2

the four matrix elements obtained are

< %IPVI B> = bp? (6.56a)

<-%IPI-B> = 42 f (6.56b)
< WIPI-%> = bde' (x-B + ot ) (6.56¢)
-3 1P| %> = bdei® - x - Wot) (6.564d)

The diagonal elements (n = m) give the probabilities of

occupation of the various states, the total probability b? +d%

being equal to one.

Thé appearance of x, B and wo, in‘the expressions for the
off-diagonal suggests that they are closely related to the
components of magnetization perpendicular to the static field
since these three parameters appear in Eqs. (6.53a) and (6.53b)
but not in Eq. (6.53c) which represents the component parallel

—
to Bo.
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If the spins in a sample are assumed to be non-interacting,
each spin can be taken as a system. This has been the
assumption throughout the discussion in this section. The
spins can then be treated as an ensemble of systems. An

average expectation value for the whole ensemble can then

be computed.

Caﬂﬁidfrthe expectation value of the x-component of magnetizalion
again. Since \bhe wove. Fanchron. Y iin equabien 6 -58a
will vary from system to system, lhe malrix elemenls
<niPlm> will also vary, but Lhe matrix elements
<piMxin> will be the same for similar nuclei. From Eq. (6.39a),

if a bar is used lo denote an ensemhble average, then

<M;; = 2 -anPI&;> <mlIMyIn> | (6.57)
n,m

. 1:?} the matrix <nlPIf> 18 @& representation of some other

operator p 1i.e.

iPlm> = <nlp lm> (6.58)

Thenmatrix <nlp Im> is referred to as the "density matrx”.

It is easy to show, using the time dependentP¢hrodinger

equation, that the differential equation obeyed by tLhe densityrﬂu‘ftx

in terms of the Hamiltonian %{ of the system is

dp =1 [p, 8 ] (6.59)

at
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’ ifis assumed identical for all members of the ensemble.

The above equation is the quantum mechanical form of Liouville's
theorem;describing the time rate of change of density at a

fixed point in phase space. . Therefore the density matrix is the
quantum mechanical equivalent of the classical‘density p of

points in phase space.

. -
In a static field, the hamiltonian 3{0 is independent of time

and Eq. (6.59) cap be solved to give

P =emtibie o by quble o (6.60)

In terms of the eigenfunctions of the Hamiltonian Un, the

density matrix elements are given by

<al p () Im> J Ut e i P (o)e“/t’2{°‘Umd T (6.61a)

fl

<nl o ()im> J (e“/ﬁ’ﬂbtUn)‘p (o)e“/h’“L‘Umd T (6.61b)

Using“oUn = Enln and the Power series expansion of the

exponential opertor

<nl p(t)im> = e“/f”“‘..l T Falt<nlp (o) Im> (6.61¢)
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This equation shows that the off-diagonal elements oscillate
harmonically in time. This means that if these off-diagonal
elements do not vanish, then the average magnetization
perpendicular to the static field for a group of non-interacting
spins will be an observable property of the ensemble which will

oscillate in time.

The diagonal elements are generally given by
<ml p(t)im> = <mlp (0)im> (6.62)

and when the spins are in thermal equilibrium, i.e. when the
concept of spin tempecrature is valid, then these elements

are simply given by the population of eigen states as

described by the spin temperature T,.

That is
<mlp Im> = ?"ikaT’ (6.63)

where z is the partition function.

However, in quantum theory. any experiment that counls the
number of spins in various m states will find a statistical

distribution not related to temperature.

Therefore assuming quite generally, as in the case of the

single spingLhat
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6.

3

Ch = a et X0 ' (6.64)

where an's are real and positive but x,. are real functions of

time and can be positive or negative,

<ml pIn> =  <mlPin> 7 : (6.65a)
<ml pIn> = CwCna* (6.65b)
<ml plIn> = aman €' Fp T %) (6.65¢)

At equilibrium, by the hypothesis of random phases, the phases

‘Xm and xn have all values of equal probability causing the

elements to be time independent, 6y Eq. (6.61c), il is

only the diagonal terms thal are independent of lime, implying
that the off-diagonal terms and hence the transverse components
of magnetisation vanish at thermal equilibrium. One can
artificially create situations where the density matrix is non-

diagonal. For instance, after a 90° pulse, one obtainé a net
magnetisation at right angles to the external field, which

corresponds to off-diagonal elements.

Double irradiation in terms of the density matrix

and spin temperature.

During double irradiation apart from the strong static field

Bo, there is the time-variational field B,, Therefore the
equation of motion of the density matrix will have a Hamiltonian
consisting of not only the large time-independent interaction

#o as in Eq. (6.59),but also a much smaller time-dependent
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ternsg(t),i.e.

= j L+ 6.66
sdtf_ ﬁ[p“ﬁ 1] ( )

The solution when 5(1 is zero is given by Eq. (6.60). Assume

that in the presence of &(1 , the solution would take a

similar form i.e.
p (1) = e~(i/ﬁ)£(ct o' (t)e it 8 t(6.67)
where p "(t) is expected to change slowly mi)-’h‘t\.m? .

Substituting Eq. (6.67) into Eq. (6.66) givzs

_% [uo,p] + e-n/mi{o tdp ' c(i/h)“o t .._% [p ,KA‘&] (6.68)
dt 1

Iﬁis can be simplified to give

ao' =i (o, ¥y (L1 (5.69
a f )

where
- ei“ot/h e-(i/ﬁ)““t (6.70)

This is a canonical transformation which in actual facl gives
the interaction representation. Eq. (6.70) expresses the fact

that if‘!gwere zero, then p ' would be constant in time.
This equation can be solved and used to find the probability
per second of transitions between any two states, taking into

account the interaction mechanisas involved, This as remarked

earlier,is a non trivial task and rather beyond the scope
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of the investigation at this l;vel. However, an expression
e

has been obtained elsewhere for a general interaction say

V(t), which agrees with the time dependent perturbation theory.

During double irradiation, the phenomenon that has been loosely
referred to as cross-relaxation, arises because the spins of the
two different nuclear species appear to exchange energy with

one another faster than they do with the Iatticq.- The spin
temperature of both nuclear subsystems cvolves towards a common
value under the effect of what is essentially an off-diagonal
perturbation. Double flip-flops between neighbouring spins of
different species, in which the zeeman energy is nearly

conserved, occur at integral multiples of the Larmor frequencies
of either nuclear species. The small energy imbalance is taken
up by the internal energy of the spin systems. This flip-flop
process is inducedby spin-spin lerms of the form Feb 122+ [y, 2,
where the superscripts are used to distinguish between the
operators relating to different nuclear spin species. This is

a possible explanation for the observation illustrated in

section 5.3 that a transition corresponding Lo the resonance

of some nuclear species is observable in the scans of the

other nuclear species of interest.
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- .GHAPTER .SEVEN. .,

CONCLUSITON

It was firmly established despite the error involved, that
the value of the spin lattice relaxation time Ty for InP:Fe

increases with increasing angle between the [100] plane of the
crystal tattice and the static magnetic field 52. this being for

angles gfoﬂkn 0° to 45°. For angles above 45° up to 90°, the

relaxation time T, decreased with increase in angle of orientation.
This phenomenon was established for all three samples InP : Fe,

InP : S and Ga As : Si although it was for InP : Fe that sufficient
data was obtained for the compilation of a table (Table 5.1). This
orientational dependance of T, was undoubtedly a major contributing
factor to the reduction of the signal to noise (S/N) ratio for
spectra obtained at successively increasing angles of orientation
between 0° and 45° i.e. Fig. 5.3 and 5.4 which were oblained at
angles of orientation 15° and 30° respectively. Spectra obtained
at 45° had such a low signal lo noise ratio that it seemed quite

pointless to include them. ‘

The spectral results can be interpreted in terms of cross-coupling

of matrix nuclei (constituent nuclei of the semiconductor excluding
impurity) using a spin-Hamiltonian with zeeman-quadruple and zeeman/
hyperfine terms. It was hoped, as pointed out in section {-4

that the deep and shallow band gap levels could be distinguished, It
is shown that this can easily be done,@.g.  in InP ; Fe, the Fe

impurity, which introduces a deep electron level in the band gap,
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has strongly localised impurity electrons resulting in an almost
neutral impurily site, as explained earlier. This suggests a
dominance of the hyperfine -over the quadrupolar - interaction.
From a qualitative theoretical treatment it is seen that the
hyperfine interaction does, in fact, predict a narrow peak in the
low field region. Furthermore, the width of Lhis theoretically
predicted peak agrees with the spectral peak obtained experimentally.
As poinked out earlier however, there are high-field Lransitions
predicted theoretically that have not been observed ekperimentally.
For InP : § and Ga As : Si, the impurity introduces a shallow band
gap level, the iupurity.electron is more mobile exposing a net
positive charge due to the impurity nucleus, This suggests a donunance
og:,;kh&»‘kq'uadﬂup'\;e?,éﬂh&ﬂ&\*ion' over Lhe hyperfine interaction.
The same theoretical treatment as for InP : Fe based on second
order perturbation theory, but this time applied to quadrupohr
rather than hyperfine interaction, shows that the quadrupolar

. [T X
interaction predicts a much broader peak than tLhe hyperfingé This s

in good agrecment with theexpennunkdresults.



- B s

A’nﬁﬁefical évaluétion of the matrix elements of the zeeman/
hyperfine spin-Hamiltonian and diagonalization reveals the
fact that the hyperfine iﬁléraction splits the zeeman levels,

This is shown in the energy fan diagram of Fig. 5.5. A

similar treatment for the zeeman/quadrupolar interaction alters

the field dependence of the zeeman levels, this being mostly
pronounced in the low field region (Fig. 5.7) Iﬂiugﬂ&e‘?‘?v H'\e':
h@gbf!whcre Lhe spectral peaks were observed. This perturbation
on the zeeman levels enhances cross coupling between the two

nuclei as explained earlier.

The effect of irradiating the sample with lbw frequency hg

during the recovery period (double irradiation) was lo enhance

some cross coupling transitions. Holes in the spectra were
observed at nuclear zeeman transitions corresponding to
Amy =1, 2 and 3 i.e. at the matrix nuclei resonance fields

(or frequencies), at.twice the resonance field etc.

The fact that the two matrix nuclear-species of inlterest are

coupled was established by the double irradiation investigations

in which a hole corresponding to the resonance of one nuclear

species is observed in the scans of the other nuclear species.

There is a sudden rise in recovered magnetization on the low
field side of the indium Amgz = 1 transition al 3950 Gauss

(Fig. 5.20). Work in interpreting this readily reproducible

feature is still going on.

1653



From a 1hé6retfbal point 0f7viéw;°thegapp}oéchjﬁntrbﬂhcea/in
section 5.21 (developed by Dr. P.J. McDonald) for & quantitative
interpretation of the schf?dl information is undoubtedly very

effective in as far as the prediction of possible transitions

is concerned. This approach however, only gives the fields

at which t;ansitions are allowed~and.the next slep would probably
be to work out the "relative weights”™ of these field dependent
transitions. That is, to find the probability per'second of a
transition being induced by hyperfine or quadrupole interaction,
either by time dependent perturbation theory or the density
matrix, as a function of the magnetic field. This would be

important in analysing the specltral informalion in two ways:

(1) In explaining why certain transitions that are predicted
by theory were not observed. For example, it was argued

in section 5.2.1 that an explanation as to why Lhe

predicted high field transition clusters were not

observed experimentally is that their small relative
occurence in Table 5.2, reflects a corresponding small
significance in terms of Lhe observable spectral
transitions. A morc likely explanation however is
that the probability of these high field transitions

may simply be too low for concrete observation.

(2) In explaining certain-localized spectral features
like the anomalous magnetization rise near the
indium Amwmy =1 transition. The fact that there is

a sudden increase in transition probability #m this
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particular field region is established. on account of

the reproducability of the feature, the point of

t

interest would be to identify the responsible interaction.

A step was made in the high pressure field cycling of 11I-V

semiconductors and the results showed distinct structure, with

a good signal to noise ratio. This promising start indicates

that this may well become a major area of research in the

future.

On the whole, NMR field cycling has been demonstrated as a new

spectroscopic technique for conventional III-V semiconductors.

The apparent break through of this technique as opposed to the

more traditional line shape methods is firstly due to the fact

that direct measurement of low field phenomena using NMR is

difficult because of the low magnetisation intensity that is
attainable. A substantially improved sensitivi .ty is achieved

using field cycling because the measurement itself is done in

an entirely different and higher field region. It is for this
reason that rapid switching is of vital ilportahce as remarked

in section 4.3. Secondly, spin diffusion transfers

magnetization between nuclei both near to and distant from an
impurity, in this way involving all nuclei in the sample for
a particular measurement, hence giving a strong defect-related

signal.
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Finally, | should mention that it is one of the great triumphs

of the quantum theory that it describes not only simple

"elementary particle’ systéﬁéjbut also the complex many-body
systems of which a solid is made, with its great wealth of

properties. This investigation has therefore been important
because it deepens the understanding of the solids studied in

terms of quantum mechanics and is a good cxample of experimental

science.
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