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ABSTRACT

A linewidth analysis of the % + -k transition of Fe3+ in Magnesium
Oxide crystals has been made using electron spin resonance techniques at
x-band and at room and nitrogen temperatures. The values of linewidth at
6 = 0° (i.e. magnetic field along fourfold axis of the crystal) lay between
7 and 9 Gauss for specimens containing from 140 to 11900 p.p.m. Fe. The
experimental linewidths measured for a range of samples show that the line-
width is_concentration independent. as opposed to the (concentration)
dependence expected from Van Vleck's secoqd moment theory. The discrepancy
is explained on the grounds of exchange narrowing interaction between the
ferric ions and the idea is supported by the values of the ratio of the
fourth to second moments obtained by numerical integration of the absorption
derivative line. The linewidth data.indicétes that the Fe3+ enters the
- lattice substitutionally, océupying Mg sites, at concentrations of up to
11,900 p.p.m. Fe. Preliminary spin-lattice relaxation time measurements
have aiso been made using the pulse-saturation method at 35.5 GHz over the
temperature range 4.2 - 27 K. Experimental evidence is presented for a.
fast relaxing process taking place in all the samples studied; - this is

+
3+-—Fe3 ) by correlation

e#plained in terﬁs of spin exchange-interaction (Fé
with the proposed linewidth model. It also shows angular and concenfration
dependence and it is suggested that cross—-relaxation between different
parts of the spin system may account for variations cbseived. As regards
the concentration dependence i£ is tentatively proposed.that-the spin-

ice relaxation time cbeys a (céncentraticn} law and comparison is
made with results published for other ions in the same host lattice.

Using 9 GHz results available in the literature it is shown that Mattuck
and Strandbexg's (resonance frec_z_uenc'y)-2 dependence for T1 holds for Fe3+
in magnesia; furthermore there is approximate agreement of the experi-.
mental points \;v;i.thT—1 (direct) and'T—7 (Raman) lines for the temperature

variation which suggests that the slower relaxation process proceeds as

for a single ion relaxing to the lattice.
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CHAPTER I

INTRODUCTION

Two topics of research recently undertaken in the Department
have been based on industrial problems. These are related to the
glass ingustry and to the electrical insulation industry respectively
and can be summarized as follows.

In the glass industry, the transition element Titanium has been
found to be an agent of nucleation in the crystallization of a wide
variety of glasses including the low exéansion Lithia-Alumina-Silica
system, as well as the Magnesia-Alumina-Silica system, which is of
importance due to its low dielectric loss characteristics. Empirical
conditions have been established by the glass industry for the con-
trolled crystallization of the aforementioned systems, although the
mechanism by which the érystaliization takes place is, as yet, uncertain.
The research undertaken here concerns the role of Titanium in initiating
crystallizatioq and the primary technique employed is to include. in the
glass a paramagnetic monitor ion whose electron spin rescnance behaviour
may serve to indicate changes in local environment during crystallization.
In the electrical insulators iﬁdustry Magnesium Oxide, because of its
insulating properties, has diverse applications; of these its use as
an insulator in heating elements is being studied here. It haé been
found that at rather high temperatuies ('QBOOOC) the insulating behaviour
of the MgO collapses and, consequently,.the material conducts leadings
to the failure of the element. It has beeﬁ suggested that the diffusion
of impurities from the shealth of the element, mainly iron, ‘into the MgO
lattice could be a possible explanation for the occurrence of such
phenomenon; nonetheless, this érgument has not been proved yet. Inv
this study the main emphasis is to examine the electrical conductivity

and dielectric losses in pure and doped Magnesia.



At first sight it might appear from the disparity between the aims
of the two investigations and indeed from the techniques used that there
is little connection between the two problems. Even though these dif-
ferences exist a closer scrutiny reveals that in each case there is a
noticeable common base of study:- the Magnesium Oxide.

From the polnt of view of both researchers, particularly of the
second, any additional information on the structure of the doped material,
on the sites occupied by the dopant and on the magnetic behaviour of
doping ions would be advantageous. This background provided the theme
for the present work. The theéis reports on the study that has been
carried out on iron doped Magnesium Oxide single crystals, using magnetic
fesonance as a tool. It was hoped that subsequently the data might bring
more light towards an understanding of both of the above mentioned subjects
of research.

Some electron spin resonance measurements on doped Magnesium Oxide
have been reported and there are several papers dealing specifically
with lron-doped Magnesium Oxide. However the emphasis of all these has
been to determine fhe parameters of the Spin Hamiltonian, the g-factors,
zero field splitting and so on. Indeed, almost all the transition
cen studied in the Mgl lattice using magnetic resonance
as a technique, but the pattern of investigation is, without exception,
that used for the iron doped Magnesia. 1In a recent work(l) on Neodymium-
doped Calcium Tungstate, carried out in this Research Group, a rxather
different approach was adopted, viz. to correlate the E.S.R. linewidth
with the predicted dipolar linewidth and so ascertain which atomic sites
were occupied by the paramagnetic ion. In the present work this approach
has been applied to iron-doped Magnesia and both experimental and
predicted linewidth data are presented and compared. In addition some
results are given for the spin-lattice relaxation behaviour of Fe in MgO

in the temperature range 4.2 - 27 K.



CHAPTER 1II

GENERAL THEORY

This chapter, as the title suggests, is devoted to an outline of
the basic theory which will be required to understand the experimental
results obtained. It is by no means a complete and detailed account
and it is advisable to consult the references quoted throughout the
text if further information is desired. Two specific topics arise in
this context; firstly, a few paragraphs describing the structure of
Magnesium Oxide are given, and secondly fhe Hamiltonian, which is to be
used to find out the energy levels of the ferric ion in the MgO lattice,

is discussed.

II.1 THE MAGNESIUM OXIDE STRUCTURE

Magnesium Oxide crystallizes in the Sodium Chloride-like structure,
as do almost a third of the compounds of the type MX, where M denotes a
metal ion or atom and X an electronegative element, e.g. Oxygen, Fluorine,
Chloriﬁe, etc. In the case of MgO, M and X mean Magnesium and Oxygen
respectively. Figure 2.1 provides an illustration of the MgO structure.
The lattice is face~centred cubic with one atom associated'with each
lattice point, Mg at (0,0,0) and Oxygen at (0,0,%). Each of the two
types of atom lies upon a face-centred cubic lattice, and each lies at
the "largest interstice" of the other's f.c.c. lattice.

The largest interstice occurs at pogitions in the unit cell with
co-ordinates (%,%,%) and eﬁuivalent positions (i.e. 0%0, 00% and %00).
There are four of these per uﬂit cell, hence one per lattice point; -one
largest interstice is illustrated in Figﬁre 2.2, Inlfact, from
Figure 2.2 it.is clea; that each atom has a co-ordination number of six,

the neighbours being at the vertices of a regular octahedron.



In this octahedral co-ordination the ionic radii, according to
Kelly and Groves(z), are of 0.65 & for the Mg2+ and 1.40 & for the 02_.
The lattice parameter of the MgO, at 21°C, is g;ven by Wyckoff(3) as
a, = 4.2112 X_ In single crystals doped at low concentrations, such
as the iéon doped specimens used in the present experiment, it is
generall§ assumed that the dopant enters the lattice substitutionally

and that the average lattice parameter (or unit cell symmetry) is not

changed.

I1.2 THE CRYSTAL FIELD AND ZERO FIELD SPLITTING

By doping the MgO with iron, the latter is expected to go into
the_lattice by substitution of the ﬁagneéium sites. This assumptioh is
based on the fact that the ferric ion (Fe3+) has an ionic radiug of
0.64.2 2) which is almost the same as the corresponding ion Mng.
Althbugh this assumption is fai;ly reasonable if one adoéts the ijonic
radii as a point'of comparison, there still rémains to be considered
the difference in electric cﬁarge between the trivalent doping ion-and
the divalent magnesium. The ferric ion with its five d electrons (3d5)
has a symmetrical charge distribution in its ground state but it is a
poor fit in the magnesium oxide 1at£ice because of the extra positive

charge.' Charge éompensation-in the crystai is effected either by excess
(4) )

oxigen ions or by vacancies dist:ibuted at random throughout the
crystgi.

Considering then.that the previous assumption is correct and
bearing in mind Figuie 2.2, it can be observed that the ferric ion will
aéquire an‘octahedral co-ordination and it is to be submitted to strong
internal electric field exerted by'the diamagnetic neighbours. In the

main, the symmetry of this crystalline field will depend on the local

.arrangement of the diamagnetic ions rather than on the overall crystal
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symmetry; the strength of the field being dependent on the distribution
of the charges, on the amount of the charges of the various ions and on
the distance of these charges from the paramagnetic ion. The action of
this crystalline field is to shift and split the electronic energy
levels. This splitting, in the absence of an external magnetic fiéld,
is known as "zero field splitting." The character of the splitting of
energy levels of paramagnetic ions by the crystalline field aepends to a
great extent on the symmetry of tﬁis field. This circumstance enabled
Bethe(S) to obtain a qualitative solution of the problem with the aid

of group theory; |

+ )
The ion Fe3 has a ground state of 6s , and the resultant orbital

5/2
momentum of the electrons equals zero. Through the spin-orbit interaction
a crystalline fleld of cubic symmetry, as it will approximately result
from the octahédral arrangement of the six oxygens surrounding each para-
magnetic ion, splits the sixfold degeneracy into a twofold degernerate

level and a fourfold degenerate level(s). Van Vleck and Penney(s)

have
discussed the mechanism by which such a splitting can be effected and have
shown that the crystalline cubic field can influence the electron spins
only through. high oraer interactions'involving'spin—orbit coupling with
excited states. When the spin-orbit coupling interaction is much less
than the crystal field splitting, the wave function of the ground crystal
fiéld'state will contain admixtures of the next higher state, and as a
result of this admixture the g-facto; of a tranéition—métal ion deviates
from its free elec;ron value by a term that is proportional t§ the spin-
orbit coupling con;tant and inversely proportional to the crystal field

splitting. For the ferric ion in the Magnesium Oxide lattice, Low(7) ha

-1

S

found the zero field splitting to be 3a = 615 x 10.-4 cm - ;
this value corresponds to a magnetic field of 658 Gaussca). Figure 2.3

shows a diagram of the zero field splitting of the 6S state in a cubic

5/2
field.






II1.3 THE SPIN HAMILTONIAN AND ENERGY LEVELS

The enexgy of an atom or radical containing unpaired electrons

and nuclei with non-zero spins may be expressed in terms of the

Hamiltonian operator(g):

i = He£+HCF+HLs+Hss+HZe+HZn+HII+HQ

where the first three terms constitute the atomic Hamiltonian and the
last six form the spin Hamiltonian. The operator H‘E accounts for the
e
electronic kinetic and potential energy as well as for the interelectronic

repulsion. It is many orders of magnitude larger than the Zeeman

5

energies (104 - 10 cm-l), therefore it is in the optical region of the

épectra. The crystalline field_HCF operator has the general form of

HCF = E - eV (xi, yi, zi)

i
where V is the potential of the crystalline field and xi,yi,zi are the

co-ordinates of the i-th electron of the unfilled shell. 1In the very

particular case in which the polar z-axis coincides with a fourfold axis
: ha £ (10)
of symmetry the potential V adopte the form

_ 4 4 4 3 4
chb = C4 (x +y +z - g T ) + ....

wnere C4 is a parameter which depends on the symmetry of the arrangement

of charges which create the crystalline field. V expressed in

cub

operator equivalent is written as

la-[s4+s4+s
6 X Y

4 1 - o2 'l
- — S(S+ -
2" 5 S(s+1) (3s"+3s 1)_
where Sx' sy, Sz are the projections of the operator spin along the axis
of the frame of reference.
The crystalline field energies are of many thousands of cm-1

(for the first transition series, i.e. 3d" configuration) and far exceed

L -— 1 .
the electronic Zeeman interaction of about 0.3 cm ~; hence they are



directly detected in optical spectroscopy. However, they strongly
influence the magnitude and anisotropy of the spin Hamiltonian parameters.

The spin-orbit HLS operator is frequently written as

Ho, = AL.S

whereas a general expression for the spin-spin Hss operator is given
by

- olim2+tis - L
Hss = P [_(L.S) + 3 (L.S) 3 L (L+1) s (S+_1£,

The spin-orbit energies (102 cm'l) are much smaller than typical
crystal'field'splittings fbr the first transition series. The spin-spin
energies (0 - 10 cm_i) are frequently of the same order of magnitude as
the electronic Zeeman energies, in which.ease the spectrum becomes
strongly éngular dependent. The Zeéman HZe energy .is expressed by means

of the well known form -

HZe = gB H.S

and has the value of approximately 0.3 cm—1 at X band and is sometimes

anisotropic. The hyperfine HHF operator takes the form

HHF = A S.1

and the Zeeman nuclear Hﬁn term

HZn =" —YBN H.I

The nuclear spin-spin interaction has the same form as the hyperfine
operator

So far the different contributions that are possible to take
into account in the Hamiltonian corresponding to a very general system

have been briefly mentioned. Fortunately in the case of the ferric jon
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in the Magnesium Oxide lattice it is possible to omit most of the terms
either due to their very small contribution to the total Hamiltonian or
to the fact that they are equal to zero. For instance, since the
resultant angular momentum of the ion is zero (S ground state) evidently

H = 0; moreover, no hyperfine structure is expected since the ion has

(11,12)

LS
3+
. The Fe ions in MgO are found to occur almost

(13)

an S ground state

entirely in a pure cubic field therefore the cubic form of the HCF

operator is applicable. Summing up all these simplifications, L0w(14)

writes as a Hamiltonian for the ferric ion in the Magnesium Oxide
lattice:

_ A 4 4 4 1 2 o
H = gBH'S+6a[Sx+sy+sz 5s<s+1)(3s +38 1)]

where the first term represents the splitting caused by the action of
the external field H on the various spin levels and the second one

accounts fdr-the zero field Interaction. The energy levels of the

6, (15)

S state have been calculated by Debye and by Kronig and

5/2 i
'Bouwkamp(16). To the second order in perturbation theory, the energy

levels in a strdng magnetic field with direction cosines (l,m,n) with

respect to the fourfold axis are(17):

+ ;;»_ X + %ggn + % pat (212-24p—113p2) (_a2/240 gBH)
+ 3. £ 5 gBH - 3 pat (12 + 8p- 15p7) (a°/16 gBH)
£ 5 t > gBH + pa % (-2-3p+ 5p°)(a”/3 gBB)

where p=1- (£2m2 + m2n? + n28?).

The transitions, their positions and their relative intensities are

giQen as follows:
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TRANSITION POSITION REL. INT.
5 3 2 2
0l Ay hv = gBH + 2pa + (2-9p+7p ) (a"/15gBH) 5
2o 2 = g8H - 2 pa+ (68+72p-125p°) (a/48gBH) 8
.;. (——)—-;— = gBH + (-2-3p+5p2) (2a2/3g8h) 9
- %— ++-%- . = gRH + g-pa+ (68+72p-125p2)(a2/48gBH) 8
2
- %— ++-g- = gBH = 2pa + (2-9p+7p2)(a /15gBH) 5

In sufficiently strong fields, where terms of order az/gBH can be

neglected, the resonance spectrum consists just of five lines for

which Am = #1. Thelxr relative intensities follow from the square of

the matrix elements, which is just S(é#l) - m(m;l) for the transition

m <+ (m-1)., The lines form a symmetrical pattern.as shown in Figure 2.4.
Considering next the angular dependence it is found that the

spectrum retains the same.fbrm for all directions of the magnetié field,

_but with varying displacement of the .outer lines depending on the

quantity p. This displacement varies with angle in the same wa§ as

the cubic potential, since p can be written in the form(17):

2p/5 = L4+t 40t - a5
The extreme values of p are:

1 along the <100> -axis ,

P =

P =-2/3 along the <111> -axis ,
1

p =-7 along the <011> -axis .

In the first case (p = +1, i.e. H field in <100> -axis) and using the
strong magnetic field approximation (BH>>a) the trénsitions are given

. approximately as:
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1 3 5
-3 -3 hv = gBH + 5 a

5
EH— = gBH + 2a
1 1 _ o

| + > ++-2 = ¢gBRH

|
3 5 _

‘ -3 > 2 = gBH 2a
3 1 - - 2
772 = ofH - Za

At X band (9.100 GHz), and takinq the accepted value of
g = 2.0037, the expected positions of the lines for the case in which
the external magnetic field H is applied along the fourfold axis of

the crystals,; are summarized in Table I.-

TABLE I

Predicted spectrum of the MgO : Fe3+ at 9.100 GHz and H//<100> -axis

. 1 3 5 3 1 1 5 3 1
Transition -2<-+2 2<—>2 +2<—>‘2 > > 2<->2
H (Gauss) 2697 2807 3245 3683 3793
res
Rel. Inten. 8 5 - 9 5 8

The energy level diagram showing the expected transitions in the 3
centimeter region is presented in Figure 2.5. 'The diagram has been
drawn for the case in which the H field is along the fourfold axis.

No energy level diagrams appear to have been published for oﬁher polar

7 reported that the +1/2<+> -1/2 transition

angles, however W. Low
is isotropic.
The theory concerning linewidth and spin-lattice relaxation

time measurements is given in Chapters IV and V respectively, together

with the experimental results.
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CHAPTER 1III1

EXPERIMENTAL TECHNIQUES

Once the line of work had been determined, it remained to be
decided whether to obtain the experimental data at Q band or at X
band; that is, at frequencies of 35.5 GHz or 9 GHz respectively.

The advantage of the first option was the availability of a spectro-
meter operating at this frequency and provided with all the necessary
facilities to perform experiments at liquid nitrogen and liquid helium
teﬁperatures which eventually might have been considered neceésary to
execute; whilst the'adyantage of the second alternative was the
existence of many publications on E.S.R. in the 3 centimeter region
and in particular those dealing with the subject of interest of this
thesis, i.e. doped Mangesium Oxide. On balance it was thought wise

to work at X band since the previous information could be used as a
means for checking the progress during the initial stages of obtaining
experimental data. This course was therefore adopted, even though it
involved the need to build up an x—band sﬁéctrometer, since there was
not one at hand in the Department's laboratories. - The first task,
therefore, was to construct a 3 cm spectrometer which could subsequently
be used to get E;S.R, Aata from the MgO samples and also from a range
of materials-likély to be investigated a posteriori. To this end the
remains of an old non-operational uni£ were used to make a vir;ually

new system, and a brief account of the results achieved are given here.

III.1 THE X-BAND SPECTROMETER AND LINEWIDTH MEASUREMENTS

Two basic types of spectrometers are of widespread use. 1In the
first type the paramagnetic resonance absorption is detected'by the

change in the power transmitted through the cavity resonator containing
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the sample, and in the second the absorption is detected by the change
in power reflected from the cavity. There are common features since
in any case, every microwave spectrometer consists of the following
basic pagts: a microwave source, a means of storing energy in the form
of a cav%ty resonator, a detector, an amplifier and recording device,
and a source of steady magnetic field. In the majority of cases we
must add to these parts a system for modula;ion of the steady magnetic
field which together with a phase sensitive detection enables one to
ob£ain derivative outputs and correspondingly greater sensitivities.
To this extent, the setting up of the spectrameter constructed did not
differ from that of any conventional one of its type and the basic
principle of operation of the equipment could be explained in exactly
the same way as all the reflection spectrometers, i.e. the variation
~of the Q-factor of a resonant system(le).
The microwave power, which is to excite the electronic transi-

tions, is provided by a type KS9 - 20A Mullard klystron. A magic T
splits this power equally into two of the arms of a bridge, one of
which includes an attenuator and a phase-shifter (for intially balancing
the system in phase and ampliitude), whilst .the other leads to the
resonant cavity which contains the crystal under study. At the extreme
of the third arm a diode is placed as a detector of the output of the
balanced bridge, that is the crystal output was proportional to the
absorption by the sample at resonance, and, additionally, a high—Q
waveméter to measure the opeiating frequency is connected also.

" The rectangular resonant cavity is made of silver plaﬁed brass
(to increase the Qefactor) and has dimensions 2.27 cms x 1.01 cms x

3.58 cms. It works in the TE102 mode and it is iris-coupled to a

Cu/Ni waveguide. A diagram of the cavity is shown in Figure 3.la

[
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which shows the selected location of thé sample also. Figure 3.1b
shows the matching device as it was in the early style. It consisted
of a brass screw capable of moving in and out of the waveguide perpen-
dicular to its broad face. It was found that putting the sample inside
the cavity altered the resonance frequency and the matching conditions
by amounts depending on crystal size and doping. At room temperature
the use of the brass screw was good enough to obtain cavity resonance
conditions and acceptable matching, i.ei to pre-set the cavity system
before magnetic resonance measurements were made; but at the time when
a low temperature experiment.was to be done the above mentioned method
.failed to work as there was no access to the screw due to the presence
of a double Dewar set surroupding the caQity. To overcome this incon-
veniegce, a continﬁously adjustable system for low temperature operation
was designed and built (with the he;p of W. Hﬁtton) in such a way that
the samples could now be matched by remote control from outside the
cryostat. A scheme of this diépositive is illustrated in Figure 3.2.
The source of the necessary steady magnetic field-is an electro-
magnet, which is capable of being rotated to enable polar plots to be
.made. Using the technique qf proton resohance measurement, it was found
that the homogeneity of the field is of few parts in 103 over a volume
of one cubic centimeter, i.e. it is sgfficiently uniform over a volume
greater than that of the sample. The rate of ghange of the fiéld is
controlled by means of a sweep unit which drives the power supply of
the magnet, the minimuﬁ rate employed being five gauss per second. The
magne£ is also prqvided_with two Helmholtz coils attached to the pole
pieces, which connec;ed to a'radiofreqﬁency oscillator, will in turn
sweep the magnetic figld. This method of field modulation is, aé it

is well known, to increase the overall sensitivity of the spectrometer(lg).
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An arrangement of a phase sensitive detector, a phase shifter and
a low-noise amplifier tuned at the modulation frequency (125 Hz in this
case) completed the system used to "process" the signal from the detector
output. The y-axis of a pen recorder is fed with the output of the phase
sensitive detector, whilst the x-axis is connected to the output of the.
sweep unit so that a plot of the derivative of the resonance line versus
magnetic field is obtained. 1In Figure 3.3 a block diagram of the spectro-
meter is presented, showing the cryogenic facilities that were added to
enable measurements at low temperatures.. As the sensitivity of an E.S.R.
spectrometer is proportional to the ratio of the signal amplitude to the
noise amplitude on a recorder display, a standard ruby crystal was used
to find out this value giving as a result 1.7 x 1015 spins/AH as an
overall sensitivity for the X-band spectrometer at room temperature.

In order to measure the linewidth, the whole spectrum was recorded
by scanning the main magnetic field over a 1 Kilogauss wide range and
from there the transitions were identified. To ensure better accuracy
in the measurement the rate of scan of the magnetic field through the
selected transition was reduced down to-ugually 100 Gauss in 32 seconds
(about 4 Gauss per second). The modulating radiofrequency field was
kept at a level such fhat no artifical broadening of the line due to
saturation effect was observed. This level was determined experimentally.

Both the initial and the final points of thé magnetic field scanned
were measured using proton resonance and it was assumed tﬁat the sweep
was line;r in the region under consideration. False measurements due to
hysteresis problems were avoided by gwgeping repetitively the magnetic
field up and down the same fegion before any reading was taken. From the
" calibrated scale, linewidths were measured as the sepafation, in units

of magnetic field, of the two turning points of the derivative curve.
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I1I.2 Q-BAND SPECTROMETER AND T1 MEASUREMENTS

With the aid of the X-band spectrometer it was possible to obtain
all the necessary data as far as linewidth measurements were concerned;
however, it could not be used td obtain spin-lattice relaxation time
data because of the lack of facilities to perform this type of experiment.

As has been mentioned in previous paragraphs, there existed in
the Department's laboratories a Q-band spectrometer which had been
designed in such a way that spin—lattice'relaxation time measurements
could be made by the pulse saturation method. As G. Brown et a1(20)
had described the spectrometer which has been used in the present work,

a detailed description will be omitted here. Nonetheless, it is perhaps
worthwhile to remark that although the séectrometer resembles a typical
one of its type there is, however, a substantial difference: the

samples are located inside a section>of waveguide and a plunger short-
circuits the latter, as opposed to the use of a resonant cavity which is
the most common device used to store electromagnetic energy. The absence
of a cavity means, of céﬁrse, a low Q-factor (&'400) but in the end it
turns out to be advantageous as it i# easier for the setting of the

two klystrons which are to be used in_T1 measurements.

The use of transient techniqués_in magnetic resonance has been

more widelj exploited in the field of Nuclear Magnefic Resonance than

in Electron Spin Resonance, and the major part of the basic theory was
formulated with referénce to NMR research. ﬁoonfon(zl) has reviewed
E.S.R. pulse techniques as well as some other reseafchers, such as

Pace et a1(22). In essence, the pu;se method consists in (1) exéosing
‘the sample to a very high power, short—dufation pulse of microwave energy,
and (2) measuring the strength ané-decay rate of the induced magnetiza-
(3)

tion. Figure 3.4 shows schematically this situation. Davis et al

emphasized that the saturation method of determining E.S.R. relaxation
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times employs "continuous wave (CW) techniques in the frequency domain",
and that the interpretation of such data depends upon the assumption of
a physical model such as the Bloch theory.

In practice, a low power.microwave energy was applied to the
sample by a 20 milliwatt reflex klystron and the external magnetic
field was set up at the peak of the absorption line so that maximum D.C;
level could be obtained from the output of the amplifier. This maximum
D.C. level was fed to the y-axis of an oscilloscope. In this condition,
a 20 Watts pulse, 30 milliseconds long and with a repetition rate of
10 cycles per second was superimposed on to the CW low power microwave
energy and as a result the characteristic exponential decay appeared
displayed in the oscillbscoﬁe. The recérding of this curve was made
using Polaroid film and for this purpose the repetition rate of the
high-power pulse was reduced to one cyclé per second in order to obtain
a single shot situation. A typical photogr#ph which was obtained from
the oscilloscope is shown in Figure 3.5. From the photographs, the
amplitude of the signal was measured and the natural logarithm of it
as a function of time was plotted to check for single exponential decay.
The best straight line was fitted to the experimental points using the
method of Least Squares and a computing program was written for this
purpose. From the slope of this line the spin-lattice relaxation time
was obtained as a final figure.

Spin-lattice relaxation times were meaSuréd in the temperature
range of 4.2 K up to 25 K, by letting the'sysﬁém warm up at controlled
rates using a device designed and constructed by'w. Hutton and E.A.E.
Ammar, which essentially consisted of a large block of a special

(24)

araldite , Which had a large thermal capacity, surrounding the

specimen and waveguide assembly.
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ITI.3 THE IRON-DOPED MAGNESIA SAMPLES

The iron-doped Magnesium Oxide single crystals used in the
present work were obtained from W. & C, Spicer Ltd., Cheltenham,
and were grown by electrofusion from powder. They were analized by
optical spectrographic techniques and their orientation finally checked
using the X-ray back reflection method of Laue.

The concentrations available were:
Reference ﬁo. 1 2 3 4 5 6 7 8

Concentrations 140 310 710 2300 4300 8500 11900 12900

where the concentrations are given in parts per million of iron.

The material was in good-single crystal form. To the eye, even at-thé
higher concentrations, the crystals appeared to be free from cracké~or
inclusions: they Qere transparent and coloured from light yellow-green
to dark yellow-green éccording to iron concentration. The X-ray back
réflection photographs cgnfirmed the s;ngle crystal nature of the
specimens: the diffraction spots were sharp apd there was not
-indication of strain or mosaia:formation, All crystals were cut to
‘the dimensions 9.8 mm x 7 mm x 2.6 mm in order to fit the Q-band

waveguide as well as the optical spectrometer holder.
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CHAPTER IV

LINEWIDTH MEASUREMENTS

A great deal of information can be obtained from a careful
analysis of the width and shape of a resonance absorption line. It is
a powerful tool for studying the relaxation and exchange mechanisms
connected with the magnetization process and, for the purpose of the
present work, enables one to ascertain which atomic sites are occupied
by the dopant in the MgO lattice by correlation of the experimental

linewidths with the theoretical expected value.

Iv.1 GENERAL THEORY

There are two principal types of resonant lines in solids,
those that are homogeneously broadened, and those that are inhomogen-
eously broadened. The former are pure spectral singlets whereas the
latter type consists of a spectral distribution of much narrower
homogeneously broadened lines.

Homogeneous broadening occurs when the magnetic resonance signal
results from a transition between two spin levels which are not sharply
defined, but instead, are somewhat intrinsically broadened. Several

sources of homogeneous broadening are(25):

(1) Dipolar interaction between like spins
(ii) Spin-lattice interaction
(11i) Diffusion of excitation throughout the sample

{iv) Motional narrowing fluctuations in the local field .

If two neighbouring paramagnetic centres are located at a distance r
from one another, each Zeeman energy level is broadened by the value

'\:h/B2 r-3 as a result of the dipole interaction. This may be intuitively -
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visualized as follows: Besides the external magnetic field Ho' a local

field Hloc created by the neighbouring particles also acts on each

paramagnetic centre; the resonance condition therefore takes the form

c)’ and since the mean spread values of Hloc is of the

3 .
order of B/r , a spread in the resonance condition results of the order

hy = gB(Ho + Hlo
of magnitude which has been mentioned above. If all paramagnetic
particles are identical then, besides the magnetostatic broadening
mechanism, énother broadening mechanism - (the dynamic one) will act.

Let us consider two processing dipoles with oppositely directed moments.
Each of them will create at the other's locationAa periodic field of the
resonance frequency, under whose inéluence an exchange of orientation-
of the moments is possible, §ince the total energy is conserved in this
case. The limitation of the lifetime of each particle in a giﬁen

Zeeman energy level leads to a broadening_of the resonance line which

is of the orxder of h/B2 r_3. In other words, “spin-latti;e re;axation"
mechanisms produce an equilibrium population of the Zeeman states and

(26)

effectively broadens the resonance line. 5pin diffusion corresponds

to a spatial propagation of spin magnetization through the simultaneous

t nvisa th iffusion

It is easy to envisage that such a

o)

aliows for broadéning of the resonance line.

An inhomogepeously broadened resonance line, on the other hgnd,
is one which consists of a spectral distribution of individual-resonant
lines merged into one overall line or envelope. The most prosaic source
of inhomogeneity of the line broadening'is the lack of homogeneity of
the applied magnetic field. If such inhomogeneities over the sample
exceed the nétural linewidth, then the épins in various parts of fhe
samble wi;l find themselves in different field strengths and the

resonance will be artificlally broadened in an inhomogeneous manner.
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Other sources of inhomogeneous broadening include unresolved hyperfine
structure, unresolved fine structure, crystal lattice irregularities
(e.g. mosaic structure), and the dipolar interactions between unlike
spins, i.e. spins with different'Larmor frequencies.

THe most important homogeneous line broadening mechanisms are

27) and exchange interactions(ze). These are treated in

(28)

detail by Van Vleck in his early paper and in a more concise form

!
the dipolar(

in his review article entitled "Line-Breadths and the Theory of
Magnetism"<29). The method that Van Vleck used in his analysis of the
shape of the paramagnetic resonance absorption line was "the method

of momepts“, which was first proposed by Waller(30), and which will be
considered in some detail later on. Firétly, a few definitions of some

of the concepts, necessary to be in acquaintance with, in order to

follow Van Vleck's paper,will be given.

AREA AND MOMENTS OF A RESONANCE ABSORPTION CURVE

The area A under the resonance absorption curve I, as illustrated,

is given by(lg)

where yj is the amplitude of the resonance absorption line. at the

magnetic field Hj. In practice it is convenient to select equal
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intervals (Hj - Hj—l) along the field direction so that

A = (H, - H. .) ‘v
(J j-1 ZYJ

where there are m intervals in all. This area is usually proportional
to the number of unpaired spins in the sample. The precision of the
area determination is increased by increasing m and decreasing the

interval (Hj - ).

H
j-1
n ' . .
The n-th moment <H > of a resonance absorption is defined by
n Hy - H'—l = n
<H> = —4—_Jd7° (H, ~H) y
Z 3 o 3
J=
where the summaticn limits are the same 'as before and, in general,
these moments are functions of the field Ho. If a resonance absorption
line is symmetrical, then the first moment and all other odd moments

vanish for the proper choice of Ho'

In terms of integrals, these equations become -

- w
A = YJdH = 2 ¥ dH
L o |
and o n odd
<g™> =/ e
(2/A) (H - Ho)n Y dH n even
o

Similar equations fqr the situation in which derivatives of
the absorption line are obtain (thch is the ﬁost'péhmon case'in:ESR
spectrometersi can be found in the reference already quoted. Moreover,
bearing in mind the relationship between magnetic-field.and frequency
via the resonance équation (hv = gBH), all these equatioﬁs'can be |
written in terms of frequency which is érecisely the nomenclature used

by Van Vleck.
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THE GAUSSIAN MODEL

A more appropriate approach to the description of line structure
in solids is furnished by the so-called statistical theory, which
assumes that the effect of other atoms on a given atom can be approxi-
mated by a static field rather than represented by a sudden impact,
as suggested by Lorentz in his phase interruption model, which is
applicable for treating the shape of collision-broadened lines iﬁ gases
but which'loses its validity when dealing with solids. The shape of
the line in the statistical theory is détermined by the distribution -
of magnetic fields over a variety of atoms. 1If a given atom interacts
with a large number of neighbours, so that the total field is compounded
from a large number of small fields, the distribution of resultant
fields should presumably be approximately Gaussian, for the Gaussiaﬁ
situation is a quite general cbnsequehce of the statistics of the
aggregates of.a-large number of objeéts. This is actually the
sitﬁation in the case of solids composed of regularly spaced atoms in
which the only interacticns between the moments of different atoms are
dipolar ones which vary slowly with Aistance, so that a given atom
feels the'influence.of many atoms. It should, however, be mentioned
that the statistical theory does not necessarily imply-Gaussiaﬁ
distribution, and vice versa. o

The Gaussian expression for the line shape normalized to unity 15(29)
=172

r 1 . 2 2. 7
£ = | ——5—| exp [— (w-w ) /2<hw >Av—|
' am<ta®>, o1 ©

There is only a single pérameter, viz. the mean square deviation
<Am2>Av from the mean or central angular frequency - It is fairly
easy to calculate this parameter by the method of moments whilst the

"eigenvalue problem" connected with thg.interaction of a large number

of spins is very difficult to analyse ekactlyt
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VAN VLECK'S METHOD OF MOMENTS

The classical interaction energy E between two magnetic moments

- = ., (30)
ul and ”2 is :

= A0 -5 - 2@ -F - T
S L A A

where r is the radius vector from ﬁ& to ﬁé. Using the well known
relationship E.= gBE} where as usual g is the Lande factor and S stands
for spin, the quantum mechanical Hamiltonian for the dipolar interaction

due to N spins can be written in a straightforward-way as:

. N
o 22 5, " 5, ) 36, -7, 6y T
a g 3 5
3, k=1 jk ik

where, of course, terms with j = k are excluded. The "exchange
interaction" energy Eex- between two magnetic moments with spin S is

usuali& written

where J is referred as the "exchange integral".
Under the assumptions that (i) thelonly interéctions between
the spins of the different atoms are dipolaf and exchange couple,
(ii) all atoms have the same spins, and (iii) the crystalline Stark
energy has no effect on the line breadth, Van Qléck added the equations

for Hd and Eex plus the Zeeman contribution to obtain.as a Hamiltonian:

— - . <[S. -5 3(r,.-5,)(r,. 5"
IR < T .T 2.2 W12 % jk 3’ Tk Tk
B = gfn .;sj . ZL.ij S;°8 * 9B A 3 5 _‘

k>3j ksJj r.k r.k
LN J - J ,
Zeeman Energy Exchange Energy Dipolar Energy

One should note that the first term in the dipolar energy has the

same forﬁ as the exchange interaction, however, the exchange part ij
falls off with the distance much more rapidlythan f;i, and is effective



harmonics, Y

- 32 -

only for nearest or next nearest neighbours. In contrast to J,

]k' the

second texrm in the dipolar energy is strongly dependent on the orienta-
tion of the dc magnetic field relative to the crystallographic axis.

As mentioned before, the Qesult of the simultaneous interaction
of many, many spins, produces a Gaussian shaped resonant line and the
difficul;y of its analysis was overcome by Van Vleck who expanded the
Hamiltonian in terms of the "ladder" operators S+ = Sx + iSy and
§ = Sx - iSy and found that this Hamiltonian could be "truncated",
prévided the Zeeman energy is large compared to the dipolar and exchange
interactions, for it was shown that the effect of the omitted éart is
to generate weak transitions (or satellites) whose frequencies are near
0, 2g8H/h, 3gBH/h and which are not possible to observe at high magnetic
fields. Using this truncated Hamiltonian he found that, for like atoms,

2 .
the second moment, <Aw >, can be written

2. _3 2.2 2 . -6 2 - 2
<bw”> = T S(s+1) (g B/ " - n kZ[rjk (3cos 8y = 1) ]

where @ 1s measured in.radians per second, n is the concentration of
interacting atoms, g is the Lande factor, 8 is the Bohr magnetén,

b is the radius vector from the reference atoﬁ j to all the neighbouring
ik

atoms labelled over k, and ij is the angle between the radius Qector.

and a crystallographic reference axis.

For unlike atoms the equation becomes

2

<buw®> = % S(s+1) (gg '8/ %+ n - ;EJG

3k (3c0529jk - 1)2]
where g refers to the reference atom and g' to the second species; n is
the concentration of the 1atter..

The term bétween brackets [i is a pure geometrical factor, i.e.

dependent on the crystal structure, and can be evaluated using spherical

1m’ following the procedure which has been employed by

G; Brown et al‘l).
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For a crystal of cubic symmetry the equations for the second

moment are:

(a) for like atoms

<Aw2> = % S(S+1)(9282/‘1‘1)2 - n [—g- Z(r;f(

* 33%‘ ¥1,0 (eH'¢PI> ngi Y4,o(61<'¢1<

+ %27::1 3,4 (en'¢rx) kz-r;f( Y'4,4(91<"¢’1<)

332; Y4 (eH'¢H) ngi Y4,—4-(61<'¢1<)]

k

(b) for unlike atoms
2 _ _1_-_ ] 2 )2 . i "6
<t = 3 s<s+1)_(gg B°/K)"-n | 2 (ij

+ 23'251"‘2,0 (?H'q’n) kzr;f( Y4'.,o(91<'¢1<)

4 %251 Y:.4- (eH,¢H) %rgfr\ Y4,4(91<'¢1<)

+32 ve 6 0 YS®C vy (o .4
35 N VAR S PR

4'_4

GK and ¢K-refer the radius vector to the crystal axes while SH and ¢H

refer the static magnetic field to the same axes.

THE MAGNESIUM OXIDE UNIT CELL

The unit cell of Magnesium Oxide, as previously mentioned in
Chapter II, is face centred cubic and contains four molecules (see
Figure 2.1). The iron is expected to substitute at the magnesium
sites and so a complete tabulation of these sites is needed. It is

found sufficient to consider eight unit cells with the iron reference -
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ion as a common corner. The rx, 8, ¢ values of all the magnesium sites
are given in the Appendix (see Table 1).

Because of the symmetrical properties of the drystal structure
these equations reduce at ¢H = 0"'-> (which is the case considered here)
to:

(a) for like atoms
<Aw2> = % S($+1)<g282/lﬁ)2 . n. &-Z(rgi)

32¢

35 T4 ’4’3)2 *5k Ya, o(oxrox)
64 -6
* 3511r YZ,4(0H'¢H)ZK:ij Y4,4(°1<'¢1<)_‘J

+

{b) for unlike atoms
o, 2 Va4 -6
<hw > =§S(S+1)_(gg's /11’1> [-—Z(r.

32
“ 4 0(6 ’¢H)>—4 jK 4 o(e '¢K)

S o) 2 Y, oo 4]

The total dipolar broadening is given by the square root of the
sum of the second moments of the individual dipolar interactions. This
mean square width must be converted into the peak to peak derivativg
linewidths, AHms'-for comparison with expeiimeﬂtal results. This is

done using the equation

V/<Aw > oH/

Aﬂms = —j-;———- . 9y Tesla

where the parameter 336\; is obtained from the experimental isoftequency
plots obtained for each crystal. One of these is shown in Figure 4.2
for a concentration 0.3106% (i.e. 4300 p.p.m. of Fe), and the transition

indicated.
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For the iron-iron interactions one needs the equation for

' +
dipolar broadening between like atoms. For Fe3 r S =5/2 and

g 2.0037, the atomic part of the equation can be evaluated as

|w

. 2 - -
S(S+¥) (gzﬁzﬁﬁ) *n= 17,0621 x 10 25, n rad.sec 1 cm6

[~

i
Using Table 2 the geometrical part of the equation can be partially

evaluated, leading to the final equation:

20 [,
- "4 - *
n [15.9184 5.175 v} o (0,s0,)- 6.218 24'4(%,%):\

<Am?> = 7.062 x 10

For ¢ = 0°~the equation is totally real and by substituting values of
n and ® corresponding to the experimental ones, curves of dipolar
broadening as a function of polar angle, 6, can be derived. Using
the equation of transformation; AHms can be calculated and compared
with experimental values. It should be noticed that the dipolar.
inﬁeraction between Fe and Mg, and Fe and Oxygen give a negligible
contribution to the broadening of the lines.

The predicted concentraticn dependence of the linewidth is
shown in Fiéure 4.5 which also shows the experimental data obtained

with the "as received" samples.

Iv.2 EXPERIMENTAL RESULTS

The experimental results té be presented in this section are
to be classified as those obtained with the samples "as received", and
after heat treatment either in an oxidizing or reducing atmosphere.
By "as ;eceived" is_ieant the crystals as they were supplied by the
manufacturers whilst by "heat treated" samples it should be understood
that the crystals were re-examined after a bakiﬁg_proceés.

A typical spectrum, obtained with the as received samples at

room temperature at a frequency of 9.100 GHz and polar angle 6 = 0o
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(i.e. external magnetic field H parallel to the fourfold axis of the

crystal) is shown in Figure 4.1. The spectrum shows a total of five
3+

lines, which is the correct number expected for S = 5/2 if it is Fe ,

(7 in the

and there is a general agreemenf with that reported by Low
1.15 centimeter region. Thé % <> -} transition appears as a prominent
line of relative intensity 11.5 at approximately g = 2.016 flanked on
either side by two lines at separations 443 and 545 Gauss respectively
and with relative intensities 0.5 and 2.2.

The spectrum shown in Figure 4.1 corresponds to that obtained
with the sample containing, nominally 0.03% of iron (sample ref. No.2)
and it is similar for most of the other samples; with two however
{(ref. Nos. 1 and 3) six extra lines Were-observed and it is not known
whether these were due to impurities or iron ions located in sites of
lower symmetry. Table II shows a summary -of the field positions and '

relative intensities of thé five lines as found experimentally with the

sample ref. No.2

TABLE II

Experimental spectrum of the MgO:Fe3+ at 9.100 GHz and H // <100>-axis

Transition -%<+>-3/2 5/24*3/2 K=k -3/24+>-5/2 3/2« X
Hres(Gauss) 2710 ' 2810 3225 3668 3770

Rel. Inten. 2.2 0.5 11.5 0.5 2.2

By comparison of Tables I and II it can be seen that the predicted
séectrum is in fairly good agreement with the experimen;al ohe.

The main transition, i.e. ¥ +>-%, was used for detailed line-
width studies. The reasons for this choice were twofold: (a) its
intgnsity was greater, and (b) it was nearly isotropic. The second point

was made clear from isofrequency plots.
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For the -%+*>-3/2 and 3/2¢*% transitions, as Figure 4.2 shows,
there is a large variation of resonance magnetic field as the polar
angle 6 is varied and at some angles they overlap with the main transition.
The %+ -% isofrequency plot, however, as illustrated in Figure 4.3,
shows a very much smaller variation. It does not, however, aépear to

(7)

be exactly lsotropic as has been previously suggested by Low and, in

fact, shows certain periodic maxima and minima. The pattern of varia-

(31) for

tion is very similar to that reported by Toussaint and Declerck
the case in which the magnetic field is directed along the <111> axis of
the crystal. Moreover, these reséarchers have shown that the resonance
magnetic field changes by up to 40 Gauss as the polar angle is varied

from € = 00 to 6 = 900 which, as can be éeen in Figure 4.3, is very much
the same range of values of magnetic field reported here for the k<> -k
transition and for the magnetic field along the fourfold axis of the
crystal.

‘The linewidth of the %<+ -} transition for each one of the samples
was measured directly from the derivative .plot (e.g. Figure 4.4) which
was calibrated in terms of magnetic field as was explained in the
preceding chapter. The variation of linewidth with polar angle is shown
in,Figure 4.5(a) for several samples; all in fact showed a definite
.minimum near 6 ='0°, and an increase in linewidth of nearly two times
on going to 6 = 20°. Actually, on going'furthér up varying the pﬁlar
angle the linewidth decreases and increases periodically but these
experimental points are a bit doubtful in the region in which this trans-
ition over}aps with the =% <> 3/2 and 3/2 « X transitions, since its
aﬁplitude decreases radically and the measurement of the linewidth
becomes impossible. Nonetheless, as can be appreciated from Figure 4.5(b),
there aﬁpear_to be points qf maxima and minima for the linewidth at

values of 6 quite similar to those found in the isofrequency plot of the

main transition.
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The experimental linewidth, measured at room temperature, was
found to be almost the same for all the samples and it is approximately
of 8 Gauss at 0 = Oo. Measuremepts were also made at liquid nitrogen
temperature to check whether there was any appreciable contribution to
the linewidth due to broadening caused by spin-lattice relaxation (whicﬁ
will be treated in the next chapter). The full spectra were identical
with that shown in Figure 4.1 and the linewidth was similar to that
measured at room temperature; thus, such an effect was considered
neéligible. A plot of linewidth versus concentration is shown in
Figure 4.6 which also includes 77 K results obtained with the same
samples and it can be seen that the linewidth seems to be independent
of concentration.

Using Van Vleck's theory of dipolar broadening, outlined in the
Previous section, a calculation of the expected linewidth was performed
and, as can be appreciated from Figure 4.7, the disérepancy between the
theoretical and experimental values was significant. Three main sup-
positions were propoéed to account for thi; difference in linewidth:
either (a) from the totél nominal concentration of the dopant only-a
small part was in the trivalent state and, consequeﬁtly, the figures
édopted for the Fe3+ concentratidn led to erroneous calculations or (b)

(32,33) Fe2+, interx-

the existence of small amounts of the fast relaxing
acting somehow with the ferric ion, may cause the shrinkage of the line-
widths or (c) both situations taking place at the same time. Optical
measurements carried out by W. Hutton revealed the presence of.detectable
amoﬁnts of Fe2+ in two of the samples (ref. Nos;4 and 5) whereas the low
concentration samples did nét show any Fe2+ signal at all.

Bearing in mina £hese assumptions, it was decided to heat treat

(34)

. . : Q. . .
the samples in air at a temperature above 12090 C in order to increase
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the ratio of Fe3+ to Fe2+ and observe whether there was any change in
linewidth. Sample fef. Nos.1, 2, 3, 4 and 5 were baked for periods up
to 24 hours and then were allowe§ to cool down at a slow rate. As a
result of] this heat treatment the green-coloured crystals turned orange
(i.e. saéples ref. Nos: 4 and 5), the samples containing 140 and 710
p.p.-m. of iron turned yellow whilst the 310 p.p.m. sample remained
colourless as before the baking process.

As far as the linewidth measurements are concerned, in all the
heét treated samples the main transition of the ferric ion showed a
~slight tendency to increase in linewidth, the major increase measured
being of nearly two times for the sample ref. No.5. Further optical
spectroscopic measurements were performed with the heat treated samples
"and it was found that the absorption peaks identified as corresponding
to the ferric ion had increased in amplitude, the most intense cor-
responding to those samples which had changed colour. However, the
samples ref. Nos.4 and 5 still showed a very intense peak corresponding
to the aivalent iron ion.

The next obvious step was to proceed to analyse the samples in
a situation in which the Fezf ion dominates in proportion to the ferric
ion and so the crystals were once again baked but this time in a Hydrogen
atmosphere for periods up to 30 hours. As a consequence, the samples
ref. Nos.4 and 5 "returned" to their original dark-green colour, but the
low concentration ones became cémpletely transparent. Linewidth measure-
ments in the former gave as a result a value equal to that obtained when
measured in the as received state, but the latter did not show Fe3+
spectrum at room temperature at all. As before, the ﬁptical spectrum of
the Hydrogen treated samples was obtained: the samples ref. Nos.4 and 5

+ +
still showed the Fe3 absorption peaks in addition to the Fe2 peak, but
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the low concentration samples showed neither Fe3+ peaks nor Fe2+ peaks.

However, at Q-band énd liquid helium temperature these low concentration
samples showed a rather weak Fe3+ spectrum and an intense broad line at

about 7.§ Kilogauss which was ldentified as corresponding to a Fe2+

!
transition by comparison with the spectrum reported by Low and Weger(35).

Iv.3 DISCUSSION AND: CONCLUSIONS

Two salient features emerge from an initial comparison between
thé experimental result for the as grown crystals and those predicted
on the basis of Van Vleck's dipolar broadening theory. Firstly, the
expected linewidths are about a hundred times larger than the measured
linewidths; secondly, the linewidth appears to be almost concentration
independent, in marked contrast to the (concentratioh)% variation
expected.

The discrepancy in the magnitude of the linewidths is far greater
than those encountered in other materials in which similar comparisons
have been made. In ruby, for example, Grant aﬁd Strandberg(36) found
that the predicted dipolar,ﬁidths were some five timeé larger than the
observed widths; and in a recent publication on double doped alumina
Thorp et al(37) found that £he predicted widths were seven times larger
than those observed. ;nfhese examples, however, there was a reasonably
good fit between the forms of the predicted and.observed angular variation
of the linewidth and also between the predicted and observed 1inewidth
concentration dependence. With the present data only the form of the
angular variation of linewidth cbfresponds to the predictions of the
"dipolar model.

At this stage of the research, to account for the above mentioned

' 3+
discrepancy, it was suggested that either (a) incorrect Fe  concentration
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figures, or (b) the presence of Fe2+ interacting with the Fe3+ ions,

or (c) both considerations, may explain the "shrinkage" of the line-
width. However, in the light of the additional data obtained with the
heat treated samples, a more coﬁsistent suggestion arose in order to
explain the remarkable difference between the predicted and the observed
linewidth: existence of a strong narrowing mechanism such as, for

, (3
(38) oxr motional( 9 narrowing. These possibilities

example, exchange
are discussed below.

As regards the Fe3+ concentrations the figures used, obtained
by spectrographic analysis, referred to the total iron content. This
method of analysis did not differenciate_between various valency states
and it was possible that although the crystals certainly contained Fe3+,
- as shown by the E.S.R. spectra, they might also contain other states
such as Fe2+. However, the dipolar calculations can be used to obtain
by extrapclation the concentration of Fe3+_whibh would have been needed
to account on the dipolar model for the observed 8 Gauss linewidth.

This extrapolation gives a required concentration of only 0.53 p.p.m.

of Fe3+. Even allowing for a substantial percentage of the total iron
content being present as species other than Fe3+, this extremely low
value makes it very unlikely that the linewidth discrepancy could be
'explained purely on concentration grounds; furthermore, no explanation
of the concentration independent linewidths would be afforded without
an unlikely assgmption that the Fe3+ concentration remained low and
congtant although the. total iron content increased from 140 p.p.m. to
12900 p.p.m. Moreo#er; after heat treatment in air fhe-intensity of the
Fe3+ E.S.R. spectrum was, in most specimens, somewhat more prohounced

and the linewidths tended to increase but only by factor of less than

; . ' . . 2+
two times; even in the situation where maximum conversion of Fe into
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Fe3+ had been attempted (aftex prolqngea heating in air) the linewidths
were still much less than the predicted values.

The optical absorption in several of the present specimens has
been studied over the range 200.nm to 1000 nm. In the as received state
all the specimens showed peaks at 395 nm and 462 nm which agree with the
values quoted by Wertz et al(34) for the absorption peaks of Fe3+ in iron
doped-magnesia, and which increased progressively with total iron con-
centration. Only two samples, those containing 2300 p.é.m. and 4300 p.p.m.
. Fe respectively, gave in addition a broad ébsorption centred near 1000 nm

40)

which agrees with the value reported by Jones( , and confirmed later
by Cotton et al(41) and King et a1(42), for an absorption peak of Fe2+
in octahedral co-ordination. Hence, it is concluded from this optical

. data that while all the specimens contained Fe3+, only in the two
specimens noted above existed a detectable‘ampunt of Fe2+. Nevertheless,
since small decreases in linewidth were seen aftef the heat treatment

of the samples in a hydrogen atmosphere, it is concluded that the Fe2+
Adoes not play the most important role in the behaviour of the linewidth

of the % <>-% transition of the ferric ion.

An explanation in terms of exchan

since this would involve an interaction between ions of like species

3+ 3+ | .
which here would be Fe© - Fe . From the equation for the second moment
it is apparent that the isotropic exchange forces do not influence at
all the magnitude of the second moment. In order to determine the
“influence of exchange forces on the line shape, it is therefore necessary
to consider higher moments. - Calculations have shown that in the case of
pure dipolar interactions the ratios of the moments are close to the
values obtained for Gaussian functions, namely
%
6

M ME : M = 1.57 : 1.32 : 1
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Al'tshuler and Kozyrev(lo) had mentioned that if exchange interactions

are stronger than the dipole interactions, the

where M2 and M4 are respectively the second and fourth moments of the

line. An analysis of this type has been attempted in the following way.
Each absorption line shape was first found by numerical integration of
the experimental derivative plots; however the presence of a weak

subsidiary line, presumably made that on the high field side the

absorption line adopted a form similar to that jillustrated by Zavoisky(43)

for the exchange narrowed line of CrCl. polycrystalline samples; thus,

3

it was impossible to obtain data in the high field tail and consequently

estimates of M2 and M4 were only made for the left hand side of the line

where the tail could be followed continuously into the background. The

ok

+
ratio M4 9 was then derived. The results, for the Fe3 h =l

transition at X band and 6 = Oo, are summarized in Table III.

TABLE III
Values of the ratio MZ/ME for the %<+ -% transition of MgO:Fe3+
Iron concentration (p.p.m.) Ratio MZ/ME
140 1.34_ .
310 1.36
710 1.33
2300 1.48
4300 1.42
8500 . 1.35

The values of the ratio found are not dissimilar to the figures

quoted by Van Vleck(zg) for other examples of exchange narrowed E.S.R.
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+
lines, e.g. in undiluted paramagnetic salts of Mn2 . For the purpose

of illustration Van Vleck's table is reproduced here.

L
Substance Exp. Linewidth Theor. Linewidth M“/M%
4’2
/ (Gauss) (Gauss)
I
MnC1, : 4H,0 1410 1530 1.23
MnCl, 750 2950 1.40
MnSO,, . 4H,0 1150 1560 1.28
MnSO4.1H20 320 . 2870 1.46
MnSO, 665 3520 1.35
MnCO, (cryst.) 460 4460 1.43
Mn_ (PO ) _.3H O 465 : 1246 1.38
3 4 2 2 .
Mn,P,0..3H,0 1070 : 1250 1.32
Mn (NO,) ,.6H,0 1210 1033 1.31
MnF, 470 7020 1.39
MnS 780 7520 1.40

(After J.H. Van Vleck; reference 29, pp.1002)

From Vah Vleck's figures it could be observed that wherever
there is a substantial difference between the calculated and measured
linewidtbs, the value of the moments ratio is quite similar to those
préduced in Table III. This suggests that exchange narrowing is
important, even a; the lowest iron concentration. The éxchange_model
might also give an explanation for the concentration independent line-
_widths. Increasing_the iron concentration will increase the probability
of the number of magnesium sites being occupied by fe3+ and, consequently,
'reduce the Fe3+ - Fe3+ diétance and simply correspond to a larger number
of centfes each proéucing a stronger narrowexr effect; thus the concen-

tration independence of the linewidth is to be regarded as the maintenance
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of the domination of exchange narrowing over dipolar broadening at all
levels of iron concentration.
On the above basis one might expect that the linewidth behaviour
3+ ' . 2+
of the F% should be substantially independent of any Fe  present;
however,lwe cannot rule out the possibility of some contribution to

narrowing arising from motional effects, which have been invoked by
Stoneham et al(44) to explain the temperature dependence of the line-
width or iron group ions in MgO in the temperature range near 2 K.
This mechanism however would involve an Fe3+ - Fe2+ interaction and,
in view of the small amounts of Fe2+ detected in the specimens used in
these experiments, seems unlikely to be a dominant factor.

Thus one ought to conclude from £he linewidth experiments that
the iron enters the magnesium oxide lattice substitutionally (occupying
magnesiﬁm sites), that the predominant valency state is Fe3+ and that

even at low iron concentrations there is strong exchange narrowing of

the resonance lines.
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CHAPTER V

SPIN-LATTICE RELAXATION MEASUREMENTS

The behaviour of a paramagnetic substance in a magnetic field
will dep?nd essentially on the ihteraction of the paramagnetic particles
with onejanother and with the neighbouring diamagnetic particles.

These inéeractions will favour the establishment of a thermodynamic
equilibrium, if that equilibrium is disturbed for any reason.

Let a certain pair of energy levels of a spin system be E1 and
Ez'(E1<E2), whose populations are set equal to N1 and N2. Hence, if
the equilibrium state has been attained in a static field H° and the
distribution laws of classical mechanics are applicable, the populations

of the individual enexrgy levéls are detefmined by the Boltzmann factor
N2 = N1 exp [:-(E1 - Ez)/k?] (5.1)

where k is the Boltzmann constant and T-is the absolute temperature of
the system. The populations of the lower energy levels are greater
than those of the upper levels; therefore, when a periodic magnetic
field with the resonance frequency is switched on, the number of absorp-
tion events produced by the field will exceed the number of induced
radiation events, and as a result the substance will absorb energy from
the periodic field. If this resonance absorption is to continue, there
must be some other mechanism which allows electrons in the upper energy
state to lose energy and drop back to the lower state. This mechanism
must allow energy transfer by interaction with some system other than
the incident radiation. If this were not so, the larger number of
electrons absorbing energy in the ground state would rapidly tend to
equalize N1 and N2 and so no further absorption would occur.

Thus, two opposing procésses take pléce in paramagnetic resonance:

the periodic magnetic field tends to equalize the populations of the
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various magnetic levels, and the internal interactions tend to restore
the Boltzmann distribution by conversion of the energy absorbed into
heat. This mechanism of restoration is called "relaxation process"
and is merured in terms of the éelaxation time, which is the time in

-which an &nitial excess of energy given to the spins will fall to 1/e
{
or 0.368 of its value.

In order to describe the mechanism whereby a spin system achieves
thermal equilibrium within itself and with its surroundings, three
prdcesses must be considered: spin-spin relaxation, cross relaxation
and spin-lattice relaxation. By spin-spin relaxation is understood the
process of achievement of thermal equilibrium within the spin system
itself, cross relaxation deals with the attainmént of equilibrium
between spins of different species and spin-lattice relaxation describes
the way in which the spin system transfers energy to the lattice, the
latter being the concern of this cfxaptér.

The group led by Gorter and Casimir_(45) made the first real
attempt to investigate paramagnetic relaxation. They investigated the
:behaviour of the paramagnetic susceptibility of the sample, when
subjected to Iadio-frequehcy fields, and determined the maximum rate at
which the maénetié moment of the specimen couid follow the changing
applied field. The situation was analysed by Casimir and du Pre(46)

whose hypothesis suggested that the magnetization of a paramagnetic

substance could be -considered a two-stage process:

(1) Equilibrium is established inside the “sbin system", i.e. the.
system of the magnetic moments of all paramagnetic particles.

(11} An exchange of energy takes place between the spin system and the
"lattice" which comprises all the remaining degrees of freedom

of the paramaénetic substance.
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According to this thermodynamic approach a system whose temperature

is not the same as that of its surroundings cannot certainly be in
thermal equilibrium with these surroundings and, provided there is a
thermal ﬁontact between the two,.their temperatures will approach a
common vglue at a rate determined by the heat capacities of the system
and the ;urroundings together with the rate at which energy can be
transferred from one to the other. If the surroundings have a heat
capacity that is immensely greater than the heat capacity of the system,
the temperature of the latter will approach the temperature of the
surroundings at a rate determined only by the heat capacity of the
system and the rate of heat transfer.

In other words, the lattice acts like a thermostat in which the
spin system is immersedlsince its temperature may be regarded as constant
because>its heat capacity is much greater than that of the spin system.
A certain temperature which is, in general, different from the lattice
temperature may also be attributed to the spin system.

The process of establishing an equilibrium between the spin system
‘and the lgttice may be considered as an exchange of energy between the

systems, leading to temperature equalization. The rate of this process

may be characterized by the spin—latticé relaxation time, which will be
denoted by T. The rate at which equilibrium is established within the

spin system may, similarly, be characterized by the spin-spin relaxation

time, t'.

There may be quite appreciable differences in the mechanisms of
spin-lattice relaxation from one substance to another. Therefore, in
addition to being stronély dependent on the temperature of a paramagnetic
substahce, the magnitude of t varies over wide limits from one sﬁbstance‘

to another. In contrast with time 1, the magnitﬁde of 1' depends very
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little on lattice temperature. Another Aifference to be noted between
spin-spin and spin-lattice relaxation is that the process of establishing
equilibrium with a spin system consists in an exchange of energy between
its various parts, although the £otal energy of the system is conserved;
spin-lattice relaxation, however, is associated with a change in the
energy of the spin system.

It is clear that the very possibility of dividing a paramagnetic
substance into a spin system and a lattice presupposes that the inter-
actions within the spin system (spin-spin interactions) are much stronger
than the interactions of the spin system with the lattice (spin-lattice

interactions), that is 1' << 1.

v.1 SPIN-LATTICE RELAXATION

There are basically two ways of approaching the spin-lattice
relaxation phenomena. One is to consider the fransition probabilities
between populated energy levels and to obtain the so-called rate
.equations, and the other is to follow the phenomenclogical tféatment

of Bloch.

THE RATE EQUATIONS

For simplicity, let us consider a two energy level spin system

(e.g. S = 1/2)E1 and E2 (E1 <E2) with populations n, and n2, respectively.

A radiation of frequency w = (E2 - El)/ﬁ incident upon this system will
cause transitions between the -two levels in either direction, the number

of spins leaving the lower state being proportional to n1 and the numberx

leaving the upper state being proportional to n Thus, the popula-

2°
tions of the two levels cbey the differential equation
dn1 dn2 _
Tae T Tae T Y12M1 T V™ (5.2)

where w12 and W21 are the rates at which spins make transition from the
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lower to the upper state and vice versa. Once a thermal equilibrium is
established between the spin system and the incident radiation the pop-
ulations will no longer change and consequently the time differentials

vanish. Thus

0 = w12N1 - w21N2 (5.3)

where N1 and N2 stand for the equilibrium populations of the lower
and upper level, respectively. If To is the equilibrium temperature
and p is the radiation density, then the transition rates can be written

as

w12 = Bp (5.4)

Ya1

A+ Bp = Bp exp €u/KT, ) (5.5)

where A and B are the Einstein coefficients of spontaneous emission

and stimulated emission (or absorption) respectively. Hence from

equation (5.3) we have

== = —~ = expWu/kT ) {(5.6)
12 2 "0

‘If the spin éystem is not in thermal equilibrium with the

incidernt radiation, from equation (5.2}

'd(n1 - n,.)

2 = _
at = 20w ony = Wyyny)
= (n1 + n2)(w21 - w12) - (w21 + w12)(n1 - n2) (5.7)
Defining
n1 + n2 = N
n, - n2 = n

equation (5.7) can be written as
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dn
at - Ny mwip) mnlwy, +wyo)
- W - W
21 12
= (w + w, ) [N—————————-— é]
21 12 w21 + w12
no -n
= T : (5.8)
1
where
Ya1 T Y12
n, = N/
° 21 12
and . )
1 - (w21 + w12) . (5.9)
Ty

Since the solution of the equation (5.8) is

n_. .+ C exp {~t/T,)
o 1

3

~
(5]
)
[y
(@]

~

n
where C is a constant of integration, it can therefore be noticed
that no represents the thermal equilibrium population difference and
T, is a characteristic time associated with the approach to thermal

1

equilibrium.ﬂﬁ is called the "spin-lattice relaxation time."

BLOCH EQUATIONS

In his phenomenological theory of paramagnetic resonance,

1A
Bloch '~ '’ introduced two relaxation times: the longitudinal T, and

the transverse T2L Let the paramagnetic sample be situated in a static

magnetic field E;. The time T,

the equilibrium state is established if there is an instantaneous change

then characterizes the rate at which

in the magnitude of the field E;, assuming its direction is preserved.
It is a measure of the rate at which the magnetization Mz of the spin
system apprdéches its equilibrium value Mo. The time T2 determines the
relaxation if there is an instantaneous -change in the direction of the

field ﬁ; while its absolute magnitude is preserved. It is the character-

istic time in which the individual processing spiﬁs get out of phase
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with each other and thus it corresponds to the decay rate of the
transverse components Mx and My of the magnetization.

The time T1 characterizes the process of establishment of the

equilibrium, related to the change in spin system energy, and may
therefore be identified with the spin-lattice relaxation time 7.

The time T2 describes the rate of the relaxation process whereby the

energy of the spin system remains unchanged; it may be identified with

the time t'. However, the equivalences of the time T to T and

1'
1'to T2 will not always hold. This is because the concepts of longi-

tudinal and transverse relaxation times T1 and T2 may always be introduced,

while the times T and 1' have meaning only if T>>71'.

If in addition to the field E;, aﬁ alternating magnetic field ﬁi

is applied in the xy plane at right angles, then the paramagnetic
spins will tend to process with the Larmor (resonancef frequency
wo ='YH°. In the absence of saturation effects the magnetization M

will obey the equation

&%

= YMxH

where Y ( = gB/h) is the gyromagnetic ratio and H = ﬁ; + ﬁi. Furthermore,

if the relaxation mechanisms are added to this equation, then its three

components constitute the well known Bloch equations:

aMx  _ = = Mx

at - Y (M x H) T2 (5.11a)
d;Ml = —- HY - ﬂl

at Y (Mx Hly T2 {5.11b)
Mz =T - Mz-Mo

at Yy (M x H)z T (5.11c)

The steady state solution of these Bloch equations (i.e. when
sz/dt =_0) in the presence of an oscillating field 2H1 exp (iwt) is

well known and, if the complex susceptibility is defined in the usual
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way, X = X' - ix" , it can easily be obtained:
T, (w ~-w)
1 2 o]
X' ==y wT (5.12a)
2 "o02 2 12 2
1+ T2 (u)o w) +Y!+I1 T1 T2
1 1 (5.12b)
x"=<-xw
2 “oo02 2 2 2 2
1+ T2 (wo—w) + Y H1 T1 T2

where the static susceptibility x° = MO/HO. The mean rate of enexrgy

absorption, from the radiation field, is given by

21/ w —
R g . _ nwogl
I=%2n f Hy » & 2ox™ Hy
o
2
mmo xo T2 H1 _
1 + T2 (mo-w) + Y H1 T1 T2

which defines the usual resonance curve. It can be seen from
equation (5.13) that for frequencies near resonance, i.e.m**mo, the
height of the absonance curve falls as H1 is increased. This phenom-

enon is called "saturation" of fhe spin system and leads to a method
of measuring TH, ‘

It has been shown that Bloch's phenomenological equations are
correct.if no spin-spin interactions exist and if the paramagnetism
is of the .pure gpin type (nb splitting of the spin energy levels by
electric fields). Thus, the Bloch phenomenological equations are
applicable over a very limited domain. It is rather extensively used,
however, since it gives a qualitative explanation of different
aspects of paramagnetic resonance phenomena.

Again, it is not proposed to give a detailed account of the
several different theories involved in the explanation of the rather
difficult subject of spin-lattice. relaxation, but merely to mention

briefly the nature of the interactions that determine the value of T1
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In any case there exists a considerable number of treatises and texts
which explain 'a profundis' the phenomenon of magnetic relaxation and
that should be consulted for further information.

The first discussion of the spin-lattice relaxation mechanisms

by Waller(48)

was based on modulation of the spin-spin interaction by .
the phonons, which induces oscillatory components in the distances
between paramagnetic ions, but this theory led to relaxation times
appreciably longer than those observed experimentally by Gorter(49)
among others. A more potent mechanism aﬁd one which, unlike that of
Waller, is independent of the degree of concentration of the magnetic
ions, is modulation of the ligand field by the lattice vibrations.

This produces primarily a fluctuating magnetic field, which modulates
the orbital motion of the magnetic electrons. There is no direct
interaction with the electron spins, but they feel the effect of the
modulation of the orbital motion through the spin-orbit coupling, in
the same way as they feel the effects of the static ligand field. The
Iresultént spin-lattice relaxation times are therefore greatly dependent
on the extent to which the orbital moment is absent in the free ion,

or quenched by the static ligand field.

It was Van Vleck (50) who laid the foundations of the quantita-
tive formulation of the theory of spin-lattice relaxation through
modulation of the ligand field,.and these have been extended by many
others, notably Orbach (51). There are maﬁy cbmplications to be con-

sidered, but in the majority of cases the temperature dependence of the

spin-lattice relaxation time can be written as

1/T, = AT + BT" + C exp (- 4/KkT)

where the various terms arise from different processes that contribute

to the relaxation rate and which can be summarized as follows:
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(i) Direct process, by which the spins exchange quanta of energy
with lattice modes having the same frequency as the spin resonance
frequency. The frequencies of the lattice modes are considered distri-
buted accqrding to a Debye spectrﬁm. When a spin relaxes, it emits a
guantum oé acoustic energy (phonon) within a narrow band of energies,
into one éf these modes.

(ii) Raman process, a two-phonon process in which all phonons can take
part, giving the strongly temperature depgndent second term. The spin
interacts simultaneously with two lattice modes whose difference
frequency is the spin resonance frequency. This is a second order
process, and is less probable than the direct process, but the number

of different combinations of frequencies éatisfying the necessary resonance
condition is very large. - The probability df Raman-type relaxation
increaseg according to a T7 or T9 law, whereas that of the direct
process varies only linearly with temperature.

The net result of these two effects is that the former usually
dominates in the liquid helium range of temperatures, whilst,the.latter
dominates at higher temperatures.

(iii) Orbach process, which accounts for the third term, involves
absqrption of a phonon by a direct process to excite the spin system to
a much higher level; These sp;né then relax to the lower level in the
ground doublet by emitting a phonon of slightly higher energy; This
difference in energies is again lost by the spins, resulting in an
effective transition between the two lower levels. This "resonant
twd—phonon process" 1s only possible if there is another energy level
at A'<k9D (GD is the Debye temperature) so that phonons are available
to cause this transition. This process differs from the Raman process

in that the Raman process takes place via a virtual intermediate level,

and in that any virtual level will suffice for the Raman process and
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consequently many phonons may contribute, whereas the Orbach process
uses only a narrow band of phonons at hv = A, This process is also

strongly temperature dependent.

V.2 EXPERIMENTAL RESULTS

As a precursor to measurements at Q-band of spin-lattice relaxa-

tion time, T,, the room temperature spectra at 6 = 0o were observed

1

at a frequency of 35.5 GHz. These had a form similar to that obtained
at X-band (see Fig.4.1), i.e. the five lines showed clearly, although
of course the values of resonance magnetic fields were different.

Henderson et al(sz) have presented the computer-calculated energy

levels in the Q-band region for the tetfagonai Fe3+ system in MgO;
however, there appears to be no published calculated energy levels, in
the same energy range, for MgO:Fe3+ in sites of octahedral symmetry,
which is the case under consideration here. Nevertheless, the line
positions of Fig.5.1 fit well with linear extrapolations of the levels

given in Pig.2.5 and also agree with the Q-band spectrum reported by
Cheng and KempF53) in a recent publication.

Using the pulse saturation technique, as briefly described in
Chapter III, spin-lattice relaxation time measurements for the %-++ -%—
transition were carried out at liquid helium temperature (4.2 K) with
the samples reference numbers 1,2 and 3. In most of the semi-logarithmic
plots produced from the photographs of the exponential decay curves,
the existence of two relaxation rates could be observed, one much faster
than the other; the longest relaxation time was taken as the spin-
lattice relaxation time whilst the éhortest one was attributed to a fast

relaxation mechanism such as cross-relaxation(54)

. _Accordingly, for
the 140, 310 and 710 p.p.m. Fe specimens the measured relaxation times

were 1, 0.7 and 0.1 milliseconds, respectively which seem to indicate
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that T1 is somewhat concentration dependent decreasing in magnitude as

the concentration increases. The aforementioned values of T1 were

obtained for the d.c. magnetic field oriented along the fourfold axis

of the crystal. As Figure 5.2 shows, it is apparent that T1 behaves in

a seemingly periodic manner as the angle of 6 between the d.c. field
and the <100>-axis varies from 6 =0° to 8 =90°. The two minima that
could be observed, particularly with the 310 p.p.m. Fe sample (which
did not show "extra" lines in the spectrum as the 140 and 710 p.p.m. Fe
1

did) , happen to occur, approximately, at angles in which the _%H_E

and l-+4 2-transitions are expected to overlap with the main transition.

2 2
As far as T1 measurements are concerned,.it should be pointed out that
it was not possible to obtain data with the rest of the sampies (i.e.
higﬁ Fe concentrations) because the exponential decay could not be
observed, even though the oscilloscope registered a very intense d.c.
level due to the resonance signal, and, in the light of the observed

concentration dependence, it was suggested that T, for these samples was

1

too short for the exponential decay to be detected with the aid of the

0.1 psec/cm-minimum-time-base oscilloscope in use.

AR T - —_——1 =5 o

In addition Lo the above mentioned experiments, s

temperature dependence measurements were also performed with the 310 p.p.m.

Fe sample. The experimental points which are depicted in Fig. 5.3

- -7
- appear to be scattered along the T 1 and T theoretical straight lines

which are indicative of direct and Raman regions, respectively.

The data which has been reported so far refers to the samples
in thg'as received state, and some other results were obtained with the
heat treated cryétals. Relaxation time expgriments with the samples
reference numbers 1 and 2, after they were baked in air (to increase the
ratio Fé3+/Fe2+), showed some striking results: the values of T1 and

its polar variation remained almost the same for the 310 p.p.m. Fe sample
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except for a sudden increase of T, (3 msec) at 8 ==60° ; with the

1
140 p.p.m. Fe sample a drastic reduction was observed in the absolute
value of T1 (v 0.4 msec) and the apparent periodicity observed before
the baking process disappeared and instead a 'dip’' in the plotted points

was observed at 6==60°, T, being at this angle about 0.1 msec. No

1
further experiments were possible with the samples after they were
heat treated in a hydrogen atmosphere due to an unfortunate failure of
the high power pulse klystron. |

It is evident that all thesg data should be regarded as prelim-
inary and, consequently, more experimental work ought to be performed
before attempting to assert any conclusion. However, although the
information accumulated on spin-lattice relaxation time is scanty, a
preliminary analysis of the data will be essayed in the light of the

linewidth measurements results, and merely as a guide for forthcoming

research in the topic.

V.3 DISCUSSION AND CONCLUSIONS

A first analysis of the experimental data reveals the existence
of two relaxation rates for Fe3+ in the host lattice MgO; it also
indicates concentration and angular dependence of '1‘1 and shows evidence
for the existence of direct and Raman regions in the temperature varia-
tion. Moreover, by comparison with published aata, there also exists
indications that the spin-lattice relaxation time is dependent on the
square of the resonance frequency in the way predicted by Mattuck and
Strandberg(SS).

It has long been suggested that at loy temperatures and high
concentrations, the relaxation of paramagnetic impurities in c?ystals
2+

may be dominated by cross relaxation to fast relaxing sites (e.g. Fe

sites) and by faster spin-lattice relaxation processes. In view of
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the experimental evidence of two relaxation decay curves, which can be
described by the sum of two exponentials as proposed by Manenkov and
. (54) 2+ .. . .
Milyaev for MgO:Mn~ , it is concluded here that such a fast relaxing
3+ :
process takes place for MgO:Fe and it is explained on the basis of
! 3+ 3+
spin exchange-interactions (Fe" =-Fe ) even at low levels of concen-
tration (140 p.p.m. Fe), by correlation with the linewidth model proposed in
. 2+ (56)
the previous chapter., For Mn in MgO, Solomon has found that by
heating a crystal in a hydrogen atmosphere the relaxation time increased
by a factor of 10 and, since the pfocedure more than tripled the con-
+
centration of Fe2 ions, he concluded that cross relaxation to the
. . 2+ . 2+
rapidly relaxing Fe spins (which should become faster as the Fe
concentration increases) is not an important part of the spin-lattice
. +
relaxation process. Similarly, it is expected here that.Fe2 does not
' 3+
play an important role on the spin-lattice relaxation process of MgO:Fe
but, unlike Solomon, not on experimental grounds but taking into account
the linewidth information.
: 3+
As the energy levels of MgO:Fe are not uniformly spaced, rapid
transfer of energy to all parts of the system is impeded and different
parts of the spin system may have different temperatures; therefore
it is possible to observe cross-relaxation between different parts of

the spin system. This argument may be used to explain the angular

dependence of T

1 (e.g. for the 310 p.p.m. Fe sample). There exists

cross-relaxation between the main transition and the "satellites" and,
consequently, the spin-lattice relaxation time becomes shorter as the
satellites move towards the %+<>-% transition. This cross-relaxation

may also account for the concentration dependence of T, since a general

1
feature.of the cross relaxation phenomena is the increase of the cross-

relaxation rate (i,e. shorter Tl) as a function of concentration. One

way of evaluating the intrinsic concentration dependence of T1 is to



measure the longest T, for a given ion concentration, and assume this

1

value to be an uppef limit. Solomon(SG) has applied this idea to the

2+

case of MgO:Mn and found that T, is roughly proportional to the

1

inverse ?f concentration. 1In the present case, by analogy, adopting

|
T1 = 1 msec (140 p.p.m. Fe) as the upper limit yields a proportionality
i

constant A = 140 for a (concent:ration)_1 law; this fiqure in turn can

be used to predict the values of T, for the 310 and 710 p.p.m. Fe samples.

1

These predicted values, together with the experimental ones are listed

beiow:
Fe concent. (p.p.m.) Predicted Tl(msec) Exper. Tl(msec)
310 0.5 0.7
710 0.2 ' 0.1

Since there is a close agreement between the two sets of values, it is
very tempting to conclude that for MgO:Fe3+ the spin-lattice relaxation
time obeys a-(concentration)—1 law.

From the theory of Mattuck and Stranaberg(SS) it is predicted
that the relaxation time varies inversely with the square of the
resonance frequency. Because the measurements reported here.wefe made

at a fixed frequenéy of 35.5 GHz, they provide by themselves no informé—

tion on the frequency dependence of the relaxation time; however,

(54)

Castle and Feldman have measured relaxation times at 9.0 GHz which

(58)

agreed with the values computed by Shiren via measurements of spin-

phonon (G11 ) coupling constants. Using these 9 GHz results*, and

’G44

* From Shiren's paper three values of T1 can be worked out for the
(59)

4 <> -} transition, as expected for ions with S8 = 5/2; at 4.2 K

these are 50, 25.2 and 7.62 msec. From these, T1 = 25.2 msec has been
adopted for the calculation of the constant B since it' is in closest
agreement with one of Castle and Feldman's experimental values (714
and 23.8 msec) and because it is the most dominant value, as was

inferred from Andrew and Tunstall's paper.
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. 2 .
assuming T, = B/V” (where v is the resonance frequency), it can be

1
found that the constant of proportionality is B = 1.92 x 1021 which,
" used to predict a 35.5 GHz spin-lattice relaxation time, yields a value
of T1 = }.5 msec in fairly good'agreement with the values measured here.
It is, aéain, tempting to conclude that the (frec_[uency)_2 dependence
holds fo; MgO:Fe3+.

There is approximate agreement of the experimental points with
T_1 (direct) and T_7 (Raman) lines for the temperature variation which

suggests that the slower relaxation process proceeds as for a single

ion relaxing to the lattice.
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APPENDIX
TABLE 1: Taking 8 unit cells of MgO, the magnesium sites are indexed.
a b c zxf o° ¢° a b c rf) @° ¢°
" 0 2.9778 90 45 Y -1 % 5.158 65.91 296.56
-y 0 2.9778 90 135 -4 -1 -4 5.158 114.09 243.44
% =% 0 2.9778 90 225 ¥ -1 -% 5.158 114.09 296.56
L, -% 0 2.9778 90 315 1 % % 5,158 65.91 26.57
0 % % 2.9778 45 90 1 -% % 5.158 65.91 333.43
0 -% &% 2.9778 45 270 1 % -% 5.158 114.09 26.57
0 % -% 2.9778 135 90 1 -% -4 5,158 114.09 333.43
0 -% -% 2.9778 135 270 -1 % % 5.158 65.91 153.43
¥ 0 % 2.9778 45 0 -1 -% % 5,158 65.91 206.56
- 0 % 2.,9778 45 180 -1 % -% 5,158 114.09 153.43
¥ 0 -% 2.9778 135 0 -1 -% -% 5,158 114.09 206.56
% 0 -% 2.9778 135 180
1 0 1 5.956 45 0
00 1 4.2112 0 - -1 0 1 5.956 45 180
0 0 -1 4.2112 180 - 1 0 -1 5.956 135 0
1 0 0 4.2112 90 0 -1 0 -1 5.956 135 180
0 1 0 4.2112 90 90 0 1 1 5.956 45 90
-1 0 0 4.2112 90 180 0 -1 1 5.956 45 270
0 -1 0 4.2112 90 270 0 1t -1 5.95 135 90
' 0 -1 -1 5.956 135 270
% % 1 5,158 35.26 45 1 1 0 5.956 90 45
4% % 1 5.158 35,26 135 -1 1 0 5.956 90 135
-4 -4 1 5.158 35.26 225 -1 -1 0 5.956 90 225
¥ -% 1 5.158 35.26 315 1 -1 0 5.956 90 315
% % -1 5.158 144.74 45 ,
% % -1 5,158 144.74 135 1 "1 1 7.294 54.74 45
-4 -4 -1 5,158 144.74 225 -1 1 1 7.294 54.74 135
L -% -1 5.158 144.74 315 -1 -1 1 7.294 54.74 225
¥ 1 Y% 5.158 65.91 63.44 1 -1 1 7.294 54.74 315
=% 1 % 5,158 65.91 116.56 1 1 -1 7.294 125.26 45
¥ 1 -% 5.158 114.09 63.44 -1 1 -1 7.294 125.26 135
-% 1 -% 5.158 114.09 116.56 -1 -1 -1 7.294 125.26 225
-4 -1 % 5.158 65.91 243.44 1 -1 -1 7.294 125.26 .315




| Nr_6Y4'o(6K,¢K) Nr'6y4 4(9K,¢ )
R o o | N No. -6, 45 -6 | 45 -6 45

r(A) _SK ¢K of sites) O(SK,¢K) 4 4 K'¢ ) Nr "x10 "cm x10 “cm x10%2em™
2.978 90 45 a 0.3174 ~0.4425 5.737 1.8209 ~2.5386
2.978 | 45 0 8 ~0.3438 0.1106 11.4741 -3.9448 1.2690
4.21i 0 - 2 0.8463 0.0000 0.3586 0.3035 0.0000
4.211 90 0 4 0.3174 0.4425 0.7171 0.2276 0.3173
5.158 35.26 45 8 ~-0.1528 -0.04917 0.4297 -0.06494 -0.02113
5.158 65.91 26.57 16 -0.1087 -0.0861 0.8594 -0.0934 -0.0740
5.956 45 0 8 -0.3438 0.1106 0.1793 ~-0.0616 0.0198
5.956 90 45 4 0.3174 -0.4425 0.0897 0.0285 -0.0397
7.294 54.74 45 8 -0.3291 -0.1967 0.05313 -0.0175 -0.0105
SUM 19.898 -1.8017 -1.0823

TABLE 2: Trigondmetrical parameters for the magnesium sites in 8 unit cells of MgO .

.-A'.r_'.
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