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This thesis describes electron nuclear double resonance
(ELDCR) measurements of hyperfine interactions in various
rare-sarth systems. A «~band (8 ma,) LNDUK spectrometer
wae bullt to perform experiments on Ib}71 and Ib173 in CalF,
and 0% and 0a'37 1n ThO, and Celp. Iwo other spectrometers
are described which were bullt to perfora experiments on
757" in Caw0, and ytbriun ethylsulphate (YiS). ALl the
spectroneters cperated basically on the principles described
by GSaker and Williaws (1962), using 115 ko/s magnetic field
modulation, The nuclear r.f, frequencies were introduced
by a single loop for the b and Gd experiments, but for the
Tb experiments a tuned resonant line was used for a «-band
spectrometer, and a ulcrowave helix for a J-band (2 cm.)
spectrometer,

The measureuents on Yb” ' in the cublc site of CaF, have
provided some very ilunteresting results, Pirstly ne reliable
determination of the orystal field splitting of Yb?' in cuble
CaF, has been made (iirton and Holaughlan 1967), The
nuelear moments for Yb /- and Yb'77 in dlasagnetic Yb2* ions
and in the free atom have been measured by Gossard et., al,
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(1964) and Clschewski and Otten (1967). A measurement

of the effective nuclear ge-factor for these isotopes in the
paranagnetic YbJ¥ ion by ZNDOI showed that the effective
nuclear ge-factor was 64f larger than the true gefactor,

This enabled the [ quartet excited state of Yo’  in CaP,
to be determined to have an energy of 597 X 6 en™t relative
to the f"7 doublet which is the ground state. Using a value
for the spin orbit coupling and the value of the one optical
transition positively identified by kKirton and Feclaughlan
to arise from an excited state to the ground state of Yb3*
in cuble gites in CaF,, the erystal fleld paremeters were
deduced to be :

1 1

b, = 60 B, = 37.8 em  and b, = 180 By = 9.9 = 2 em

These values were deduced without accounting for the crystal

field admixtures discussed by Bleaney (1964) for iscelectronic

-,

The ESDOX measurements on Yb '+ (I = §) were fitted to

a siaple spin lamiltonian, from which A171 and 35171 were

found, Yb''> has I =3, and to fit the spectrus higher
order interactions of the type suggested by Ray (1964) had

to be included in the spin Hamiltonisn, As Yb°® consists
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essentially of a single hole in an otherwise complete 4f
shell it should be possible to ascount for these higher order
terns by perturbation theory., This was attempted, using
combinations of the Zeeman interaction, the magnetic hyperfine
interaction and the guadrupole interaction coupling [, and
Mg levele within the ground manifold to the [y ground
doublet, The predicted interactions agreed reasonably well
with the obeserved epin Hamiltonian terms, assuming a quadrupole
interaction for the free ion of = 4.7 = 1,2 Me/s. Wo such
interaction can be observed directly in the ground state of
¥b°" in cuble CaF,, as the effective electronic spin is }.
‘hese higher order perturbations also produce correction terms
which appear in the spin Hamiltonlan as S.1, thus having the
sape form as the unagnetie hyperfine interaction, It is
osoontlal_ror thie woerk that these terms be correctly
evaluated, For Ib;71 a correction of « 130 - 5 ke/8 has to
be applied by A171 derived from the spin Hamiltonian, whilst
for Yb* /2 the correction is + 121 % ke/s,

The oorroctod‘hyperflne interaction values are

= 2638,53 £ 0,04 m’/’.li A173 = w 727123 = 0,06 Ne/s.

The ratio of these is Ai" = « 3.6288 20000k, leading to a

173
n
hyperfine structure anomely of - 0,03 = 0,035, From the

A171
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value for the anomaly deduced by Budick and Suir (1967)

for the 6sbp state of the Yb atom of = U376 = 0,020%, a
value for the core polarisation in the lon can be deduced.
Thie gives SHE = + 6 & 85, whilst Dleaney (1963) predicts
this ratic to be ;1$. The disagreeuent in sign suggests

that further experimental work should be perforsmed, preferably
ENDUE at a different nii frequency,

The LNDOL measurements on Gd%' in Th0, were a continuation
of the work reported by Hurrell (1965). His seasurenents
wvere made at X.band and the couparison with the results
regzcorted here at .e~band shawpd interesting differences in the
A value and in the term A i?,;. To obtailn agreement between
these experiments more higher order terms had to be invoked,
having the form SIH® and S IH°, ENDOR measurements were also
performed on 04;57 and 01155 in Cel,. These crystals appeared
to be internally strained and the hyperfine structure Liil
lines were unresolved. This resulted in reliable LNDOH
measurements being made only on AT, = 1= e} transitions, as
the energles of the I, u'g'levola were sueared out by the
orystal field strains. The results for the Gd isotopes gave
the following values for the hyperfine interactions :

A157 AL55

0‘502 15817.2 e 0,7 8¢/ 12059,.8 x 0.5 MHe/s
Tho2 1579641 3 0.5 We/e



llo hyperfine structure anomaly was detected, Applicatlon
of the Sandars and Deck (1965) relativistic theory of hyper-
fine structure to this system gave reasonable values for the
quadrupole interaction, When combined with Hleaney’s core
polarisation formula the relativistic theory gave values for
the hyperfine interactions that were 17/ too large.

Considerable time was spent searching for the E:LDOR
of ' in chwo“ and YES, using the two spectroueters designed
for these experiments. The hyperfine interaction for Tb 27
in these crystals 18-6200 le/s and thus the design of the
nuclear frequency side of the apparatus required care and is
discussed at length, ¢ ENDOZ was seen in either host using
either apparatus, When using the 2 cm, spectrometer one is
likely to encounter ENDUZ linewidths of geveral ilc/s, as in
this case the Zeeman interaction is not large compared with
the zero field splitting. 767" 18 a non-kramers ion and thus
has no epin Hemiltonlan terms of the form 5.1 _, This has
a serious effect upon the techniques required for the L.Dul
experiunent,

To deteruine the saturation conditions for Tb” in Cauou.
a study of the electronic spin.lattice relaxation time as a
function of temperature in the range ; - 9°K was made using

a pulse saturation recovery technigue, This was found to
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T;l m 2,67 T + 7.7 % 10'“ 'r7 + 6,65 x 108 exp ("-1%'1)
Thie indlcated that the first exclted state was at 55 cu'l
which agreed well with a spectroscopic measurement, These
results were coupared with the publlished crystal field
parameters for this system (Shekun 1965, 1967).

The computer prograus, experimental data and computed
results used throughout this thesle are eontained in the
appendices,
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1.1

CEAFPTER 1

LETRODUC TLOK

The work described in this thesis consists principally
of the determlnation of hyperfine interactions of various
rare~earth ions in solids by meaus of electronenuclear double
resonance, This will be abbreviated to ZiDUH throughout
the thesis, The primary interest in this work was in the
hyperfine interactions rather than in the LIDUR technique,
However a eonsiderable portion of the experimsental tine was
spent in finding satisfactory LiDUL systeams. This will be
considered briefly here.

The LEDUH technigue which was first suggested and
demonstrated by Peher (1956, 1959), essentially cousists of
perforuing electron paramagunetic rescnance (EFi) under
conditions of partial saturation, whilst indueing nuclear
resonance in the same systeu, The level of the Eill signal
varies when the nuclear resonance is induced, and ENDUR
consists of monitoring this change. ELDUR transitions are
characterised by AII -1, All. = U, a8 in nuclear
magnetic resonance (ili).

ELDUK is mainly used to observe resonance in nuclei
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which are strongly coupled to paramagretic centres, either
paramagnetic lons of the Lf or 3d groups or defect centres,
These systeus are not normally amenable to study by conven-
tional NME techniques, although toc a large extent the infore-
matlion derived from EIDUN measurements is similar to that
from NFi, M1 experiments in paramagnetic mntgriall are
usually hampered by the large electronic moment, There are
two factors which prevent the use of Ml in these systems.
Firstly the surrounding paramagnetic centres produce random
statio magnetic flelds at the nucleus, the order of magnitude
for 12 gu2t in Carz belng 100 gauss, tHowever more serious,
is that for the concentrations required for ccnventional

NHE ~J\1020 centres per c.c, there is & strong interaction
between the paramagnetic electrons, This produces a fast
spinespin relaxation between these centres, As the nuclel
are strongly coupled tu these centres, the nuclel also experi-
ence a short T,. I1f one had a 10 gauss homogeneous EFR
linewidth, this may produce a width v Hy -~ 28 FMe/s in the
nuclear rescnance, corresponding to a A H of 28 K gauss
for a typical nuclear magnetic moment, If however the spin-
spin relaxation is sufficiently fast to satisfy the condition

A T<< 1, where A is the electron-nucleus hyperfine inter-

action and T is the mean lifetime of an electronic state,
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the nucleus sees only an average field, [(uis fleld 1s non-
goro because of the different populations for the electronlc
states 5, = = 3, The Wi is then cbservable with a line
width AV« a%c,  If this 1s << the nuclear Zeeman Larmor
frequency, N would be cbservable, but at a frequency shifted
by a few per cent from the value cbserved in dlamagnetioc
compounds (Abragam 1961), It is difficult to extract any
accurate measurements of hyperfine interactions from such a
resonance,

Thus to observe lili in paramagnetic materiasls, one needs
to work with wmuch lower concentrations of nuclel than is
usual for conventional NMK, Willlams (1967) shows that in
1513“2+ in c;rz. the concentration required to overcome these
problems should be not greater than C,005k Eu?*. which would
render NFE unobservable, Eowovcr ENDUX experiments are
possible in these materials., Here one makes use of the
strong EFi signal in such materlasl and the strong coupling
between the electrons and nuclei, When a nuclear rescnance
is excited the relatlive populations of the appropriate palr
of hyperfine levels are changed. If one is performing LFE

from one cf these hyperfine levels to a different electron

state in the system, this will change the Eri sigual,
Essentially the Lii radlo frequency photon is detected by
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the resulting exchange of a much higher encrgy migrowave
photon, A detailed qualitative treatment of the LHDUR
response of a system with S, = §, 1, = $ is given in Chapter 6.

The mechanism involved in an =LDUHR experiment are very
complicated in any real physical situation, Various authors,
FPeher (1959), Lambe et, al (1961), Helrvine et, al. (1964),
Willlams (1961) and Hurrell (1963) have atteupted to explaln
the behaviour of LiEDOR systems with varying degrees of
success. liowever it is to be generally concluded that ENDUK
mechanisms are still largely not understood,

There are a few important coriteria which it appears

should be satisfied for a successful LHDUH system,

(1) The LFE signale should be strong,

(2) 7The EFPE line width should be narrow, the concentration
of centres being reduced below the level where the
linewidth is lluited by 1, processes.

(3) PFor ENDOE of the nucleus of the paramagnetic ion, the
hyperfine structure should be clearly resclved,
reducing cross-relaxation effects to a minioum,

(see Chapter 5.)
(4) Spin diffusion within the ZFL line should be small to

give narrow LLDUA lines, (see Chapter 4.)
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(5) The electronic spine.lattice relaxation time should be
sufficiently long to enable the EFH to be partially
saturated at microwave powers of Y 10 « 1C0 mW to
reduce the noise introduced in conventional spectrometers
by working at high powers.

(6) The Crystal Lattice should be straln-free, to reduce
strain broadening of the ENDOR line (Stoneham 1966).

(7) There should be nc overlapping LPH spectra from lons in
different site symmetries in the crystal or from other
paramagnetic impurities to prevent cross-relaxation of
the L line,

In the ldealised case of an inhomogeneously broadened
EPE line with small spin diffusion the LILDOH linewidth should
be close to the width of a single spin packet in the EFH line,
This appears toc be the case for Euz* in Can. where Williaus
observed line widths of 8 ko/s. 1In ¥b°' in CaF,s
in Chapter 4 cof this thesis, the EiDUK linewidth is typically

dlecussed

of the order of LOU ke/s, suggesting that spin diffusion
transfers the saturation of the EFi spin packet throughout
the EFE line,

Of the specimens studied during the experimental work
described in this thesis, that of Ga'>7 in Tho, best satisfies
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the criteria shown above, and it is satisfactory that in
this system the LVDUE response was largest, with the narrowest
lines of those systems studied. A comparison was made
between the speeimen of Eu’’ in Caf, used by both hurrell and
Williams with a similar specimen of slightly larger concen-
tration of tu?’, It was found that whilst the LJDUR spectra
could be seen easily in the original specimen, no LEDUL was
observed at all in the second specimen, This perhaps
f1liustrates tnat to cbserve LNDUR in a specimen the relaxation
conditions have to be carefully balanced, and with our present
lack of knowledge of the optimum conditions required, the
chelce of a specimen which will produce good ENDUN responses
is to a certain extent a matter of luck,

The information that was extracted from the LNDOK
measurenents in this thesis were the hyperfine interaction

spin liamiltonlarn parameters for 04157 and Gdlss in 6002 and
™o,, and ot ™ and Y073 in caP,, ihe magnetic dipole
interactions and nuclear magnetic moments nhad all been
previously reported for these systeas from EFH neasurements,
The narrowness of the =Z:DOI linee gave much more accurate
measurement of these parameters, and also enabled higher
order interactiocns t¢ be measured, The theory underlying the
hyperfine interactions 1s reviewed in Chapter 2,
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CHARPTEE 2

HXPERPINE LHIRRACTICHS

The theory of hyperfine interactions of parasagnetic lons
in solids has been revieowed extensively by Freeman and Watson
(1965)e I shall review those aspects of the theory that are
relevant to the experiments deseribed in this thesis.

The interaction between electrons and nuclel of para-
magnetic lons arises from electric and magnetic interactions
with the auclear electric and magnetic multipole moments, From
the fact that wavefunctiona have a definite parity it is
readily deduced that the only allowed electric multipole
moments are of even parity, being monopole, cuadrupole, eto.,
whilst the magnetic multipoles have odd parity. The electric
monopole moment is essentially the Coulombiec glectrone-nucleus
interaction, whioch affects all electrons in a given shell in
the fon equally, and is not measurable by EPI experiments in
the ground state of the ion, The quadrupole interaction can
only arise for nuclel with spin I >§, The magnetic dipole
moment oocurs in all nuclel with non-zero spin,

The next magnetlc interastion ls a magnetic ootupole
interaction, which can only arise for nuclel of spin 2 /2.
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Such an interaction was cbserved ln 1;27 in an atomlic beam
experiment by Jacearino et.als (1954). The theory of cctupole
intersctions is derived in a semi-classical manner by Casimir
and rarreman (1542), where they ehow that the order of magnie
tude of the magnetic cctupole intersction is Eyi” (r") where
i is the nuclear radius, The chief contribution to this
interection occurs when the electron is close to the nucleus,
where its orbit is only slightly affected by the shielding of
the other eleotrons, This suggests that the effective
electronic radius is the unshielded bohr radius, :2'. whence

<

it can be shown easily that the ratlo of octupole to dlpole
magnetic interactions ies approximately

& 2
i -
:m = ff-é- c:,los rorlatgez.
“aip dg

Baker and Williams (1962) have shown that this ratio is
reasonable in Eu'3) (I = 2), when they fit & spin Hamiltonian
including the dliagonal terms of the octupole intersction to
their cbserved LI DUl da}l. ?hoy arrivtd at a value for the
interaction which was 0.2 I 0,3 ke/s. In the experizents
described in this thesis, an octupole interaction might arise
for both cal35 ana 011’7. also !h}73. However assuming the
ratic given above, one expects the effect to be negligible
in the G4 isotopes, where the magnetic dipole interaction is
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~ 8 times swaller than in mlﬂ, in “17’. the dipole
intersction is larger by a factor of 7, but the observed EiDUA
linewidths are .~ 4O times wider than those of Eu > in CaFyy
thus making the observation of an ootupole interaction exceed-
ingly unlikely, Hence, the resulte of the ENNUK experiments
were fitted to spin lamiltonians neglecting the octupole
interaction, which will not be considered further in this
thesis.

1. lHagmetic lyperfine interaction

This interaction may be considered as coneisting of three
couponents, Flratly the interaction between the magnetic
dipole woment of the nucleus and the magnetic [leld produced
by the electron orbital motlon arcund the nucleus, which has
the form:

e ) -

for the interaction with a single elesctron, Sumning over
all electrons in unclosed shells, and assuming L5 coupling
this has the form:

Yorb = 86P8y Lok (F Yoy
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where (l‘”)m is assumed to be constant for all elccirons

in the unclosed shell, (r"7) ., = = ’; f § over the electron
charge density,

The second component arises from the magnetic dipole-
dipole interaction energy between the electron spin moment and

the nuclear magnetic moment, This can be expressed as :
aap = Z, seyPhyle gy = 3£, (8,°Eg) ) (* >uv

where {r"')‘up ie aversged over the spin density, To a
firet order approximation one may assume that this integral
is zero over closged electron shells, and arises only from
electrons in incompleted shells, in which case (r"”) aip 18
closely equal to {r”) opo*  However there is considerable
evidense for the assumption of zerc contribution from closed
ghells to be incorrect. FPreeman and Watson (1961) discuss
the oase of G@”. ghoving & considerable unpairing of the
electron sping, This is a consequence of core polarisation
which will be discussed briefly later,

The third contribution to the nagnetic hyperfine
interaction is the Ferml contact interaction, arising from
mmoMMﬂmmm&mrwsnutmn
the nueleus, This may be expressed as W, = gg;ff, ‘%—2 (gg+l)
<,-3 >., Thus in the case of epin-orbit coupling the
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oeverall magnetic hyperfine interactiocn has the form:

= ’ 3 7 3 (8ol =
Aopm 8y 3k (2) ¢ hed (172 g (81 = 502

This is often written in the form AS.lL = 2&5}'5}: .jr"j > Neld
where N = (L8 + 2‘5.;.%1& ) =L+ /10 (36(2)’(1) (Judd 1963).

This takes no account of possible differences Letween the
effective r~2) values for the different types of interaction.
Aecently larvey (1965) and Joodgate (1966) bhave shown that
this approxication is not valid, and different values for the
particular < ™7, . can be measured. The importance of this
description of the interaction has Leen emphasised by the
relativistic theory of hyperfine structure of Sandars and Beck
(1965), To deteruine the values for these paraneters
neasurements of the hyperfine interaction have to be made in
different spectroscopic states, being therefore Lest detere
mined by atomlic beam experiments as in Woodgate's work on
Samariume S40DUH has only been performed in the ground state,
and thus r"7 , camnot be distinguished, the hyperfine
interaction giving some sort of average ~ o\ .
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2. Heogrio jusdrupole lnteragtion

.madrupole effects have been reviewed extensively ULy
Das and Hahn (1956), Cohen and ieif (1957), and ibragam (1961).
if the nucleus is considered to be of finite size, then the
electrostatic interaction between the charged nucleons and
electrons may be written as @

plr Jp(r,)
//uu'.z/t[ e ag az
o ‘n IPg= fni

where op(r;) and Op(rh) are the electronic and nuclear charge
densities and p,  and L are measured relative to the centre of
the nucleus, This may be treated most conveunlently in terms
of tensor operators, as using the usual multipole expansion
tor*ﬁ; this may be written as @

v

2 B’ (k) (k)

%d“ = - @ [c /;-_ p('.)p(rn) ’;.'%:i" (C-. .Cn )QT‘ dTu
: e n

assunming that r, >-rn. Farity arguments limit k to evenm
values only., k = 0 is the monopole term, k = 2 is the
quadrupole term, Higher orders are neglected as insignificant
in our work, Thus the quadrupole interaction llamiltonian

takes the form @



2 I I r2 (&) (2
= - @ plr Jeplr ) (C_ «C Jat_ dt..
J” Q- e Jin € 2" g3 e n e n

In o magnetic field the angular momenta J,1 are effectively
uncoupled and we can express the quadrupole interaction in

the form:

n n

2 010 11
“Q = - @ <aJJ.II. w'Jdd .11 z>

(2)
Ced (2)

(2)
E:_ . C‘a)r :
r,’

ri..

— 2: <&Ju
q=0,1,2 s S

' IIt
odd zII ;>

~ J 23 11
il > cdf“‘( )hn g

SO ECEED

But the auclear quadrupole moment is conventionally defined
2
by evaluating the stretcned case malrix elsacuts <}1( c( )'3‘1

varacore 4.0 [} - i)(z“cm R
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- 2 Z dtdml -

! ) b 2o b L

This has three sets of nonezero matrix elements, for the
three possible values of q, For q = 0 we have Che diagonal
elewents in the form: a(JJi - menmi « I{itl))s For

p)

q = £ 1 we have terms of the form : o 5 ((5,8, + 5.5.)
(1'1‘ + l.l') - (S.S- - b..‘sg)(lzl* v I+I‘)) and for q = 2

2.2 2.2
%‘ (s71” + 871)).

Ihe coefficlent o is of the form <I ” g“ J> x &4 x function

(1,d)e It is usual to extract <r"3> a8 a parascter assumed
to be constant for all electrons of a particular ion, The
tern <J H Cz " J> can be gomputed in the approximation of
pure sussell-saunders coupling, but in general tihls approxi-
watlon is not a good one and an lulersediate coupling approach
is required to evaluate the constant, Taus Lhe deteralnation
of a nuclear quadrupole moment from a wmeasured quadrupole
interaction is unreliable in view of the approximations that



have to be made in evaluating this covefficlent.

3« Core Polarisation

A further difficulty always present arises due to antie
shielding corrections of the type discussed extensively by
Sternheimer (1966). These arise from distortions of the
otherwise spherical closed electronic shells, Llectric fleld
gradients can induce distortions in these electron shells
which produce additional field gradients which are sometimes
several orders of maguitude greater than the source gradients,
There are two such sources, the fleld gradient arising from
the aspherical valence elsctron distribution (q,) and the
erystalline electric field gradient (q,)s The values for
the fleld gradient g are replaced by q, (1 - nq) and
9y (L =¥ ) where |& |<1.0 buty, as appears to have a
roughly constant value of « 80 for the rare earth trivalent
tons (Blok and Shirley (1966). The term (U ||c'?)/p3 | 3>
may be interpreted as the electric field gradient at the
nucleus, and thus ls greatly modified by the distortions just
mentioned, ihis causes further difficulty in the evaluation
of nuclear quadrupole moments.

Similar distortion eflects from uonespherically
symmetric valence electron shells can be significant in
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megnetic hyperfine intersctions, wodifying <r"’3> ord and
{3 a1p temmes Unlike the case of quadrupole interacticns,
Coulomd interacticns between closed anc open shells alone
will not affect < r"3> parameters, For the spin dipolar
term not only mwust the closed shells be aspherically dlstorted
by either or both of Coulomb and exchange interactlons, but
orbital differing in mg value must nave differing spatiel
behaviour in order that the spin term be nonezero for cloaed
th.lll.‘ This requires an imbalance in the dlstorting opea
shell exchange terms for = m,. For the orbital ters, Coulomb
interactions have identical effects upon the = m; orbitals,
thus giving no contribution, lHowever, exchange interactions
can treat these orbitals differently ylelding a nonezero L.l
type interaction from the ¢losed shells, These effectz may
be Anterpreted as the origins of the differing values of
(e3> ayp ond (r3) opp Deasured by Harvey. Froeman and
Watson (1963a,b) attempt to deal guantitatively with these
effects using spin polarised Hartree-fock wavefunctions,
Experimental evidence for the existence of core polarisation
effects of the type dlscussed above comes most directly from
the observation of hyperfine interactions in nominally S-gtate
ions., This has been extensively discussed by Heine (1957)
for nn*, Baker and Williams (1962) and Svans, Senders and

voodgate (1965) for Eus Similar considerations apply to
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0’ desoribed in Chapter 5 of this thesis.

On the simple nmodel discussed earlier for magnetic and
electric hyperfine interactions, an ion with e¢lectronic cone
figuration 4e' a§£'|hould show zero hyperfine interaction,

riowever such interactions are observed which may be attributed
to core polarisation and relativistic effects (Sonders and
Seck 1965). In the 34 group it is found eupirically that the
magnetlc fleld at the nucleus per unit of electron spin 1is
constant to about 10, for slmilasr salts, although 1t decreases
with increasing covaleat bonding, It has been assumed by
Uleaney (1964) and Freeman and Watson (1963b) that a silmilar
euplrical rule governs the much weaker core polarisation in
the LI group, Lleaney suggests an eapirical forumula
Agore = =L63 2 20)(A ;; = 1lg, he/s for tripositive Lf lons,
basing nis formula upon estimates of core-polarisation in
Eu"' by Baker and Williams,

sanders and beck (1965) snow that the maguetic hyperfine
interaction should be expressed as the sum of three components

which can be represcented by double teusor cperators (U )1
where kg operates in spin space, k3 in orbit space., The
combinations of Kgek, that are possible are (10), (C1), (12),
These correspond to the terms $.I, L.I, g6° in the non
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relativistic approach, The wmost interesting fealure of
this 1o the term U'29) which gives a contribution to the
hyperfine structure of exactly the same form as the coantact
term S5.i. This Amplies that the detection of a term of this
sort An the hyperfine structure of & configuration contalning
no unpaired s electrons is not a definite test for conflgura=-
tion interaction or core polarisation, In light eleuents
the configuration interaction is likely to be considerably
larger than the relativistic effects, but for the rare ecarths
these are likely to be comparable in magnitude, 4 distinction
between these contributions could be made Af a hyperfine
structure anomaly is detected, due to unpalired electrons at
the nucleus, in which case the hyperfine structure must partly
arise from an 8 electron (see Sectlon 5). If wo weasurable
anomaly can be seen where one aight be expected from nuclear
structure then this may be taien as strong evidence for
relativistlic rather than core polarisation interaction contri.
bution., This ls exemplified by Europlum as discussed by
Evans et. al, (1965).

llelativistic treatment of the quadrupole interaction

gives an effective operator consisting of three components
ple2)2, y(13)2 and plll)2, Even in the presence of

configuration interaction, the quadrupole interaction can be
MM in the fora of QMB“‘”. which means that the
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relativistic effects are directly separable from configuration
interaction effects, as the coefficlents of 0(13)2 and
0(11)2 are identically zero in the nonerelativietic limit
taken to any order, This has been illustrated by experiment,
The term Ul02)2 vanishes for 5 state lons as the expectation
value of a spherical tensor operator of rank 2 in orbital space
is zero for an 5 state, Thus the cbserved quadrupole intere
action for 5 state lons must arise from relativietlic effects,.
For Europlum relativistic resulte give a reasonable
explanstion of the hyperfine interactions in the atom, but for
the divalent ion, where a hyperfine structure anomaly is
obgerved, confliguration interaction has to be invoked t0 @Xe
plain the dipolar interaction. 647" investigated in this
thesis is isoeloctronic with Eu®* and thus the theory developed
by Sanders and Beck is directly applicable to this system,
In non 5 state ions in the Lf group, relativistic effects are
generally negligible compared with the hyperfine interactions
arising from the nonrelativistic behaviour,

he lHigher Order Effects

fhe theory of hyperfine interactions cutlined in the
previous sections may Le expressed, for a rare earth ion in
a crystal fleld with effective ground state spinfag & »u/(
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H = ek + gy (09, - (542 (3T, 13410

3
t5 lags, v 830013, + 11
+ (5,5 -+ s_s’)(l'l* + 1*1')]

. % (sfxf ’ sfxf)) - 8gf Hele
This Hamiltonian generally is sufficient to describe the
hyperfine structure observable with EZVR, but the higher sensi-
tivity of EXDUE techniques has shown that higher order intere
actions wmust be considered, The theory of these higher order
effects is based upon the group theoretical treatment of spin
lamiltonians given by /oster and Statz (1959), and extended
specifically to hyperfine interactions by Hay (1%64). The
gpin llamiltonian will congist of tensors for the effective
electron spin, the nuclear spin, and the magnetic field coupled
up to give tensors of the form (SyyI),M;4)7s The physical
basis on wnieh the use spin Hamlltonians rests is that the
spin lamiltonian must be invariant under any symmetry
operation of the crystal point group at the ion site, But

we know from group theory that [’} is the only irreducible

representation of a particular group which remains invariant
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under all the operations of all the olements of the groupe

Thus the spin Hamiltonian must belong to the [ representation
of the group describing the lon site symmetry, showing that it
is the sum of all independent operstors which belong Lo the 711

representation of the particular symmetry., FRay shows Lhat the
tensors developed in this way can be reduced to the sunmation:

25 21
= 2 Z Z Mn1n N.) Snlo Inzo Hn3o
m=l mel omy DO

The values that the integers f,s 0, and nj can take are

restricted by the conditions

1) the spin wavefunctions S and I have definite parity and
thus any operator acting between them must have even parity.

This restricts the sum of integers to be oven,

2) from the triangular rule for the additiom of angular
momenta ny and n, cannot connect angular momentum states
differing by more than 25 and 21 respectively, thus imposing
maximum values of 25 and 21 on these integers. In principle
ny is unlimited except by condition (1) but in practice terms
of higher powers of n, than quadratic will be 1nnzgn1rtoang;

Hay has consldered in detall the case for an ion in a



2,16

cubic site where she writes the spin Hamiltonian explicitly

in three parts, Zeeman fleld independent, linearly fleld
dependent and quadratically fleld deperdent, Iigher powers

of !! are neglected, The resulting spin Hamiltonian 1is
extremely long, but fortunately it can be condensed in any
real physical case. The order of magnitude of any particular
parsseter in this spin lamiltonian may be estimated by a
perturbation theory calculation, taking into account the
mechanisms which could contribute to a particular term, These
will be considered together with the experimental data for each
ion in this thesls where these parameters are zeasured, in

the relevant chapters,

Baker and Bleaney (1958) considered two correction
factors to be applied %o the nuclear g factors and hyperfine
interactions measured by Lili., These corrections are essen-
tially the sane as those intrcduced by the higher order effects
disoussed above, Leing those terms which are indistinguishable
from first order hyperfine interaction parameters in the spin
Hamiltonian, It is worth conesidering these in detall as
they provide a good exauple of the method of caleculating other
higher order terms., PFirstly, consider the term
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This may be written as:

= z;f;; o CAEA R “I”";‘""‘“ Key | 3, | NE
3

'ne first term in this expression is proportional to I: and
thus behaves like a quadrupole interaction, giving rise to a
pseudoequadrupole interaction, The second term ls the sum of
& constant term which shifts all levels egqually and thus has

no effect on measuresments in the ground state, a Lerm Pro=
portional to Ii which adds to the pseudoe-quadrupole term above,
and a term proporticnal to Iz which is indistinguishadle froa
the magnetic hyperfine interaction, thus adding a correction
term to A,

A second correction term arises from the combination

Adely NBHI

51y Ml | 2\ (05 Inpsad | By

J

51-3‘

which gives a pseudo-nuclear g lactor

2
8'n = 8y~ !AAZ lw e« This term is
J (54 = By)

of particular importance in the discussiou of the !h?*
LKDUR measurements.
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5. Hyperfine Structure Anomaly

In the preceding sections no account has been taxen of
the possible distribution of magnetic moment within the aucleus.
It has been asgsumed that the nucleus could be represented as
a point magnetic dipole for magnetic luteractlons. Whilst
thie approximation is good for interactlions petween the nucleus
and electrons with orbital angular momentum quantum number > 1,
it is reasonsble that for s, and to & much smaller extent for
pe electrons 1t should break d~m, The presence of the
contact term discussed in section 1 shows that the g cleotrom
wave function does not vanish at the nucleus, Also Af the
nucleus is of finite extent it is expected that there will be
a saall overlap with p electron wavefunctions,.

The original quantitative theory of the effects of finite
nuclear size on hyperfine interactions was developed by bohr
and Velsskopf (1950) and subsequently refined by several
authors, for exaaple, Eisluger and Jacearino (1958), Cohr
and Welsskopl showed that the effect of the finite zize on an
g electron was two-fold, Firstly, the electric _ potential
within the nuclear volume becomes noneCoulombic, and secondly,
the nnoloar.oharzn is distributed throughout the volume of
the nucleus, Slnce the magnitude of Lhe hyperfine interaction,
depends upon the electron distribution, the change in electric
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potential within the nuclear volume ghanges the hyperfine
interaction, the change being shown to be negative., Une

of the problems inherent in a calculation of this effect is
that of rinding a description of the electronic potentlal
within the nucleus. GSohr and Weisskopf assumed a uniform
charge distribution throughout the nucleus, and calculated
the reduction in contact interaction relative to a point
aucleus. If one compares the interactions for two isotopes
of the same atomic number 4, it is clear that the nuclel will
ve different, and should show different changes in hyperfine
interaction. Further the distribution of magnetic mosents
in the nucleus has to be consldered. The pucloona.
analogously with electrons, show orbital and spin sagnetiec
moments, and it is easy to see that these will jlve narkedly
different contributions te the interaction with an g electron,
un a classical picture, a rotating uniforamly cnarged sphere
corresponds to an inwardly increasing magnetisation leading
to the orbital contribution to the nuclear magnetisation
being small near to surface of the nucleus and increasing
towards the centre, whilst the spin magnetisation is assumed
to be uniformly distributed Lhroughout the nuclear volume,
Bohr and Welisskopl calculated the interaction of a Ulirac
electron with the uagnetic potentlals assoclated witn the

spin and orbital currents. Thus if one has two lsotopes
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of the same nuoleus, the hyperfine interaction due to the
contact tern may be expressed as

Ayl ‘-‘u”.<"3> - & hy = uanaﬂ,<r‘3> -€,

51 &2 represent the

reduction in Ay due to the
finite nuclear size.

i K. W 1+4
A2 81,

where 4 is a small quantity typically of the order of V.54
determined by the values of El and 92' Thig is terued the
hyperfine structure anocmaly for isotopes 1 and 2, /. =0 fo
a point nucleus,

A has been deterained experimentally for a number of
isotopes recently, of particular interest in this thesis are
the measuresents on Bu by Baker and Willlams (1962) and
ivans, Sanders and Woodgsate (1965), eand on Yb by Sudick and
Sair (1967) and Unna (1967). The determination of /. 1is
useful for both hyperfine structure theory as it provides
information about the s electron density of a system, and
for nuclear structure theory, providing a test of nuclear
models,

~ Let us consider the information provided about hyperfine
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structure first, with particular reference to thne experiments
on Europium mentioned above, In Bu’' Baker and Williams
found & hyperfine structure anomaly of -0.,63. for the lsotopes
Eut5 ana Bul33, but in the Bu atom Svans et, al, found zere
enomaly, Thus in the atom there must be no g electiron
contribution to the hyperfine interaction, whien can only
originate therefore from relativistic effects., In the dl-
valent ilon however the existence of a hyperfine structure
anomaly shows that there must bDe core polarisation producing
unpaired s electrons at the nucleus., This will pgive a
contribution to the hyperfine structure in addlition Lo the
relativistic effects, It can thus be seen thnat if an anomaly
can be measured in different valence states and enviromments
useful information selating to core polarisation and relatie
vistic elegtron effects can be obtained,

The nuclear information that may be obtained frow a
measuresent of the hyperfine structure anomaly will Le nene
tioned very briefly. ne wethod of calculation of 2 outlined

above from Bohr and wWelsskopf requires a knowledge of the
electron configurntion, the clectric potential within the
nucleus and the dlstribution of nuclear magnetic moment within
the nueleus, The crude picture by Pohr and Jelsskopf has
been refined by several authors, particularly Eisinger and
Jaccarino (1958) who make better approximations for the
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electron wavefunctions, and Stroke, Slin-Stoyle and Jaccarino
(1961) who show that the form of the potential inside the
nucleus is lmportant, They use s trapezoidal charge distrie
bution in the place of the earlier spherically syumetric
distribution, this type of distribution being based on results
of bigh energy electron scattering experiments.

The distribution of nuclear magnetism also affects the
theoretical anomaly strongly. In the strongly deformed rare
earth nuelel, the multipcle mounents are best predicted using
#1lseon wavefunctions (1955) and it would appear reasonable
to use thepe states to calculate the anomalies, Thls hae
been done by Unma for Yb'/® amd Y273 who shows reasonsble
l.gromﬁt between hile caleculation using Flleson states and
the experimental va.ue of L obteined by Budiek and Snir (1967)
for the excited P, state of the Yb atom,

L e 4
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CHAPTER 3

Three separate ENDOH spectrometers were constructed to
perfore the experiments deseribed in thie theslis, [lHowever,
the basic principles of operation were ildentical and will be
considered before detalled deseriptions of each 1s glven,

The principle of operation was similar to that of the
apparatus desoribed by Bfaker and Williams (1962)., A niero=-
wave source feeds into & resonant cavity via a magic tee,

The EPH signals are detected by 115 ke/s modulation of the
nagnetic field, the amplitude modulated reflected microwaves
being detected by a crystal rectifier and 115 ke/s phase
sensitive detector, A second r.f, fleld is fed into the
resonant cavity from scme frequency or asplitude modulated
oscillator to induce the nuclear transitions, The orientations
of the fields in the cavity depend upon the experiment in
question and will be discuseed in that context, The output
of the 115 ke/s detector is phase sensitively detected at the
nuclear modulation frequency, the output from thie detector
being recorded on & chart recorder, ‘“hen an LNDUK transition

is induced, an amplitude modulated change in the LFi signal
oocurs, which gives a signal on the output of the second
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detector, The modulation frequency of the nuclear frequency
is determined by the nuclear relaxation rate, which leads
typloally to frequencies in the low audio range of a few tens
of ecycles, I1If the nuclear frequency is amplitude modulated,
the output of the second phase sensitive detector will be the
direct ENDUR line shape, whilst Af the frequency is frequency
modulated the output will be a first derivative of the _HEDUR
line shape. For the work described in this thesis both types
of modulation were used depending oun the oscillator and free-
quency range in use, This will be disoussed specifically in
each case,

In all cages the experimental procedure was the saue,
The iFE signals were observed on an oscilloscope using 115 ke/s
modulation and 50 o/s fleld sweep, The LlH spectrometer was
adjusted to give the best signal/noise ratio on a fast passage
line, the microwave power belng adjusted to the level at
which the signal/noise ratio began to decrease with increasing
power, 1t was found that this orude measure of the onset of
saturation was close Lo the power level required for meximum
EXDOR signals, The 5C o/s sweep/removed and the magnetic
fleld adjusted to the centre of the Lii line, The nuclear
frequency approprlately modulated was swept mechanically
with a Venner clock motor coupled to the oscillator dial,

The rate of sweep could be varied by driving the synchronous
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motor with the output from a variable frequency audio
frequency oscillator, in the range 25 to 200 ¢/s, By removing
the goverzors froa the motor the direction of rotation could
be reversed, The ENDUR frequencies were measured with elther
a ilohde and Schwartz WIK or JiaC 331 frequency meter.

The particular configuration for applying, modulating
and measuring the frequencies is described for each experiment,
The magnetic field was provided by a Varian 12 inch fieldlal
rogulated electromagnet, the flield being weasured with a
trancistorised proton rescnance probe built to the design given
by lLobinson (1965), with a small palr of Helmholtz colils wodnd
around the NI coll to provide a 5 gauss 50 o/s fleld sweep
to ensble the proton resonance signal to be displayed on an
oscillocope, Ihe frequency was neasured by locking the probe
to the JAC frequency meter, A bleck dlagram of the general
aspects of the apparatus is shown in Pigure 3.l.

4 Bapd cpectrometer

The & band gpectrometer which was used for measuresents
on the G4 and Yb isotopes consisted of a TEC1l eylindrical
cavity used in a reflection mode with a sinmple nicrowave magic
tee balanced bridge detection system, The cavity shown in
Pigure 3.2 was mounted with its axis horizontal coupling te
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the narrow face of the waveguide through two small holes
syumetrically placed about the axis, 1t had been found by
previous experigmpe that it was desirable for the cavity to
be tunable over a reasonably wide tuning range, to enable the
cavity to be tuned onto a particular klystron frequency where
the klystron output was a maximum, The rather narrow tuning
range of E.M.I, § band klystrons makes it more difficult to
tune the klystron onte a fixed cavity whilst ensuring a high
cutput level, The base of the cavity was a re-éntrant vrass
eylinder, which was threaded to run on a screw thread cut on
the ocutside wall of the e¢ylindrical section of the cavity.
Gear teeth were cut on the ocuter circular wall of the base
plate, which engaged with & wormn.drive, connected to a centrol
at the top of the apparatus, onabling the cavity base to be
rotated froa the top whilst the cavity was lumersed in
refrigeraut, As the cavity bLase was rotated it was driven on
the screw thread on the cavity, giving it & slow horizontal
motion parailel to the iris, hence tuning the cavity, Ihe
sample was mounted on a small nylon post which passed through
a hole in the base plate centred on the axis of the cavity,
The uylon post was cylindrical inside the cavity and of
square crogse-section cutside, A Ue5 um, diameter hole was
drilled along its axis, and three narrow slots cut parallel
to this hole along the outside of the dlelectrie, A fine
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insulated wire was passed up one slot, over the sauple ond
returned outside the cavity in the second slot, This wire
carried the 115 kc/s current to provide the high frequency
field modulation and with care could be inserted in the cavity
without lowering the cavity 4, A second wire ran through
the central hole, over the crystal and returned along the
third slot, This was connected tc the source of nuclear
signal, the central wire belng counected to the centre con-
ductor of a coaxial line, the wire in the slot belng earthed
to the cavity base., This arrangesent allowed the production
of 115 ke/s, miorowave fleld and nuclear fleld, to be nutually
orthogonal to the first order, but a small coupling was used
between the nuclear and 115 ko/s loops to detect when the
nuclear fleld was o saximum in the cavity by measuring the
r.f. voltage picked up by the 115 ko/s loop, which was
greatest when the nuclear rield was greatest, and so naxinise
the nuclear field in the cavity. The whole crystal mount
assenbly could be rotated about its central axis independently
of rotation of the cavity base through which it passed by
connecting the square crosse-section of the post Lo a pivoted

lever, controlled by a mlcrometer screw head at the top of

the aspparatus, This arrangesent enabled the sample to be
rotated through 90° in a plane perpendicular to the plane of
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rotation of the magnet, This greatly facilitated the
orientation of specimens which is esseatial for ENDUH,

The coupling of the cavity %o the wavegulde could be
varied, by moving a shorting plunger inside the wavegulde,
again driven through a gearing mechanism from the top of the
apparatus, The 4 of the system, with a crystal iun the cavity
and both wire loops correctly instulled was about 3500, The
whole cavity asssembly was enclosed in a brass can which fitted
onto a greased cone-joint,

The ¢ band microwave power arocund 36kic/s was provided
by an E.M.I, klystron type 25146 immersed in an oil bath,

When surrounded by the large thermal bulk of the oil bath and
mounted on rubber pads to reduce mechanical vibration, a very
good short term st.. ility of klystron frequency was obtained
without use of an electronic Found type frequency locking
system. Such a system had been found to interfere with the
low frequency ENDUR measurement in the range 510 Me/s, and
hence had been resoved from the system, without any marked
effect on the klystron stability,

4 Band Apparatus for To’* Heaguresent

The ENDOR transltions for this system were expected to
occur at 3135 Me/s, 3830 Me/s and 2440 Fe/s as shown in
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Chapter 6, Initially the search for ENDOR was coneentrated
on the & -~} transitions because firstly their positions can
be predicted to within about 6 Fo/s and secondly it was expected
that these lines would be pharper than the quadrupole lines,
which are sengitive tec any random erystal fleld gradients
present in the erystal, The zero field splitting of ’I'b’* in
yttrius ethylsulphate is 0,357 em ™~ and hence no EFil ean be
geen at X band, It was originally decided tc work at | band
(35 kMe/s) for the EPii as this was the highest frequency that
was readily available, with sufficient power to saturate the
EFR lines, It is desirable to work at the higheat possible
frequency with which the £PR can be saturated, as it can
easily be shown that a cavity of given | operating at 35 Me/s
gives an r.f. field roughly 6 times that of an equivalent X
band cavity with the same input power, Also it is well known
that EFR sensitivity varies as 07/ 2 (Feher 1957), and it is
desirable to work with the largest EFE signals attainabvle,

The second important factor goveraning the design of

apparatus is the nuclear _t‘mmno: and the range over which
it is desired to sweep it, For the l‘b}’ experiment one
requires a frequency in the range 2400 - 3800 Me/s, which
lies in the 10 cm, (5 band) mlcrowave region, At the time
of designing thls apparatus tho only satisfactory 5 band

source avallable was an E.M.1, klystron type CV2116 wnich



gives an output power of 150 « 200 mW over most of the
required range. There were no amplifiers available at this
frequency and thus to cbtein a reasonable nuclear field at
the cavity considerable care had to be taken to match the
output power of the klystron to the r.f. coil at the cavity.
Several types of field coll were investigated, Learing in mind
that the system had to be Lroad band over a wide range or
tunable over that range. A single post as described by
Baker and williams (1962) would not fulfil these reguiresents,
ia order to cbtain the saximum field it was declded to devise
& resonant system, and the design finally adopled was a
resonant hairpin arrangement, It consisted of a length of

8 mn. wavegulde with a unarrow slov cut centrally along the
broad faces of the guide, The 5 band frequency was intro-
duced by placing a loop at the end of a coaxlal line from the
oscillator, aoross the slot in the waveguide. This magnetic
coupling excites a longitudinal mode of propagation along the
slot which acts as a transmission line shorted at both un-.
The two conductors are the two halves of the guide separated
by the slots. When the length of the slot is a half free
space wavelength for the 5 band frequency the system is
resonant, producing a maximum r.f, field, The system was
found to have & & of about 50, To tune the resonant line
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a pair of phosphor-bronze spring fingers ran along the slots
in the guide, shorting the glot and hence changing its
effective length, These fingers were driven from a micro-
meter screw head at the top of the apparatus, enabling the
system to be tuned during the experiment, As.a check on the
performance of this system, the EFR of D.F.F.H, and plasticene
was observed at 10 cm., The dependence of the field wlth
position of the tuning fingers was checked and conflirmed that
the system was acting as a tunable 5 band resonant transmission
line, .

The design of the r.f, system determined the design of
the 8 mm, (4 band) EPR detection system. The resonant cavity
was formed by inserting an iris across the Q band wavegulide,
and inserting a tighntly fitting choked plunger into the bottom
of the guide, forming a resonant cavity between the coupling
iris and the plunger. The plunger was attached to a worm
drive which enabled it to be moved vertically inside the wave-
guide from a motion at the top of the dewar, thus enabling
tuning of the cavity whilst the cavity is immersed in
refrigerant. The EPE was detected by the usual 115 kc/s
field modulation technique. The 115 ke¢/s was introduced from
a pair of coils wound outoigs the cavity, adjacent to the

r«f. transmission line slot. This cavity gave reasonably
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good EFi senmsitivity, the relatively poor 4 of 1200 being
offset by a good filling factor,

The 5 band klystron output was transformed from & wave-
guide output to a coaxial line and counected through a tuning
studb to the coaxial line feeding the resonant "hairpin®, A
second loop was attached to the cther side of the waveguide
and used to monitor the level of r.f. at the halrpin, the
power being plcked up being maximised by tuning the hairpin
and tuning stub. The klystron was either [requency
modulated by variation of the reflector voltage, or amplitude
modulated, using a wavegulde switeh, which reduced the power
trangmitted in the wavegulde by about 30 d4b, when the diode
was conducting, The klystron frequency was swept either by
variation of the reflector voltage at the power supply, or by
mechanically driving the micrometer tuning of the klystron,
With the klystron well shielded from draughts and mechanical
vibrations the frequency stablility of the kiystron over short
tern was better than one part in five thousand, which was
adequate for this experiment,

J_band spparatus

An BIDUL apparatus was cunstructed working with an EPR
frequency of 15 kiie/s and a nuclear frequency in the 3 kile/s
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range, The EPR system consisted of a rectangular cavity
operating in a TEZ 102 wode, The base of the cavity was the
top face of a choked plunger which could be moved vertically
inslde the wavegulde, from a geared system, [he microwave
power was coupled intc the cavity through a centrally placed
iris of sbout 2 mm, diameter, Above the cavity the wavegulde
was tapered from the normal J band german silver gulde to a
section of guide whose cut-cff frequency was above 15 kic/s.

A plece of dielectric filled the cut off gulde and taper., To
vary the coupling of the nmicrowaves to the cavity, the dielect-
ric could ve woved vertically in the wavegulde with a tongued
bush which protruded through & slot machined in the broad

face of the gulde,

The nuclear frequency was introduced by a helix wound
acrogs thie centre cf the cavity between the broad faces of the
guides, The helix was made by winding two parallel 1.2 mm,
diameter wires in a tight bifilar maunner on a 2.5 mm, dlameter
former, leaving no spaces between the windings,. Une of the
pleces of wire was then unwound, leaving a helix, with the
space between the turns equal to the diameter of the wire.
it can be shown that the power attenuated in the helix is a
minimum for this condition (Plerce 1951), For a helix wound
with the avove dimensions, the intrinsic lmpedance is 140 ohums,
and the magnetic fleld at the centre for 3 Ge/s microwaves
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with an input power of (.1 watt should be about 5 gauss. The
helix was alsc used to scarry the 115 ke/s current to produce
the magnetic field modulation, The experimental arrangement
is shown in Plgure 3.3, The erystal was mounted inside the
helix with its symmetry axis lying in & horizontal plane at
45° to the axis of the helix, It was held in place by
glueing it to a eylinder of styrofoam, which litted inside
the helix,

The cavity system had a & factor of 1500 when fully
essembled at 15 kie/s and was shown to work adequately as an
ENDUE cavity, by observing the ENDOR of Co*” in kg0, This
enabled the electronic detection system to be tuned up for
maxisuam sensitivity, These experinents showed the system to
be highly susceptible to microphoniecs., Several unsuccessful
attenpts were made to reduce the effect of the microphonics
by potting the helix in various araldites and perspex cement,
Jhen the cavity was used for the T investigations, it was
espsential to mateh the 3 Ge/s power into the helix, This
was dore by making the german silver coaxial lines feeding
the helix with an ispedance roughly equal to that of the
helix and by using a matehing stub at the junction between
the 50: coaxial lines from the klrystrom output to the 1lils
coaxial line,
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Figure 3.

BAND ENDOR SPECTROMETER
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The second coaxial line from the helix was connected
to a Tessotion, one arm of which lead to the 115 ko/s
oscillator, the other to a microwave crystal deteclor. iower
output from this detector was monitored, the tuning stub
preceding the helix being adjusted to give a maximum crystal
current,
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Irivalent ytterblum has a nusber of propertles which
make 1t an interesting system to study by L1DOR techniques,
The free lon ground state electronic configuration is
hls. 2?;/2. and can thus be visualised as a single hole in
an otherwise completed Lf shell, This results in an
electronic configuration which is simple and relatively
straightforward to treat theoretically. It is isoeclectronic
with Tu°*, which when substituted into CaF,, has been studied
in detall by Lii, ELLDOE and optical techniques, as disgussed
by Bleaney (1964) and bessant and Hayes (1965). Ytterbius
has twe lsotopes with non zero nuclear spin, Ib;71 (1 = 4)
and Yo' 7? (1 = 5/2) whiich are 1% and 16§ abundant respectie
vely, JThere are a nuuber of zero spin lesotopes, which
comprise 7U. of naturally occurring Yb, lecently several
authors have utpdsod the nuclear nagnetic properties of
1t 7 ana 1677, Gossard eb. al. (1964) measured the

nuclear wagnetic moments of !h}71 in the dlanagnetic
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divalent ytterblum ion by observing MG in Yb Cl, and Ib S,
They were unable to detect the Ll of !b173. which was
probably broadened by quadrupolar effects, OUlschewski and
Otten (1967) measured the nuclear magnetic moments of Xbl71
and !h;73 very accurately using an optical puuping technique,
and Budick and Snir (1967) used level-crossing spectroscopy

£o measure the hyperfine interactions of these isotopes in

the 3Pl excited state of the Yb atom, From these ueasurements
they deduced a nyperfine structure anomaly of 0,376, for

the two isotopes from the 3

P; atomlc state, which was the
subject of a theoretical paper by Usnna (1967).

The optical spectrum of Yb”' in CaF, has been studied
by several authors, whose work ie reviewed by Lirton and
HeLaughlan (1967)., They show by correlation of Lri spectra
and optlcal spectra arising fronm Ib3+ in sltes of different
symmetries, that the positions of the excited states in
7" at the cublc site of CaP, are unknows.

ENDUR experiments on !b}71 and Ih;73 in vaF, complement
the results mentioned above in several ways, An accurate
measurenent of the magnetic hyperfine luteraction for these
isotopes, coubined with the ratio of auclear moments
obtained by Clschewskl and (ttea would give an accurate

value for the hyperfine gtructure anomaly in the trivalent
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ion., Using the value of this anomaly obtained by Budick
and Snir for the atom a value for the core polarisation
contribution to the hyperfine structure may be dedluced, This
is discussed in Section 6 of this chapter where it 1ls come
pared with the value predicted by Bleaney (1963). A comparison
between the nuclear g-factor measured by LXDUL in the parae
magnetic ion and by RIR in the atom or dlamsgnetic ion
enables €h0 position of the first excited erystal fleld state
to be determined to be 60U cn‘l. Further, the accuracy of
the EIDUH measurements of the hyperfine interactions shows
that the spectrum reguires higher order interactlions to be

included in the spin-lamiltonian as discussed in Chapter 2,

2, Grystal Field Senaviour

The oryetal structure of CaF, can be visualised as a
simple cublic array of F~ lons with c.?’ ions at the body
centres of alternate cubes., The symmetry at the c;2+ site
can be represented by the poilnt group: Ope CaF, has the
very useful property that it will accept all the rarc-earths
as substitutional impurities at the Ca>' sites. The rare-
earth ions are often trivalent and compensation for the
excess positive charge ocours in several ways, giving rise

to local symmetries cf the crystal field at the rare-sarth
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ion sites which are nonecubic, The general properties
of rare-ecarth ions in CaF, have been reviewed by Weber and
Blerig (1964), Bilerig, Weber and warshaw (1964), and Kirton
and Nelaughlan (1967). All the work to be reported hLere
has been performed on Ib’+ in cubic sites, where the oharge
coupensation is sufficiently far rencoved from the rare-ecartn
site for the symmetry not to be lowered from Ope

ihe orystal rield may be represented in terms of
operator equivalents as BhtoU - sot) + 36(02 - 2102). The
electronic configuration ,‘13 has only two J manifolds.
Hund's rules predict J = //2 for the lowest manifold, the
J = 5/2 manifold being at /2 s where 7 is the spineorbit
coupling paraseter, This level is roughly 10,000 onfl above
the ground manifold, In a cuble crystal field the J = /2
manifold splits into two doublets | ¢ and [ 5, and a quartet
\“'a. the J = 5/2 manifold spiite into a [ . doublet and
% g uartet, lea, Leask and Wolf (1962) have shown that
for Yb°' in a cuble orystel field, the ground level 1g
either fﬂs or fﬁ7 depending upon the relative values for the
erystal fleld terms By, and Bge <The EFR spectrum for this
system is isotropic with g = 3.443 = 0,002 which indicates
that the | 7 doublet is lowest as this should show a
g-fastor of 4 = 3.428, If no other states are admixed



4e3

into it., Using the crystal field potential given above

An terms of operator equivalents, the eigenfunctions of

the erystal field states may be calculated, These are
shown in Table (L.1),expressed in teras of |J, Jy>
quantisation, DlNo account is taken of erystal flield ade
mixtures between the two manifolds, A difficulty arises in
expressing the elgenvalues of these states dlirectly in teras
of the orystal field parameters, as these have different
values in the two different J manifclds (Bleaney 19%964). It
is convenleat in this respect to work in Ll.s (Lg5 i>
gquantisation as we are dealing with a single hule in an
otherwise complete L.f shell, Using the notation given by
Bleaney (1964) we define qh = 60 Bk’ and 56 = 180 56' where
B, and B, are applicable to \ks> quantisation, The
eigenvalues of these levels expressed in this quantisation
are shown in Figure:. (L.1)and Table (L.l).

Bleaney (196L) makes a detalled study of the causes of
the deviations of the electronic g-factor of tuz* in CaP,
frou the theoretical value for & P., doublet, The principal
contribution to the difference arises from the crystal fields
aduixing [7 and [’y from the J = 5/2 manifold into the
respective levels in the J = /2 manifold, However, this

admixture, calculated from a knowledge of the positions of
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the excited states was insufficient to explain fully the
g=factor shift, DBleaney accounted for the remalnder of

the shift by introducing an orbital reduction factor arising
frou covalent bonding with the F* ligands, Inoue (1943)
however suggests that an orditelattice interaction should

be laportant, contributing 3Ui of the observed shift, Sisilar
considerations should hold for ¥Yb?', where in principle the
sane correcticns could be applied, liowever, the problem
cannot be solved unanbigucusly in this case as there is ine
sufficlient optical data to enable the crystal field parameters
and excited state energies toc be found, There have been
several conflicting reports in the literature as regards

the position of the excited states of Yb”W in CaP,, Low (1962),
Kise (1968) and Twidell (1963)., Recently Kirton and
MelLaughlan (1967) have ree-examined this system and by
correlating EFE and optical spectra in specluens prepared
under conditions with different charge compensation mechanisuas,
They conelude that the previous identifications of the optiecal
transitions with allowed transitions in cubie Yb? were ine
correct and that the parameters deduced from these experi-
ments were wrong. They were unable to make any positive
measurenent for the cuble field splitting but concluded that
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-1

it was probubly -lose to thit of fm°' at L1C em™—, for the

geparation of [j7 and [h; in the J = 5/2 manifold,

3

The ENDOH data tc be discussed later given a value for
the pseudo-nuclear gefactor for w* in CaPFyy from which the
separation of the fja quartet from the r; ground doublet

is deduced to be 597 £ 3 ca .

Uging thie value, the spine
orbit coupling constant, and the one cptical transition
positively identified by rirton and Nelaughlan as arising
from cuble !b}*. an estimate of the orystal field parameters
can be ~ade, The energy gap between ‘d} and (ﬂa is given
hg %? b, + 28 by = 597 £zen” 1 The energy between

®#y/, and “Fg/, in the free ion is /2 f where { is the spin-
orbit coupling parameter. f has the value 2882.,9 ea™ in
the free ion (Dieke and Crosswhite 1963), It is probable
that the value of the spineorbit coupling will not change
by wore than about 17 from this value wheésn the ilon is ilne
corporated in CaF,. The general behaviour of  in rare-earth
ione is discussed by Dieke and Crosswhite (1963), Freeman
and Watson (1962) and Jorgensen (1956), who conclude that
the crystalline enviromment will only have a small effect
on [, the effect decreasing as the nuclear charge increases
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through the rare-earth series, Indications from neasurements
of this parameter in various hosts suggest that a deviation
of about 17 is usual when the ion in introduced into a erystal,

Kirton and lelaughlan report an optical absorption line

at 10384 ci'l wiiich they correlate with a cuble Lri spectrum,

Ag this is greater than /2 ¥ it can only arige from a

2 ~ 2
transition between [78 of Fg/p and f.7 of P7/2. as shown
in dlagram (4.1). From this data, assuming that f is
accurate to - 1is the values of pu and hb can be derived to
be

bh = (37.8 4 7) 0‘.1 bé = (9.9 z 2) “.10

Le LEH spectrum

In Plgure (4.2) the isotropic EFit spectrum from cubie
Ib3* in c.rz at 4.2° K 18 shown, This was seasured at
35 Ge/e with the magnetic field aligned parallel to a cube
edge of the sample. The spectrum has an electronic ge-factor
of J.4k3 £ 0,002, The intense central transition arises
froz the zero spin isotopes, whilst the hyperfine structure
from the two nonezero spin isotopes lg easily ldentified,

the two larger lines coming from Ib;71 and the gix smaller
ones from !t}7’. The resolved superhyperfine structure on
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the lines arises from inter ctions with the F~ lons and has
been studied in detall using ENDOR by Ranon and iiyde (1966),
The resolution of this superhyperfine structure ig & wmaximum
when the wmagnetic flield is aligned parallel to a cuble (100)
axis of the orystal, This provided a sensitive test for
aligmnment in this sample,
5« LHDON measurements

SEDOH of the two Yb isotopes 171 and 173 occurring in
their natural abundances was neasured with the 35 Ge/s
spectrometer described in Chapter 2, The crystals contalned
0405% Yb7* in CaP,, obtained from Optovac inc.. The nuclear
transitions in the 171 isotope occur in the range 1260 - 1380
he/s, those of 173 in the range 340 - 380 Me/s. The nuclear

r.f. field for 171 was generated by a General Hadio cscillator

12184 which was frequency modulated by applylng an audio
frequency sine wave to the grid clircult of the oseillator
valve, The depth of modulation was variable up to about

100 ke/s. The osclllator output was connected via a Ceneral
Radio adjustable line to a tee.junction, one arm of which
was directly connected to the r.f, loop in the cavity, the
other to a fohde and Schwartz VW.l.K, frequency meter, The
power being fed into the cavity was maximised with the
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adjustable line, the level being monitored by r.f. pick up
on the nominally orthagonal 115 ke/s loop.

The r.f. field for the 17) isotope was generated with
a General Hadlo 12090 oseillator, This was adapted for
frequency modulation by the insertion of a back-biased variable
capacitance diode (llughes 6002) connected in parallel with
the oscillator tuning capacitor, the circuit being esgeutially
that described by Williams (1961)s The output from this
oscillator was amplified by a Boonton 230eA tuned power
amplifier, and then fed to the cavity via a variable line,
The operating procedure was very similar te that described
earlier, the only additional feature being that the power
amplifier nad to be tuned as the r.f., frequency was swept,

The EVDUA lines were cbserved at u.z° Ke The conditions
for maximum ELDOR signal were found to arise when the micrce
wave power level was adjusted tc the level at which the ZPE
signal observed on the oscilloscope with a 50 c/s lield
sweep stopped increasing with lncreasing power, The 115 ke/s
level was adjusted untll the aunplitude of the Ell signal was
a maximum consistent with no bdroadening of the line and
hence no din&uustca‘ot the resolution of the fluorine supere

hyperfine structure,
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Xhi_. { As S = §, 1 = j, there are only four possible

ENDOR transitions, three of which were observed, The

missing line was Iz = § = of on the §, = +§ level of

z
the I, = + § hyperfine 5PH line, The lines which were
observed are shown in Pigures (4.3) end (L4.4). ecently Rr,
WebeJe Blake has cbserved the fourth transition, The LIDUR
iines were all about 470 ke/s wide but of markedly different
intensities, Using the formula derived by Dessent and layes
(1965) for LZNDUS linewidth it appears that the "spinepackets®
from which the ENDCONL lines arise are about 26 gauss wide,

The LSFH lines are of this width, taking the envelope of the
fluorine structure, This suggests that there is rapid splie
diffusion through the LPE line, probably due to fast relaxation
of the neighbouring fluorines by crosse-relaxation between the
-u:g;;tno structure lines, This is also the case in T’ '
CaFy, as discussed by Hessent and Hayese.

.x:fli : In this case 1 = /2 giving six hyperfine LIl

lines separated by about 150 gauss, OUne expects to cbeserve
in all 20 EXDOR lines in this system, of which 10 were
observed, Those not observed arose from the transitions
Big= 25 2, 5, =} on the I, = # hyperfine liue, and

Al‘ --% q-é s 3' = § on the iz = -% hyperfine line,
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The linewidths of the ENDOR lines varied aus 2 function
of the value of I, desceribing the hyperfine line from which
the ENDOR line was derived., The linesfrom AI, = § - -3 are
V> 250 ke/s wide, those from AI, = 3/2 % 330 ke/s
and those from AI, = 3/2 > 3/2 are . 500 ke/s wide. This
variation suggests that some sort of quadrupolar broadening
is occurring in the system, The simple formula from
Bessent and Hayes does not fit this system., The intensities
of the lines also varied roughly with the value of I,, being
strongest for |I,| = % and decreasing as [I,| increases to
5/2, However, the lines arising from I, = + %y S, = + &
AL, = § > =%, and I, = =%, 5, = =, A1, = & = -} were
markedly more intense than any other lines in the system.

Traces of the ENDOR lines from the hyperfine line I_ = § are

z
shown in Figure (L4.5).

The mean frequencies, probable errors and predicted

frequencies for all these ENDOR lines are given in Appendix L.

6s " etation ENDO

B p | 173

The ENDOR measurements of Yb and Yb may be fitted

to the spin-Hamiltonian, with S = % :

7/{ = gPH.S + AS.I + g aH.I + B szxzuz + CS IZ

D[ 35 I - (30I(1+1)-25)1% ],
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The first three termg of thiep lamiltonian are faemiliar,

The last three represent some of the allowed higher order
terns discussed in Chapter 2, Only the diagonal components
of these terms have been included as the off-diagonal
contributions to the energies will be negligible, ror IblTl.
where 1 = §, the coefficients B, C, D nust be zeroc.

The parasmeters required to fit the spin Hamiltonian for
both isotopes are given in Table (4.2), together with the
nuclear ge-factor obtained by Ulschewski and COtten lor the
free atom, expressed in the same units as those from SHOUR
measureents, The weighted r.m,s, deviation between observed
and calculated frequencies is 29 ke/s for Ih}73 and 23 ko/s

for !‘ln.

Huglear gefactors: From Table (4.2) it can be seen that the
effective nuclear g-factors of the Yb isctopes in CaF, are
644 larger than the free atom nuclear g.factor, This
arises from the pseudoe-nuclear g-factor discussed in Chapter
2. Using the erystal fleld states given in Tablo.(h.l)

and remembering that the ENDUH measurements were wuade with
the magnetic field parallel to a cube axis of the crystal,
it can be shown that the Zeeman intsraction can only couple
the [, doublet to two states of the | g quartet. From
these results the energy separation of f‘s from fj7 can
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) A‘; ] s | II' I I
“171 n:”’
3 3el4ly 320,002 3. 1i44320,002
A Ne/s 2638,66 L 0,09 - 727234 + 0,010

&', (Bohr magnetons) (-8,79630,001)x 0% (2,409%0,002)x 2074

B o/s - L7 £ 9
C ke/s - 26,5 2 3
D e/s - 63 2 6

g, (Johr magnetons) =5.35616 x 104 1.4761 x 10°b
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be shown to be 597 em~}, from the equations on page 2.17.

In evaluating this energy a value for the hyperfine interaction
has to be used, It is likely that erystal field interactiocns
and higher order corrections will reduce this from the value
quoted in Table (4.2) as the spin Hamiltonlan parameter A,
These will be conslidered in detall in the next section but

the hyperfine interaction for a pure [j7 doublet is unlikely

to differ from the spin Hamiltonian A value by more than 1k,

It is thus reasonable that the energy separation between fj7

and (ja in the ground manifold should be (597  6) eafl.

Higher order termg

The general theory of these terms has been outliined in
Chapter 2, For !b;71 the only possible terme of this sort
should be of the form SIH" where n is even, Terms of this
type were found to be zero wlthin experimental error and

have not been included in the spin Hamiltonian,
For 13}7’ several higher order terss are allowed within

the general rules given in Chapter 2, As the ¢lectronie
system !b’* in CaFy 1s gimple and the positions of the excited
terms are known from the orystal field parancters derived in

section 3 of this chapter, it should be possible to predioct
the magnitudes of these nigher order terus. nay (1964) has
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pudblished predioted values fur these terus in this system,
which do not it the data pgiven in Table (4.2). ler acalysis
is subject to two severe oriticisus, Firstly she has used
Low's (1962) excited state energles, which as discussed by
Kirton and ieclaughlan are based on an erroneous interpretation
of the cptical spectrum, lecondly, fay appears to have
omitted any contributions from the quadrupole interaction

that can arise for 173. ¥hilst there can be no guadrupole
interaction in the ground state (5 = §) of Ib"" in the cuble
erystal field of Ccl'z. this interaction can produce important
adzixtures with the exclted crystal fleld states. The pseudoe.
quadrupole interaction is gero for this systen,

The higher order terms which are lmportant for this
system cun be evaluated using second order perturbation theory
between the | . doublet and the excited |, and [, states
within the ground manifold, Admixture from the J = /2
manifold can be shown to Le negliglble, Ihe elgenfunctions
for the ground manifold states are given in Table (Ll), and
the energies of these states wre taken to be those predicted
by the crystal fleld parameters deduced above, .hese give -
the energy of |'g, By = 597 $6cu™y and that of g0
Eg = L9 - 10 n'l. relative to [ 7* ithere are several
types of perturbation interasction to be considered,
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(a) <51| a a1 | 8, )8, [a 3.1 | ﬁl>
(5, - z-.‘)

These terms are discussed in detall in chgpter 2, and
285

for thie system give rise only to one term Eg

NN

(Ea - 32’

(b) (ty | aaa

The operator F ig the quadrupole interaction cperator,
which is written out fully in Chapter 2, section 2,

(o) (‘1 I/\ - “z‘,sl 5z><’z | ¥ [ £

(El - 12)

Only msatrix elements of the z somponents of the Leeman
interaction are necessary, as measurenents were made only
with the magnetic flield parallel to a cube edge of the crystal

lele) (4lrle

(By = 55)
These ters can conneot both | ; and | g to P.,.
The overall effect of these terms for Yb’+ in Calfy, 1s to
{ntroduce into the spin Hamiltonisn terns of the form, fop

(d)
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The {irst three terus have the same form as the terms B, C,

D in the spin Hamiltonian, The final‘tarm has exactly the
same form as the hyperfine interaction, Thus the coefficient
of AS.l determined from the ENDUR data is the sum of the true
hyperfine interaction together with the components of this
interaction that derive from the perturbations discussed
above. To evaluate the coefficients of these terms the

quadrupole interaction has to be known, IThe value used for
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a is é of the spin llamiltonian A lactor, This should be
corrected to glve the true hyperfine interaction, but the
error involved in taking the uncorrected value is swmall,

As the value that should be used for the Guadrupole
interaction in this system is not definitely known, it was
decided to usa the measured values of the higher order terus
to deduce a value for F, which would then be used to provide
the correction to the hyperfine interaction, Using the
equations above, F was evaluated from the three equations to
be « 4,9 £ 1 Me/s from By, = 3.5 = 0.4 Mo/s from C, and
- 5.9 3'0.} ¥e/s from D, These have a mean value of - 4.7
£1.2 Me/s.  The values for F derived in this way give an
indication of the validity of the perturbation description
of these higher crder terms, vther terms can provide
contributions to these parameters but they are geunerally at
Least an order of magnitude smaller, and have thus been
neglected, In view of the appruximations made throughout
these calculations the agreewent between the values for ¥
from the three equations is regarded as satisfactory.

Using the mean value for F of - Le7 = 1.2 We/s, the

correction to the hyperfine interaction for 11,173 is - 121 2

LU W e
The guadrupole moment for !b”’ has been measured by
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fioss and Hurakawa (1962) to be 2.8 £ 0,2 barns, The quadrupole
Latersotion P for the free Yb ' iom can be evaluated o be

- Ueb & Ouly Meo/B, assuming no shielding., This can only be
regarded as an estimate of the interaction as no account has
been taken of shielding or lattice effects. however, it is
satlsfactory that this value is close to that derived above,
the agreement probably being fortuitous.

aadl A173

171

The values of A given in Table (4.1) are
derived directly from the experimental data as spin
Hamiltonlan paramctera, 70 find the interaction to be
expected from a pure (ﬂ7 doublet a series of corrections
would have to be applled to the experimental values for A.
fhese are closely related to the corrections required for the
electronle g-factor and, as discussed in Sectlon 2, no
thorough analysis can be made for Yb due to the lack of
knowledge of the excited states., Ilowever, it is likely that
the shift will be comparable or smaller than that calculated
for Tw** by Bleaney, (1964), &s the shift of the gefactor
from the pure [17 value iz smaller, These corrections are
all proportional to A as shown by Uleaney and thus do net

affect the ratio of the A values for the two isotopes,
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liowever, the correction tera derived above is significant,

reducing A*7J so < 727,123 & 0,06 He/s, The perturbation
term (a) above can also arise for Ibln. reducing the hypere-
fine interaction to 2638,53 < 0,04 m/”'1

The ratio of these interactions 2!73‘- «3.6288 % 0,0004,
The ratio of nuclear gefactors derived by Ulschewski and Otten

171
(1967) is 5&17_’ = = 3.6299 = 0,0005. Thus a hyperfine

én
structure anomaly of (- 0,03 £ 0,03)4 for the Yb isotopes in

Gle. Ihis has to be compared with the value of the anomaly
in the excited 3P1 state of the Yb atom of -« 0,376 = C.02%,
derived by Budieck and Snir (1967). The figure quoted in
this reference ls incerrect, the correction being reported
by Unna (1967).

As outlined in Sectiom 5 of Chapter 2, the hyperfine
structure anomaly arises rom ® electrons, any contribution
from Py electrons being regarded as negligible, If A(f)
and A(s) represent the contributicns to the hyperfine intere
action from the f electrons and unpalred s eloctrons in the
ion, we have the two equations onp = A(f) + A(s), and
aks A“’ = A(s) A(s), where A (s) is the anomaly for a
single s electron, In Budick and Suir's experiment the
686p state of ID was used, and it is reasonable to assume
that the anomaly arises from a single s electron, Any core
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polarisstion in the atom will be negligible compared with
the 65 electron contribution to the hyperfine interaction,
From this we deduce that the n.tto'ﬁ*’*'tor the trivalent
ion is (8 % 8)5, ‘nis conflicts with the theory proposed
by Dleaney (1964) for core polarisation in the rare-earths,
which 18 discussed in section 3, Chupter 2, where the foruula

for core ;oclarisation prediots ﬁ*’f = = (1.0 2 0,16)%,

The discrepancy may be due simply to some incoupleteness
in the treatment of the perturbation corrections to be
applied to the system, The size of the anomaly is strongly
dependent on these axid whilst the treatment above appears to
satisfy the data it nust be treated with some caution,
Further ENDOR measurezents on thils system at a different
EPR frequency could provide a useful check upon these terms,
particularly on the field dependent correction term, The
importance of this iz demcnstrated in the next chupter with
reference to Gd ZRDOR,

Hlowever, in the light of the present work it appears
that the assunptions underlying Hleaney's treatment of core
polarisation should be re-eéxamined., Ireviously no test of
his extrapolation has been made, and this work should be
regarded as a stimulus for further studies in this

direction.
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CHAPTER §

Haturally ocourring gadolinium contains two isotopes
with nonenuclear zero nuclear spiti, These are 155, 14.9/
abundant, and 157, 15.7% abundant, both of which have nuclear
spin of 3/2. EXDUH measurements on 06;57 in ThU, were
reported by iHurrell (1965). The work reported here is, in
part, a continuation of his experiments usiang higher magnetic
fields, and a couplementary series of ueasurements of both

0a57 ana 0a%3 1n ceo,.
EFR Properties:

Gadolinium enters aub-tlﬁqtieually into crystals of
Th0, and Ce0, as the trivalent ion, replacing ions of k"
and Ce"* respectively. The orystalline slectric fleld at
the Th“’ or co“* ion site has cubic symmetry but the mismatch
of ionic charge in the substitution process requires soue
gort of charge compensation, Por erystals contalning about
0,015 0"’. only cubic crystal flield EFi specira are
observed, indicating that the charge compensation is distaat
from the ion site, As the concentration of (7" is increased
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spectra of lower symmetries become observable (Avraham 1907,
BAr and Vinokurov 1966).

0"* has the ground state electronic configuration
ht7. 957730 It 1s thus an 5 state ion, lsoelectronic with
Eu?* and T**, The ground state of the half filled shell
cannot be split in first order by a crystal field acting
alone regardless of its symmetry., However, it it well known
from EPL studies that the ground state of the lon is split
in gzero magnetic fleld., The mechanisms responsible for
these observed splittinge are not understood at all well, A
review of possible contributions to the zercv fleld splitting
is given by Abraham et, al.(1967), and Wybourne (1966)
performs an extensive calculation of the splitting for cad*
in lanthanuam ethylesulphate, !He considers eight possible
contributions to the splitting, taking his calculatlons to
fifth order, but arrives at a splitting of twice the observed
value and of the wrong sign. He concludes that a successful
calculation of this quantity would have to include effects

arising from overlap of the surrounding ligand orbitals with
those of the central ion,

The EFE speotre of Ga7* in ThU, and Celp have Leen
reported by several authors, particularly Low and “haltiel
(1958) and Abraham et, al. (1965, 1967), The spectra are
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fitted to a spin Hamiltonian of the form, with eflective
spin 4 2

v

0 4 b
= gBHeS + B, (0 + 50 ) + B.(0 = 210 ),
/ﬂ '“u M 6 ¢

The parameters g, B and B, derived from these measurouecnts

are shown in Table ‘(‘5.1) tgnthor with the lattice constants
and EPR linewidth, The sign of the crystal field has been
determined to be negative by observation of the intensity
changes of the fine structure lines as a function of
teuperature, The LPR linewidths should be very narrow in
these hosts as nelther has ligands with any abundant lsolopes
of nonezero nuclear spin, Thls reduces inhomogeneous
broadening of the EPR line, All the work reported in the
published literature for ThU, shows linewidths between U.5
m;m-umz.u ~ 2 gauss for Celys It is found
generally that the EPR linewidth tends to increase as |J,|
increases from ) to 7/2. The increases reported in Lhe
references above are only -un giving lines abouts 2 gauss
wide for As, = /g = i,. This increase in linewidth
arises from the dependence of the energy for |J;| > & on
erystal field gradients., Although the crystal fleld is
cubic at the 0‘" site, there will be residual strains in
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the field experienced by the lon, These may be partially
induced by the differences in lonic size between Gd7" and
the host ions, and partially by random strains formed in the
erystal during growth., These latter strains may be reduced
by amnealing the crystal,

The properties of the crystals of 04;57 in ThO, that
were used for the experiments to be described here were very
simllar to those listed in Table 5.1, from Abraham's data,
Crystals of c.o2 contalning enriched 041‘7 ann-cnriehod Gdl’s
isotopes obtained frn- Oak fHidge, were grown in this laboratory
by Wrs. B, Wanklyn, She used a flux growth technique,
using Pb ¥, flux, The Cely and b rz powder was heated to
1280°C and held at this temperature for twelve hours. The
melt was cooled at a rate of 1,5°C per hour, The crystals
formed on the surface of the melt in the form of black
regular cubes with sides of 1 to 2 mm. length, These¢ crystals
displayed the characteristic gadolinium cuble Eii spectra,
consisting of seven fine structure groups of four hyperfine
lines each, Illowever, these hyperfine lines were much
broader than those reported by Abraham et, al, For the
best specimens the linewldth was about 2 gauss for the
ANi, =4 = -§ transition but increased as the transitions
moved out to |AJdy| = ’7/t| > |5/2 |tun-u1m. where the
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lines wer: ., 6 gauss in width, The separation of the
ayperfine lines for a particular fine structure tracsition

is about 5 gauss for GA*>' and L gauss for 0at35,  Thus,
whilst the hyperfine structure was resolved on the central

& J, = § » <} transition, it was only partially resclved

on the outermost LFX transitiona, The erystals were annealed
without any lmprovement in the lineewidth, COther specimens
were grown using different cooling rates and low concene
trations of Gd without reduction of the limewidth, indicating
that the lines were not broadened by spinespin interaclions.
In Plgure (5.1) typical EFg spectra from the AJ' - /2 -;342
transitions are shown for the specimens of 0a'’7 in Tho, and
CeU,, measured under identical conditions at 36 kke/s. The
difference in lineewidth is clear, The origin: of the
increased linewidth was probably in random crystal field
strains, as discussed by Stoneham (1966),

EhDos Experiments

The specimen of 04;57 in ThO, should be an ldeal one
for ENDOR experiments, as it fulfils most of the conditions
outlined in Chapter 1 for a good ENDUR specimen, I1he welle
resoclved narrow EFR hyperfine lines will reduce orosse
relaxation effecte to a minisum in the specimen, The crystals
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of CeC, contalning each 1sotope did not show those well-
resolved spectra as discussed above and one thus expects
that thor, will be cross-relaxation arising within these
specinens, It was found that the Thoz orystales gave good
LZNDOR lines whilst in CeCp, considerable difflculty was
experisnced in finding many of the ZNDUR transitions. his
is discussed below,

| The ENDOR experiments were perfourmed using the .-band
ZNDUR spectrometer described in Chapter J, working at

36 kiic/s.

Experimental Frocedure

r'he spectrometer was set up as shown in Diggram (3.1),
the r.f, oscillator belng a Marconl TFLLLU signal generator
woleh gives an unpodulated output of 2 v. peak-peak voltage
into 7¢ ohms., This was chosen as the r.f. source as the

overlap between frequency ranges was large enough to cover all
tho BEDOR lines in the spectrum with only one svurce. The
frequency stability is about 1 part in 10° whish leads to
accurate frequency measurement., The dlsadvantege of this
source was the lack of a frequency wodulation facllity. ihe
output voltage waes amplified by an I./.l. distributed
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amplifier, Model 500, which gives an output of 3 watts into
185 ohms, The amplifier was modified to permit amplitude
modulation of the r.f, output, by connecting the ocutput of
a Schmidt trigger circult to the grid of the last amplifier
stage valve, This switched the valve off every alternate
half-gcycle, thus producing a 100, square wave amplitude
modulated signal, Some preliminary investigations were
carried out using a General ladio type 1211 B unit oscillator
which was frequency modulated by applying an audlio sine wave
to a variable capacitance diode (Hughes HC 7002) coanected
in parallel with the tuning capacitor in the cscillator tank
eircuit, However, it was found that the amplitude modulated
sizgnals were easier to measure asccurately, and of couparable
magnitude to the frequency modulated gignals, and thus all
the weasurements of the Gd LNDUL were made using the asplitude
modulated ENDUXR signal.

The measurements were performed in the manner ocutlined
in Chapter 3, at pumped liquid hydrogen temperatures
~ 14° K, It was found desirable not to allow the hydrogen
to solidify as the poor thermal conductivity of solid
hydrogen was unable to keep the teuperature of the cavity
to the temperature of the bulk of the refrigerant, Investi.
gations were made at 4.2° K but the electronic T was so long
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that very low mlorowave power wasg necessary Lo avold
saturating the EPH slignals too strongly. The sensitivity
of the 115 ke/s detection system ie reduced at very low
power level and thus the LNDUR sensitivity was reduced.

All ENDOR experiments were performed with the d.c,
magnetic field aligned accurately parallel to a (10U) edge
of the crystal, This was achieved by rotation of the ecrystal
mount about its horizontal axis and rotation of the magnetic
field about a vertical axis., Aligmnment along a cube edge
was detected by observing a turning point in the Li: spectrum,
the (A J.l- [7/2] » |5/2|transitions moving to extreme
fields at this alignment, [leasurements were made 20 Times
on each ENDOR line, checking the alignment before each
reading, and remounting the crystal every fourth reading to
attenmpt to reduce .i'cg-nsto errors due to possible nis-
alignment to a minimum,

ENDOK Results

Three separate systems were studied using the technique
mentioned above, 6a*57 1n m™o,, 6al7 in ceo,, and Ga'3? in
CeUge
M : This system had previously been studied by
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Hurrell (i965) working at 9.4 kie/e for his LU frequency.
AB S wm 7/3. la ’/l one expects to see 24 ENDUI transitions,.
All these transitions were observed by Hurrell, whose
measurenents are given in Appendix 5, He unfortunately gives
no indication of the accuracy to which his measurenments were
made, except to Indicate that those ENDOE frequencies arising
from 5, = § and S, = «§ are probably ten times less accurate
than all other ERDOR frequencies. 1 have measured the

ENDOH spectra in the same crystal at 36 kMe/s and have
weasured all transitions except those from 5, = «}. Feasure-
ments of these transitiong were difficult as the signal was
only Just greater than noise for a recording tine constant

of 10 secs, and in view of the large uncertainties in these
meéasurements, they were not congidered in the interpretation
of the spestra, The neasured frequencles are given in
Appendix 5, together with the probable errors.

It was found, as reported by Hurreil (1963), that the
intensities of tho ENDCK lines decreased rapldly with dee
oreasing |Jz| « Further it appears that for a particular
EFR transition AJ, = IJ.I - IJ‘I «l , the intensities
of all ENDOE lines arising from |[J;| -1 are between one and
two orders of maguitude smaller than those arising from lJ.l a
Similar behaviour aroge in the SNDOK on the YL lsotopes in
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CaF, reported in Chapter U, and in P ENDOR in the same
system, reported by Ranon and llyde (1966),

ﬂl_’z_j_m‘ ¢ The broadened EFR lines in the Cel, crystals
suggested that the crystal fleld experienced by the Gd° ion
was subjest to random stralns. Two serious consequences

of this appeared in the LENDUR gpectra from these crystals,
Firstly the unresolved hyperfine LFI lines suggest that crogse
relaxation will ogour in these lines, Thus saturation of

ocne hyperfine line involves saturation of the entire life
structure linee. ENDUE signals from all nuclear transitions

on this line should thus appear regardless of which portion
of the EFA line is saturated, Secondly the nuclear
"l[ - 2 energy levels will be subject to the sume
mechanisms which broaden the electronic [, /N § levels, and
will thus be broadened, This will result in a broadening
of the ENDOR frequenciles from §f = 3/2 transitions, This
was found to be the case for the Cel, crystals, Lven in
ThO, these transitions show a broadening over the § - -§
transitions. A comparison of line width is shown in
Table (5.2).

in 061’7 in Celyy all AJ, = § = «f transitions were
measured except for that from S5; = -4, The Al = 19215 &/
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transitious were alsc weasured but not to the same accursey
as the central lines, due to the increased linewidth and
decreased intensiiy over § = -} trassitions,

In Appendix 5, the mean measured frequencles and probable
errors are tabulated,

ﬂ’_‘?_’_{_ﬁﬂz ¢ The hyperfine interaction and nuclear noment
of 0‘1” ig smaller than that of 04157 and thus the resclution
of the hyperfine EFR lines was rather worse than for Gd >/,
Measurements of the A Jy = § = «f transiticas were nade for
all manifolds except S; = +} and «§. But the quadrupole
broadening effect was rather more severe in this crystal,

only the 43, = [3/2| = |} transitions being observed for
the 5, = 7/2, The frequencies neasured are tabulated in

Appendix S5,
In Table (5.3) a comparison is drawn between LLDUA lines

observed in the three cases uentioned a ove, where it is
clear that 04”7 : ‘1‘!\02 gives the most satisfactory LIDOR
signals, lmn of typical EEDOR lines are shown in Figures
5.2 and 5.3,

An interesting demonstration of the effect of crosse
relaxation in these speciluens was glven by holding the ~NDOR
frequency constant at the value required for a rescnance of
the Sz = 2 AL, = § = <f line, and sweeping the
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magnetic field through the 45, = /2 = 3/2 EP& 1ine.

In cat37 4n Ce0, a broad resonance was observed for the ENDCL
output, whose width in gauss was close to that of the =ik line,
Aepeating the experiment on 0‘157 in 'moz. two narrow LiDOR
lines were swept out, corresponding to the fleld positions of
the 1 =2 § hyperfine lines. Very weak lines, - 1i of the
intensity of the main lines were observed when the |1 | = /2
hyperfine lines were swept, Thus there was sowe weak inter-
action between the hyperfine lines in ThU,, but in 0002 the
cross-relaxation effects were sufficlently strong to enable
any particular EHDOB transition to be induced within the LFH

fine structure line,.

Data irocegsing: The nuclear magnetic moments of both
isotopes are small, and thus the dependence of ENDUH frequency
upon magnetic field within a particular fine structure line was
small ( ~ 3 ke/s for 6a'3'), Tnis was ssaller than the
probable errors associated with the measured frequencies which
were typically - 8 ke/s for § = <% ENDOA lines and 12 ko/s
for [3/2] = |§|1ines. To facilitate the data processing
the ENDOR frequencies for a given fine structure LFA line

were normalised to the mean central fleld position of that
line, This could be done without using the quadratic field
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reduction technique described by Willilam (1961). Apart from
this the approach to fitting the data to a spin lamiltonian

was identical with that desoribed at length in his thesis.

The spin Hamiltonian described in the next section was used

to generate the 32 x 32 spin Hamiltonian matrix, which was
exactly dlagonalised for seven fleld positions for each isotope,
corresponding to the fine structure EFf line positions, The
spin lHamiltonian parameters were extracted using a weighted
least squares uthog. Details of the programs used are

given in Appendix 3,

dnterpretation of fesults:

The ENDUH measurements were fitted to a spin Hamiltonian
which had the form:
% v . B (00 210“) + A

-m+%(0~*’0h)’ 6\Yg = 5 L Sed
2 [( 2-8(3*-1))( 12 I(I+1)

"6 flel * prETDEEY s Hae

4 i (S'ﬁ’+5*s')(1.1.+1_1‘)* g (385-*3'53“131**1*1l)

+ * (Bili + afxf)]

Ata,l > ‘[’]szI‘Hi + ‘(1035:1‘}11 »

The terws in this spin Hamlltonlan are familiar with
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the possible exceptions of A', gl9), and g[l0], These arise
from considering higher order interacticns in the system as
discussed in Chapter 2, The Hamiltonien differs from that
glven by Hurrell (1965) Ain the inclusion of the final two
terms. It was found that these were necessary to bring his
experimental data at low flield, ~ 3k gauss intc agreement with
mine at high field ~ 12 k gauss, (hese both have the form
perultted by the arguments given in Chapter 2, Iu Table (5.4),
the spin llamiltonian parameters derived from the experimental
data are glven for the three isotopes., It has been found
necessary to wodify Hurrell's published paramsters to cbtaln

a better it to his measured data, using the smaller
familtonian that he used. The data for 0at37 ana ca’?® 1n
CeU_ were analysed with these last two terms set Lo zero,

2
as the field variation is not sufficient to show shifts

arising from these termns,

!"!I ﬁﬂ“.lim el mns.:

EPH Parapeters: Abraham et. al., (1967) compare the Lid
paraseters for G47* in Th0, and Ce0p.  Their measuresents
are more accurate than any EFli measurements that could be
performed on the erystals on which my =iDUK experiments were
made, as thelr EFQ line widths were considerably smaller, as
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' : mo,  ca"®’ cec, cal33 ceo,
A he/s 1579641 = 0.5 1581742 $ 0,7 12059.8 = 0.5
&, Bohr el,22l £ 0,002  <1,219 & 0,002 «0,932 2 0,002
Magnetons x 10"h X 10‘“ x 10‘“
A' ke/s 3,05 £ 0.3 e85 £ 0.5 o6 2 0,3
B ke/s -687 % 16 -806 = 150 «2150 & 300
gl9) o/s wbeB = Uof - 3

gl1c] e/s 0,60 2 0,04 - -
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ZABLE 5.5

The weighted root mean square deviations for the observed
spectra from the caloculated spectra using the gpin Hamiltonlan
parameters given in Table 5.4 are given below, rejecting any
reasding whose deviation is greater than 4 x the r.z.s. value,

aat33:ce0, AL-§ = - AL = bzal > ||
L ke/s 56 ke/s
u157;cw2 12 ke/s 126 ke/s
64157:Th03 X band : 23 ko/s 38 ko/s
¢ band : 16 ko/s 18 ko/s

Overall: 20 ke/s 29 ko/s
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discussed earlier, llowever, they have restricted their

spin Hamiltonian to the simple form given by the first three
terus of the Namiltonlan given above, They were of course
only measuring the EPR lines from the zero spin Gd isotopes,
but they found the simple spin Hamiltonian to be incomplete
as they were unable to fit their spectrum exactly, The
divergences showed a rystematic behaviour which was noted by
those authors, who did not attempt to fit thelr s, ectrum by
extending thelr Hamiltonlan, as was done by Baker and Williaus
(1962) fror Bu?* in CaF,. The quoted errors on the EFR
parameters by Abraham et, al. were larger than the experimental
errors, to account for the inexact deseription of their
Hamiltonian, The interesting feature of the comparison made
by them was that although the lattice constant for Cel, is
about 3.5f smaller than ThO,, the crystal field splitting in
CeUp is smaller, In the alkaline earth fluorides the field
splitting increased with decreasing lattice constant,

Marshall (1967) has made an LPH study of the erystal
field effects in 003+ in ThO3, where he measures the hyperfine
gtructure lines very accurately for both isotopes in their
natural abundances, He deduces from higz data that the
crystal fleld splitting paraneters ‘B and b6 are of different
gizes for the two isotopes. The shifts he suggests arise



5421

fron the isotopes cof different mass vibrating in an anharmonic
potential, (Harshall et, al, 1964). He cbtained a value of
lih‘-nh.ﬂ ~ Iﬂ" A for the Gd isotopes 155 and 157 which he
clains in Jjust within his experimental accuraecy. lo shift
in bg was detected, It is not clear from his paper whether
he has accounted for the full effects of the hyperfine intere
action splneilamiltonian, in particular it is difficult to see
how he has taken the quadrupole interaction into account.

A major oriticism of this work is that from his measureaments
on some of the fine structure multiplets he deduced that the
hyperfine interaction should have the opposite sign to that
obtained by ENDOHe It would seem likely that hls data has
been misinterpreted and in the analysis of the data iu this
thesis, no isotople-dependence of the cerystal fleld intere
actions has been included,

Hyperfine lnteragtion

The magnetic hyperfine interaction can only arise from

»* is an

core-polarisation and relativistic effects as Gd
Segtate fon, 1t is not possible te gseparate these ellfects
for Gad' as insufficient data is avallable. Une requires,
as digcussed in Chapter 2, a measurement ol the hyperfine

structure anomaly for both the ion and the atom in an 5 state,
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Prom the data on 04™”' and Ga’%% in Ceo, siven in Teble (5.4)
& hyperfine -:;;onur. anomaly of + 0,27 & U,46) is derived,
defined as w % =1+ A, The Nllsson states for

both nuclei are mnuul (Mottelson and Nilsson 1958) which
suggests that the nuclear magnetisation is distributed in a
u-u.i- manner in each isotope, Thus one might expect the
ancmaly to be small, as the contributlion from the distributed
magnetisation ls small, lio data exists to date for the
anonaly for G4 arising from an s electron, If one uses
Bleaney's (1966) latest extrapolation {or core polarisation
in the rare-earths, a value for the contribution to the hypere
fine interaction from core polarisation is + 18,4 % 2 He/s,
Evans, Sandars and Woodgate (1965) have estinated the
relativistic hyperfine interactions in Bu c}el. using the
theory developed by Sandars and Beck (1965). Using the
relations developed for Eu, and assuming that the values of
the double tensor operators are unchanged in passiug from
5u to isocelectronic Gd°', the contributions to the hyperfine
interactions can be evaluated to be Ar':l = 0,12 Me/s,
s"7 = - Ug90 Ho/g for 04157. and A;; = 0,09 ke/s,

rel
)55

B
rel
pole moments given by Speck (1956) of 97 o 3.0 huvus and

@*35 2 1,1 varns have been assumed. A further assumption

= « 1.0 Mo/Be In thiz caloulation the values of gquadru-
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suggested by Bleaney (1966) that <r~7 ) for relativistic
effects is constant through the rare-sarths has been made.
Thue the overall hyperfine intersction for Ga*2! is predicted,
using these models, to be + 18,5 & 2 Me/s, with a quadrupole
Anteraction predicted to be «0,9 le/s. These values are
both of the right order of magnitude and signs but larger than
the observed values, FEvans et.,al, state that they do not
claim high accuracy for the quadrupole calculation, which for
Eu, they underestinmate by 18§, For 0‘1’7 the extrapolation
from Eu probably 1ntrudnodt a further uncertalnty, and thus
the agreement obtalined ig probably not unreasonable, For the
magnetic hyperfine interaction the relativiegtic effects are
only a small part of the oversll effect, that of core polarisa-
tion belng most lmportant, T¢ a certaln extent this is
fortultous as the susll effect arises froa cancellation of
two terms which are about 10 times larger than resulting effect,
However, it does suggest that Bleaney's formuls for the core
polarisation contribution to A overestimates the size of the
effect lor Gd,

The agreement of the wagnetic interaction for calds is
the same as for 0‘1’7 as the contributions are all proportional
to gys but for the quadrupole tera, the reasured value is
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twice the size of the predicted value, This measured value
however does originate from very poor experimental data as
discussed above, and not too much reliance ghould be placed
upon it,.

High Opder Hyperfine Intersctions:

In order to fit the observed [requencies several higher
order terus had to be included in the Hamiltonlan as dis¢gussed
earlier, The term im A'S°.1 has the largest effect in the
hapiltonian and it is interesting that for the measurements
gpade at (eband the orroot of thie was largely countered by
the term in AS’I Hz if A'&?ql 1. expressed in traceless
s T A tm }5,.1 (352+35-1) has to be included,

This will transfora exactly as the magnetic hyperfine inter-

sction and thus the true value for this interaction is given
by the difference between the value computed to fit the spin
Hamiltonian given above, and a term 9,25 A's In 04157
Thoz.Athio correction to the magnetie hyperfine interaction
ie 28,2 £ 2.8 ke/s, giving a true hyperfine intersotion of
15,7679 = 0,0033 Me/s. In the isotopes in Ce0, the true
\nteractions will be reduced to A7 = 15,8093 % 0,0059 Ho/s
and 4¥5% = 12,0481 % 0,003) Me/s, leading to a corrected

value of A = 0.04 & 0,66, As the origin of the zero field
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spiitting in uncertain the origins of these higher order
correction terms for an 5 state ion can only be suggested,
The term S3I probably arises from some perturbation term ife
volving the crystal field splitting and the hyperfine intere
action, taken to one order higher than the perturbation
deternining the orystal field splitting, If this were the
case, the ratio of these teras for the two isotopes should
be equal to the ratio of the nuclear moments. In Eu®'
Baker and Willlams (1962) showed that this is true to within
experimental error. In Gd’* it may be seen that just within
the limits of experimental error this is true, bu! the mean
values give a different value, However, the experiuental
errors on these terug are large coupared with thelir magnitude,
Asguming that these terms Lehave in Cel, as they do in ThUp,
Af LLDOE spectra were to be measured at lower flelds the
contributions to these terus from the tera 3’1&2 would be
reduced and a more accurate measure of these Lerms could be
nade.

The terms 31H2 and 33152 only appear when L1DUL measuree
ments ar.hano‘ln completely different magnetic fields as in
0‘157 in ™O.. Ihese terms are probably proportional to

2
gy by similar arguments to those above and thus their neglect
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in the analysis of the isotopes in CeC, 1s probably
Justified as any corrections that they would uake to the
magnetie hyperfine interaction will be proportiocnal to that
interaction, Thus the evaluation of the hyperfine structure
anomaly will be unaffected, This work suggests very strongly
that deterulnation of hyperfine interactions by LUl
techniquesshiould be made in two wldely different {leld
regions, to eunable these correcticn: terms to be evaluated
accurately.
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The hyperfine interaction and nuclear moment of Tb159

in 7% in ThO, have been measured using LNDCK techniques by
Baker et, al, (1965}, The value of the nuclear moment of
1-99hl. which they obtained differs by 5- from that estinated
by Bleaney (1964). 1Ihis estimate was based on the value of

A for To>* measured by Baker and Bleaney (1958), after allowing
for a core polarisation correction and assuming a value of
{r"3) deterained by interpolation between %47 and Lr’" for
which <r"3> values were calculated from the nuclear moments
deternined from atomic bea: neasurements and hyperfine
interactions seasured in the ions,

An ENDOR experiment on ™" could provide useful iafore
mation on the theory of hyperfine imteractions. Firstly Tb
is an Sestate ion and thus the nuclear g-value which was
measured for this ion should be very close to the real nuclesar
g-value, as the first exclted orystal rleld state is at too
high an energy to introduce any appreciable pseudo-nuclear
g=factor, A measurement of the effective nuclear g-factor

in the trivalent ion, coupled with a knowledge of the
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positions of the excited states for this ion should perait
& check on the Baker and Bleaney theory of the pseudo-nuclear
g=factor, Gecondly, a measurement of the magnetic hyperfine
interaction together with the nuclear moment would give an
accurate value for (:"3) for 'fbj*. Thirdly, /00K measuree
ments would permit the evaluation of the guadrupole ianteraction
for o159 in 13,

EHDOR experiments were performed on Tb”' in two separate
hosts, yttrium ethylsulphate (YES) and calclium tungstate
(Cavg, ).

7" An Y55

The free ion electronic configuration for Tb’* in uts.
7’6' with Lande splitting factor .'%'. When substituted into
YES, the ion replaces an yttrium ion, experlencing a crystal-
line electric field of symmetry c,h as discussed by Elliott

and Stevens (1952, 1953. ayb).
Tne erystal field potential may be written using Stevens'

operator equivalents, in the form :

Ay <l‘2> 602 * A <l‘h> 50 + ‘6 <r6> 706 + ‘6 <p 706

(6,1)
Hufner (1962) has considered the data existing on crystal
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field levels in several rare-earth ions in cthylsulphates,
and by extrapolation between the data for sa3* and DyJ*. has

reached values for the parameters in equation (6,1)., These

are, in on™t ¢

o |
A, (**) =110 Az Co TR AZ (r*) o 3
6
A6 <1'6>' = Ub6S

Using these parameters to fiand the positions of the
erystal field levels, he predicts & ground doublet split by
O.u.cn‘l. and excited stutes at 100,9 ca’l. 111,2 cn?l. and
higher energles, Kahle and Kalbfleish (1562) who studied
the absorption spectrum of ‘l‘b’+ in YES, found & level at
111.0 on
excited state,

liifner's parameters differ considerably from those

s which agrees very well with the predicted second

suggested by baker and Bleaney (1958), who deduced the para.
meters from observation of the ground doublet zero fleld
splitting by SPR and extrapolation from Nd2'. In caleulating
the ground doublet eplitting they consldered only contri-
butions from J=6 and J=5 excited states. lowever, contri-
butions from other values of J are xmportgnt. being of the
same order of magnitude as those froa J=5, A calculation
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of these effects using the methods outlined in Appendix 1,
gives reasonably good agreement with Hfifner's values, which
predict the position of one excited state accurately.

The crystal field theory predicts a ground doublet,
with wave-functions

;}-&}s; - (=6 ) and [stn @ [0) +°;'!°( 6 + [«6)) ]
L (16> - 165 - 1be) % (10 +1-6) - |6
separated by a zero field splitting of 0.4 em™r, with
sin @ = 0,05, using Hufner's parameters, This leads to a
erystal fleld spin Hamiltonlan with 5 = §, for the ground
doublet of J/ =ggPligS, + B.PH S, + g PH S, + AS. + A Sy
where the terms A‘sx + A’s, agcount for the zerc field
splitting. 'I'bl'” has a nuclear spin of * and thus hyperfline
interaction terms should be added intc the spin Hamiltonlan

to glve:
A = U 5g + B PES, B P Sy + ASy * BySy * AS 1,
+B(S I +5 I ) + P(I . A I(I*l)) - glpﬁ.L (6-2)

It is clear from the crystal fleld wavefunctions of the ground
doublet that transitions of the type AN = I 1 which are nor-
mally obeerved for EFii by applying am r.f. field perpendicular
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to the D.,C, magnetic flield are not allowed in this system,
However EPR can be observed by applying the r.f, fleld

parallel to the D.C, magnetic fleld through M = 0 transitions.
These are allowed through the admixtures of excited states

into the ground state, For Tb°" in YES, Baker and Eleaney
(1958) give the following paraneters:

B, =17.72 g, = By < Ol A 6270 = 60 Fe/s

L = ‘;( qtz + 2) = 11610 £ 30 Ne/s.
= 0,387 on™t

Effective juclear g=factor

As discussed in Chapter 2 the nuclear g-factor observed
in ENDOH experiments on the rare-carths differs frou the true
ge-factor by a second order correction term, To evaluate this

we make use of Hifner's crystal fleld parsmeters to evaluate

the wave-function of the state at 111 ca™l, cos & [0)- sin © [6g)
which is the only state within the J=6 manifold which ig

admixed into the ground doublet, Illowever, appreciable ade
mixtures can be shown to occur into the ground doublet from
excited J sanifolds J=5, Ly 3, 2, 1, (, using the methods

in Appendix 1, The overall effect of the admixtures is to
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produce & value for the effective nuclear g-factor of
84 = = 1.224 x 107 Bohr magnetons,

,'159 has a nuciear gpin or<§, confirmed by the obsorvae
tion of four hyperfine lines in the EFH speectrum, An LIDUK
experiment which observes nuclear Amy = I 1 transitions will
enable the quadrupole interasction to be measured, To reduce
the region of search for ENDUH in this system it ls esseatial
that a reasonable estimate of the quadrupole interaction P
be nade Sllttally

P o= u(u-u <-'3> @ el 4> <’1 [J J(J+1)!ﬁ>

(6.3
Elliott and “tevens (1953,a)

Shielding and polarisation corrections modify the
quadrupole interaction considerably from the expression given
above, Also pseudo-quadrupole terms (Baker and Bleaney 1955)
will arise and should be included in the overall quadrupcle
interaction., The various contributiong to the gquadrupole

interaction may be written as:

v
(lo‘r )Az

oo

P. . & o b
lat 1(21-1)
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Blok and Shirley (1966) estimatey = - 80 for trivalent
lanthanide ions, [Bleaney and Hill (1961) show that a value
for the quadrupole interaction of P = 420 le/s gives the

best it to specific heat data in ferromagnetic terbium metal,
The Sternhelmer atomic shielding lactor Ry is of the order of
Ol (Sternheimer 1966)., These parameters lead to values for
the major components of the quadrupole interaction of Plat
=« 45 (£ 9) No/s, Pup = + 420 (= 84) Me/s giving the overall
quadrupole interaction to be 375 = 95 Fe/s. The lattice
contribution to the guadrupole 1ntoruotlan is thus small CcOm-
pared with the ioniec contribution, The pseudo-quadrupocle
correction is only of the order of 2 He/s,.

Since this work was completed, the H.f.i. of Ib'>7 in
the ferromagnetic wetal has been measured using & spin echo
technigue by Kobayashi, Sane and Itoh (1967). They cbserved
three lines centred on 3108 = 3 We/s, with a separation of the
quadrupole transitions of 668 Me/s, corresponding to a value
of ’ur of 334 Me/ees This is some 204 lower than the value
deduced from specific heat data, which shows that the overall
quadrupole interaction predicted above is too high, the lower

predlicted error found being close to the real value,
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The ESDOR frequencies predicted using the estimates
based on the earlier data were those used in the investigations
and are shown on Pig. 6.2, The error in the quadrupole
interaction did not affect the position of the . my=i= -}
transition, which was in fact, the only one for which searcheds
were msade for LiDUH, The cumulative effect of the une
certainties in the estimate of the guadrupole interaction
made the frequency region in which the g--i é nuclear transitions
might be found very wide.

Belazation Times in T8O : YES

It is very useful for LHDUH studies $0 know the electroniec
and nuclear relaxation rates of the gystem, toc enable a
reasonable choice of saturation and modulation conditions to
be made, The electronic spin.lattice relaxation rate for
this system has been studied by Larson and Jeffries (1966)
who find the empirical expression rlzl .59 7 + 0,92 x 1072 of

giving a value of rl. = 2,5 msecs, at u.z“x.
The nuclei of T0*37 in 17" provably relax very slowly

compared with the electrons, From the spineiiamiltonian for
this system the only coupling between the electrons and nuclel

arises from the ASzIl, term representing the scalar hyperfine
interaction, This term cannot induce transitions between
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states of differing I, and thus the nuclear relaxation 1is
independent of the electronic relaxation, This leaves only
direct nucleus-phonon processes, or quadrupolar processes for
relaxation of the nuclei, DUirect processes, whose origin is
similar tc the direct electronic spin-lattice process, have
& relaxation rate Tl;l = GHZT. For a crystal with a Debye €
of 60% and velocity of sound 2 x 107 em/sec., which are
reasonable figures for the ethylsulphates, it is found that
the order of magnitude for T1; at u?x is 3 x 10'18 sec'1
(Abragam 1961), This process is thus negligible, A HRaman
process of the same origin would give a rate about 10'8 0000-1.
A mechanism suggested by Khutshishvili - a type of spin-orbit
interaction gives rates comparable to the Haman rate,

Tb159 has lpin'i»and this coupling of the lattice pnonons
to the nuclear quadrupole momeant can induce transitions
between states of different 1,, thus relaxing the nuclel,
Iransitions of the sort Amy = 2 1 and £ 2 are allowed in this
relaxation procegs, and although there are no matrix elecments
of this interaction that exist botween I, = +} and I, = -}
the nuclel can be relaxed between these states indirectly
by a Al; = 2 transition, The dominant process in quadrupolar
relaxation is a Haman process, A first order lLaman process

was described in detaill by van Xranandonk (195t). The
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relazation perturbation is taken to be /= ’-i-f* '

< = quadrupole moment, i;' is the lonic field gradient, v a
shielding factor to account for the modification of the ionie
field gradient as seen by the nucleus by core polarisation,
covalency, and optical phonon modes, ! is a thermal lattice
strain, introduced phenomenologically. For a direct process
a rate of 1‘1;1 -t 10"10 T no"l is predicted for the ethyle

sulphates, which is negligible compared with the Haman process

1.7 2. \?*
-1 9x6 ! ;;> 2 (!LS;) 6.
(ru ) t » "z'm',w‘o (h p ( 5)

for temperatures T -6, This leads to a relaxation rate
1077 x r7 for the ethylsulphate lattice, giving at a?x,
Ty=Tx 10% secs. Van Kranandonk and Walker (1967) discuss
the laportance of anharmonic terms in the phonon spectrum,
showing that a comblination of direct spinelattice relaxation
and anharmonic lattice forces gives a second order Haman
process with the same temperature and isotopic dependence of
relaxation time as the first ordor process, but is roughly
two orders of magnitude faster, The expression that they
derive applies to cubic alkall halide crystals, but the order
of magnitude of the effect should Le the saue for the ethyle

sulphate: lattice, Thus we would expect thls process to be
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dominant for relaxation of Th159 nuclel in Tb’* : YES, giving
a relaxation time of the order of 100 sece,.

" in cano,

Ca0) has a scheelite structure with the Ca”’ sites
having a tetragonal symmetry, point group Sye There ie good
evidence that trivalent rare-earth ions substitute for Ca®'
ions, the charge compensation being effected by addition of
Na' ions to the flux from whnien the erystal is grown,

(Hassau et. sl, 1963). The EF: spectrum of 707" in Cawl,
has been investigated by Forrester and Hempstead (1962),
whose measurements can be filtted to the same gpin Hamiltonlan

as was used for Tb ' in YES, equation (6.2), with the

parazeters:
By = 17.772 gy =y = 0 A= 6284 & 5 le/s

Be=0 L, = 8161 2 6 Ke/s

showing that the ground doublet must be closely symmetrie and
anti-symmetric combinations of J; = |2 6), as in ¥ss,
geparated by a zero field splitting of 0,271 on"t,

The erystalline electric field produced at the Ca>' site

in Cawoy, which has 5 symmetry, has been studied by Pappalardo
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and Wood (1963) and Shekun (1965, 1967), who show that it may
be represented in terms of cperator equivalents as :

0 0O © | 0o © I
2 / M L
Ay (7°) €0, + A { ¥k 6O, + &, {r*) 501‘

‘ . b, 6 b4
tA, Sr) 0 +A6<r)06 :

Shekun gives values for these crystal field parameters in both
of his papers which differ, those published in 1967 being
claimed to give better agreement with experiment, These are,

expressed in cn'l:

C | B A 0 , i
by (P 4, (M 4 G5 a (M) i )

y é
1965 260 =75 0 «8G0 «380
1967 260 83 10 «750 «500

Little indication is glven in either of his papers as
to the evidence from which his paraseters were deduced, but
they are claimed to describe the overall behaviour of several
different rare-earth ions in the Ca®’ site in the scheelite
structures, A test of the predicted energy levels from both
gets of parameters could be made using the zero fleld splitting
observed in the EPi of TH* in CaW0), of 0,271 ea™ and the
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position of an excited state in this material at 56 cn'l.

This excited state position was determined by electronic spin
lattice relaxation time measurements, to be dlscussed later,
which showed an Urbach process Lo a state at 55 on’l. Also
a brief spectroscopic study of the same specimen was made by
Faxwell (1966) who observed a weask absorption line at

56 £ 3 em™} which he attributed to Tb ',

Exact diagonalisation of the crystal fleld spin Hamile
tonian matrix generated using both sets of Shekun's parameters
was performed. As in the work of IbJ* in Yi&S described
earlier, the effect of exclted J manifolds on the positions
of the ground doublet levels was lmportant, this belny
evaluated as outlined in Appendix l. The results of the
calculations are shown in Table 6,1, together with the experi-
mental values mentioned above, The calculations of the
effects of the admixtures is probably only accurate to 20k
as the wavelunctions and positions of the excited states are
not known to any better accuracy. Fros the results shown
in Table 6. 1it is clear that neither set of parameters pree
dlcts the excited state positlons well, but the lirst set
gives & better overall it than the second.

%o attempt has been made to estimate the quadrupole

interaction or effective nuclear ge-factor due to lack of
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state Energy without Lnergy with
admixtures frou admixtures
oxol::&latatca on=d
4963
(0998 |68) + Cu07 (28 ) ¢ Ua36
(Ce999 |6a) + 0403 [2a)) Velly v
(£ 0,367 |5) % 0.853 |1>
S U36k |=3)) 162 140
1967
(0.9997 |68> + 0.023 |28) ) 0 1.13
(0.9999 |6ay + VL0104 |28) ) 0402 0
(0,35 150 + 0.81 |1
20,48 |=3)) 170 153

S~

Observed energies are : U, 0,271, 55 oi‘l

The energies are all quoted relative to zero defined for
the lowest energy in each case,
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precise wave functions for this system but it is expected
that the quadrupole interaction should be close to that for
the ethylesulphate, where it was shown that the ionic contrie
bution was much greater than the lattice contribution.

Spiu Lattice helaxation Time

The electronic spin lattice relaxation time of W*:cwo“
was measured to give some indication of the conditions
required for saturation of the LPK lines. The ueasurements
were made on the line arising from h& = +4, at X band
(9.4 kie/8), using a pulse saturation recovery method, on the
apparatus described by Green (19066),

The system used was a superheterodyne X band spectrometer,
with an English Zlectrie K350 klystron used to provide the
saturating pulses of - 1 watt, The saturating pulse of

microwave power was derived by pulsing the reflector voltage
of the klystron rather than by use of wave-gulde switches,

Full details of the apparatus and pulsing equlipment are glven
in Breen's thesis. The P signal recovering after saturation
was monitored using a low power CV 2304 klystron, and the
signal was displayed on a Tektronix 5814 oscilloscope and
photographed, A base line was recorded by triggering the
oscilloscope in the interval between pulses and after spin
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teaperature equilibrium had been reached, Using the pulse
saturation recovery method care sust be takean to eliminate
the effects of spin diffusion and cross relaxation, to avoid
confuslon between this fasler energy sharing process and the
true relaxation of the gpins to the laitice. To facilitate
this the pulse lengtith was increased until the recovery signal
was exponential with a time constant that was unchanged for
longer pulse durations, In practice this was only true for
the tall of the cbserved trace, and thus only the tail of the
recovery traces wae used, VWhen this condition is fulfilled
it is reasonably certaln that any other splas in thersal
contact with those belng monitored have alesoc been saturated,
giving only a single overall decay rate, |

The photographs of the recovery traces wer¢ mneasured and
the amplitude of the recovery signal plotted on semielog graph
paper as a function of time, This enabled any none-exponential
recoveries, or recoveries with more than one time constant to
be eliminated, The relaxation times were taken from these
grephs and plotted as a funotlon of temperature as giviug the
points shown in Flg. 6.2,

-’ is a nonkramers icn and thus the spin lattice
relaxation rate should be a function of temperature of the

-1 | - B/
. 2 = AT + BT + Ce *

4
Urbach (1961)
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The coefficlients A, B, C are functions of physical parameters
of the system and dynamic crystal Iield matrix elements. A4 1is
the position of the first excited state, which enables the
ground state to relax via ¢ resonant twoephonon process (Orbach
process). The values of the coefficients A, B and C were
calculated from the expressions for these parameters given in
Scott and Jeffries (1962), 1In the calculation the velocity
of sound in the erystal appears to a high power and thus a
variatica in this could make large differences iu the calcujated
- values of parometers, The velocity of sound at 100 le/s in
Cavl, was measured by King (1966) to enable a realistic
estimate to be made, He obtained values for longitudinal
velocity along the C) axis (46 £ 0.1) x 107 cm/sec, and two
degenerate shear velocities (2.3 £ C.l) x 1¢° on/sec. A mean
value for ‘l‘; was taken as ( ('%;)5 * (-5:)5 )e The dynamic
erystal field matrix elements were evaluated using the original
set of parameters given by Shekun, as these seemed to give a
slightly better description of the erystal lleld. Above
about 5.5%%, the graph of In ('r;l) against T showed a straight
line, suggesting a temperature dependence of ‘+1‘ =< g 'A/ﬂo
with a value of A of 54.6 Ol"'. The calculated relaxation
using the parameters discusced above was !
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B -i{0s
Ty 0= 14T+ 2.6 x 10"3!'7 + 6 x 1070 7 7/T.

A computed fit of the wmeasured data using & curve fitting
procedure gave the paraseters:

-1
Ty = 2,677 + 7.7 x 10787 4 6,65 x 1

oa..78.7/r‘

L
The programme is given in Appendix 2, This curve is plotted
on Flg. 6.2 as the solid line, The agresment between the
calculated and measured tesperature dependence is surprisingly
good for the direct and Asman processes, and the difference
of one order of magnitude for the Urbach rate is not surprising
in view of the approximations that are inherent in the
phenomenological theory which 1g used, and the differences
between the computed and observed crystal fleld splittings
using Shekun's parameters,

A eingle measurement of T, was made for the same specimen
of TH* ¢ Cawo, at 4°K by Breen using a spin echo technigue,
He found & value of 3 x 10™7 gecs, which in view of the slow
Ty represented a remarkably fast Tz. This is of great
fmportance in the discussion of predicted E:DUR linewidths,

In & non-kramers ion such as rb3’ N ls zero and thus B
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is zero, This means that there are no operators eof the form
Sgle to couple states 5,1, to states S,.041 =14 If & ouclear
r.f. fleld is applied perpendicular to “0 and ﬂl’ the only
operator that can induce transitions between the hyperfine
levels arises from B Pllele For any system where B # 0,
there are alsc terms of the type BS _1_ to couple these states,
leading to an eahancement of the LLDUL transition moment as
discussed by Whiffen (1966), It should be noted that rotation
of the orystal axis relative to the D,C. sagnetic fleld will
not produce any operators of the required form (bleaney 1951).
In view of the fact that only the nuclear Zeeman term can
contribute to the nuclear transition, it is worth considering
the advantages that an ENDCH study of this systen would hold
over a conventional NHR study. This is best perforaed by
reference to an ldealised energy level diagram, considering
initially a simple case of 5 = §, 1 = §, as in Pig. 6.3 The
states are labelled by wavefunctions = corresponding to S,
or I, = £ §, These states are, to second order, pure states
ag there is no off-diagonal term in the hyperfine interaction
to admix them,

BNDOLE is performed by saturation of an allowed EFH
transitions, AS or CD, Conslder the transition AB, A second
r.f. field is then swept through the nuclear resonance
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Figure 6. 3
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frequency to either saturate or perform fast passage on the
transition AC or HD, This field will induce transitions
between A and C and change the populations of both levels,

If one considers the relaxation paths possible in the system
shown as dotted lines in Pig, 6.3, the paths AD and CA are
strictly forbidden as O is zerc in a non-Kramers salt., Thus
if one disturbs the thermal equilibrium populations of A and
C by applying the nuclear fregquency, electrons can be relaxed
to B only via the paths CU, DB, The process CD is an allowed
EFH traneition and will oceur rapidly with a characteristie
time given by the electroniec relaxation time for the lon,

The path DB however is a nuclear relaxation process eéstimated
to have a relaxation tinme of the order of 100 secs, This
slow relaxation path will effectively "bottleneck"” the ENDOR
process, reducing the probability of a steady state ENDOE
signal being observed. The signal is observed by monitoring
the change of EFA signal caused by the change of population
in A by the nuclear gignal, Elementary consideration of
Beltzmann statistics shows that one expects this change of
population te be proportional to g BH/kT. Thus use of the
LPFR signal to detect the change in nuclear polarisation leads
to a signal that is proportional to the slectronic Zeeman
gplitting, 1If the nuclear rescnance were to be observed
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directly the signal would be proportional to the ayperfine
splitting, whiech for ™% 18 an order of pagnl tude smaller
than the electronic splitting as shown by Abragam (1961).

If the nuclear frequency is amplitude wcodulated at a
rate which is slow compared with ’1u we should arrive at the
following situation., Vith the r.f, switched on the relaxation
path between the levels A and C is effectively short-circuited,
and spins are transferred from level A to level C, This
transfer of spins changes the equilibrium population diffe-
rence between A and B and causes a change in the LPR absorption
signal, The spins relax rapidly to level D by an electronlc
Ty process. [lowever, the process relaxing the spins to
level B is slow, of the order of 100 secs, This causes a
bottlensck in the relaxation path for the spins, The population
of level U increases rapidly as the electrons are being
relaxed to this level, This causes a bulldeup of electrons
in C as the ratio of populations between C and U is constant,
This reduces the number cf elecctrons belng transferred from
B, hence reduclag the chauge in LFE signal, The nnolour'!1
ig of the order of 100 secs. and thus the overall change in
LFE signal when the nuclear -tznpl is switched on is very
small after an inltial translent, At the end of the amplitude

modulation eycle the system will relax with a time-constant
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Tiye To observe any signal on the next eycle, the time
lnterval between cycles would have to be & 'ru. This aeans
that the efficlency of square wave amplitude modulated
nuclear frequency for ENDOL observation is very low in this
case, a useful signal belng produced as a transient at the
begloning of a pulse and not being repeated until after a
time ~ 100 secs, later, Frequency modulation will not ime
prove the position as time must be given for the system &
relax before the nuclear transition is swept again, Frobably
the most satisfactory method of detection would be to sweep
the nuclear frequency through the region in a time that is
fast compared to !1,. This would produce a transient signal
as the nuclear resonance is induced, and would remcve the
driving frequency from the nuclear resonance quickly, enabling
the saturation of tbo nuclear resonance to relax ilmmediately
after the transient, If a nuclear frequeéncy were swept
sufficiently far to becose resonant with the transition DB
this would short circulit that relaxation path and produce a
second change in the iPi level, also enhancing the relaxation
of the level C, This technique has also been suggested by
nelrvine et, al. (1904).

Another possiblility for relleving the relaxation bottlee

neck in this system would be the slmultaneous application of
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two nuclear radioc frequency fields, one inducing the nuclear
transition A « C, the other inducing the tramsition D - B,
Thie would short circuit the slow Tlﬂ timee in the system and
produce a situation in whieh | LDOR signals could be observed
¢ontinuously, The frequency separation between these
Eransitions is simply g'yfyfie Thus if two nuclear frequency
slgnals separated by .. 5 Me/s were applied to the specimen
slaultaneously the relaxation bottleneck should be relieved
and the probability of observing ENDOR would be greatly
enhanced, OUne possible method of performing this experiment
wag tried, the two frequencies being produced by square wave
anplitude modulation of the 5 band klystron output, using a
wave-gulde switeh, If the microwave power is switched at
2,5 Me/s, sidebands of microwave power should be produced at
a separation of 5 Fo/e. Ilowever, the amount of power expected
in these sidebands is small, thus reducing the r.f, field
available for inducing the nuclear Uransitions., The amplitude
modulation frequency had to be adjusted over a range of 500 ko/s
to cover the possible errors in the estimate of the frequency
geparation betwsen the two transitions, No ENDOK was seen
using this technique,

An extensive search for LHDUE of To* in YE&S and Cano,
was made using both the « and J band apparatus deseribed in
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Chapter 3. Let us first conslder the work at { bamd, The
EFA was easily observed and saturated at 4.2°%. The linewidth
was narrower for Cawl,y belaog sbout 2 gauss whilst the XES
lines were about 15 gauss wide. fhus it looked as though the
CaWyu, specimen should be the easler to study, and despite the
lack of information avallable for this crystal it was lavesti-
gated aore thoroughly than the YES, It was hoped to observe
the I'b]'” § -4 transitions in this specimen and to use these
for optimising the apparatus sensitivity before searching

for the lines in IES,
The hyperfine interaction is determined to 2 5 le/s and

thus the reglion in which the LXDOK search need be conducted
is limited to = 2,5 Me/s for the § -»-§ trensition, This
region was searched lantensively under different conditions
without any reproducible effects being observed, The nuclear
frequency was frequency modulated at 140 ¢/s, 30 o/s and 2 o/s

to varying depths by applying small voltages toc the klystron
reflector veltage. The frequency was also amplitude modulated

using a wave-gulde switeh and Schmldt trigger produeing 1004
square wave modulation at frequencies down to U.5 o/s. The
nuclear frequency was also swept whilst unmodulated to
attempt to sec the transient EFE respons¢ to a nuclear transie
tion, These various modes of nuclear frequency were applied
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under different conditions of EPH saturation and different
depths of 115 ko/s modulation, A similar but rather less
extensive search was conducted on the ID' : YES erystal,
also with no reproducible effects at 4e2 K.

Une possible explanation for the lack of response was a
lagk of r.f, lield at the nuclear freguency, and thus the J
band apparatus was designed to give a wuch larger r.f. fleld
at the speciman, A simllar serlies of lavestigations was
started on thils system, the frequency range in which the ZNDUR
was to have been expected being changed as the experisent was
belng conducted in low fleld, The Lri frequency of 15 kie/s
is only slightly larger than the zerc field splitting of the
SP4 levels, and the geparation between the nhyperfine structure
levels is not linear in magnetic fleld, An exact diagonalie
sation of the spin Lamiltonian was performed on substitution
of the approximate spin Hamiltonlan paramgeters, showing that
the LNDOR spectrum should be centred on 28602 le/s for Cawy,
and 2292 ne/s for IES, GShortly after starting the search
for LAbOA at the appropriate lfrequency it was realised that
there was another more serious consequence of working at low
field in this system, The dependence of L.DUL frequency upon
magnetic rield can be found by differentiation of the elgen

values with respect to magnetic field, For the case of Y&s,
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where the LFR line 1s inhomogeneously broadened to 15 gauss
by the surrounding protons, thia leads to a variation in the
ENDOR frequency of about 20 NMe/s depending upon which part of
the EPR line ig being saturated. In practice it appears that
there is a fast spin diffusion process in these lines which
would spread the gaturation through the eantire ENDOH llnewidth
as in ™®* and 13t in CaP,(Chapter 4)s  This would give an
EYDOK linewidth of the order of 20 Fe/es The case in Cadl,
should be rather better suggesting a linewidth of J Feo/s.

The detection of lines of these widths is likely to be very
difficult. The search for ENDOR of T6'>? was abandoned after
no evidence for the effect was found, It would appear that
any search for ZNDUE in a systen where the energy levels are

a higher order function of field than linear should be carefully
exanined for the possibility of very wide lines in the light
of the above results.

Despite extensive searches§ for LiDUH using several
differeant techniques, no reproducible effect was found for
either host, In describing the experiments 1 have cutlined
the possible difficulties and reasons for lack of success in
the search, It would appear that the absence of terms of
the form BS.I_ in non-iramers ions is the principal source

of difficulty in performing statlonary ENDUN experiments,
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whilst the high nuclear frequency with its asscclated problems
makes transient ENDOW signals difficult to observe, Irane
slent effects are the nost llkely to give an EWuUA response in
non-firamers rare.earth systems and the design of an experiment
in the light of the above investigatiosns should reader SHDOR
of 707" observable, The apparatus with which this work was
performed was dosigned principally to perform slow frequency
Sweeps to observe LIDOH in the more conventional stationary
mode,
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The orystalline electric field at the Ca°' site in Cawo

4
given by Shekun (1965) has the form :

Bovo ovo 00 N "N
Vs ¢ Bhu v OBV, Bhvu * BV .

in Stevens' operator equivalent formulation the field may be
written:

0 0 0 0 4 M
Vea, (r%) .l . (™) ¢0u+A“ <’u> aou
e 0 L
+ A r v C + A \r /Y 06 v (“.1)

where g, B, v are numerical factors tabulated for the ground
manifold in Flliott and Stevens (1953). Using the treatment
of Hutehings (1964) the crystal field can be expressed in
tesseral harmonics :

0 ™
vV = <l'z> 720 !2 + <l'h>[7“0 xh" 3‘?_(!:*!‘:“)]

[+]
Q
6 X * !ﬂh;(x“ + X74) |
+ r (7 — b b

- Ve (Ale2)



Jhere !:'nr- spherical harmonics,

¢ E Zy (0498,)
= . J .
Y 3 (n) 53 :~ J (Ale3)
J

i =X L . A [!':' ¢ (a1) X (Alely)

noe n om /2 -

This method of writing the potential avoids the use of
lmaginary quantities, Wwhen the 4, are expressed in Carteslan
Co-0Ordinates tnere is an lmmediats correspondence netween them
and .teveuns' Opo_ratox- equivalent, the difference belng scme
aumeriocal factor, The uore gonnnnly ocourring ann" are
tabiclated in Hutehings (1964).  From this we find the

relationshipse @

0 0 1 F] L e 3
b @Y Agev @AY age Yo,

0 } 4 o 3

Ay = Yo & (é) A ® Vi & (1'1) (al.5)

The advantage of expressing the crystal field in this ls that
spherical harmonics can be directly related to tensor operators

through the relation:

c - (,h) X (o) (A146)
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whereas it 1s not immediately cbvious how to relate operator
equivalents to teasor operators, The evaluation of for
a particular symmetry, is a lengthy but fortunately, une
necessary calculation for the particular application being
considered here, We are interested in the admixture of
states froa the J manifolds into the ground states, and thus

need to evaluate matrix elements of the form

<:LSJHJ lJ&( . ‘ LSJlﬁIJ\j>
in the erystal field interaction Hamiltonlan, from (Al.2)
(2) W .° (W (W
’/{4' <"z> ?20(1%)i co "<l'“> (&)ih'wco + % (cu +c_u )

(6) (6)

R AT - e
+ e gD oS, +7% (6, +C4) 1  (am

{n)
Let us consider a general terw in /{o of xc.

The matrix element becomes

W L 18wy I c:‘, / LSImY >

Now using the theory outlined in Judd (1963) we can reduce
this matrix element making use of the Vigner-Lckart theorem:
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J n J°
(n)
{Lsdm ‘ci.)! LSJ'HY )= (-1)""" (.:'.J i H'J> (isd | ¢ // Lsd >
LAS+J+J Yalt 40 3
= (1) [(20+1)(23'+1) ]
5 [ e,
L 8§ L ;B H

(Al,.8)
This hae effectively uncoupled the vectors L and o, leaving

Jd ndJ'
three quantities to be evaluated. {L S L } is a G- symbol

'
and (_: J : :.J) is a 3-) symbol, These are tabulated for

all half integral aagular mowenta from U to 3 by Loteanberg
et, al, (1959)s The reduced satrix element <L ”c(n) ” l.> ie
independent of the particular J valiues of the maulfold under
consideration and is & property of the atoa and order of the
tensor operator only. For a simple one or two electron atom
this quantity can be evaluated easily in an explicit form,
For ‘l'b” with 8 electrons, or 6 holes, in the Lf shell, the
evaluation of this ig more complicated and thus we shall treat
it as a perameter to be evaluated, together with Ym'

These parameters always occur as & product and can be
lumped together as a single parameter, whose value can be
determined by use of equation (Al,8) above, within the ground
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manifold, 1.e.y for n’*. Leflaj,d= Ji+ 6 This caun be
evaluated, for any particular component of the orystal field

Callen

L $ e (L) (L) (L) (h)
vu'(&"uwu’c-b" k(ch «c_“)

/ (L) \ 64 ) 646 A Iy
A‘\”éélch | 3362 ) ('6 $ 4 3} 35 Alletln)

« % Olletla)

(Al.9)

But as we are interested solely in the ground vanifold at
this stage, we could equally well apply Stevens' operator
equivalent methods to determine the same watrix element,
Using this approach we have @

<3366|A:90:I3362') . 5*6(0!2

u
.
i
A, P 36 /55 (A1,10)

" s |
as Al& = 7‘“‘ -&- ( ') we havey equating both approaches:

(ol sy -/
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Thies reduced matrix element may now be used to evaluate
satrix elements of the crystal rleld between states of
different J. Simllarly the elewents ¢ 3 Il 1 3 > and
{3 [ 8 I 3> may be evaluated,

Having evaluated the matrix elements between states of
different J, perturbation theory may be used to find the
effects of admixtures from excited states into any states in
the ground manifold,
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in order to fit the measured spin iattice relaxation
times to an andlytical function of teumperature, It was assuued

that the system would obey the function:

'QF' = AT + BT7 + C exp ('f% J
1

The parameters 4, By, C, A are regarded as unknowns,
Initially the behaviour for T > 5 K was used to find a
value for A. This was fitted by hand to give A= 78.7°K.
In order for the least squares procedure MINOCG not to cause
a resl overflow on the computer, reasonably accurate values
of the.oootrloiontc Ay, B and C are required as starting
values, These parameters were initially extracted by hand
calculation to within two orders of magnitude of the final
values. These values were then fed as starting values for
the least squares fitting program FALEALLAYU, The program
was written in KDP9 ALGOL language and compiled using the
Whetstone compller, as it was found that only two ruas
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lasting about 12 mins,. each were necessary to find the
least squares result,

The data required for this program are in Table (a.l).
The value of . 1s written into the program, at the positlon;
delta = 78,7« The program is printed out in full ia Plgure
(A.1) as the procedure MINOC is no longer avallable in the
computing laboratory program library. The program finds
new values of the parameters A, B and C by stepping A initially
by the quantity "pas" read in from the data, and evaluating
the r.m.s, deviation between the data and the new values for
%’1'. kew values cof the parameters are produced and the
process repeated, until the r.m.s,. deviation does not change
by more than the quantity "eps" read in from the data, After
each iteration the new values of the parameters and the r.m.s,
deviation are printed. When the program finds a ninlmun
it prints ‘each paramster in the format [d.dddml +nd | and
thonmhik‘-ar+m7*cm-% between 1° and 10° K
in steps of O.2°IL. This final output 1s shown in Table
(Ae2)y being the data used to plot the solid curve in

Figure (6.2).



Figure ( A .1 )

FAREA11APU
COPLAND LEAST SQUARES-

begin library AO,A6,A12;
real eps,pas,delta,t;

InEeggr o % T
real array xmin,x[1:3],P,V[1:72];
real procedure func(x); array x;
begin real sum; integer mj;
sum:=03
for m:=1,2,3 do write(30,format ([3s+d.ddddp+nd]),x[m]);

for m:= 1 step 1 until 72 do

sum:= sum+llniP[mlS-ln(x[11§V[m]+x[2]
V[im]T7+x[3 ]xexp(-delta/V[m]))

func:= sum;

write (30,format ([3s+d.ddddp+ndc]) ,sum) ;

end;

X
)T2;
)

procedure minog(function,n,x1,eps,step)result:(xmin);
value n,x',eps,step:
real procedure functlon: integer n; array x1,xmin;
recal eps,step;

somment

--> Not using gradilents. See Powell, Comp.J. 7(1964)155;

begin array ppl{1:n,0:n],p[0:n],x,y[1:n];
real delta,f1,f2,f3,fx,fy;
integer m, J,r,cycle,count;

procedure switceh(x,fx,rx,y,fy,ry);
real fx,rx,fy,ry; array Xx,y;

begin real z; integer J;
o et e TR A
begin z:=x[]J]; x[J 1=y [ JT; yl3):=2;
end;
zzsfx; fx:=fy; fy
Z:=PrX; IX:=ry; ry
end switech;

e \soe

Z
Z



rocedure %ocmin(fx »X,9,fy,y); value fx,x;
real £x,fy; array x,q
begIn array p,z1, z%,z§,éﬂf1 in]; inte 33
rlh, deé

real pO,wi,w2, w3,wh r1,r2,r3
for J:=1 step 1 until n da 3
'EEE%? z1( "x[E] plJ]):=qlJ];
J]:=x[J]+p i
end; p0.=q[0]; wl:=fx; r1:=0; r2:=1; w2:=function(z?2);
count :=count+1 ;
L1: 1f wi<w2 then switch(z1,wl,r1,z2,w2,r2);
r3:=2xXr2-ri;
for 1'=1 step 1 until n do
Z303]):=x[JT¥r3xplJ]; w3:=Function(z3); count:=count+1;
1f w3<w2 then
begin switch(z3,w3,r3,22,w2,r2); goto LI
en§°
L2: det'-(r2-r3)xw1+(r3—r1)xw2+(r1-r2)xw :
rh:=( (r2T2-r3T2)xw1+(r31‘2-r1T2)xw2+{r1T2-r21‘2)xw3)/det/2'
for j:=1 step 1 until n do z4[J]):=x[J]+rixpl]];
wh:=functIon(z4)3 count:=count+1;
1f wliw2 and wi rx then goto exit,
If (rl=r2)x(r3-r1)>0 then
begin 1n 1f wldw2 then witch(z3,w3,r3,z4,wl,rl) else
1n switch w2 r2,z1,wl,rl);
sw tch(z4,wl, r& 22 w2,r2)
end; goto L2
end else
Degin 1T wlidw!l and r1=0 then
begin switch(z2,w2,r2 ,20,wlh,rl) ; goto L1
end else
TIF whyw2 then switeh(z1,wl,r1,z4,wl,rl) else
Pegin switch(z2,w2,r2, z3,w3,r3),
__ghthh(zu wl, rh 22 w2,r2)
end; goto L2
R i ks 1 SALLL Nkl R e Ty s
exit: for J:=1 ste un n do 1=z ;3 fy:=w
for J:=0 step 1 until n do ql J¥°=q[3 xrﬁ
end locmin;




count:=03;

for r.-1 ste% until n d
__?jﬁ pplr, Eep;
or J:=1 ste until n do

1 n
PD Ir,J]'- r=] then step else 0O

end;

Tor J:=1 step 1 until n do x[J):=x1[J3];

E cycle t=1 step 1 until n-1 sN,cycle+1 while deltadeps do
begin delta:=-T; f1:=fx:= Tunction(x1), count:=count+1;

for r:=1 step 1 until n do

begin for E =0 step 1 until n do
plJ It =pplr,JI3

locmin fx,x,p,
1f p[0]70 and pf0]<stepxn then
Tor J:=0 step 1 until n do pplr,jl:=plJj];
T?_fx-fodelta then
begin delta:=fx-fy,;
m:=r
end d fx:=fy;
end f2.-fx;
or J:al step 1 until n do
YlJ):=2xx[JT-x1[J]; f£3:=function(y); count:=count+1;

if £3<f1 then
in 1f (F1-2xf2+4f3)x(f1-f2-delta)T2<delta/2x(f1-£3)T2 then

begin
be 1n for r:=m+1 step 1 untll n-1 do
or J: J:=0 step 1 until n do
Dol J1:=ppl o+ 3] p[0]:=0;
o J:=1 step 1 until n do
1n p[J]'= pln, JTe=x[ JT-x1[J];
?p 0 +absop[J])
end; pplLn s=p[
Tf—éin(fx’x,p,fx,xi
en

-
3

~1
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n

delta:=0;
for J:=1 step 1 until n

Pegin delfa:=delta+tabd "T ]-x[31);
—ST?J]?-X?J] b S(X gL
n

end; for J:=1 step 1 until n do xmin[J]:=x[J]
en minImIze,

i

®




f1:= format([ss+d.ddddddp+nd]);
open(20) ; open(30);

for 1:=1,2,3 do x(1]:= read(20) ;
eps:= read(20); pas:= read(20); n:= 3;

for k:= 1 step 1 until 72 do
Plk]:= read(20);
Vlik]:= read(20);

-
5

8

®
Q

n

delta:=78.700;
minog(func,n,x,eps,pas,xmin) ;
for 1:=1,2,3 do write(30,f1,xmin(1]);
newline (30,2);
for 1:=13step 2 until 90do

begin ©:=0.1x1;
write (30,format([ss+d.dss]),t);

write (30, f1,xmin[ 1 ]xt+xmin[2 ]xtT7+xmin[ 3 ]xexp(-delta/t)) ;
close(20); close(30);

:

®
Q

nd;

<>

®
Q

n
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A; B; C;
eps; pas;
T, secs’’

Table ( A.1 )

.
3

’
T X

-35 3.2p8

2.5 1.0
w=43 5»-3
T secs’

L A4 LALE L N LY LL L L L Y LL N L Y LT N LT Y L T Y SO A0\ S\ T\ 0, AT\, AT\, O\, AT\, T\, %,
D=2 OWO = QU *n0D QU (U QU o; s sov i\ P oo sq i) so\D ol *» smB—00 (N B~ OWO QN \O QO v~
— NN NN D NN VOV = — N \O A WO -0 0 VA =N D =N D

Ll L Y Ll L .Y o\ o, O\ P, O, O\, C\ P\ O\ e, T\ O\, AT\, P\ O, LL N L Y
MQA oo —— e e AUMNONAUMNAUNMONN o s o
| S cnenng @ 2 8 KRR/ Ss|RR8| VN [enenen snenenen
NYO 8—J O sl (U MO M IT —\ODINM 8 D51|9u.8 se— [ = LN
O~ N 57&%97&.226266 — O MMT O NN MO0 WO — 00 VN

LBl L *ee\ o OH\ O\ '\ o, OF\ AP\ F\ P\, T\ o\ o\ o, W OF\ A\ '\ ', 2\ '\ ' ',
QGO O\ *ne— B~ o0 NIt <+ o salNNQ) = VNGO It +— smem sl QN N QO b= — = O
LOAAUNOI SOOI ONOAUDN-NDOVI0 MO rOM—OI N
36532336.43327875255“55665.&.51.4»4‘211.!2 —

LR L L n  emenn  em e L L
N — e (V) — = et QU [QUNAY] enn(\J AN QN -~
[<} - Q8 R Benen S R KRR 8 U 8 R R KR\ Qenrncncncneinen
SO\ T OOWAOW S~ o 1 WVWNOWOWNe—e— OO\ — O\NO
6582358719&..&.69“1389123268857.472
OO N —~—Orr—~—aNANONN~F-~O~~QAINMOWOWMOD ST ™M

T4
Ly
01
31
5193
513
1
2

- N\ MINS NNS N 4



Tgble ( A.2 )

FINAL FAREA11APU OUTPUT:

A= +2,6675325+0

OOONIITAAONNNVVIN EEFEFWWMNONDND = —

Q

-
=

O U = ~J WO N = 3O N = —J (0 U =~

B = 47.702281-4

T secs

3. 4726240
4.566415+0
5. 74054440
7.13895+0
1.21147+1
1.75668p+1
2.90041 y+1
1.35732p+2
3.41290p+2
8.367419+2
1.91754p43
4,065279+3
1.“70h8p+u
2.54T7T72p+4
h.19058n+h
6.58723+4
9.95203p+u

-
o
~
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C= +6.652903,+8

secs

01445,,40
.13716»+0
«39757p+0
. 0081 7x+0
03947 p+1
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.81926p+3
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.9U90L 4+ 4
28734 p+4
.28186,+4
.13“29n+h
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The evaluation of the spin Hamiltonian paraneters
frou the EﬁDOR data on Gd and Yb isotopes was performed in
a manner sinilar to that described by Williams [D.ihil, Thesis,
Uxford University 1961]., ‘lowever no quadratic field reduction
processes were required, 1In the Gd isotopes the dependence
of ENDOH frequency upon fleld is small ( 100 ¢/ for
1l gauss) so that the variation of freguency involved by
correcting all EnNDOR frequencies for a particular S, manifold
to a single field was less than the random experisental
errors, For Yb isotopes where this would have been important,
the magnetic fleld variation for different measurenents on
the same ENDUR transition was only . S5 gauss, and thus small
compared with the probable errors on these lines,

A computer program was written in ALGUL to set up the
spin Hamiltonian intrix for the following spin Hamiltonian :

J) | @sﬁ"n.m@(sm)c-s(ooosou)
= g" fH cos ‘Bﬂ + e L'y I

0 b
* Bglog = 200,) + A 8.1 + g"PH cosdl, + c:a!! sind(1,1_)
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2
+b [ [38, - s5(5n)] mi - 1(1+1)]
1 € = = Q o = o
*2 BB S8 I3 1 1) + 2 (5.5 +5.8 MIZ 1)

2

d 2.2 22 s 7 5
* 2 (5*1.*5.1’) l] *8 Pllex * & £ 8'52 * A'j?nl

- " - P . B 2
+.B.B.M.I' + gi pan‘I' + bozlz + E s‘x'nz

2
+ P 51 5° + DI°.
z2 4z 3

ihis is the spin Hamiltonian used by lurrell, with additional

high order terus,
Having generated the matrix, the computer progran

(PARLASL20KIU) then diagonalised it using magnetic fields

and Hamiltonian parameters provided as data, The diagonalle
sation procedure used was the Householder diagonalisation
procedure, from the Computing laboratory library procedure
DIAGE, The program printed out all matrix elements that

were generated, the efgenvalues and predicted L DUl frequencies
for each 5, manifold for esch sagnetic fleld at which diae
gonalisation was required., This program, when translated

with the Kidsgrove compiler would diagonatise the Gd 32 x 32
matrix in 63 seconds, A weighted least squares program

s
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written by Hurrell (D.Phil, Thesis, Oxford University 1963)
was transliterated from its original Mercury Autocode
language into KDP9 autocode, and used to analyse the Gd
ENDCR results as discussed in his thesis,

A print out of the matrix generation and dlagonallisation
program is given in Figure A2, For ease of understanding
the symbols used in the program, the equivalence between the
above spin Hamiltonian parsmeters and the symbols used in
the program ig givem :

g"p = G[1)

ds'p = G[2)

'u'as = bigb [4), bigb [6].

A = biga [1] B =0 (7]
c;a =G [3] gy =60 (8]

C; £ =G [4) C = biga [4)
b = biga [3] D = biga [5)
g =G [5) B =G [9]
& =G [6) ? w0 [10]
At = biga (2]

The details of the procedures HCUSELCLDER, THIDIAGONALISATION,
TRIDIBISECTION, and DIAGR have been omitted as these are
r.llll”llltllhlo from the Computing Laboratory procedure



AdW4

The data cape for this program has the form :

£ : = number of magnetic fields at which diagonalisation
is required,

bigb [4]; bigb [6];

G [1); o (2); 6 [3); o [u); @ [s5); oi6l; @ (7]
G [8]; & [9); o [10);

Ay al2]; A3) aluls a5l

i3

W
-

theta ;

t values of magnetic fleld,

. 3 .3 . o .

A call and data tape printeout for Ga™>' in Ce0, is shown
after the program print out,
The output from the program takes the form :

MAGNETIC FIELD : « prints magnetic fleld at which diagonalisa-
tion is performed.

MATEIX ELEMENTS : Printe all non gzero natrix elements for
that field putting the dlagonal elements
first,

ENDOR MANIFOLD : FPrints Sg; value of LIDUE manifold
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EIGENVALULS : Prints (21+1) eigenvalues for all I, levels
to this 8, value,

ENDOR PHEQS: Frints modulus of the 2I differences between
successive eigenvalues on that manifold.

These are repeated (25+1) times for all values of s' from
S‘ = 5 to 3. = 5,

These are all repeated for each fleld at which diagonalisation

OCCuUrs,

A lote on Unitg., Several of the gevalues used in this program
have to include the value of the Bohr magneton as the program

sets up e.g. ’

gpii= G[1l] xH,

Also it is often useful to include the proton resonance ree-
quency for 1 kgauss in these g-factors to enable magnetic
fields measured in terms of proton resonance frequencies uo
be substituted directly into the program without previous

conversion into gauss,
One other point to be noted 1s that the term D Ii is

represented by biga [5) which in the progras 1s evaluated
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as biga [5] x -2 X (htp)z. Ihus a pseudo-quadrupole term
of this sort will be multiplied by S: by the program,



FAREA8120 KPU=»

begin libra A6,A30;
resl bisiobissabism.m.bigk,bigl,theta,sn,cs,a,b,c,d,i,J,

k,1,n,P,q;

integer r,t,y,z,f1,r2,£3,f4,r5;

Begin real array bievl4i81,601:10],b1ga[1:5];
open 20;;

open(30);

ti=read(20);

for 1:=4,6 do bigb[1]:=read(20);
Tor j:=1 step 1 until 10 do
begin G[ jT:=r=ad(20);

nd
3,4,5 do bigal[i]:i=read(20);
bIgiz-read%?& ; —pe (203

-

e

for 1:=1,2

bigs:i=read(20);

theta:aread(205;

bigk:=bigsT2+bigs;

bigl:=bigiT2+bigi;

sni=gin thetax3.1515926/180g;

ecsi=cos thetax%.xu15926/180 :

n:=(2xbizgs+1)X(2xbigi+! )

f1:=format([ss+d.dddddp+nde]);

f2:=format (| 3s+d.dddddddddy+nd]) 3

f3:=format (] 3s+d.dddddddddp+ndec]) 3

fh:=format ([ es+dd.ade]);

£5:=formet ([ ss+d.dddddp+nd]) ;

write(20,f4,n);

write (20,£4,t);

writs 30,fu,theta)§ : 0§ (o [ ]
begin real array bilgdl-bigi+0.5:0igi+0.5],matrix(1:n,1:n
Fl-bigs+0.5:bigs+0.5],endor[1:n], ; :
¥[-bigs+0.5:bigs+0.5,~bigs+0.5:blgs+0.5,-b1gl1+0.5:
bigl+d.5,-bigi+0.5:b1g1+0.5],roots[1:n],H[12¢8];

progedure houscholder tridlagonallsation (nya,e,0);

progedure tridibisection 1 (c,b,n,8u,80,t,gamma ,w,norm,m! ) ;

progce dure dlagr(a,n,roots);
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or j:=1 ::ego; until t do H[J]:=read(20);

clo H

for bigm:=bigs-1 step -1 until -bigs do
begin ki=bigm+0.5;

d Flk]:=bigk-bigmT2-bigm;
end )
for m:=bigl-1 step -1 until -bigl do
begin 1:=m+0.53

bigd[1l]:=biglemT2-m;

end 3
for a:=bigs+0.5 step =1 until -bigs+0.5 do
begin for b:=bigs+0.5 step -1 until -bigs+0.5 do
'be_si_g n for e¢:=bigi+0.5 Step -1 until -bigi+0.5 do
begin for d:=bigi+0.5 step -1 until -bigi+0.5 do
begin X[a,b,c,d]:=0;
end;
end;
end;
end;

for 1:=1 step 1 until ¢ do

begin write text (30,[[%c]MAGNFTIC*FIFLD[2s]]);
write (30,£1,H[1]);

write text (30, [ MATRIX*ELFMENTS[2¢]]) 3

for bigm:=bigs step -1 until -bigs do
Pegin for m:=bigl step -1 until -bigl do

be k:=blgm+0.5;

l:=m4+0.5;

X[k,k,1,1]:=bigbl4]x(35xbigmTh-30xblgkxbigmt2+
25xbigmT2-6xbigk+3xbigkT2)+bigh[6 Ix(231xbigmT6-
105x ( 3Xbigk=7)XblgnT i+ (105xbigkT2-525xb1gk+294 ) x
bigmT2-5xbigkt 3+40xb1gkT2-60xblgk) -3xbiga [ 3 Ix
biglxbiFnT 2-3xbiga[3]xbigoxmT2+biga [ 1 [xbigmxm+
H[1]x(G[1 Ixb1gm+G[ 3 Ixm+G (5 Ixbigmt 3+G[ 6 IxblgmT5+
G[ 7 Jxo1 gmxm® 2+C[ 8 | amxbigmt2) xes+(Ixbiga [3 ]+
biga[5] X(bimT?}X(mTZHbiga{ 3 jXbigikxbigl+bigal2]
xmxblgmT 3+biga [ 4 |xblgmxmt 3+G[ 9 [xbigmxmxH[ 1 )T+
G[ 10 Jxbigm® 3xmxH[ 1]T2;

Write(3oo.j.'£ m=-bigl then f1 glse £5, X[k:k3131])5
end;

for bigm:=bigs step~luntil -~bigs do
n

in for m:=bigl-T sEsp-Tuntil -bigl do
—jbe g;In' — ki=bigm+0.5; o
li=m+0,.5;

w
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X[k,k,1+1,1]:=0,5%G[ 4 ]xH[ 1 ]xsnxsqrt (bigdl1]);
write (30,1f m=-bigi then {1 else 5, X[k,k,1+1,1]);
X[k,k,1,1¥7 J:= X[k,k,1+7,1];

b
for m:=blgl step -1 untll -blgl do
begln for bigm:=bigs-1 step -1 until -bigs do
begln ki:=blgm+0.5;

li=m+0,.5;
(k+1,%,1,1):=0,5%G[ 2 ]xH[ 1 ]xsnxsqrt (F{k]) ;

X[ k+1
write(30, if bigw=-bigs then f1 eclse fS,ka+1,k,l,l]);
X[k,k+1,1,1]:= X[k+1,k,1,11;

end;

end;

for bigm:= blgs-? step -1 until -bigs do
begin for m:=blgl step -1 until -bigl+? do

begin ki=bigm+0.5;
l:=m+0,5;
X[k+2,k,1-2,1]:=1,5xbiga[ 3 Ixsqrt (F[k IXF[k+1 Ix
bigdll-1]xbigd[1-2]);
write (30, Af m=-bigi+2 then f1 else £5,X[k+2,k,1-2,1]);
X[k, k+2,1,1-2]:= X[k+2,k,1-2,1]3
end;
end;

or bigm:=bigs-3 step -1 until -bigs do
begin for mi:=bigi-T step -1 until -bigl do
Pegin " ki=blgm+0.5;
1:=m4+0,5;
X[k+3,k,1+1,1]):=0.1 i??xl])g.ga[?. Ixsqre (Flk IxF{k+1 IxF[k+2 ]x
bigdlll);
write (30, 1f m=-bigl then f1 else £5, X[k+3,k,1+1,1]);
¥k, k+3,1,1#1 1= X[k+3,k,1+1,1];

:

end;

Fos bigl st 1 til -bigl do

for m:= bigl step -1 un -

Besin forbigm:=bigs-4 step -1 until -bigs do

rmmt0.53
Xlk+i,k,1,1]:=(2. 5xbigb[ 4]-1 0.5xb17b[6 1%(11xbigmT2+44
xbigm+50-bigk))xsqrt (Flk xF[k+1]xF[k+2]xF[k+§]);
;

write (30, if bigm= -bigs then f1 else 5, X[k+4,k,1,1]
X[k, k+k,1,T]:= X[k+k,k,1,1T;

end;
n

.
——’

@
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for bigm:= bigs-1|§§%g -1 until -bigs do

in for m:= bilgl step -1 until -bigl+l do
be k:=blgm+0.5;

1:=m+0.5;

X[k+1,k,1-1,1]:=((0,5xbigal1])+{(0.375xbigk-0.25)-0.375%
biflxzbign-ﬂ ) )xbiga[2]+((0.375xbigl=0.25)-0. 375x
mx (m-1) )xXbiga[4]+7.5xbiga[ 3]x(L4xmxbigm-3xXbigm+>xm-1))
x sqrt(FlkIxvigd(1-11]);
write(30,1f mw=-bigi+! then f1 else £5,X[k+1,k,1-1,1]);
X[k,k+1,1,1-1]:= X[k+1k,1-1,1T;

.

end;
end ;
for bigm := bigs-1 step -1 until - bigs do
begin for m :sbigiii'sgeg -1 until - bigi do
begin k:=bigm+0.5;

l:=m+0.5;

X[k+1,k,143,1]:=0.125xbiga[4]x sqrt(F[k Ixbigdll]x
bigd[ 141 Ixbigd[1+2]);

write (30,1f m=-bigil then f1 else £5, X[k+1,k,1+3,1]);

X[k,k+1,1,1+3]:= X[k+1 ,k,1+3,1];

®
I8
(&%

2
end;
p:=0;
for a:=bigs+0.5 step -1 untll -bigs+0.5 do
Pegin for c:=bigi+0.5 step -1 until -b1gi+0.5 do
begin p:=p+1;o
q:=03
for b:=bigs+0.5 step -1 until -bigs+0.5 do
Pegin for d:=bigi+0.5 step -1 until -bigl+0.5 do
= R
matrix[p,ql:=X[a,b,c,d];
end;
end;
end;
end;

dlagr(matrix,n,roots) ;



r:=0;

for y:=0 step 1 until 2 xbigs do

beg §1nwrite ext (Ws_leclENDoR*MANIFOLD [2c]]);
write S-y)s

(30,f4,bl
writetext(30LLi2quIGENVALUES********ENDOR*FREQ*IN*MC/SL?qll);
for z:=1 step 1 until (2xbigi+1) do

beglin ri=r+1;
write(?U,%§,roots[r]);
if z<2xbigi+1 then endor[r]:=abs(roots[r]- roots[r+1])xp4;
write (30,f1,endor(r]);

ojo
SFS
QI

®
o
(o}

e(30);
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Data for diagonalisation of Gdi57 in CeD2.

K

FAREA8120 KPU;

PROGARFA 35003

INS.

OUTL.+

£ 77953 0.000992;

654,543 6€5L.54 0.04002; 0,04002; 030303030303
15.818; -0.0007517 -0.0033; 0303
1.5 3.53 0O;

59.77203 52.1328; 51.6705; 54,6965;
57.6967; 57.2740; U49.6461 3
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In this appendix the mean values for the observed
ELOUE frequencies are tabulated for the Ib isotopes. Each
transition 1s labelled by 5, and AIz. The probable error
on the readings is guoted and the mean magrnetic fleld in
units of prcton resonance frequensy le/s is quoted for each
hyperfine line, The final column contains the LiDONR
frequency computed from the paraneters quoted in Chapter 4.



Sz

1172

K

-1/2

1
72
-1/2
-1/2

7
-1/2
-1/2

v
-1/2
«1/2

-1/2

ATz Observed Me/s

2+3/2
e/e

3/2»/2
Yaai/s

/?»1/2

1/2+-1/2
Va3
1/2+-1/2

1 -
T
-1/2+-3/>

-1/2+.3/2
s
-3/2+.5/2

-3/2+-5/2

Yb173 in CaF2

378.313
375.704

371.183
375.880
368.777

371.494

364,159
368,791
361.927

364,223
357.115
361.775
355.127

357.082
350,240

354,806
348.246

347.767

Frror ke/s Field Computed Me/s

160
30

50
30
60

30
25
4o

30

40
20
10

30

50
40
20
40

120

33.3274

32,6578
32.6578
32.6578

31.9998
31.9998
31.9998
31.9998

31.3608
31.3608
31.3608
31,3608

30.7272
30.7272
30,7272
30.7272

30.1138

:
.y @ L

378.282
375.722

371.200
375.891
368.776

371.472
364,123
368.781
361.932

364,223
357.103
361.784
355.132

357.045
350,198
354,818
348.314

347.896



Sz

-1/2
-1/2
1/2

Yb 171 1in CaF2

Alz

1/2+-1/2
1/2+.1/2
1/2+-1/2

Observed
Mc/s

1375.520
1378.458
1260.208

Frror
ke/s

32
22
35

Fleld
Me/s

32.8602
30.5228
30.5228

ol

Computed
Me/s

1375.557
1378.472
1260.216
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In this eappendix the wmean values for the observed
LHEDOR frequencies at . band for the Gd isotopes are tabula.ed.
Each transition ig¢ labelled by the sz value of the level
from which the line orlgloated and the I, values involved
in the transition, The probable error calculated from the
gtandard deviations of the readings ils listed, together
with the mean magnetic fleld for the particular S‘ manifocld
in units of proton resonance frequency. In the last column
the ENDUE frequency computed by exact diagonalisation of
the spin Hamiltonian matrix is tabulated, using the final
values of the paraneters quoted in Chapter 5.



A1z

3/291/2
ik

3/2+1/2
B

3/2+1/2
A

3/2+1/2
b

Vaah 72

2 -1/2+.3/2

Vaa 2

-1/22.3/2

V/aarh 72

-1/2+.3/2

Gd157 in ThO2

Observed

Me/s

57.1913
57.5632
57.9519

41,4053
41,4705
41,5585

25.8008
25.6671
25.5497

10.2511
10.0371
9.8030

21.2304
21.3820
21.5291

37.1672
37.1718
37.1032

53.5151
53.1825
52.8318

' rror

ke/s

) )
-Mowm C&FHFO &HUC
C

)

-

—l el el

— s
~NOh® N=3 COUWFE OO

L] L L . -
NMANC =V W~ &FO0/C CFEFXO® N0y &=

Fleld

Me/

6730
6730

6730

9759
9759
.9759

.5019
.5019
.5019

5390
5390
5390

.5697
.5697
.5697

. 1256
. 1256
. 1256

S

.51
5120
.5120

Computed
Me/s

57.1704
57.5562
57.9430

41.4139

b 4777
4h1.5M15

25.8325
25.6865
25.5400

10,2870
10.0343
9.7811

21,2082

Bl 31 S8

37.1689
37.1368

53.5084
53.1704
52.8315



Gd157 in ThO?2

Hurrell’s X-band data, no errors given in his thesis
from which this table is compiled. The computed
frequencies come from the parameters in Table (5.4).

Sz Alx Observed Fleld Computed
Me/s Me/s Me/s
7/2  3/2+1/2 55.396 18.9930 55. 386
7/2  1/2+-.1/2 55.849 18.9930 55,841
7/2 -1/2+.3/2 56.278 18.9930 56 . 301
5/2 3/2+1/2 39.517 11.115) 39.567
5/2 1/2+.1/2 39.547 11.1151 39.548
5/2 -1/2+.3/2 39.489 11.1151 39.523
3/2 3/2»1/2 23.828 10.6660 23.850
3/2 1/2+.1/2 23.723 10.6660 23.724
3/2 -1/2+.3/2 23.602 10.6660 23.597
1/2 3/2»1/2 3. 400 13.7240 8.419
1/2  1/2+-.1/2 3.225 13.7240 8.210
1/2 -1/2+.3/2 8.050 13.7240 7.999
-1/2 3/2»1/2 7.350 13.7240 7.327
-1/2 1/2»-1/2 7.600 13.7240 7.538
-1/2 -1/2+4.3/2 7.850 13.7240 7.751
-3/2 3/2+1/2 22.897 16.8508 22,919
=3/28 1/2%.1/2 23,120 16.8508 23.116
-3/2 -1/2+-3/2 23.254 16.8508 23,316
-5/2 3/2+1/2 38.673 16,4250 38.759
-5/2 1/2+-1/2 38.815 16.4250 38,808
-5/2 -1/2+-3/2 38.863 16,4250 38.855
~7/2 3/2+1/2 54,989 8.6590 54,999
<7/2 1/2#-1/2 54,743 8.6590 54.733
-7/2 -1/2%-3/2 54,480 8.6590 54,465



Sz

7/2
7/2
7%

5/2
5/2
23
3/2

1/2

-3/2
-3/2

-5/2
-5/2

1
-7/2

A1z

3/2+1/2
R /7wl

3/2%1/2
YA

1/2+-1/2

1/2+-1/2

1/2+-1/2
RVAR7

Va2

/22017

-1/2+.3/2

Gd157 1in CeD2

Observed

Me/s

57.4390
57.7018
58.1278

41.2941
41.5933
41.8432
25. 7494
10,2385

21.4509
21,8072

37.4438

53.7806
53.3618
53.0352

Error
ke/s

75.90
4.7
39.4
100.7
52
116.8
4.3
200.0

6.5
238.0

108.0

O W
VWO N
nwe &=

Fleld
Me/s

59.7720
29.7720
59.7720

52.1328
52.1328

51.6703
54.6965

57.6967
57.6967

57.2740
57.2T40

hg, 6461
49,6461
49,6461

.\5.[4

Computad

Me/s

57.2634

57.7076
58.1479

41,5058

41,6987

25.7376
10,0426

21.4563
21.6446

37.3066
37.2667

53.7446

53.3531
52.9606



Sz

%
7/2
5/2
3/2
-3/2
-5/2

-7/2

ATz

VR
1/2+.1/2
1/2+-1/2
1/2+-1/2
1/2+-1/2

1/2+-1/2

Gd155 in Ce02

Observed

Me/s
43,5529
43,9742
4l . 3000
31.7065
19.6373
16.3340
28.3859

40,6309

Frror
ke/s

185.
1

130.
2.,

C €C N N VW ClcC

3
6,
5
2

Fleld
Me/s

59.8337
59.8337
59.8337
52,2791
51.7002
57.7334
57.2902

49.6659

Agfl. 5

Computed

Me/s

43,5675
43,9741
44,3814
31.7052
19.6382
16.3353
28,3821

40.6276



