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-ABSTRACT .
e
A, . Accurate electron'paramagndtic resonance (éPR) and spin-
. , [ '
lattice relaxation measurements on the Jahn-Teller system T13+

. " ‘ ; f
as a dilute substitutional impurity for Alz* in cesium aluminum

alum were perfoimed at X-band below 3°K. ‘The quasi-l‘8 ground

: . ,
state is a consequence of the almost exact cancellation of the .

]
3
’i
Ed

effective trigonal field due to the dynamic Jahn-Teller coupling

of the orbital triplet rs to the‘rzg vibrational mode, An energy

level splitting of 7%l <:m"1 was measured between the ground"

state and the excited r, state. | \ ) _ | ) :
The Jahn-Teller system Cu2+ as a dilute substitutional
impurity for52n2+ in zinc bromate hexahydrate was also studied
using the same type of ;easuremenés below 4.2°K. From the
' angular variation‘;f the EPR spectra, thexground sfate has beeg
s fodﬁd to be a strain-stabilized vibronic doublet with the g~ .

tensor principal axis displaced from the rhombohedral [100] axis,.
A concentration—independent; resonant two-phonon spin-lattice

relaxation ymechanism with an average energy level splitting to

the first excited staie of 3.1 (:m"1 was determined. This has

? been interpreted in terms of a Jahn-Teller model based on

" random strain with dominant tetragonal components.
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,é : N ' ’” N ’/1 s ﬁ ' .
- La résonance paramagnétique (#PR) et la relaxation spin-
. ) / :

P z ’|\ +
réseau ont été mesurées pour le systeme Jahn-Teller Ti3 H

t | N
‘ CsAl alum & 9.46 GHZ pour des températures entre 1.27 et

2.63°K. L'état fondamental quasi—l‘8 esé causé par l'annulation

presque compléte du champ trigonal dfi au couplage Jahn-Teller

. de 1'état orbital triplet F5 et -1le mode vibrioniehn Fag. on. a
. 3

-

mesuré une différence ﬁ'énergie e 71 cm-l entre 1l'état
7 . -

NI AT -

fondamental et 1'état excité F7.

> : RS P E
~ On a étudié également le systéme Jahn-Teller Cu, : zinc

bromate hexahydrate avec la méme méthqde/au—dessous de 4.2°K.

PR R,

D'aprés la variation angulaire des spectres EPR, l'état Q

T

R

fondamental est un doublet vibrioniern/ stabilisé par "la tehnsion, )

‘ et 1'axe principal du tengeur-~g est déplacé de 1'axe [100]

¢
rhombodédral. On a trouvé un mécanisme de la relaxation spin- 4'3
‘ : R . .
réseau résonnante de deux phondns, indépendante de la concentration

de Cuzf, avec le premier état excité & une énergie moyenne de )
N .

3.1 pm"l. Ceci .peut 8tre interprété par un modéle Jahn-Teller

bagsé sur la tension tétragoriale a Eif;ire.
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STATEMENT OF ORIGINALITY

VTH@ Jahn-Teller modéi of a quasi-P8 ground séate,hgs'seen
used to consistently explain the EPR propafties of the Tis‘:
CsAl alum system at liquid ﬁelium temperatures. Measurement
of the almost exact.cancellatioﬁyof’the effective trigodaL
field has led to an estimate of the orbital feduction factor

y~0.03‘and the energy level splitting A~6 cm‘1 between the .

ground state and the excited P7 state, Accurate spin-lattice

relaxation measurements were used to determine for the first
| , .
time the details of the relaxation process over the temperature

This data confirmed the F7-énergy level

splitting to be 7¢1 em™ L,

range 2.63 to 1.27°K.

Lafge numbers of single crystals of zinc bromate hexahydrate
have been grown with various concentrations of the single

isotope 65Cu2+ as a dilute substitutional impurity for Zn2+. For

the first time the complicated EPR spectra (and spin-Hamiltonian
parameters) of this Jahn-Teller system have been measured and
explained at liquid helium temperatures. The angular variation

of the EPR spectra shows that the groynd.state is a strain- .

stabilized vibronic doublet. An angular displacement of the

g-tensor principal axis from the rhombohedral [100} axis was

’

experimentally confirmed for the first time. The tenperature

dependence of the spin-lattice relaxation rate was megsuréd between

<

4.2 and 1.3°K for'samples with Cu2+ concentrations varying by a

factor of 18. A consistent resonant two-phonon relaxation

mechanism has been observed for all concentrations which supports

a Jahn-Teller model based on random strain with dominant ﬂﬁ

) §
tetragonal components. ?
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Ed " . Lo B
The primary objective of this work is to investigate the

; . nature of two paramagnetic ions, octahedrdlly co-ordinated

+ + e - P
Tisﬂ and Cuz as impurities in insulating crystals which are

-

ki

subject to "Jahn-Teller" effects. Previously, at’ the Eaton

k3

Laboratory of McGill University, Shing et el:‘(1974) studied

G
Ti3+ in methylammonxum alum1num alum Whlle V1ncent and Walsh

»

b3

) (1973) investigated: Cq? in lanthanum magnes1um n1trate. To
test their models and compare @he general»propertles of such

+

systems, their electron paramagnetic resonance (EPR) and spin-

v lattice rela&ati%p measurements have been extended to two similar
- - * - )~
. . . R ) +
Jahn-Teller systems; 'I‘13+ in cesium aldminum alum and‘Cu2 in .

PR AR RTI4TN TR TR O, ST RS

zing bromate hexahydrate; Before beginning the discussion of the
, theoretlcal and exper1mental aspects of this work, a, general
o ] background to the subJect mater1al is presented in Chapter 1.,
Here the fundamental concepts and ‘terminology are briefly
outlined. Chapter 2 provides Q'review of some df the previoes
work 1n the literature whzch iafrelevant to the following
dlscu551on. The next two chapters survey the theory of Jahn-
Teller effects for orbital tr1p1et and doublet electronic states
4 respectively. while the apparatus is .described in Chapter 5.

Chapter 6 deea1ls,the EPR and relaxation data ‘obtained for Ti '

T\il in cesium aluminum alum as well as discussiné,the rﬁsulté. "This

..- . 2*

is repeated in the following chapter for- Cu in rinp bromate

hexahydrate. Chapter 8 summarizes the results and gives our
, A &2 . . ’
.

conclusions. L ( - S

e ®
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. 1,1 Definition of Paramagnetism .
L oL - . s . . .
L e A paramagnetic substance may be defined as one that

" : possessés.no resultant magnetic moment in the “absence of an
. oo . Lo . . y‘ Vs
. applied e;fbrnal magnetic field. Howéver it acquires a magnetic

‘moment in the direction of the applied external midgnetic field,
. . , :
whose size is a functi of the field. 1In general, it can be

said that all magnétic effects are due to magnetic. moments ﬁ,

5
N

through their interaction with each gther and with an external
magnetic field. 1In a particular material, the combined effect

of all the individual moments is referred to as the magnetization

M and the, ratio of this q@an;i%y to an external magnetic field '

4

fi.is called the magnetic sus;epiibility X- Of interest here are

atoms,or ions which have permanent magnetic moments which tend
. . . t.J Y

to align themselvVes with an applied field, giving rise to a

positive X. The tendency for alignment is hindered by ;&erhai
" -agitation aégording to Curie's Law,

.
s

b re [ .
»

. . X , Sy
: c R

.
. " . , “ ,
N
K S B ‘ G a

i s N

where C-is the Curie contant.  This constant may be evaluated

2

« by usiné‘avqhantum mechanical approach based on tﬁe quantiza(ioﬂ

of the total angular momentum J of the ion or atom. The result,
” .

for a system of N magnetic moments is, - .~ .

.

’ : 2.2 - .
‘ SRR N J(J ‘
ng_ 8 3K ( ’1) ) . (1'2) v

-
o

where g is the spectroscopic 5plitting factor and Bag%z is

v
Y

"the Bohr magneton.

'
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1.2 Paramquetic Resonance

S,

EEN

Permanent magnetic dipoles occur ghly when an atom or

ion possesses a resultant angular momentum 3 (J=2, h, %;u.{).

LeR T
-~

S

These are related by

-

where Y is the gyromagnetic ratio d% the order of (e/mc). When
.such a dipole is'éiposed to an external magnetic field ﬁ, it

> »>
experiences a couple u X H, so that the equation of motion is

1 . ¢ ) . S
o !

- LA . (1.4)

. ) " . > . ° ' . .
. Hence the motion of ¥ and i consists of a uniform precession

‘about H with an _angular velocity p ' "
< w=aiyH - " (1.5)
o where the nmegative sign means that the precession is in the

directioh'of a left-handed screw advancing along ﬁlif v is
positive ané vice versa. The componént of J or ﬁ along i
remains fixed in magnitude so that. the Zeeman energy of the
’dipole‘in the‘fielq ﬁ, namely 1.7 is a constant ;f the motion.

The gyromnagnetic ratio for a free ion or atom which has

Lt g
a resultant electronic angular momentumiis
, e :
' Y=-8(5¢ (1.6)
' ' e '“
. A N




K
0

‘- where the negative sign occurs because of the negative ch'ar‘ge ' %

on the electron, while e and m represent the charge and mass

.

respéctively on the electron., The g-factor, as it'islusuglly

I3

referred to, is a pure number of order unity whose value depends

on the relative contributions of orbit and spin to the total ) =

angular momentum. For a free atom with an orbital angular

SR momentum the g-factor is given by

L J(JI+1)+S(S+1)-L(L+1) (1.7)

& , ”~*\T\\\\;\— £ 2 J(J+1) : ]

’

. > > > . )
' where the resultant angular momentum J=L+S and L, S are the
quantum numbers of the total orbital and total spin momentum
respectively. -

. When a magnetic dipole precesses about an external field

o

-3
A with an angularuvelocity\wL=-Yﬁ, this precession produces
an oscillatory magnetic moment, in ahy direction normal to the
> ' ‘ . . .
field H, which can interact with an oscillatory magnetic field,

+
H, cos wt, which is also normal to H. The interaction has an

1

impoftant effect only when w is close to the natural precession

frequéncy wy s so that we are concerned with a resonance *
phenomenon. When w=uw,, the co&ponent of tﬁe'ﬁipole along the
external magnetic field can be altered"éven byféscillaiory

. fields whose amplitude Hf{ H. This effect is known as "maghetic
ﬁesonance“. - >

A change in the component of ﬁ in the direction of 0
c§ me.ans a change in the energy of the dipole which can be ;vritten

as

Py

% -

" L e IR S S T 1 e o 52 " - Y
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IR ' W= -yJ Hcos a (1.8)

: SO ) -+ > A -
+where @ is the angle between U and H. The component of the

a i

angular @omeﬁtum in the direction of ﬁ, namely J cos a , may
éaké 6h the discrete values hﬁ,vﬁ{M—l), etg. where the magneficl
quan;Umgﬁumber M has a series of integral or half-integral |
values differing by unity between successive values, In this
casé,‘éhé allovwed transitions ar ‘giveﬁ bf the seleption Tule
AM=:1 when'a suitably origﬁtéq oscillatory magnetic field is

applied. The electronic magnetic dipole moment for a free aton

can be written in the fbrm,

and the Hamiltonian for its Zeeman interaction with a field

<> . - |
H is,
- ”

A e o Tegy 8D (1.10)
A quantum of energy is thus required of size . 1{
nw = Wy-W,  =-YRH (1.11)

'

For a state with magnetic quantum humber M, corresponding to a

L

component AM of angular momentum in the direction of ﬁ, the

energy 1is -

N o [ = *
B, v A T L R MO A A A SR i v R y AT b s, T e Y e




B ot

b Afe i
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R -
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\ h > -

and allowed transitions of the type AM=+1 require an energy

quantum T ' '

Y A}

a

_ | hv=g B H (1.13)

‘This form of Zeeman interaction is valid for a group, of (2J+1)
levels, degenerate when H=£0, and well separated from other '

levels. Partiy filled electron shells, with permanent dipole

¢ .

moments due to the orbital motion of the electrons, are the

¥,
cause of paramagnetism which is of interest in this work. In

particular, Ti3+

Ch2+ has only one electron vacancy or "hele" in the 3d shell.

has only one electron in the 3d shell while

.
2

1.3 The Crystalline Electric Fiéld ) g

In the solid state, a paramagnetic ion is by no means

"free". It is embedded in a complex of diamagnetic neighbour

ions which form part of an extended‘lattice. These charged
neighbour or ligand ioﬁb~%ave a stfoné interaction with the

o4
paramagnetic ion, producing a strong electrostatic field

(the ligand field), through which the par;magnetic electrons
‘must move.. This ligand interaction is in addition to the
spin-orﬁit and electron-electron interactions of the central
16n which complicate the problem. '
In the "crystal field'" approach, the ligand ions are
regarded aé‘setting up an additional electrostatic potential
which reflects thé-syhmetry of the complex and its immediate

surroundings., The magnetic electrons, which are localized on




o dmen ot

A Ty

e
e

e

the central jon and move in the effective potential, experience

Tk TR

a "Stark splitting”" of their orbital levels. The lowest energy
levels are associated with the negatively charged electrons
avaoiding negatively charged ligand ions and hence minimizing the

:

energy due to their mutual electrostatic repulsion.

remain in the absence of a magnetic field. The pairs of states

% P The gegeﬁeracy within groups of energy levels depeﬁds on
i . the symmetry within the complex and can. thus be predicted by
Eﬁ group theory. An imporfant theqrem concerning the residual

i“ degeneracy is due to Kramers (1930). In a system containing
g an o&d number of electrdns, at least twofold degeneracy must,
:

or "Kramers doublets? are 'time conjugate (one can be obtained
from the other by use of a time-reversal operator) and can be

split only by a time-odd operatof such as a magnetic field

MRS e NN,

but not by an electrostatic perturbation which is even under
]
time Teversal.

) ¢

1.4 The Spin-Hamiltonian

The most general form of the Hamiltonian to represent the
interaction energy of a paramagnetic ion in a constant magnetic
. field is given by, (Abragam and Pryce, 1951; Bleany and Stevens,

1953)
(1.13)

+Foop *Fus + Fos +Free Fuss *ﬁi*#n‘

\

elect

# =
.

-

.

?féléct represents the electronic energy of the paramagnetic ion

SCm"l.

*

in the free stafe with a magnitude approximately 104-10

4
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8
i‘ ‘}+CP is the energy of the interaction between the free ion's j
electronic structure and the crystalline electric field
(= =103-10%cm” ) JhP is the spin-orbit interaction (=102cm'1).
3 t e - - - - . : - '
ffss is the spin-spin interaction (=1 cm~ ijee is the Zeeman A

energy (=1 cm'l)._ﬁkhfs is the hyperfine interaction with the
nuclear sbin (=0—10'2cm'1).,APQ is the nuclear qaadrupole energy
(=0-10"2cn™ 1) while.h% is the nuclear spin energy (=0—10‘3cm“1).
® In EPR measurements, at microwave frequencies transitions
are detected between levels whose spiitting is on the order of

1 cmrl. Hence the interest lies only in groups of levels which

-

are degenerate or very close to degenergte in zero magnetic field.

Al 2

? A convenient method which represents the behaviour of such a

g. group of levels when a magnetic field is applied involves the

¥, - -

f’ . . . . . . L3

g use of the concept of an "effective spin"™ S, which is a fictitious

angular momentum. The value of S is selected so that the
degeneracy of the gr;ups of levels involved is set equal to
(2§+1). This concept can be Eheh'extended to theﬂuse of an
"effective spin-Hamiltonian" that may be used ﬁé describe the
behaviour of a group of Layels in the same manner as is common
for free atoms or ions. The fictitious spin s may or may not be
the actual angular momentum of tﬁé paramagnetic i;p or atom

e depending on factors such as the local symmetry of the complex.

The simplest form of the Zeeman interact;on for eiample is,
o'F /
K@ S ; (1.14)

where 1?15 the g tensor and § is the effective spin. This is

- - B e Nr—

N £ ;’H x‘{;&
- o AR




w = s
RN - o R et — JR—
— 9 ‘
» . .
[ . -
‘ ¢« shorthand notation for,
& [}
YT S e
- Zee 8{gxxHxSJc"g)r)rl'lyrsy"'gzszSz
_ + gxnysy+gnyny+gyzHySz (1.15)

~

HS +g H.S_ +g _H.S5.}

‘§' B2y y " Bx2'x"2 Bz x"2 x

% In the majority of cases where there is some crystal symmetry,

4 the cross terms can be eliminated with a suitable choice of X, Y

5\ and Z axes known as the "principal axes'", giving the interaction :;
8; . - N 1‘), . 2
g the form,

L

£

,ﬁ\( ~ -~ ~

3 ]¥’Zee=6(gxxuxsx+gyyHysy*gzszsz) (1.16)

©

For axial symmetry Brx=8yy 8y and £,,%8n SO that equation

Yy
(1.16) reduces to \\ . . ’
#Ze;g" BH,S,+ g B(H S +H S ) _ (1.17)
where '
- !
E z=/3’3.2. cos?e +gi sin’e (1.18)
- ;,". - /
) "

A\‘ Lt
is the value required to maintain the form of the resonance

t;ansitiono(l.IS) and 8 is the angle between H and the Z-axis.

-

This g or "spectrosdopic g-factor" is one of the family of
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parameters used to describe the behaviour of paramagnetic

resonance phenomena by means-of the spin-Hamiltonian.

1.5 Paramagnetic Relaxation

From the most general considerations, spin-lattice

1

relaxation may be th;ught of as the process 6}'which the energy
;bsorbed~by the spin system in a magnetic fiéld is dissipated, .
4 " to the lattice when the magnetic field is removed. A large
number of mo@e}s haﬁé been used over the years to explain the
wideranging results o?tained for the temperature dependence og

the relaxation rate. Appendix 1 provides a short bibliography

"of some important references in thi; fieid. i
Figure 1.1 shows schematically the three most common

felaxation mechanisms quoted in thé literature. éonsider a

pair of ;tates |a> and |b> of the paramagnetic ion having energy

E, and Eg ?espectively where E_<E. and 6=Eb—Ea. The direct
process of Figurg l1.1a, involving phonons of the same energy as
the magnetic resonance quantum hv, is mereiy the downward
transition from the excited state [b> to the ground state
accompanied by the simultaneohs creation of an enefgy conserving

. phonon. The spin-lattice relaxation rate 1/1 of such a

mechanism has .the fornm,

1 _hy o
T—A coth T%T . (1.19)

where A is a constant. When kT>>hv, the direct process exhibits
a.linear temperature dependence. For the case when hv>>kT, this

process tends to give a constant spin-lattice relaxation rate

rn " "
IR N g
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Tush hv=A+§
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B 0 \ 4 :& .~
i —~— FIGURE 1.1
Pictorial representatiyn of fhree spin-lattice

mechanisms.
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determined by the rate of spontaneous emission of phoﬁons from

the upper state when phonons of energy hv are no loﬁger thermally

- a

PN oY A o
o > o

excited,

-

Th? Raman procesé is shown-schematically in Figure 1.,1b.
A phdnqn of energy hv interacts with a spin, causing a transition
from |b> to |a> within the spin system, the phonon being
scattered with a different energ; hv+ 8 where § is the energy

splitting between the Zeeman levels of the transition. The

temperature dependencé of the Raman relaxation process is

®
44

[ I
=

B T" . . (1.20)

-

* where B ig\a constant and n=9 for a Kramers doublet of states,
: n=7 for a non-Kramers doublet and n=5 for a multiplet with small
6sp;1tt1n§.

Figore 1l.1c Tepresents the resonant Raman or Orbach
relaxation mechanism. This involves the absorption of a phqnon
by a direct process to excite the spin system to a.higher energy
IeVei |c> at A above the g;ound doublft, followed by the emission
of another phonon of slightly different ehnergy so that the

’

magnetic ion is indirectly transferred from one level to the

-

other of the ground doublet. The temperature dependence of the

Orbach process is
1 A, 4-1
T° C[Oxp('k—.i.')-ll ‘ (1.21)

-where C is a constant,

e 7
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These three mechanisms are by no means the only ones by
which spin-lattice relaxation may proceed.” The problem of
measurlng and determxning the temperature dependence of the

relaxat1on rate is comp11cated by the superp051t10n of more

Ed
than one relaxation mechanism and/or the interference between
6 . . .
thesé méchanisms as-they compete for the phonon spectrum, . The

4

review by Manenkov and Orbach {1966) for example includes a

number of aspects of the problem.

1.6 The Jahn-Teller Theorem

o

The fundamental theorem of the Jahn-Teller effect may be

stated as follows: When an atom, ion or crystalline defect has

~orbital electrenic degeneracy and its neighbours are in a
symmetric (non-liﬁear) configurat?on, then the atem, ion or
defect is unstable with respeet to at least one assymmetric
displacement ef the neighbours which lifts the degeneracy; " This
‘theorem was proved by Jahn and Teller (1937) from an examination J
of the properties of all the point symmétry:;roups and is merely o

an existence theorem concerning the availdbility in all cases of

at least one mode of distortion that can cause some energy level

splitting. :

‘The simplest example of a situatien where the theorem is )
applicable is illustrated 'in Figure 1.2. Consider a doubly
degenerate electronlc state in a symmetric configuratlon with
energy Eo. According eo the JahnuTeller theoren, there is some
distortion denoted by Q which splits the electronic degeneracy‘
and causes the loyer split-off state to have an enerﬁy E_ such

that (Eo—Ea) increases linearly for small values of Q. Since
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FIGURE 1.2
- Energy splitting of a ‘doubly degenerate electronic state under
a distortion that lifts the degeneracy to first order, '
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the electronic and vibrational motions of the system are coupled,

’
L »

«

: . ' . S v 4w .
the elastic energy associated with this distortion is proportional

to Q2 there will be a position of minimum (Eo-Ba). _Thus, the
symmetric configuratio? is unstable and the system can lower its

energy by Qisio;tiqﬁ to a finite Q=Q0. The énergy difference
t - O
EJT by which the lower splitcoff state’s’énergy lies below the

¢ ° { [
energy of the symmetric configuration is the "Jahn-Teller" or’ﬁ

stabilization energy of the distorted configuration and usually

has a magnitude of the oxrder of 1000 Em'l.

Ay

. Although an individual complei may be spontaneously distorted

-in;o a partipular configuration, there may still be significant i
«

dynamic corrections (0'Brien, 1964). These are due to zero point
jonfc motion in the ground state agd'r;orienéation by tuﬁneling
tﬁrough or tﬁérmal activation over a barrier from one distorted
configuration to another. .A measurement made in a time short
compared to the:ﬁime‘for reorigﬂtation will indicate a static -

*

distortion, while one taking a longer time may yield an average
over the confiéurations and thus correspond to a dynamic effect,
A second type of dynamic effect was introduced by Moffitt and

Liehr (1957) and Longuet-Higgins et al. (1958). It arises when

hence ‘mixing the electronic and vibrational parts of the wave
function of the soupled system. °"Eigenstates of such a coupled

system are labelled "vibronic" eigenstates.
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2 « 2., INTRODUCTION °

sl

This thesis’ reports the EPR spectra and spin-lattice

. L3+, . . 2+
relaxation rates of Ti in cesium aluminum alum and Cu
’ 3]

in zinc bromate hexahydrate at liquid helium temperatures.

Since transition metal ions have been under extensive -

investigation for some time, it is the aim of this chapter to

a

review some of the theoretical and experimental papers found

a
, -
L%

iﬁ the literature.

« 2.1 Review: Ti>' in Alum

The Ti3+ ion has orily one 3d electron in its outermost e
shell. This makes the .analysis of its prbperties from basic

f s . -

principles somewhat simpler than. other transition metal ions.

Hdwevefjﬂﬁince Ti,3+ is readily oxidized to Tiﬂ+, it has been

difficult to study the ion in the majority of crystal hosts.

~ :
Nevertheless, the study of Ti}+ both in concentrated and dilute '

i

form within alum crystals has been a subject of considerable .

—_

interest during tke past twenty-five years. .Paramagnetic

¥

. resonance, relaxation)and magnetic suscep@ibility data have ‘been

[y

- : 0
\ a

- ’ the basis of much theoret1ca1 analysxs. Al iy

! Van Vleck (1939a) first poznted out the spec1a1 place
occupied by the alums in the understanding of the subject of,
paramagnﬁ?;c relaxation. The next year, Van Vleck (1940) called
attention to the difficultjes experienced in relating the
aexpen1yental results to theory for a "pgra" or qnd11uted titanium

-alum. It was in’ that paper in relation to-titanium that-he wrote:
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"The agreement with experlment is therable."

.Bijl (1950) first observed electrbn paramagnetlc resonance

"~ Q

+
of T13' in concentrated CsTi alum powder over a range of

temperatures between 6. 33°K and 7.88°K. He measured the

r

1 . effective g-factors to be 1.35 at the lower nnd 1 53 at the.

b higher temperature. Bleaney et al. (1955a) investlgated the

.

B T TR TR ST P T S ST
P

spectrum of a single crystal of CsTi alum at“temperathres betwgen

2.5°K and 4.2°K. They found a -wide line of width 250250 gauss.
for which they give the g-factors g”=1125t0.02 and gl=i.14t0.02.
They interpreted their results as indicating that Tid* exists

. : o
""\ in .four differently oriented, but otherwise equivalent, trigonally

Pyres =
pa

distorted magnetic complexes with the z-axis directed along the

R
X

€111>» crystal directions. "They concluded that simple crystalline

| fie{d theory was inadequate to explain their results. Gladhéy
and Swalen (1965) have discussed.the“results of Bleaney et al. and
have applied their own computations to explain them. If was only byf
using an unusually large Stevens orbital reduction factor
, (Stevens, 1953)‘thgt they were able.to bring experiment and

theory into ;greement. In ; series of repérts on Tis* substituting
for Al3+ in CsAl alum (Woonton and MacKinnon, 1968), RbAl alum
(Dionne, 1964) and TI1Al .alum (Dionne, 1966a) the appearance in

the spectrum of more than'four EPR lines with an unexpected
anisotropy was interpreted.a§ evidence of lower-than-trigonal
'site symmétry for the Tis*‘site. The lower symmetry was considered
to be‘due to an effective displacement of the [Ti(H20)6]5+
octahedron perpendicular to the trigonal symmetry axis, giving

rise to’ twelve magnetic complexes in the unit cell. Gladney and
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‘ Swalen (1965) criticized this model on symmetry grounds, and the ;
unusual interpretatiqn arose because the ground state was
assumed to be described by an effective spin S=%.

The first reported spin-lattice relaxation experiments

with Ti3+ in an alum’lattice were by Gorter et al. (1938) at

77°K and by de Haas and du Pré (1938) in the liquid he&ium range
of 4.2°K and lower uéing non-resonant techniques. In the latter,
the value of 1 was;established as less than a millisecond af' -

1.2°K. However, no insight into the type of relaxation process

was derived since there was no way of determining the temperature

P i o

dependence of T because no dispersion was observed. It should

3

R

also be noted that these measurements were carried out with

undiluted CsTi alum, with ‘the result that T cannot be equated

i
>

to the spin-lattice relaxation time since dipole-dipole inter-

s

. action uﬁdoubtedly influenced the result., Van Vleck (1930) also
questioned the reliébility of these previoﬁ; measurements because
the samples studi;d may have been affecte& by dehydration. Dionne
(1966b) reported continﬁous wave saturation measurements on
titanium-doped rubidiumfalum after unsucces;fully ﬁreparing
samples of Tis+ in CsAl alum. - He only succeeded in obtaining 3
experimental points, which p;eﬁen?ed the determination of the
reiaxatiOn mechanism with aﬁy certainty. As ;eported in that
paper the déta was influenced by the preserce of Cr3+ impurity.

Moffitt and Thorson (1957) and Opik and Pryce (1957) were
the first to consider the details ofythe theory of Jahn-Teller

Bl

effects for a triplet state. They discussed the vibronic

Hamiltonian of an orbital triplet electronic state coupled to

s iRt e T N T A A o
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vibrational modes of the complex and gave the corresponding

F oy Fggs;
L)
AN e

vibronic eigenstates. ' Ham (1965) extended this analysis to

calculate orbital reduction factors for matrix elements of

interacfions within the electronic triplet: Macfarlane et glf
(1968) and Bates and Bentley (1969) also considered a Jahn-
Teller modei‘in which the triplet orbital st;te is coupled to
the iattice vibratgons. This model was used by Rumin et al.
(1973)‘to explain the ground ‘state g-values of Ti3+ in
methylammoﬂium aluminum alum. Their values of g"=i.37:0.01land

{ .
g*=l.16t0.01 cavnot,be explained using static¢ crystal field

theory. i ’ ’

Since more accurate data is required to further the
understanding of th [TiQH20)6]3+ system, this thesis describes
the EPR and §gin—1 tti;e relaxation measurements.which were
carried out on Ti”*.in CsAl alum at liquid helium temperatures.
The data obtained is ghen used to construct a mo&elyfor the

energy level structure, based on the Jahn-Teller model described

in Chapter 3. p
-

/

2.2 Review: Cu2+ in Octahedral Co-ordination

‘ i
The ground state of a cubic®octahedrally co-ordinated gu2+
). .

ion is the orbital doublet Eg. The only excited state is the

2

T, orbital triplet at approximately 16%¢n~! above the ground

2g
state. The Cu2+ configuration possesses one hole 'in the filled

d shell so that the spectral behaviour of the cdmplex should be

as found in octahedrally co-ordinated 'l‘:i.;’H complexes, only with

_ the- level order inverted. adl

s a .
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?‘ 't.iw ) Consideraﬁlé theoretical work on Cu2+ followed the

enunciation of the Jahn-Teller Theorem (Jahn and Teller, 1936,
1937). Van Vleck (1939a,b) predicted that Cuz+ when in an

¢ octahedral environment would suffer a Jahn-Teller distortion

to a state of lower symmetry. A more detailed treatment of this

problém waﬁ/given by Opik and, Pryce (1957) who also gave estimates

~r

for me of the importaﬁt parameters of the tHeory.
The first unambiguous experimental evidence of the Jahn-

Teller effect was found by Bleaney and Ingram (1950) in an EPR

study of Cu2+ in zinc fluosilicate. They found a spectrum which

ETERRYE

&

was anomalous from the standpoint of ordinary crystal field

theory but which ¢ould be explained as a result of the Jahn-

4

A ,;J:“{,;%,

Teller instabil&ty for the orbital doublet ground state of the

e

Cu2+ jon., Abragam and Pryce LIQSO) explained this nearly iso- (

tropic EPR spectrum at 90°K as corresponding to an average of

RN gegqe’zsﬂ.
" -

the anisotropic spectra expected for the various pos;ible Jahn-
Teller distortions of the Cu2+ complex. The high temperature
(90°K) spectrum resuléed from the fap%d reorientation of the
complex between these various distorted confiéuratiOns. Bleaney
and Bowers (1952) reported the EPR spectra of Cu®* in zinc _ ‘
fluosilicatg, copper bismuth‘doubfé nitrate gnd copper bromate
at 20°K. In each case the anisotropic EPR spectra of the

individual static Jahn-Teller-distorted configurations of.Cuz+

v
.

were obseyved.

Other experimehtal EPR data have reinforced the Jahn-Teller
‘} model for Cu2+ in octahedral co-ordination. Notable 'among the
systems studied are Cuz* within Mg0O and Ca0 {Reynolds et al. 1974;

Low and Suss, 1963; and Coffman, 1968). Of most interest here

A
“
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is the work of Bleaney et al. (1955c) who reported the EPR

spectra of Cu2+ as a dilute substitutional impurity for Mgz.+
or zn?* in magnesium bismuth double nitrate, deuterated
lanthanum magnesium double nitrate, zinc fluosilicate and zinc
braomate. Since fittle und?rstandiﬁg of the bromate system was
achieved through their measurements at 90°K, this system was
chosen for further investigation at liquid helium'temperatures

within this thesis. In addition the anisotropic spectrum of

+ . . R . s
Cu2 in zinc bromate was not investigated sufficiently to

By

determine the spin-Hamiltonian parameters.

& After Moffitt and Liehr (1957) had examined Jahn-Teller
effects as fundamental consequences of the coupling between
electronic energy states and nucléar displacements, the Cu2+

or 3d9 electronic configuration served as & model for such

calculations’. O'Brien (1964) supplemented the earlier treat-

v

) ments of the static Jahn-Teller effect for the case of the
orbital doublet by éxamining the dynamic effects resulting from
ionic motion in the ground state and law-energy vibronic states
of the disQJEted complex. As a résult of tunneling from one
distorted configuration to another, the vibgonic energy levels
are split in proportion to the tunneling frequency, with the
Qibronic ground state rémaining‘a degenerate doublet. For a
strong Jahn-Teller coupling, O'Brien sh$wed how the tunneling
splittings of low enérgy vibronic states depend on the barrier
heights between the configurations., Earlier, Bersuker (1963)

L3
had-also investigated the dynamic effects of this tunneling in

strongly distorted |Jahn-Teller systems.
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% ' ‘[ Recognition that the theory of dynamic Jahn-Teller effects 3

T
a

"held widespread implications in the interpretation of EPR and
optical spectra of paramagnetic complexes was in the work of

Ham (1965, 1968). He showed that a dynamic Jahn-Teller effect

can cause large changes in the matrix elements of electronic

.

: ///“ operators such as the orbital angular momentum operator, the

A\

spin-orbit interaction and the operators governing the splitting
of the electronic degeneracy under applied strain. This is due
to the mixing of the vibrational and electronic wave functions
that occurs even in the vibronic ground state. }n tp; limiting
case of a strong Jahn-Teller coupling, in w@ich somelof these
matrix elements are quenched effectively to zero, the system
exhibits the behaviour expected for a static Jahn-Teller effect.
Ham's review (1972) gives an excellent summary of both theoretical
and e%perimenta] aspects of the problem. :
If has been found in several Jahn-Teller systems involving

Cu2+ in hydrated host crystals, that spin-lattice relax;tion

" rates are considerably faster than in similar systems in which
there is no-orbital degeneracy. An enhanced spin-lattice
relaxation rate has been found by Lee and Walsh (1968) and

2+

Breen et al. (1969) for Cu in LazMgz(NO .24H20 to be at

’ ;)12
liquid helium temperatures, four to five orders of magnitude

2+

faster than that of Cu in potassium zinc Tutton salt (Gill,

1965), in which a strong tetragonal crystal field remqves'the

-

orbital degeneracy thus suppressing the Jahn-Teller effect.
Even faster spin-lattice relaxation rates for the Cu2+(H20)6
complex in zinc ﬁluoéilicate were measured by Dang et al. (1974).

f

Preliminary spin-lattice relaxation data on Cuz’ in zinc bromate
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below 10°K were also reported in the paper of Breen et al. (1969)

although the EPR spectrum had never been reported at these

temperatures. Only a qualitative comment was made on their dat

. . . ot
which was not analysed in detail. As was the case for 'I'13 in

CsAl alum, more EPR and spin-lattice relaxation data for the

Cu2+: zinc bromate hexahydrate system must be obtained before
A ,

a consistent model is constructed.
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3. JAHN-TELLER EFFECTS FOR AN ORBITAL TRIPLET STATE

3.1 Normal Co-ordinates

In this chapter and the next, molecular clusters of the

*

form XY6 are examined, Here X signifies a paramagnetic ion
and Y a water molécuie: .Jahn and Teller (1937) have shown
that if the X ion has a degenerate electronic ground state
(excludipg Kramers degeneracy), the water group distorts itself
so that it is not c¢ubically arranéed and the degeneracy is
lifted. The reason f9r this is that in a degenerate system,
the electronic charge cloud has different orieﬁtations for
different components of the degenerate family of leQels. This
means that linear terms in the normal co-ordinat;s cannot be
simultaneously eliminated for all co;ponents which implies a
distorti;n and a lowefigg of'the symmetry, |
The modes Qﬁ distortion of an octahedron of six ions have
been discussed by Van Vleck (1939b). He numbered Y ions at the
corners of the octahedron 1-6 and placed them at the positions
(R,0,0), (O,R,0), (0,0,R), (-R,0,0), (0,-R,0) and (0,0,-R)
respectively, wliile the central or X ion was flaced—af the
th

origin of the co-ordinate system. The displacement of the n

ion is denoted by (X , Y , Z ). Thus the six Y ioms occupy the

n
face centers of a cube of width 2R.

A cluster such as XY6 has 21 degrees of freedom character-

ized by normal co-ordinates which are usually classified as even
)

(g) or odd (u). Normal co-ordinates are odd if they change sign -

under reflection in the origin. These.introduce no linear terms
»

B = T —,
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‘ in the Hamiltonian and need not be considered in the problenm.

' Ignoring translations or rotations, the only even normal

»

co-ordinates of an octahedral complex XY6 can be writfen,
A
o \

Q1=1//€[x1-x4+yz-y5+zs-z6]

“

1
Qp=5[X -Xy4=Y,+Ys] ,

Qy= (1/VE) [F(X, ~X, +Y 52 ) -2+ 2] T 3.1)

e R cr - T

s, R

r

1
Q=302 -24*X5-%¢]

Pt

e

1
Q=z[2y-24*X5-%¢]
Qa2 -2 +Y -Y ]
Qe=7122-25*Y5-Ye)

only QZ,..:, Qs‘can give rise to linear terms in the Hamiltonian
.while Qi adds a constant term which can merely shift the set of
energy levels without causing any splitting. The corresponding.
modes of vibration are shoqn schematically in Figure 3.1. C

The Hamiltonian for such an isolated cluster can be written

L 6 :
. K c L Bevgeenvig, (3.2)

i,zll
where Vo is a function of the co-ordinates of the d electrons
of theig;ntral ion and has cubic symmetry while Vas...,Vg are
coefficients depending on the co-ordinates and forces between

the X and Y ions., These coefficdients characterize the Jahn-

i
g

B xR M. 1 B
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The symmetrical modes of vibration of an octahedral complex.
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Teller effect since they are linear in the normal co-ordinates.
The transformation of these normal co-ordinates and their
coefficients can be classified accordin@'to the irreducible

representations of the cubic group as follows:

@

Bethe's Mulliken's
) Notation (1929) Notation (1933)
Ql I'lg . Alg
2,
r E
Q, ' 3g g
Q
QS I'Sg TZg
Q ~

The coefficients Vys V3 will be nonvanishing if the degererate -

5 and'V6 will differ

from zero only for P' This was shown in éetail by Van Vleck

orbital state is either«I'3 or Ps while V4. \'i

(1939b). He also p01nted out that if the vibration correspond1ng
to Q is of a type contalned in the dlrect product ‘of the
repgesentatlon—of the orbital state with itself, the coefficient
Qill be nonvanishding. These direct products can be decomposed
into irreducible representations as_ follows:
. . %
;rsxr3}=r1g+r2u+rsg

' - [r4xp4l=;igfrsgfr4u+rsg . (3.3)
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3.2 The Orbital Triplet

As shown in the previous section, an orbital triplet
. 1 .

state can couple to both F3g and rsg normal modes of vibration.

»*

.34+, ' . . .
For Ti in such an octahedral environment, the dominant cubic

bl [

crystal field splits the 2D¢ground state of éhe free ion

, ' R - *
into an orbital triplet-ground state (T or rSg) and an excited

2g
orbital doublet (Eg or rsg)‘at about 20,000 em”! above the

ground level.‘Although 1he’rsg electronic ground state can.'
couple to either the f3~ or rSg mode 6£'vibratiqn (equation 3.3),

g

Ham (1965) and Macfarlane et al. (1968) assumed that the P3g

©

mode is more strongly coupled., It can be shown. that if the

coupling is to the mode Psg or both Psg_and rSg’ thg diffiqu}ty

of the problém is greatly increased. (See for example Abragam
and Bleaney, 1970, p. 841.) The EPR and spin-lattice relaxation
measurements on Ii3+,a§ an impurity in methylémnonium aluminum’

alum are consistent with a Jgﬁﬁ—Téller model which considers the '

3+

Igg ground state -of the Ti®'_ ion to interact with a Iy mode of

, . g
vibration only .(Rumin et al. 1973), Ham (1965) used the cluster -

approximation of section 3.1 to show that the vibronic spectrunm

remains the same as that in the'absence'of the Jahn-Teller inter-

“

action except fpr‘tﬁe reduction by phé bahn-teller energy EJT

\

common-to all states.

” ‘ ' ' ) ' '
Note: Both notations are in common usage and appear in this
thesis. o ‘ .
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For an orbital triplet electronic state Fsg in cubic

symmetry, the Jahn-Teller coupling to a r3g vibrational mohe

(Q,,Q;) is given by the vibronic Hamiltonian, (Moffitt and-

Thorson, 1957)
]¥' =f¥SI+V[Qzez+Q353]( (3.4)

where

b

V. S A VE Y IO VLM CEeT Lo} [

¢

leand P3 are momenta conjugate to the normal co-ordinates Q2
and Q3, W is the angular frequéncydappropriate to the PSg mode

*

of vibration and V is a‘constant correqundihg to the strength
of the Jahn-Teller coupling. I is the 3x3 unit matrix and €,
and €4 are two standard electronic orbital operators belongiﬁg

. b ; i
to E and taking the matrix form' .
v .

§
" [z o o /372 0 b
1 . ‘
e,=l 0 3 O Eg® 0 +/3/2 0 (3.5)
’ 0 o -1/ 0o 0 0

q

t

with respect to the basis y,, ¥ and y,. These basis functions:
are taken to transform‘respectivély as$ YZ, ZX and XY for PS.
Since the-matrices‘e2 and €5 are diagonal, the Hamiltonian. (3.4) -

does not admix the states.w4, w5;4w6 fo; any QZ,IQS. The resulting.

.. eneérgy surfaces describing the static Jahn-Teller effect are thus

o

o

b
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three disjoint paraboloids (Van Vleck, 1939b,; Opik and Pryce,

5
.
%
.
x
4
ta

1957) corresponding to w4, ws, ws with vertices lying respectively
at the points

Q=7 - Uit - (3.6)

where €0 and eii are the-diagonal matrix elements, respectively

of € land €

2 3 corresponding to'i=4, 5, 6. These vertices thus

correspond to the three energetically equivalent stable

configurations of the static fahn-Teller effect and the Jahn-

Teller energy is

2 .
Tt '

¥
The stable configurations have tetragonal symmetry and represent

- an elongation or contraction along one of the cubic axes.

The wvibronic eigenstates of (3.4) are given exactly by

(Ham, 1965, Moffitt and Thorson, 1957)

o

e o ’ ‘Veiz , Veis )
WinzwiFn2[Q2+( uw2 )]Fn3[Q3*(*;;§-9] -(3.81

corresponding to the energy eigenvalues

Ein=E°-EJT+(n2+n3+1)hw . (3.9)

where‘nz, n3=0, 1, 2, 3, ... and Fn(y) is the‘one—diménsional
simple harmonic oscillator wave function for the énergy (ﬁ+%onm.

'

The energy spectrum (3.9) is thus displaced by 'EJT but otherwise
[‘a’ ~ ’

t

|
. i
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is unchanged by the Jahn-Teller ‘coupling, while the vibrational

N ®

parts of the wave functions (3.8) are appropriate to a displaéed

f

two-dimensional harmonic oscillator. The ground state is a .

degenerate triplet belonging to PSg (the samebrepresentation as

the electronic triplet) for arbitrary strength of the Jahn-Teller

coupling. The exact vibronic ‘wave functions (3,8? have the form

of simple BornJOppenheimer producté, but the vibrational factor

is different for the three electronic sfates eveﬁ for states of

the same energy. The equilibriunm bosition (3.6) for the displaced
; .

oscillators is different for the different electronic functions

Wi(i=4, 5, 6). ’Their éeparation increases in proportion to

V/Zuwz and hen;e the region of overlap between corresponding

joscillator states associated with different electronic functions -

is diminishid, énd matrix elements betw;en g?ch states fall off

accordingly. ﬁny eigenstate of the system is a linear combination

of the three vibrénic functions and retains the cubic symmetfy~

of that systenm.

v

Matrix elements of various operators between the vibronic

Iqigehstateé (3.8) may be evaluated explicitly using the generating

3

relation for the harmonic oscillator functions (Ham, 1965) "
Consider an electronic operdtor O which is independent of\Q23 Qs.

Then a vibronic matrix element of 0 is simply. the product of an

‘electronit matrix element and'thq oscillator overlap integrals:

‘ L oy s tin?> - o
Win,ng01¥inzng> = <¥ylolvy> <inyling> ¢ingling> (3.10)

{




| ¢ 2

where
|

. | jfw Veiz Ve.2
¢ in,|jn; >= dQ, F_ (Q,+—=5)F_. (Q,+—L%)
] 2 2 o 2 n, 2 uwz n2 2 umz

and similarly forx« inzljng >.

An electronic operator 0; that has only off-diagonal matrix

elements among the states w4, ws, ¢6 has matrix elements within

the v1brqn1§-groundastate‘trlplet

[y

(3;11)

7~
3

< IOAIW

Y. 00 >=<¢iloAle>eﬁ?[—3E

00 JT/2hw]'

-

Hokever, an electronic operator 0B having only diagonal matrix

L}

elements between w4, ws, w6 is unaffected by the Jahn-Teller
coupling:’ ‘

§ .85 . (3.12)

<% i] nn’"mm

:uuni B“’Jn m” >—<‘p }0“

Thus, the direct effect of 0, within the ground state triplet

of the vibronic system is gradually quenched as the overlap

3

(of the oscillator wave functions of the different states)
diminishes as the strength of the Jahn-Teller interaction is

increased. The exponential factor

, YaexP('SEJT/Zhw) : . . (3.13)

»

is the orbital reduction caused by the dynamical JahnTTeller

' .

A’ SRR
are diagonal in the

quenching of the operator 0

Operators transforming as rsg or rlg

,
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above rep}esentation and are thus unaffected by the Jahn-Teller

coupling (when the coupling is solely with modes belonging to’
i - . '
I'. ). On the other hand, operatoers transforming as P4g or PSg

3g .
are of the 0, type and are quenched by the orbital reduction
factér‘(§.13). In the limiting case EJT>>hw, the direct effect
of these operators is entirely quenched as expected fof the
static Jghn-Teller effect.
The electronic orbital angular mﬁmenfum 1 is an operator

of the type 0, with only off-diagonal matrix eléments between

A
the states_w4, ws, and w6. Then, its matrix elements within the

vibronic ground state triplet are reduced as in (3.11)

.

of

< wioo'Lk'*joo’=<wi'Lkle>exP['éEJT/2nw] oo (3.14)
We see that the orbital angular momentum of the ground state
triplet is partially quenched by the Jahn-Teller interaction.
In the limiting form of a Etrong J-T interaction, this quenching
is complete fﬁr the large stat{c tetragonal distortion. The
quenching is only partial in'thg dynam}cal regime, when there‘
is still appreciable overlap of the oscillator wave functions |
for different states. r

Exactly'thd same considerations apply go the spin-orbit
_coupling oﬂerator AS.1. Since § does not operate on the Yinm'
the spin-orbit matrix elements are reduced in the same proportion
as those of L. The same is true of ;ny operator whose_.orbital
part is exclusively off-diagonal in the representation in which

the Jahn-Teller interaction is diagonal. Other orbital inter-

actions, such as the orbital contribution to the hyperfine

.
Qs s s S ot e Bn . [RPUVEPLT R
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‘: ' interaction and the elffects of Psg type strain, are also

partially quenched by| a dynamic Jahn-Teller effect as in

equatiog (3.i4). This general reduétion in off-diagonal

elements was first recognized by Ham (1965) and has been called

the Ham effect in recagnition. ‘

The potential due to a trigonal distortion has T symmetry

5g
(Tanabe and Kamimura, {1958) and all its matrix elements are off
diagonal in the (w4, wS; w6) basis. Thei; values are therefore

reduced by the same faptor y. The orbital triplet ng state

- .*,xwmzﬁ%mw%,, .

is still split to:-first order into Eg and Alg states, Qhen the

B . direction of quantization is tﬁ; trigonal axis, but the splitting
; 7 is reduced by the factdr y. In the limit y+0, a trigonal field
cannot distinguish b;twéen the.three\equivalent'[100]-type
distortions, so that there can be no trigonal splifting. On the
other hand diagonal opefrators, such as a tetragonal field, are

not quenched, and so prpduce a splitting.

T, PSR 3 L4 q & T v Lalt - . -
S B RSN AT IR - I T o e
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4. JAHN-TELLER EFFECTS FOR AN ORBITAL DOUBLET STATE

4.1 Siatic Jahn-Teller Effects

Since the first unambiguous observation of the Jahn-Teller
effect for Cu2+ in zinc fluosilicate by Bleaney and Ingfhm (1950),
the coupling of the orbital doublet electronic state to vibrational
.modes of the crystal has been studied in great detail. An
octahedral cubic cr}stai field splits- the 2D ground state of the

free ion Cu®* (3d9) into an orbital doublet E ground state with

1

+

an excited orbital triplet at least 104cm' above the ground

level, This is the inversion of the energy levels of Ti3+ (3d1)

in an octahedral crystal field.
An orbital doublet state in cubic s;mmetri belongs to the
two dimensional irreducible representation rsg of the rotatiqn
group of the cube..  In accordance with section 3.1, the two
electronic states compggsing the doublet are labeled ¢2 and

ws and transform as (2zz-xz

-12) and (XZ-YZ) respectivdy. Here,
X, Y and Z denote Cartesian co-ordinates with respect to the
cubic axes. From equation (3.3) we fihd that the orbita1~doublet
can be split only by the 'y, mode of vibration.

The’ splittiﬁg of the rsg doublet by tbe Jaﬁp-Tellef effect

iﬁ described by the effective Hamiltonian (see for example Hanm,

q\‘1‘972)

H =£;,*V(Q2 Q3)+-§—£Q§+Q§>. @D
' 59,

=1




&

BD is the energy of the degenerate electronic state in the
squetrical configuration while V is the linear Jahn-Teller
coupling coefficient which isinegative for an electran-hole
as for Cu2+. The third term represents the elastic energy
associated withgthe'distortions Q2 and Q3. As illustraéed ink
Figure 1.2, it is this elastic force that limits the Jahn-

Teller distortion to a finite value. Letting Q,=pcosb and

Q3=psin9, the eigenvalues of the Hamiltonian (4.1) become

- .
.

,
.~ E=E_tVp+iP (4.2)

with corresponding eigenstates o

w+=wzsin(9/2)+w3cos(9/2}
' (4.3)

w_=w2cos(e/2)-wssin(9/2)
These eneré} su;faces are shown in Figure 4.1a. The energy
surface is obtained by rotating the curves of Figure 1.2 throdgh
360°. In this case E is independent of © and the corresponding
Jahn-Teller stabilization energy is BJngé at po=% ds shown bx
Van Vleck (1939b). '

A more realistic Hamiltonian should not allow this full

rotational symmetry but only the three-fold symmetry of the cube.

Liéhr and Ballhausen (1958) included the quadratic Jahn-Teller

coupling




T CEal Risiiiie L o e B P TN At 5 .
N )

Q)

o TR TP
o

: _ FIGURE 4.1a

Energy sufaces E, for the orbital doublet electronic state

with linear Jahn-Teller coupling in cubic symmetry. The

e e i R

surfaces have rotational symmetry about the energy axis.
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FIGURE 4.1b

A - fold-out view of the potentiai well at b=p° when the effect

of the higher-order coupling terms are taken into account,




(a)
3

- otm Wt O on 4w T -

be

e BRIty R TR BTl RS S o S
‘.

Elongated Axis

(b)

O

O s L, s, 2



B
*
H

e
e o 4 Ry

Sl

oy

B

L

O

Vo . “Qg*Qg 2Q,Q,
(4.4)

2 2

2Q,Q; Q,-Q;

while Opik and Pryce (1957) considered the anharmonic term
) ) . .
V,Q, (Q5-3Q3) . , (4.5)

When these "warplng" terms are added to the Hamiltonlan (4.1)

the eigenvalues are given by

! 172

E=E°+§pz+vap3 cos 30E(V ﬁ2+V§p TR p cos 30)° (4.6)

Minima of the potential energy occur for discrete values of 0,

namely 0=0, gn’ and 4"

or 6=1, T, and S depending on the
relative signs and magn1tude of Vq and Va‘ In either case, the
result is three energetically equivalent configurations
(corresponding to either elongation§ or contractions along the
X, Y, and Z axes) which are separated by low barriers, when the
higher-order coupling terms are taken into account. (sée Fighre
4.1b.) If the barriers between the wells are sufficiently high,
éhe static Jahn-Teller effect for the doublet will therefore
correspond to the three stable configurations a; the bottoms of
these ﬁells. However, the systen is dynamic unless it is suffici-
ently pegturbed which may happen in a measurement (see section 4.2°
belo:). -The electronic orbital ground state is w* for.v¢0 as is

the case for Cuzdﬁ Typical values for the barrier height ;nd

Jahn-Teller energy for Cu2+ in lanthanum magnesium double nitrate
' RN
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(LMN) are 312cm”! and 1420cm™t respectively |(Vincent and

Walsh, 1973). , ,

l
\

4.2 The Effect of Strain and Tunneling

The importance of crystal strain in con?ection with the

Jahn-Teller effect was noted by Ham (1965, 1#68). A unifornm

strain can be defined by its six components belonging
respectively to
I‘1 (elggxx+eyy+ezz)
Je__-¢
%2271 _73
Ys (ez- » €5= 2(exx-ey\) (4.7)
L
, Tg  (eg=eyys €5=e . € .
au Ju .
where e. J=—(a 5§10 and u is the displacement: Within an
orbital doublet I‘3 the components e, and ey the only ones
that split the energy level of the ion to first order. This
splitting is described by the Hamiltonian
. N l 3
!
T H |
[3 =VS -e.z 33 ‘
| (4.8)
e; . e, |

where VS is the strain coupling coefficient. This term in the -

Hamiltonian increases in significance with the trength of “the
Jahn-Teller coupling A tetragonal crystal strqin along the Z .
axis would cause one of the equivalent distortidns of Figure

4.1b to have a lower energy as shown in Figure 4.2. This would

‘

|
|
i
{
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.is very high, the wave-functions are well localized. For

41

-

tend to localize a particular Cg2+ ion in this potential well.

In reality, thé Cu’’ ions of the crystal will be distributed

among the X, Y énd Z strain-stabilized wells since the

tetragonal strain does not digtinguish between these.directionSu
So far the discussion has ignor;d the zéro-point motion

and tunneling through finite barriers. A more realistic

aﬁproach always takes into account the kinetic energy Thyfathe

v

nuclei which adds a term to th§ Hamiltonian of the form .
L (p2,p2
T—ZU(P2+P3) (4.9)

whére y is the effective mass of the ligand zons for the P 3g

mode of'vibration. anJ P is the momentum operator conJugatq

to 91' As a first approximation the eigenfun;tions ‘of the
combined Qamiltonian can be considered to be linear combinations
of Born-0p§enheimer products. * These products are electronic
wave functions multiplied by harmonic oséillator tave functions.
Moff1tt and Thorson (¥Y957) g1ve explicit expressions for these

v

e:genfunctions.

v

' When the barrier height between minima of the potential

shaller barriers, quantum mechanical tunneling can occyr
between the wells. This configoration interaction results in

the separation of the three degenerate vibronic levels into a

- siﬁhlet and a ground doublet separated by a tunneling or

‘vibronic leVels to split into an excited doublet and a ground

"inverslon" splitting & (Bersuker, 1962). This compares with

-

"the effect of a local stra1nowhich causes the three degenerate

L
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_When both strain and tunneling are piesent and compardble

in“magﬁitudé, an effective Hamiltonian approach may be used

o c g - . . - 6
to superimpose their contrjbutions to the splitting of the

thrée-fold degenerate vibronice ground states. Th}s triplet
« , 1y

can be described by a pseudospin T=1 reﬁresentation with

°

allowed ’I‘z valués 1 and 0. If a tetragonal strain along Z is

present, for example, the’ st¥ain .operators in the pseudospin

' representation are .

-

"“

Fram2 one 7 1
ez=§F3Tz-Z}, e3=0 . (4.%0)

where F is the tetragonal strain parameter. When the following
- ] .

-
@

choic? of basis states is made

|z>;!Tz=0>

.
.
D) . /

"‘ - o Ix)a/—_::(,’rzﬂ’l>1-,'["z=n1>) =(4.11‘j o
. |>'>:",%C|‘Tz"'1>?‘“z’“”).

T

the matrix-elémpntsgof e

?

o are diagonal:

14
| x> /g- 0 0 @
. , v . 'y) 0 -;— 0 » (4012)
, Jz> "\ 0 -p}_ .

v e e tston et




Th§ effect of tunneling between equivalent potential wells
causes mixing of the wave-functions. Thus matrix elements .
representing tunneling must be off-diagonal. The matrix
representing both tunneling and strain may be written in the-

above basis as ,

| x> % r r
}y> r ;- r (4.13)
|z> r r "F 7

where T is a tunneling parameter. The eigenvalues are given

by

F
El=(§-—1‘

2

E =--—(--I') —/-—- + 3FT +. 9T (4.14)

53=~-;—(-§- /—- + 3PT + or.

Figure 4.3 shows qgalitatively how these energy levels'split‘
as a function of strain. The strain and Jahh-?blie£ disto;tion
were assumed to be parallel as was observed in the measurements
in Chapter 7. The result is three vi%;onip singlets whose
separation is a function of F'and I'. When F>>T, a strain along
Z tends to localize a state in this direction, and—EPR[is

- . ¥

observed within the Kramers doublet when an external magnetic

i

)

SV
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FIGURE 4.3
Energy splitting oééthe pseudospin T=1 triplet due to ¢

o

tunneling and tetragonal strain.
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field is applied. Three such EPR spectra are to be expected
since at any particular time there will be a random distribution

of X, Y and Z strains.

4.3 Phonon-Assisted Tunneling \

As éointed out in the previous section, a strongly coupled
Jahn-Teller complex in a particular distorted configuration will
reorient to another distarted configuration by tunneling through
the barrier, The reoxrientation rate depends on the interaction
of the Jahn-Teller ion with phonons of the lattice as well as
the size of‘tﬁe potential barrier between the wells. When a
magnetic field islapplied, tunneling matrix elements (or other
residual interactions between vibronic‘waveofunctions) can induce
more rapid transitions between states of opposite.séin belongiﬂé
to different configurations than between the Kramers conjugate
states of a single configuration. - )

" The above hyﬁothesis has been advanced by several authors
(Lee and Walsh, 1968; Williams et al., 1969) to explain the
anomalous relaxation rates mentioned at the end of Chapter 2
which were observed for the Cuz‘+ ion in an orbitally degeneratg
state. These rates are at least four orders of magnitude
faster than that of Cu2+ in potassium zinc Tu%ton salt at liquid
helium temperatures, (Stoneham, 1965). In the Tutton salt,
the relaxation occurs between the component states of a single
Kramers doublet in a permanently distorted crystal field. Here,
Van Vleck's theory successfully describes the relaxation data

(Van Vleck, 1940). however, when‘the Cu2+ ion is within a Jahn-

i
Teller system, the ground state is a Kramers doublet for each

“
‘

L
T Ee .
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of the energetically equivalent configurations. As shown in

"the previous section, in the presence of both tunneling and

strain, the ground state in,which EPR is observed is a Kramers
doublet. Spin-phonon coupling is weak betwéﬁn this Kr#mers
conjugate pair resulting in a relatively small d;ﬁgct
relaxation rate. However, a spinless transition (corresponding
to a reorientation of the complex) can take place by fhonon
assisted tunneling to upper state as shown in Figure 4.4. The
phonon-assisted process which returns the state to the ground
and simultaneously flips fhe spin has a strong spin-phonon
coupling, since the pair of states involved in Fhe‘process is
not a Kramers conjugate pair. The spinless transition has been
observed by the spin—ech; decay measurements of Breen et al.

(1969) who estimated it to have a rate 100 times féster than

that for the corresponding spin-flip transition which consequently

governs entirely the spin-echo decay.
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\ FIGURE 4.4
Pictorial representation of two relaxation mechanisms

illustrating the process of phonon-assisted tunneling.
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5. APPARATUS:

The EPR and relaxation measurements that are reported
in Chapters 6 and 7 were made with a standard suﬁerheterodyne
reflection spectrometer operating at X-banﬂ‘fréquéncigs.~ The
apparatus is basically the samé as that described by‘Eehei" -

(1957) and Poole (1967), and.is showh'schematically in. Figure

5.1. ' ~ ’
3

Samples are pléced on an externally rotatable platform
at the center of a rectangular resonan£ cavity operating in
the/TE102 mode. The aosition of the sample co£ré5ponds to
the microwave field maximum. The angie of rotation of the
platform was réad on a calibrated dial to within 0.15 degree.
The cavity was enélosed in an evacuated jacket of stainless
steel tubing,uvécuum sealed at one end by means of indium wire.

Paramagnetic resonance measurements were‘carried out"using
two Varian Reflex V-58 Klystrons. Both were frequency
stahiliéed to one part in 106 for several hours using a Curry
McLaughlin and pen Inc. frequency stabilizer and a Dymec Model
2650A oScillafor synchronizer, Power from siénal Klystron 1
was fed to the resonant cavity by means of a magic tee. The
magnetic field was provided by a rotatable 12" DC magnet with
a homogeneity of approximately one tenth of a gauSs=over the
cryétal dimensions. This DC magnetic field was modulated by
a 200 Hz ;udio frequency field produced by Helmholtz coils at
the magnet pole faces. This resulted in a 200 Hz envelope on

the microwaye signal reflected from the cavity, the amplitude

of which was proportional to the derivative of X% with respect
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Block diagram of the X-band microwave spectrometer. Symbols
! -used are shown below.
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(’ , to H. This limited the noise spectrum to a narrow band in the
o . |
|
region of0200 Hz by means of phase-sensitive det#ction and a

R o S S PR L S S

b}
band pass filter, greatly increasing the sensitilitx of the

spectronmeter,

“

The. magnitude of the DC field was measured qsing a Harvey

Wells Model E502 nuclear magnetic resonance (NMR)

gnd a Fluke 1900A frequency counter. The magnetﬂc field was

gauss meter

. A\
swept at a constant rate pntil3the resonant magnetic field was

reached. The microwave frequency of 9.46020.005 GHz was measured

with a calibrated PRD 585A° wavemeter. At resonance the para-

quﬁwﬁ‘ﬂmww R

magnetic sample absorbs microwave energy. This causes the micro-

wave carrier frequency»wl to be ampiitude modulated at the

oy

modulation frequency.. The power absorbed by the sample at
resonance changes the Q of the cavity and unbalan es the micro-

wave bridge. Then the amplitude modulated reflected signal

T e 1T

from the cavity enters the balanced mixer magic tef to be mixed

3 with the output of the reference Klystron II, whic

is stab{lized

at a frequency w, such that w,-w,=30 MHz. This in ermediate

frequency'(IF) signal is detected, amplified and demodulated

. in order to extract the magnetic field modulation filrequency of
200 Hz. The absorption .line derivative is finally itraced by a
chart recorder at the output of a phase sensitive dptector which
compares the caQity signal with a 200 Hz reference ignal.
The spin-lattice relaxation measurements were c¢arried oﬁt
using a pulse saturation technique described by Bow rs and Mims
(1959). A microwave amplifier VA - 8248B, controlled by a
Somerset switching diode X-416, in the main arm of the circuit'

served to pump the spins and saturate the EPR siénal\using a
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peak power of 1.5 Watt. A tektronix pulse genefator activated
' ‘ ‘ ‘ * 8
the switching diode as well as a paralysis circuit which cut

of £ the IF frequency to avoid saturation of the amplifier duri?g

the pulsing period. Various pulse widths and recurrence rates

were employed to check for optimum results. A continuous wave
(CW) low power signal was téken directly froﬁ Klystron 1 and
added to the pulse signal throﬁgh a directional coupler. This
"monitor" power was adjusted to a low:value to minimize its .
effect on the instantaneous spin distribution. Its purpose was
to monitor the EPR signal reco{ery after the'end of the micro- B}
wave pulse;othe signal igtensity being proportional £6 the
pqpulafion difference as the spéns return to thermal equilibfiu;.\
Since the relaxation measurements were done on the -
imaginary or,aB;orption jart of the magnetic susce;tibility X43
caution must be éaken to eliminate the real pr‘diéperSion part
of the magnetic susceptibility x'. Thus the saturation o
measurements were made with the’unmodulated'magneqjc field

adjuste& to the center of the resonance line where X'=0, to C,

.insure\thht the shape of the recovery signal waé a function of

14

the absorption only., The recovery of the EPR absqrptibn‘gignﬁl

*

after saturation was fed into a "twenty-four channel signal:
averager" described by Vincent (1973) and~b;otteé by an X-Y"‘l
recorder. The signal averager consists Qf:a seiies bf.n;mory
uniés (capac}tors)'tigd to the recover}isig;gl; Duringxeach
sweep, an finternal clock oscillatar aﬁfayges»a ring countex

which controls the memory gates,:’lflthe swe;ps are syhchroniied ‘

with the repetitive waveform of interest, that waveform is °

gradually stored in the mehoryg‘ﬁécadse the same portion of the

¢ w

-

[ 4
@

Q
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A,

5 ~
(T waveform is applied to any given _capacitor on successive.
S

5

sweeps.” The signal-«to-noise rat%o is also improved because )

A e

the signal is being integrated during this averaging process.
This signal averager marks a significant improvement in the
accuracy of spin-lattice relaxation measurements over photo-

graphic methods using an oscilloscope tracing of the recovery.

s

signal, Relaxation times as small as ~10 microseconds could

o . be measured with good signal intensity, This-limit was 4

»

determined by the minimum signal averager gate size (~6us)

1 and the IF dmplifier rise time (~1lus).

é \ y Tge cryogenic system consisted of concentric éehars with ;
?he opter‘one containing liquid nitrogen. The main liquid

helium Dewar was élaced betweenﬂthe poie faces of the magnet .

y and coﬁta}ned the microwave:cavity with the sample sitting
in a helium‘exchaﬁhe gas atmosphere of approximately 35 Torr #“
at 4.2°K to eliminate’ vibratlon from the boiling liquid

”

helium. Temperatures in the cav1ty were measured thh an .

P

bt sy

Allen Bradley, (105ﬂ at 20°C) carbon resistor calibrated
A
aga1nst liquid, vapor pressure us1ng an Edwaros‘Vacustat as

‘well as a Wallace and Tierﬁan Model FAIdS'Vepor ﬁressure gauge.

’ Repeatsing the calibratxon after an 1nterva1 of one year,
' resulted in less than a 1% change in the calxbrntion curve." .
5 | '

The resistance of the thermometer was measured on’a specxal

. Nheatstone bridge circuit wh1ch compensated for the resistance

of the: #40 connecting wires. Since the power dxssipa;ed in the

»

63 ‘ thernoﬁeter was less than 1 pWatt, the temperature reahings,‘ -

within the cavity were not. affected TemperatureS‘in the iiqﬁid

:

‘“helium region, which were controlled by a pump and cartesian T

1
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6. EXPERIMENTAL RESULTS: Ti>  IN CESIUM ALUMINUM ALUM

Octahedrally co-ordinated T13+ was studied as a dilute
substitutional impurity for Al3+ in cesium aluminum alum.
Section 6.1 reviews the structure of the host crystal. The

next section presents the EPR data obtained for this syQtem

'with special attention given to the model of Shing and Walsh
{1974a) for a quasi-l"8 ground state. Spin-lattice relaxation
/ ¢

‘measurements which are consistent with the model presented

in section 6.2 are given‘in the next section. The last part
of this chapter discusses these results in the light of

previous work on this as well as related systems.

6.1 Crystal Structure .

The crystal structure of the alums was first determined

+ ‘ N - B
by Lipson and Beevers (1935) based on x-ray measurements. Th

alums are a series of double salts with the general formula
4 ) . :

iig oty

g .
R™ R (R ) 04)2 . 12 uzo — (6.1)
ere RY, RiiE gng RV | '
where R° R and R™° are moqovalent trivalent and tetra-
valent ions reSpectively‘ Most usually Ri and Riil are metallic

54

e

ions while R is one of sulpher; selenium or tellurium. NWyckoff

. (1923). showed that the space group is Th (Pa- 3) with four

formula (6.1) molecules per unit cell
Lipson (1935) divided the alums into three structural
classes according to the size df the monovalent ion. The a

alum structuro is typical of médium sized monnvalent 1ons suc

h
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| (T as rubidium alum while the 8 and Y alum Structures are typical
. of larger (eg. cesium alum) and-smaller (eg.‘sodlum alum) sized

monovalent ions respectively. The B alum is the most common
structure, with the interest here on cesium aluminum alum,

4)2-12 HZO‘

In all the alums, there are two crystallographically different

CsAl (SO

"

types of water molecules, One type is always associated with

the monovalent cation while the other type is associated with
o the trivalent cation. The Al3+ ion is always surrounded by six

water molecules in a slightly flattened octahedron with trigonal

symmetry 3., There are four symmetry-equivalent sites for the

I+

' ' Al ion per unit cell with symmetry axes Qlong 111> directions.

This is the environment into which the Ti3+ ion is placed when it
7 is a substitutional impurity for A13+. Cromer et al. (g966)

L4 3
measured the average Al-0 distance to be 1.88 A within the .

coordination octahedra. They also determined the latijce constant

13

! °
to be 12.35220.003 A.

All measurements weré performed on single crystals of CsAl

alum doped nominally with 0.1 atomic % Tis*

, which were grown by
Dr. G. Fredericks of the Chemistry Department, McGill University,

ﬁ' from aqueous solution in an inert atmosphere to prevent the
\ X . .

;L ’ oxidatiop of Tis* (see Appendix 2). Other samples were also tried
% wiéh Jarying success depending on the concentration of Tis*‘ions;
?i Doping leve{s codld be qualitativeiy eitimated”bgsad on the

u A i darkness‘of the typical violet'colour cﬁaracteristic of the optical
| (?) absorption band for 13, .

N
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( . 6.2 The EPR Spectra .

3+ .
in cesium aluminum

alum is shown schematically in Figure 6.1. The free ion 20

The energy level structure of Ti

7

ground term is split by the dominant octahedral cubic crystal

’ field into a ground T electronic state with the excited
5g ,

1

ng state at approximately 20,000 cm ~ above the ground level,.

As shown in Chapter 3, the ground ng level is depressed by

} the Jahn-~-Teller stabilization energy, EJT due to the dynamic

Jahn-Teller coupling to the rSg vibrational mode, At this
3+

stage, the trigonal crystal field at the Ti site would
: ordinarily be expected to split the vibronic triplet ground
. q ' X
state into a I‘3 and Pl with the Pl singlet lower. This first

order effect is opposed by the admixture of the excited r3g

and ground state PSg orbital states by the trigbﬁal field

R

_which contributes a second-order splitting of the groﬁnd'l‘s8

in the opposite sense. Abou-Ghantous et al. (1974) showed

that the effective trigonal Hamiltonian under the assumption

e B

that the PSg electronic ground state is st;bngly coupled to

the I':,’g vibrational mode has the form

[}

f bfl 2
1 .. v 2
gy - 18 e (6.2)

where V is the trigonal splitting of the Psg state to first'
order, Yy is the vibronic reduction factor, v' is the admixture
of the excited rsg and the ground state by the trigonal field,

A is the cubic field splitting and the effective orbital

angular momentum i»1. " Since the first term within the bracket

is reduced by the vibronic reduction factor while the second

« 2
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FIGURE 6.1

Schematic energy-level diagram 3+

of Ti
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term remains unaffected by the Jahn-Teller coupling, yv is
T
in CsAl alum

cémparable in magnitude with (v')zlA. For T13+
the pa}ametér v is positive which leads to an almost complete
cancellation of the effective trigonal field.

The spin-ofbit interaction splits the three-fold degenerate
Psg‘grognd‘state into a ground F8 state having a four-fold spin
degeneracy and an excited'l‘7 state with two-fold spin degeneracy.

As pointed out in Chapter 3, the operator representing the spin-

<
orbit interaction AL.3 has its matrix elements reduced by the

orbital reduction factor, consequently this splitting is expected '

to be small. The

Iy ground state is split slightly by the

residual trigonal field and local crystal strain, resulting in

T
a quasi-P8 %rartet which is shown to an exaggerated scale in

Figure 6.1. Upon, application of an external magnétic field, the
N .

quasi-I'g quartet splits.according to the linear Zeeman effect.

Jf a finite splitting exists between the :% and :% Kramers

doublets, then¢£he result is three distinct AM=11 EPR transitions.
The EPR measurements were performed at 9.46 GHz on single

3

crystals of CsAl alum doped with nominal 0.1 atomic % Ti®*, Al

samples displayed the same quantitative characteristics. Figure
6.2 shows the first derivative representation of the EPR spectrum
measured at 2.5°K with 0 along a [111] axis. Observable EPR
spectra were obtained only below 3°K due;to ;hort.relaxation

times. The three AM=#1 transitions were identified and labeled

A, B and C corresponding to the -%-+*-§3 +% +»+% and +% ++-%

transitions respectively. Line C has the regular line shape
because it is a transition within a Kramers doublet. The otherq'

two lines show significant strain broadening because the EPR
. o ,
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FIGURE 6.2

. ks A sy S

First derivative representation of the EPR

.3+ . .
spectrum of Ti in cesium aluminum alum

measured at 9.46 GHz and 2.5°K with H along

; a [111] axis. The labels are A: -% hind «%—;"f d
- 3 1, o L1 1 3
s B: AR ¥ C: ty e -7
i
£
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(i : transitions are between non-conjugate vibronic states. Line
A(-% «+-% transition) was identified by observing that its
intensity increased relative to the other transitions as the
temperature was reduced and the upper energy levels sliéhtly
depopulated. The very weak low field transitiorns which
complicate the spectrum are not AM=12 or 13 transitions. The
locations of lines A and B were taken at their extrema while

—

4 the zero-crossing of line C was used to locate its position.

ihiacc LSRRI

e

This method was used in the determination of the angular spectra.

Woonton and MacKinnon (1968) observed a spectrum similar

to Figure 6.2, but interpreted it in terms of an S=% ground

L T L et

state with lower than trigonal Ti3+ site symmetry (i.e. twelve

nonequivalent sites). This podification of the usual alum
structure described by Cromer et al. (1966) can b; ;hown to

be unnecessary upon examination of the angular spectra in the
{ 110}and { 111} planes. Figure 6.3 shows the angular variation
of the EPR spectra for Ti3+ in CsAl alum measured in the{ 110}
plane. The F%-+¥t% transitions were observed to have a much

larger anisotropy than the ' et transition, The periodicit
P T 7 ) 4

was 70° and 110° indicating that the symmetry axes are along

<111 directions. Complete EPR spectra could be observed only

within the angular range‘:30° with respect to the symmetry axis.

TQL: The angular variation of the EPR 'spectra in the{ 111} plane ‘
' f (Figure 6.4) has a periodicity of 60°. The angular spectra in
both planes confirms the presence of four symmetry-equivalent

- (Z) \ i ‘l‘i3+ sites per unit cell with trigonal symmetry aies along <111) 4
directions. Thus the usual alum structure is consistent with the

effective S=3/2 ground state.

,,,,,
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FIGURE 6.3

Experimental angular EPR spectra with H in{110}.
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' Shing and Walsh (1974a) have derived a spin-Hamiltonian '
! ' &
<3+ : . .
for the quasi—P8 ground state of le as a dilute substitutional
» . - x ‘ + : . » " - . ‘ g
impurity for A13 in CsAl alum in terms of an effective spin. i

S=3/2. This was based on the introduction of a third order P

.

v

spin angular momentum term into an éugmented'gpin-Hamiltonian'

-% ) _for a r8 quartet (Bleaney, 1959): Using a Hamiltonian of the
é forﬁ . _
S‘I -, '
&§ , 56L=g"BHzSz+qLB(Hxsx+ﬂysy1
%
; .y 3. .3 3 : '
. 5 +fB(HxSx +Hy$y.+stz ) . [6.3)
o2 1o ey
+D[Sz-«3'5 (5+1)}

o .-
.
.
é ) ’ /
.

) % they were able to calculate expected EPR trgnsitig‘s within
, g - the quasi-P8 ground state Qith trigonal syﬁﬂbyry;: B% diagonal-
- izing the dominant g terms and omitting the unobserved AM=22
; . and -3 transiiianterm, they determippd the fbllqwingvspin-
1 ) o g " Hamiltonian parametgrs by fi;ting to the angﬁlar spectra; *
[ " o \

3 + .
" 8“-101937 - o. 001 @ ‘
N AL N .
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ally ' , . gL-O.6673 - 0.005
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N s " : -
e r ey : +
4 S . u,=v572 £,=-0.0144 L 0,002 (6.4)
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‘ the oxcjted F7 state is at appzoximatelx_ﬁ cm

- - : St v
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The comparison of thexr calculated angular EPR spectra to the
observed EPR spectra is reproduced ‘¥n Figure 6.5. Since tha
zero-faeld splitting factor D was,determined to be .very small, '

the almost comprcte cancellation of the trlgonal field was

"used by Jesion et al. (1974) to calculate the orbltal reduction

factor, y. Setting }ﬁrlg of equatlon (6.2) equal to zero, they i

estimated ¥=0.03 which is considerably less . than the previous.
estimate for‘Tis in methylammonium alum (Shing et al. 1974). '
Since the excited F spin: orbit level has an energy seéaration
of YAI § where the effectiVe orbital anﬁ spin angular nomenta‘:
Jre 1 and %hrespectxvely, Jeszon et al, (1974) predicted that

%»above,the groun&““?
quasi-T, stite. = = - B

6.3 Spin- 1att1ce Relaxation S .o ,;‘ R

The. spin-lattice requation measurements were performed

on the same single crystals of cesium aluminun alum dopa@\“;th

1

nominal 0.1 atomic % Ti3* as were used for the EPR study The
puise saturation“technique describad in Chapter*s was uséd hiih
:a'pulse width of ‘one milllsecond and a repocition rate adjnsted
to about fifty times longer than the maasurad relaxation timo 1
of the sauple. “This alloﬂed the apin system to. return to thormal

I e

equilibriun bafore,the next pulse., All measurements‘wara ’

0\

conducted by saturating7tﬁe *7 ++-7 transition since this was

"Note: The results of this section have bean published by

-Jesion, A.,“Shing, Y.H., and nalsh. D., 1975. ’Phys. Rev.
'. Letto‘ i‘s_ 1. sln ' ' Y ‘.
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Calculated and experimental angular EPR

C54

spectra of Ti®' in CsAl alum. Dots are

’

experimental dqtgi solid 11he§lpre

B L .
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, calculated spectra’ (Shing and Walsh, 1974a).
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least affected by strain broadening. After the saturating
pulse, the EPR éignel recovery was a simple exponential decay
with a time co;stant 7, the spin-lattice relaxation time. The
recovery signal was fed to a 24- channel signal averager (see
Chapter 5) and consequently all data p01nts represent the

‘ average of approximately 100 recoveries. After plotting the
logarithm of the recovery signal emplitude against time, the

(. Spin-lattice relaxation time was calculated by linear regression

using a Hewlett-Packard 55 hand calculator. The maximum error

in the relaxation measurements is 15%. ' .

The temperature dependence of the spin-lattice relaxatlon

rate.of Ti * in CsAl alum measured between 2. 63 K and 1.27° K

with the pC magnetic field along tho [lll] dxis is shown in
‘Figure 6.6. Relaxation times vary over two orders of magnitude,

£rom approximately 20 microseconds at T=2.6°K to appfeximwtely

3 millisecdnds at the lowest temperatures reached in the
‘experinents. The temperatufe interval could not be extended
since the rapid increase in the relaxation rate at higher ) g
tenperatures required the megsurement of short relaxation times
beyond the capability of the apparatus. The computer best fit

- .to the relaxation rate.has the form .

‘e i A . L ) " 0.‘
o 1/1-2.211‘,‘,"'%2.lixxof'[efpcs,93/1‘):1]‘ v216 . (6.5)

where T is neaaured in degrees xelvin. The thrqe terus coen

&

represent, rispectively, he nonresonant Renan rhte, the Orbach

relnxation rate via an excited stzte at A above the ground 1evel .

- by
B f

, and the teupernture 1n3¢pendent spectra! difﬁusion rate of the IR §

v et "o i, 7 D
. o B . 3 - - - -
e . . i <o b et D .
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FIGURE 6.6 ”t

5

Témperature dependence of the Spi-n-lattice Telaxation rate
for 0.1 atomic % Ti>' in CsAl alum at 9.46 GHz with the
magnetic field pdrallel 'to [111] axis. Dots are  experimental

data; the solid line Ktho con'npu‘t‘ed*best fit.
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strain-broadened line. No single process could successfully

- describe the relaxation data over the vhole temperature range.
The best fit (6.5) was generated by a least squares computer

program which minimizes

} oy -Z[R (T).R (T)} o (6.6)”
E

i
\\\w
where R (T) are the experimental data points, R (T). are the

calculated Tates using the trial functﬁ%n,

o
A

R;iT)=A Tn+8[exp(A/T)-1]"I+C s - (6.75

- N . p . ) . - i T

th

Si'is the experimental error of the i data point and N is

number of experimental ﬁoints in the curve. The values of
the parameters A, B, C, n and A which minimized x2 appear

in equation (6.5). The index n is 9 for the nonresonant

E Raman relaxation mechanism of a Kramers ioA. The axponent‘of.‘
the Orbach term and the uncertainty,‘dcterﬁiﬁes tye P7 energy
to be (10%1.5)°K or (ﬂl)cm"l in agreement with the estimate
of A.from the EPR data.

! v .
] \
y

3 - . 6.4 Discussion .

B ) - . ; -

2ol - The trigonal field at A1%* sites within CsAl alum is
U%“i ‘ ~known to be substantial (Cromer et al. 1966). The trigonal

distortion’ angle was estimated to be approximately 1‘ by
?:‘.<:)‘ . G. Donnay and J. D H, Donnay (private comnunindtion) For non
o !

Jahn-Teller ious, the trigcnaL fiald is typically pf the order

s : of 100 em‘l. The alaost complete ¢ancellation of thds trigonsl
o . .- Coa LT e T :*an -
Ey S o , - S - P - s




.mode. Shing et al, (1974) had previously used this coupling

Trenam, 1952, 1954) However, the model proposed by Shing and

field is a direct consequence of the dynamic Jahn-Teller

‘coupling of the orbital triplet PS to the r3g vibrational

to successfully explain their results for the energy level

splitting of T13+'in methylammonium alum.
In a Teport on Tisf substituting for Al3+ in CsAl alunm,
Woonton and MacKinnon (1968) interpreted the appearance in the

spectrum of more than four EPR lines with unusual anisotropy

as ev1dence of lower than trigonal T13 site symmetry. Dionne
and MacKinnou (1968) cons:dered this lower symmetry to be due

to an effective displacement of the [Ti(ﬂ20)6] octahedron

perpendicular to the trigonal symmetry dxis, giving rise to ]
A
twelve magnetic complexes in the unit cell, This interpretation,

which is based on the assumption that the ground state has an

Vb

effective epin Sel, is in disagreement with the usual alum

structure of four symmetry equivalent Al * sites (Bleaney and

Walsh (1974b) demon;tretes that the quasi~F8 ground state
described by an effective spin 3/2 accounts satisfactorily for

both the ‘EPR anisotropy and the existence of twelve resonance

. - l
lines.. Each of the four symmetry equivalent sites per unit cell

contributes three AM=1 transitions within the quesi Ps statse,

Thus the itwelve EPR lines are .explained without lewering the

* )

P " 3
Cogmty ST s IR
;‘i’.‘%’au’!w R ¥

trigonal Ti3* site symmetry. w ,"

b

s ¢
E RN

The proparties of a quasi- r8 ground state ney account for

-

feis

S

a nunher of thermai and magnetic properfies of yure CsTi alum.

£

This salt is still magnetically dilute, so. that negnetic and N
exchange 1nteractions between' the Ti ions’ should be very suall.‘ '

vl
R
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'is more complete, then the ground state would correspond to a

not exchange interactions.

0

Kurti and Simon (quoted by Hebb and Purcell, 1937) reported an .

anomaly -in- the specific heat at temperatures of the order of

0.01°K. The ground quasi—rgﬁstxtb model may be applied since

the small zero-field splitting of the quasi-P8 state provides
a sizeable specific heat as the upper Krmers doublet is

populated. Bleaney et al. (1955a) characterized the properties

of CsTi alum according to an effective spin Sal, g"=1.25t0.02,
g,=1.1420.02 and linewidth of 2501506 with four ions per unmit

cell corresponding to the usual alum structure. The trigonal

distortion in CsTi'alum will be close but not identical to that

in CsAl alum. If the trigonal field cancellation in CsTi alum

rs quartet with all three AM=21 tran31tions occurring at- the

same magnetic field. Consequently, only one broad transition

will be detected, whose width would be governed by strain and.

0

“This is comsistent with the evidence

of sizeable strain in the EPR sﬁectra and spinflattice relaxation

3+

teMpérature depandence‘for‘Ti in CsAl alum. The existence of

. 1
a low-lying P7 state may be used ‘to explain the change in the

effective magnetic moment as deteruined from susceptibility data

in the range 4- 20°K (M.C.M. O'Brien, private communication)., The

spin-lattice ;elaxat:on data of section 6.3 are comparable with
earlier measurements for CsTi. alumvdsing nonresonant teéhniques

which exhibited an approximate 18 temperature dcpendence (Benzie

and Codke, 1951). r
The computer fitting to the spin-lattice relaxatipn data -

was based on the improved resolution of the experiments ﬁsing

a 24 channel signal averager so .that'all data points correspond

0 s "
‘ ‘ -
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L

to averages over 100 signal recoveries, Measurements were

repeated on several occasions to,verify that the results were
independent of pulse width aid repetition rate. This improved

resolution made it possible to extract-a detailed temperature
N

dependence from the data, although the temperature interval

L

was small. Below 1.4°K, all the data were consistently of

the form

% ‘>'200(sec'1

,) ) Q?.B?

This estabiished the existence of a. limiting value; the

temperature-independent spin diffusion relaxation rate. At

‘ - temperatures above 1.4°K, the relaxation rate could not be
4 . i "‘ ot

described within experimental error by either 'a Raman or an

Orbach process alone. That is, the computer best fit to the

data using either process still deviated from some data'by

approximately 30% which is twice the estimated error in the

For this'reason,.bofﬁ procésses were used in

o

measurements.

the trial functi (6.7) of the computer leagf squares program,

1f both resondnt' and nonresonant two-phonon relaxation

o
¥ E

ECE
o

s
¥

e

R

%

mechanisms are evideht, Marchand (1974) has suggested "inter-

ference" terms in tlle relaxation temperature dependence. When

£
»:

Dot P I
((}?j&“ '
S are

the lowest excitdd doublet lies well below the Debye li-it,

AR

these higher order terms are a result. of conpetition for the

BN

sane phonons to participate in both resonant and nonresonant

iand LN

NS
R
o

() scattering. In this case the Debye teuperatnre for CsAl alum is

137°K (Fedorov, 1968). Harchand showed that the relaxatlon rate .
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must be taken to second order to include the effocts of magnetic

‘et al. (1973) found that this .could not be extended to the

vcoupling of an orbital triplet state to rsz modes of vibration,

72

has the form

7

l-a A{exp( ) 1] +BT9+CT11+ voe ‘ (6.9)

The higher order, interference ternms havé been~6mitted froh the
computer fitting procedure for simplicity. Instead, the exponent
n in the Raman term of equation (6.7) was not fixed at Q‘Sut
allowed to vary. TLe "best fit" value, n¥10.2 may be inte;preted

as a superposition of these higher order terms on the "usual"

Raman 9 temperature dependence. In any event, when n was fixed

© at the value §, no other computer generated parameters were

found to change by more than 10%.
Previous work on non JahnsTeller'systgys (ﬁarSon and . N{

Jefftiqs, 1§66) has‘indicated that, thle the aiféé% proéess

in rare-earth ions may be qp;te ;ﬁisotropic,"the Orbach process

should ddsplay little or no“;ngular vhriation at all. This i; .

because the direct process between a Kramers conjugate pair

1nvolves matrix ‘elements of the orbit lattice interaction whzch

field induced admixtures and thus an angular dependence on this
magnetic field orientation. However the two phonon relaxation

mechanisms involve the absorption and/or scattering of phonons

which is independent of the magnetié fiéld"oriénfation‘ Shing

Jahn-Telleé system T13 1n methyanmonium alum, For Jahn-Tbller

& ™ /

the vibronic reduction factor raduces matrix elempnts of

electronic operatora which tranaform like the r g

- ~ .
’ , -0 R Lo
! . . . .

or I‘48 ;

]




.gepresentat1on, whereas matr:x elements of the F38 operators‘

- &

¢ o
e ' 3

are unaffected.: They showed that this preferential coupling .
of the 5p1n 5ystem to the 1att1ce vibrations was responsible
for the- large angular'an;sptropy of the Orbach relaxation rate
which they obsérved; | “ |
Thls angular anlsotropy was qualitatively conflrmed for
the T13+ in CsAl alum system.' The anisotropy of the Spln-,
lattice relaxation time T in the (111) plana at T=l. QS K is .

shown in Flgure 6.7, Mensurements ware ‘limited by the - “‘ﬂ

deter;oration of the signal away £rom ‘the [111] axis. Altnongh"

the anisotropy is similar to the»results of ‘Shing et al. (1973),f‘ '
no analytical work was attempted bacausc of the uncertain nature ‘
of the wave functions of the ground and excited states. Also,

the CsAl alum host crystal invnlves a more complicated analysis .
than the. methylammonium alum due to the comPeting effects of N
both resonant and nbnresonant relaxation nechanisms.

Although data is: unavailahle more than ~30° away froma .

synmetry axis, the general features of the anisotropy arem

13

.consistent ‘with thair mcdel._ w‘ L , S

The Raman and Onbach terms of equation C6 S) hava
conparable magnitudes dominating in ‘the temperature intervgls

l "

2.6-1.9°K .and 1.9~ 1 4°K respectngly. Figure 6.8 compares thi
angular anisotropy of the spin~lattica r&laxation tlne in the

(111) plane at two temperatures, cnp in ‘each interva!. Tha

curves follow the data and are drawn only as a guiae to distinguish 3

the form of .the angular ani otropy. At T=1, as‘x the Orbach
§

xrelaxatlon rata is larger while the revarse is truc at Tmzlsz K.;'”

The Oruach.and xnnun relgxation prwtasses should nlso be expacted

- .-‘ e
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Comparison of the angular anisotropy of

)

the spin-lattice relaxation time in the

(111) plane at two temperatufres.
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to have distinctive differences in their angular anisotropy

for Jahn-Teller systems., The réduction of the relaxation time

anguear anisotropy as T increases refleefs the shift in the

relative importance of these relaxation mechanisms, At higher

; temperatures the anisotropy would disappear if the Raman process

1 : : o \ . .

3

alone accounted for the relaxation. ,
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7. EXPERIMENTAL RESULTS: Cu IN ZINC BROMATE HEXAHYDRATE

\

This chapter is concerned with the study of octahedrally

co-gzé?hx&ed Cu2+ as a dilute substitutional impurity for Zn2+ -

o

in zinc bromate hexahydrate and follows basically the same

format as Chapter 6, The first section summarizes the structure

of the host crystal and gives the results of the sample preparation
)

procedure. (This is given in detail in Appendix 3.) Sections

»

7.2 and 7.3 present the EPR and spin-lattice relaxation data

-

The discussion of section 7.4 analyses these

Foy ]

respectively.
results and compares them to related systems studied in previous

work.

» i 3

At}

7.1 Crystal Structure and Preparation

Zinc bromate hexahydrate is a member of a group of ‘crystals

3 [

that have been extensively studied for over fifty years. The

space gfoup and cell dimensions were first deterﬁined by ch#off
(1922) from a study of Laue photographs to be PaS(ThG) and 10.31A
respectively. Since the specific gravity is 2.51, he deQ\fhined

the number of molecules of Zn(Br03)2.6H20 in the unit. cell to be

-

I3

four. - P

The exact structure of zinc bromate Hexahydrate was given

y Yu and Beevers (1936), at room temperature using the éourier
method of analysis of their x-ray photographs. Arranged on
the three-fold axes of the space group are pyramidal sr03 groups

and optahedral Zn.6H20 oups. The zinc ionvsite symmetry is 4'

3, being co-ordinated by s ter-oxygen atoms at the corners

¥
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of a'trigonally distorted octahedron (trigonal antiprism). This
distortion is small and can be determined from the co-ordinates

" ; '
given by Yu and Beevers (1936). Jesion et al. (1976) found that

-

the intean;d angles 0-Zn-0, related by the threefold axis, are
-

88tz degrees) The co-ordination octghedra of the four z?zﬁﬁions
in the unit ::il are oriented differently wfth respect to crystal
axes. However, all four rhomboh?dral [100] axes make the same
angle of 1722 degrees with respect to the [100] crystal axis.

-

Crystals with Cu2+ as a dilute substitutional impurity for

Zn2+ in zinc bromate hexahydrate were grown by the slow evaporation

° ¢

of saturated solutions at room temperathre. -Details of the
procedure used to prepare these solutions and samples are described’
in Appendix_3. A single isotope, 65Cu w;s used in the preparation,
in order to simplffy the EPR spectra. Six independent solutions
with nominal Cu’® to zn?* ratios of 10%, 3%, 1%, 0.3%, 0.1% and

0% were prepared. The 0% (pure Zn(BrOs)é.§H20) samples were
studied as a control group and produced no EPR spectra. The line
intensity was found to vary in the same ratio as the concentration
of Cu2+ in the solution. Although consistent quantitative data
were obtained for all concentrations, samples from the nominal

0.1% and nominal 0.3% solutions produced such poor quali;y signals

v

as to make extensive EPR and spin-lattice relaxation measurements

(Y E4

unreliable. Aftér the completion of the exp;riments two crystals
from each of the remainiqg groups were anélysed using atomic
absorption spectroscopy (see Appendix 3). The resul;s are
sdmmarizeb in fable 7.1, The actual Cuz+ concentrations wére
consistently down from the nominal concentration of the parent

¥
solutions by a factor of two to five. This compares with a

{
1

!




Analysis of Samples of cu?* Doped Zn(BrO

<

R Nominal concentration of

- + .
! Cuz in parent solution

TABLE 7.1 §

t

tg/‘ £

Ratio of Cu2+ to Zn2+

x

3)2.6820 by AtomiéﬁAbsorption Spectroscop

. )
Percentage . Percentage
”
1 o.1sfo.§yx\
1 - ' 0.25%0,01
3 ) - 1.4420,03 -
3 - ' 1.56%0.03
10 3.20-0.04
10 4.4420.04
Y

/e
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§ (T , similar reduction by a factor of 30 found by Vincent and Walsh i
¢ - .

(1973) for Cu2+ as a substitutional impurity for Mg in lanthanum

magnesium double nitrate (LMN). "

‘

’ . *
7.2 The EPR Spectra .

The, EPR measurements were performed on single crystals of
zinc bromate hexahydrate doped with nominal 1% Cu2+. Although
the results quoted in this section were obtained for this
concentrd%ion, all other samples produced quantitatively similar
results. The EPR spéctra of crystals with higher Cu2+

°

concentrations were increasingly obscured by larger linewidths

i

L

: y : . + .
while data from crystals with lower Cu2 concentrations were

. .
.
T s el i G o o
-

less reliable due to low signal intensity.
\

At 77°K, the EPR spectrum consists of a single isotropic

~

B R N T

i
¥
£

line with four partially resolved hyperfine components described
by the spin-Hamiltonian )
S | o ‘ \

H pgop=g 8H.5 + a 8.1 o (7.1)

4

where g=2.215t0.003 and A=(31.2:1.0) x 10"4 cm-l. These o
A %arameters of the isotropic spin-Hamiltonian agree within
experimental error with those reported by Bleaney et al. (1955c)

13

for the same system at 90°K. ;
y .
At 4.2°K this isotropic spectrum was no longer observable.

1

. * - - B
(:} Note: The results of this section have been published by Jesion,
A., Shing, Y.H., Walsh, D., and Donnay, J.D.H., 1976.

J. Phys. C: Solid St. Phys. 9, L219, a \
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(t . In its place, anisotropic spectra were observed for each of

the four differently oriedted sites of Cu2+ within zinc bromate
hexahydrate. The isdtropic, high-temperature spectrum is the

motionally ndrrowed avérage of the low temperature spectra. .
;" -
The transition between these spectra was observed by Bijl and

-

' Rose-Innes (unpublished) to remain incomplete down to 7°K.

Although a very small absorption was observed between the

[

"parallel” and "perpendicular" spectra at 4.2°K, it was not

isotropic and hence could not correspond to the remnants of the

L o AR Y T rva e,

high-temperature isotropic spectrum at g=%(g“+2gl). Thus the
o transition appears to be complete at 4.2°K.

Each Cu site contributes three axial spectra with tetragonal

symmetry to the low—temperaiure anisotropic spectra, These

three spectra correspond to ‘tetragonal distortions along the
\ 8 \ . N
X, Y,.and Z axes of the octahedron formed by the co-ordination

3

o g e

water-oxygen ions. Thus, for any general magnetic field

I " orientation, twelve anisotropic spectra are expected; each

anisotropic spectrum consisting of four allowed hyperfine lines

approximately 10G wide. This makes the identification of
particular EPR transitions difficult due to the ovgrlapping of
‘ many lines ;ithin a sﬁall magnetic field interval. ) }
’ © When the magnetic field is directed along the crystallographic ?
[100] axis, these twelve anisotropic spectra coalesce into two ]
types of spectra. This is because the co-ordination octahedra of
the four bu2+ sites are orien;ed at the same angle (17t2 degrees)
(:Y ‘ or its supplement (163:2.degrees) with respect to the ‘ . #
crystallographic [100] axis. A sample EPR spectrum, with the

o magnetic field parallel,to the crystallographic [100] axis is
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shown in Figure 7,la. Parallel and perpendicular spectra
correspond to the magnetic field parallel and perpend;cular

to a principal axis of the g tensor. These Prinéipal axes

do not correspond to crystallograﬁhic symmetry directions but.

to the co-ordination octahedra of the four Cu2+ sites. Since »

o

, they are all oriented at the same angle with respect to the

orystallograﬁﬁic [100] axis, there ;s a superposition of the
spectra of edch site. The low field spectrum is the super-
position of four spectra corresponding t§ the "nea}" parallel
spectra of the g-tensor principal axes of the four sites of

Cu2+f The high field spectrum is:the superposition of two sets
of four "near? Qerpendicular spectra and has double the intensjty
of the low field spectra. Figure 7.1b shows a spectrunm measu:gd
with the magnetic field parallel to the.g tensor principal éxis'
of one of the Cuz; sites. The four sets of four ‘low-field

hyperfine'spectra clearly demonstrate the four sites of Cu2+

’

in Zn(8r03)2.6H20. The parallel spectrunp is indicated by the

four lines drawn under the spectrum. The perpendicular spectrum

is not well resolved because of the gross overlapping of the

high field 1lines,

~
<

The way in which the superposition,of the four spectra
corresponding to each Cuz* site takes place is illus:;hted b}

Figure 7.2. The angular variation of only the lowest-field

~

hyperfine line of each of the four sifes is plotted in a plane

containing a crystallographic [10Q] axi}% and one of the g tensor
/ 2
F2

principal axes, With the arrow indicating the position of gm?ﬁ

N -

‘the angle between these two directions was determined ko bj?f

12,522 degrees. Since the shapes of the EPR lings were distorted
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FIGURE 7.1 ,

"First derivative representation of the EPR
, =2

4

spectrum of bu2+: Zn(BrOs)z.GHZb measured at
9.46 GHz and 4.2°K with ﬁ~a10ng ‘
(a) a [100] crystal axis,

(b) a principal axis of the g-tensor
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(fk as the superposition took place, the£§ is a sizeable uncertainty
Ko 1

attached to the location 6f particular lines._

These measured anisotropic spectra can be described by an

axial spin-@amiltoniaﬂ with S=% and nuclear,sﬁin Ia% in the form,

o

»

B =g BH S +g B(H, S, +H .S )

. RS, T, AL (S, T 48 1)) ' (7.3)

e quitdraen]

¢

38 720020 e geneyreve IR T MRSV

where g, A and Q are the spectroscopic g-factor, the hyperfine
. . »
i pafameter and the quadrupole parameter respectively. At 4.2°K,
; . - . “
H these spin-Hamiltonian parameters were determined to be
i P P
: g,=2.4507 % 0.0005 g
L g, =2.1009 * 0.002 \
Al ’ ..
' - A =(117.8 ¢ o.sf x 1074 cn! (7.4) -
. A=13.3 £ 1.5)[x 107* e '
. / !
Q =(6.7 *1.5)°%x 1074 en”? , ‘
o .
';“_,czj :*  These parameters along with the|axial spin-Hamiltonian (7.3) .
. - . . N - ! . °

were used to calculate the angular ﬁbactra of one particular

s

site. Figure 7.3 shows the agre¢ment with he actual measured

d : :
. . vt ° v . ]
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FIGURE 7.3 . ’

Calculated and experimental angular EPR spectra

. 2+

of one Cu site in zinc bromate hexahydrate. .

.

Péints are experimental data; full-curves are

calculated spectra.
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O

the g-tensor principle axis of (4.5t4) degrees from the rhombo-

ot - o e et e

1

angular variation of the four hyperfine lines of the EPR spectrunm
e ‘ \

of ‘one Cuzf site, The complete angular variation of the
anisotropic spectra would jnclude three sucﬁ\sfecfra with
tetrégonal symmetry for éach of the four CGQ+ sites for a total
of forty-eight angular dependent lines.l Thus:it was not possible

I3

to trace unambiguously a particular EPR line throughout the

entire angular range. The aqgular variation of the anisotropic
spectra shown in Figure 7.3 shows that the ground level of Cu2+
in zinc bromate hexahydrate is a strain-stabilized vibronic

doublet rather than a quartet, and can be accurately described

by a spin-Hamiltonian with tetragonal symmetry (see for example

Coffman, 1968). A quartet ground state would have a '“cross-over"

angular variation which is not observed. This implies that Eﬁe/
signs of A, and A; must be the same, contrary to the results of -
Breen et al. (1969) and Dang-et al. (1974) who found A, opposite
in sign to A, for Cu2+ in LMN and zinc fiuosilicate respectively.
‘ The g-tensor principle axis of the spin-Hamiltonian (7.3)
was measu;ed by determining the position corresponding to the
maximum value of ;he‘;pectroscopic g-factor, g,. This poéition
was found to be (12.532) degrees away from the [100] crystal
axis, which is the position where the '"near parallel" speétra of
the four sites coincide. However, from the crystal structure
determination of Yu and Beevers (1936), the angle betwe;n the

[100] ecrystal axis and the [100] rhombohedral axis was calculated

to be (17:2) degrees. Thus, there is an angular displacement of
g

hedral [100] axis.

o — )

s

e m e i T g A s e o A R £ A =

o n L ov SR B . N N
ety B orik oGRS : cs




-~

TE e o wie s s w36 TR " e O PPN AT R O M R AP o - e v o gt

88 7

L -
‘ 7.3 Spin-Lattice Relaxation : i

' The spin-lattice relaxation measurements were carried out

using the pulse saturation technique outlined in Chapter 5. A

pulse width of twenty microseconds was used following the 2
procedure of Bxeen et al., (1969). Longer pd}se widths, particularlyf
éver fifty microseconds, produced spurious, pulse-dependent' |
recovery curves corresponding to macroscopic crystal heating

effects. These effects were observed for all samples including
7

the undoped zinc bromate hexahydrate control samples, implying

that the host crystal was responsible for such phenomena; A

. twenty microsecond pulse width was found to saturate theQEPR
transitions without causing crystal heating. The repetition

rate was about fifty times longer than the relaxation rate of the
crystals to ensure that the spin system returned fo its thermal
equilibrium ‘before the next pulsé.

v The recovery signals could be expressed inf all experiments

‘as a simple exponential of the form
s(t)=A e t/7 (7.5)
where S(t) is the strength of the recovery signal at time t

with t=0 corresponding to the end of the saturating pulse. To

extract the spin-lattice relaxation time constant 1, the

logarithm of the signal amplitude in arbitrary units was plotted

against time. The slope of the resulting plot (t) was calculated

I

(}J i by Iinear regression using a Hewlett-Packard 55 hand calculator.

'
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‘ Spin-lattice relaxation rates were measured over a %
\ .

' temperature range from 4.2°K to approximatgly 1.3°K for

samples grown from the nominal 1%, 3% and '10% Cu2+ saturated

" solutions. These crystals were subsequently analysed and found
to have Cu’® to zn2' ratios of 0.0025, 0.0156 and 0.0444

respectively (see Appendix 3). The DC magnetic field was

ARy

oriented in the direction of the [100] crystal axis-.which

corresponds to the simplest EPR spectrum where there are

PR

superpositions of the "parallel"” and "perpendicular" spectra
i ‘(see Figure 7.1a). This superposition served to enhance the weak
? observed signal intensity.
; All data poinfs are averages of 4t least twenty measurements,
’ ’ each using a‘kignal averager, (see Chapter 5) equally distributed

over the four hyperfine components of tHe "parallél" spectrum.
No systematic difference was observed between the data optained-
from each hyperfine component of the "parallel" spectrum, althougﬂ
relaxation rates measured within the "perpendicular" spectrunm
were generally larger by up to 50%. Such data (based on
\Vpérpendicular" spectra) was reported briefly in the paper of

- Breen et al. (1969) but were not studied in this work. Using
pulse saturation techniques and by photographing oscilloscope
presentations of the absorptio; signal recovery, they reported
1/1 proportional to T in the temperature range 10>T>1.3°K for two

samples of Cu2+ in zinc bromate hexahydrate. Although their

results for T2.2°K fell below the linear extrapolation of the

high temperature data, they could not account for this with a
»
1 phonon bottleneck mechanism since both their samples started to

- deviate at the same temperature despite a factor of five difference

Al
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( ig’ concentration. No EPR work was reported in their study. Their

épin-lattice relaxation data were unreliable because they worked

with the complicated "perpendicular" spectrum probably because

of the stronger signal intensity., Partial superposition %f qfny
EPR lines makes it very uncertain that any partlcular flne 1s

b
actually saturated, Moreover, photographic techniques fail to

provide sufficiently accurate data for a, detailed study of the

temperature dependence.

Figure 7.4 shows the temperature dependence of the spin-

lattice relaxation rate, 1/t for the zinc bromate hexahydrate

- ;
crystal doped with nominally 1% Cu2+. The plot shows a slow
!

- AT RS ey -

s werm

T

temperature depeﬁence; the relaxation times varying from

¥ approximately 50

s at 1.3°K to approximately 12 ps at 4,2°K.

-

* The data follows an approximate Tl'2 temperature dependence since
the relaxation rate quadrupies as the temperature is tripled.
Thus the relaxation mechanisms that exhibit such fast t

dependences as T9 or > are clearly unsuitable for des¢ribing the

‘asympfotically
{

data. Similérly the coth (hv/sz] function whic

approaches a linear temperature dependence for rs to

1,2
T,

be too "slow" to describe the data. The T

interpreted as a sum of twg terms as follows.

ATl'2 = BT+CT

UR]

1
T (7.6)

"
{ . where A, B and C are adjustable.constants and the linear and (o
‘:} quadratic terms represent a direct relaxation mechanism and a

phonon bottleneck respectively. However this appears to be

i

unlikely since a phonon bottleneck can be avoided by woriing with

B ki

.4'3
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FIGURE 7.4 :

Spin-lattice relaxation rate as a function of

“inverse temperature for nominal 1% Cu2+: Zn(BrOs)z:

GHZO. The solid 1line represents the computer best

I}

fit to the data,
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’

‘; Q . low concentrations so as to minimize the spin heat capacity. Since

Adde et al. *(1969) have shown tyat a phonon bottleneck produces a

!
linear dependence of T on concentration, which was not observed

v

here in subsequent measurements, equation {(7.6) was discarded in
the interpretation of the data.
The computer best fit t& the data obtained for all sdmples

\

was of the form . A~

5
= = A[exp(A/kT-L)]'1+B k~/f‘ - (7.7)

»

L

-

. 7 .
where the first term represents an Orbach type relaxation process

via a near-by excited state at A above the ground level and the.
second term represents a temperature-independent spin-spin
relaxation. A sizeable spin-spin relaxation rate may ﬁe expected
due to the short duration of the saturating pulse. The solid

line in Figure 7.4 represents t;e computer best fit of the form
(7.7) while the error bg{s‘repfesent an esiimated 15% uncertaintys
in the vaiues of the relaxation tiﬁe T. This is repeaied for the

nominal 3% and nominal 10% samples in Figures 7.5 and 7.6 respec-

tively. The relaxation data was almost identical for the nominal

1% and 3% samples although their actual—CuZ+ concentrations
. ' s ’
diﬂfered by a factor of six. Relaxation times foxr the nominal 10%

sample were only approximately 35 microseconds at the lowest
temperatures reached in the experiments. This was probably due to
an enhancement of the spin—;fin exchange since the actual cu?* ~
concentration was 18 times larger than that of the nominal 1%
sample. For all samples, the_parametefs A, B and A of equation

(7.7) were found by the least squares method described in section

"
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Spinflattiée relaxation rate as a function of
2+

inverse temperature for nominal 10% Cu” : Zn(Bros)z.

6H20. The solid line represents the computer best

o

£it to the' data.
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6.3, using a trial function of the form (7.7). The results

o

are shown in Table 7.2, s ?

7.4 - Discussion

3 '

The EPR spectra described in section 7.2 are consistent

with a Jahn-Teller model which considers the orbital~do;b1et
electronic ground state coupled to the r3g vibrational modes.
An axial spin-Hamiltonian with tetragonal symmetry of the form
(7.3) can su;cessfuily describe the angular variation of the
EPR 'spectra. The same spin-Hamiltonian was used by Bleaney
,,\\ft al. (1955¢) to des%ribe the EPR properties of several cupr}c
salts with trigonal symmetry. Spin-Hamiltonian paramgters for
octahedrally co-ordinated Cuz+

in four similar hydrated salts

are compared in Table 7.3, Consistent g-values are a result .of

4

- crystallographic similarities in the immediate enviromnment of

2+

the Cu ion., As mentioned in section 7.2, no evidence was found

to suppgort the assignment of opposite signs to A, and A, for the

zinc bromate hexahydrate host. Careful study of the angular.

variation of the EPR spectra showed no "cross-over" indicating

., that the ground state (in which the resonance is observed) is a

’

strain-stabilized vibronic doublet.
. - ) ~

At low temperatures the efffct of the trigonal field is
: - superimposed on that of the frozen in Jahn-Teller tqtragoqal .
distortions. This has the effect of tipping the principaf
Jirections of the g and A tensors away from the <100> axes and
givihg them a rhombic character. Such modifications were discussed
by Williams et al. (1969) for Cu’® in LMN. They predicted (but

. could not measure) that the principal axis for g, would be tilted

. e a NI
RS VL et L ope

DSN 4259
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TABLE 7.2 .~ .

Best Fit Parameters-to the Spin-Lattice Relaxation Rate of the Form % -A[exp(A/kT)-l]'1+B

2+
For Cu .Zn(Br03)2.6H20

Nominal % Cu . A B A

(actual % Cu) sec”! sec”! °x !
1 (0.25) . 1.10x10° Q C1.eix10f 4.34
3 (1.56) 1.77x10° 1.65x10% 5.02

(4.44) - 1.32x10° 2.22x10° 3.53

!
6 * il
(Meximum uncertainty in all parameters: 15%)

o
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Spin-Hamiltonian-Parameters for Octahedrally Co-ordinated Cu

L

TABLE 7.3

A,

2+

-

T & - gL A, : | \
HOST X , 10 dem ! x107%em) x10-%ep~!  REFERENCE
74507 3.1008] 117.8 13.3 A :
Zn(Br0g),.6H,0 4.2 | 40,0005 | :0.002 £0.05 £1.5 £1.5 This Work
: 2.454 2.096 ,
MgsBiz(N03)12.24H20 20 +0.003 +0.003 1101 17£2 - pleaney et al.
(1955¢)
2.465 2.099'} -111.7 16.0 10,5 _
La Mgy (NO3),,-24H,0} 20 | .4 401 £0.001 £0.5 £0.5 £0.5 Breen et al.
. , (1969)
2.460 2,100 | _
ZnS8ifF _ .6H,0 4.2 21072 +14%2 - Dang et al,
g Stz £0.005 £0. 005 _ 3578
AN I
. ) )

Moyt e

ki e b g et a3 R,

i ippiecs -
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; ( ‘ by an 'angle AIG in a plane containing fhe tetragonal axis and

é tri;onal axis, from [100] towards [111]. Their apprqximation
was Pf the form .

‘ b =124 - (7.8)

? . )

(. where o is jé times the ratio of the matrix element of the

. ktrigOnal fi:ad V3 between the ng and Eg states, to the cubic

% field splitting A between these orbital states. This dimensionless

E parameter o was subsequently found to be 0.04520.01 for Cu2+

% in LMN while Dang é&t al. (1974) Qho closely follow the same

é. piocedure estimated 0=0.06 for Cuz* in zinc fluosiliciate,

? Will%ams et 'al. go on to predict that a non-zero ¢ should cause

§. ~an anisotropy in the waist of the g-tensor,

AN

g, -85 = 4P 0 (7.9)

where P=A/A, A being the spin-orbit coupling constant. P may

¥

be evaluated to first order by using the g-values obtainéd in

the paper of O'Brien (1964). Her equation (28) is

2P
818,78 *2-2P-5¢
1 ®2 ¥sa 8w
(7.10)
4P ‘ 4
g3=8y=2-8P+gs
vhere w2=§§-, o is the moment of inertia factor defined by
a=-;h_.z_.. |
2up

and B is one half the barrier height. Values for a and B were

-

1
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first estimated by Opik and Pryce (1957) as 8 em™! ana 600 cm”1 ‘

~ respectively. Carrying out the calculation using the measured

g-values (7.4), the parameters P and w are -0.0544 and -1.7317
respectively for Cu2+ in zinc bromate hexahydrate. Since no

anisotropy in the waist of the g-tensor was observed, the

maximum value of 0 can be estimated from the uncertainty in the

measurement of g as follows;

» o }
lg,-g,] = 4P o < 0.004 (7.11)

thus

o < 0.018 "

Such a2 value of o together with equation (7.85 implies a

maximum value of A9 equal to 3% degrees which is consistent

.with the EPR data of section 7.2 which distinguishes:such an

angular displacement of AB=4.5%4 degrees, The Cuz* in zinc

bromate system marks the first experimental observation of the

tilting of the principal axis for g, away from the <100> axes

for such systems. In the zinc(fluosilicate ﬁost, Dané et al.

used measurements of the anisotropy of the spin-lattice

relaxation rate to put an upper bound of 3% degrees on A8, but

were also unable to obServec;uch a displaceqent.

The principle values of the g-tensor, g,=2.4507 and

() £,=2.1009 may also be used to estimate Ham's qﬁenching parameter

q. Since %<d<d for a dynamic Jahn-Teller effect with omly linear

" coupling and no warping, the value of'q relative to % provides
-
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a useful criterion as to the strength of the Jahn-Teller

coupling (Ham, 1968). Using the definitions

ga=z.oozs-%l ' ,
12) ¢
_ 4)
- 8p=-3
we have (following Abragam and Bleaney, 1970), .
L
- g“=ga+2q gb .
(7.13)

g, 78,~1 8

ST ST ey

‘Thus, using the principle values of the g tensor determined in

section 7.2,

g,=2,2175

f7.14)

q gb=0.1166

from which q is obtained as

q g,
a=g7ouzs = 054 (7.15)

4

Since the limiting value of q is 0.5 for strong Jahn-Teller
coupling, the above values are consistent with an intermediate
to strong Jahn-Teller effect. The value of g, in equation (7.14)

corresponds to the high temperature isoiropic spectrum (which is
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the motionally narrowed average of the low temperature
‘anisofropic spectra), g=2.21510.003, within experimental ‘error.

Jesion et al. (1976) were unable tp distinguish between the
model of Ham (1968) based on random sﬁiain gith dominant
tetragonal components and the model of Vincent and Walsh (1973)
based on a weak co-operative Jahn-Teller tetragonal distortion
on the basis of EPR measurements alone. The spin-lattice
relaxation data of section 7.3 seem to support the former model.
Vincent and Walsh observed a concentrationodepeﬂdent relaxation
rate for Cu2+ in LMN and dedqud from this a1 concentration-
dependenit strain parameter,?F# However this was not observed
over a wide concentration %%nge for Cu2+ in zinc bromate

2+

hexahydrate (0.25% Cu’® to #.44% cu’®). In addition, the data

for each sample could not be fitted to a function of the form

.
3

= A coth(féf) (7.16)

|-

which was used in thelr analysis. Here P'is the energy splitting
to some well-defined low-1lying excited level.

Mangum and Hudson (1936) reforted a resonant relaxation
process for several rare-earth relaxation rates in LaCl, with
the values of A varying frqm sample to sample for Sm and Eu.
They suggested the possibility of an inhomogeneously broadened
excited state resulting in the lowering of an effective A due to
Eross—relaxaiion. Young and Stapleton (f966) examined this
suggestion by means of a model in which A varied, from one para-
magn;tic site to another, according to a Gaussian distribution.

Even a2 wide distribution of A values will not necessarily broaden
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‘E L“//{he EPR of the ground doublet excessively if only Kramers /

. . . . +
g transitions are considered which is the case also for Cu2 here.

"By assuming that the ith ion relaxed at a rate given by ]

(1/7) =AM} exp(A, /KT) (7.17)
and that a spin-spin interaction acted to bring the spin systen
into equilibrium as it relaxed to the lattice, they obtained
.an observed effective A wﬁich is a function of temper;ture.

The spin-lattice relaxation data of section 7.3 is
consigtent with the above model. Fitting the data to a resonant
relaxation process‘élus spin-spin interaction, the values
obtained for A are listed in Table 7.2. No concentration
dependence was observed within the experiemental error and fitting
procedure, The values of A probably reflect some average value
<A> over a distribution of. excited energy levels due to the
effects of variable random strain on the ehengy level structure
at the Cuz* sites., Although the value of A may be subject to
local fluctuations for various saiﬁles, the effective average
value ¢ A>is approximately 3.1 cm-1(4.3;K). ‘

Far Cu2+ in LMN, Vincent and Walsh (1973) observed a recovery’

signal which was the sum of two exponential decays corresbonding

to phonon-assisted tunneling via two excited states (see Figure
4.4). If the tunneling splitting 3T is very small, both excited
doublets overlap considerably and only a single exponential decay
can be observed. This appears to be the case in the bromat; host,
so that tetragonal strain plays the dominant role in determining

t%e energy level structure. A rough estimate of the tetragonal
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‘; strain parameter F may be made using equation (4.14),
F
Ey=(z-D

, 2 1/2
1F 1_.9F 2
Ez=--2—(-§'-f']+-2—( 7 +3FT+97T"7)

’ 2 1/2
\ s L(F py 1 9F 2
Ey=n (3-T) ~5 (S—+3FT+9T?)

For a typically small value of the tunneling splitting such as

3r=0.01 cm” ! and using <A> = 3.1 cm”! = B, ~ E; , this implies

F=2.0 cm™1(2.9°K).
Although a poor recovery signal intensity was observed for

Cu2+ in zinc bromate hexahydrate compared to LMN which was

ST SRR g s e, ARRTITAIIREY i o L OCI
*

stuﬂfed with the same apparatus, the relaxation rate was increaséd
by approximately one order or magnitude. The Orbach-type
relaxation mechanism depends on the resonant scattering of phon;;;
wﬁth energy A equal to the splitting between the excited and
ground states. If one assumes a distribution of such excited

energy levels, the relaxation rate must be enhanced because the

number of phonons which can participate in the relaxation is

increased. Since the overall relaxation rate is the summation
over all possible mecharnisms, this may account for such an increase':
in the observed relaxation rate, while the signal intensity |
suffers due to a3 somewhat incoherent superposition of recovery

‘signals.
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N For many years the unusual EPR spectra and fast relaxation

S LR AEER
.

.rates of octahedrally co-ordinated Ti3+ in .the alums at liquid
helium temperatures were not well understood. Static crystal
field theory predicted that the ground state should be a Kramers
doublet with the first excited state over 1001cm-1 above this
level (Van Vlieck, 1958). When the dynamic Jahn-Teller coupling
6f the P3g vibrational mode is taken into account, fHam, 1965)
some of the low-temperature magnetic properties of Tisf doped

kd
CsAl alum as well as CsTi alum can be explained consistently.

P , Swuply +
The paramagnetic resonance spectra of T13 as a dilute

substitutional impurity for Al3+ in CsAl alum has been measured

at 9.46 GHz at temperatures below 3°K. The unusual angular

variation of the EPR spectra has been interpreted in terms of

NI W O WIS | S R

a quasi-I‘8 quartet ground state with the usual alum structure
(Shing and Walsh, 1974a). This is a consequence of the almost °

complete cancellation of the trigonal crystal field and led to

L

an estimate for the orbital reduction factor, y=0.03 and the -

energy level splitting to the first excited F}'state, A=6 cm-l.J

Accurate spin-lattice relaxation measurements using a 24-channel

signai averager were also performed on the above system in the

teﬁperature range 1.27°K to 2.63°K t& determin&_tﬂe temperature .
dependence of the relaxation process. Both nonresonant and
resonant two-phonon relaxation mechanisms were observed. The

" computer best fit to the relaxation data‘confirm;d the predicted
energy level splittinﬁ between the ground and first excited

1

’ states to be 721 cm” . This agreement supports the Jahn-Teller
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‘: model in which there is a strong coupling of the rSg

electronic state to the P3g vibrational mode as well as the

- [y

approximate cancellation of the trigonal field producing a

quasi-I‘8 ground state.

-

Both the Tis*(jdl) and the Cu2+(3d9) ions have 2D ground
states as ffee ions, although the cubic crystal field inverts
their energy level structure in octahedral co-ordination.
Although the formen has reéeiv;% considerable attentio; with
respect to a possible Jahn-Teller instability, it was the cu?*
in zinc fluosilicate system which first ;xhibited an unambiguous

Jahn-Teller effect (Bleaney gnd Ingram, 1950). Since then,

octahedrally co-ordinated Cu2+ ions have been extensively studied

A e v e ~vﬂ‘MWW%wqﬂ .
\

to test models of.the electron-phonon interaction in insulating
i crystals. Guz+ in the hydrated salt, zinc bromate hexahydraté

is a member of a family of Jahn-Teller systems first studied by
Bleaney‘et all (1955c) which can be interpreted in terms of a

' #
dynamic Jahn-Teller coupling of the Psg electronic state to the

Y

rSg vibrational modes of the co-ordination octahedron (O'Brien, -

1964 ; Ham ,1968).

o

et Cal

The EPR spectra of cu?* as a dilute substitutional impurity

for Zn2+ in zinc bromate hexahydrate have been measured at, 9.46

GHz below 4.2°K for the first time. The angular variation of the
EPR spectrum shows that the ground state is a strain-stabilized
vibronic doublet with tetragonal symmetry. At 4.2°K, the spin-

>
Hamiltonian parameters were determined to be

©

gy=2.4507£0. 0005 A,=(117.8£0.5)x10"%  cm"1
g,=2.100940. 002 ‘A =(13.3s1.5)x107% em™?
Q =(6.7¢1.5)x10"% - em~1
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‘K As ‘well as determining that the principél axis of the g-tensor .

§ deviates from the [100] crystal axis by 12.5%2 degrees, an

angular displacement of 4.524 degrees between the g-tensor

principal axis and the [100] local axis was ‘medsured for the

first time. Spin-lattice reldaxation mgfsurements were carried

out on three crystals with different Cu2+ concentrations. The

: 2+
relaxation rate was found to be independent of the Cu v M

'

concentration provided that the impurity level remained dilute.
. A Tesonant two-phonon mechanism with an'average energy level
splitting of 3.1 cm™! was found from the computer best fit to

. ' the data. Both the/;;k and spin-lattice relaxation data have

been discu557ﬁ“§%3mar11y in terms of Ham's model (1968) of random”

4 t

¢ gtrain with Aomlnan;\%etragonal components.
)
. . . d;/ 3
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APPENDIX 1

MECHANISMS OF SPIN-LATTICE RELAXATION

The temperature dependence of the spin-lattice relaxation
rate of paramagnetic ions has been a tegic of considerable
experimentaluand theoretical interest fbr over forty years. A
large number of relaxation mechanisms have been investiga;ed,
in the literature with extensive reviews such,as Stevens (1967)
and Orbach and Stapleton (1972) providing a framework for the
study of spin-lattice relaxation processes. In Appendix 1 the

<o '

main features of this topic are briefly outlined with references

to the original papers where the detailed work was published.
t
-@j’ Waller (1932) was the first to consider the problem of

spin-lattice and spin-spin interactions in paramagnetic salts.
o 1 ¢
His model pictured relaxation transitions as a result of the

modulation of the dipolar interaction by lattice’vibrations.

This led to calculated spin lattice relaxation rates 1/7

/ . 7

proportional to HZT for the direct process and T/ for the

Raman process. However the magnitude of kis calculated rates

¢

were found to be much‘gréater than that experimentally observed,

‘particularly in dilute magnetic salts. .
The foundations of the present theory of'spinnlattice )

relaxation based on phonon modulation Qf the crystalline eIFctric,

field were laid by Kronig (1939) and Van Ql;ck (1939b). The

former considered magnetic field 'admixtures of excited states

to overcome Krémers theorem in spin % states. iHe obtained,

1/t proportional to H4T for the direct process and HZT7 for the

Raman process, while for spins greater than % these were HZT
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and T/ respectively. Van.-Vleck assumed that the cubic
crystalline field arises from an octahedfon of point charges

or dipoles. He derived the spin-phonbn coupling constants as
well as discussing Jahn-Teller distortions of the octahedron.
The next year, Van Vleck (1940) presented a geﬁeral development
of the séin—lattihe relaxation problem. He extended the work

of his prev;ous paper with special attention to S=%-systems‘
(titanium alum) where he avoided the Kr;hers cancellation usiﬂg 0
éy;amic effects. In this case'the relaxation rate 1/T was

calculated to be proportional to T9.

Van Vleck (1941a, b) also considered the heating oé bhonons
with energies resonant to\the spin system due to spin-lattice
relaxation transitions. He considered the energy balance between
relaxation heating and cooling due to radiation into the heat
bath and predicted .a significant bottleneck for the direct

process in many salts. The phonon-phonon interaction which

. > ¥ . .
transmits heat from the narrow energy region resonant to the
. .

-spim system to the rest of the phonon spectrum was shown to be

insufficient to break the bottleneck at low temperathres. Scott

’

‘and Jeffries (1962) derived a spin-lattice relaxation rate in

the presence of a phonon bottleneck, % a T2 which they verified

experimentally for Pr3+ in double nitrate.
Sﬁin diffusion is a flow of heat through the spin systenm

via the spin-spin interaction when'the spin temperature in one

region of a crystal is raised above the average value.. This'adds

~

a constant (i.e. temperaturé independeht) term to the spin-

latticé relaxation rate. Bloembergen et al. (1959) were first

-to ,discuss such relaxation transitions brought about by dipolar
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‘ or exchange forces.

i

5 In 1961, Finn. et al. reported tHe first observation of
- the resonance relaxation of a low-lying doublet by real
transitions to an intermediate state higher in energy by

A>>kT. They verified that the spin-lattice relaxation rate

% is proportional to exp(-A/kT) for cerium magnesium nitrate
with A=34°K. Independently, Manenkov and Prokhorov (1962),
predicted relaxation rates proportional to [exp(%f)—l]-l from

their analysis of spin doublet states lying at energy A.below

¢

another spin level. This temperature dependence wasisshown to
be due to the resonance process via intermediate st

es, and a
: . AN
special case of the direct process in multilevel systems,

Numerous relaxation mechanisms have been studied both

Y o TEPPSY 2 AT Sr-L e Cy e

theoretically and experimentally which display ™ temperature

dependence where n=3, 5 or other values. Orbach and Blume

(1962) showed that when the phonons which take part in the

Raman relaxation process between two degenerate states possess
‘edergies greatér than the separation of a third state, the

re}axatiOn rate is proportional to TS {nstead of the usual T7

or 19 rate.

Using a Jahn-Teller model where the crystal vibrations cause
an océahedrai Jahn-Teller complex to reorient between three stfﬁin
stabilized tetragonal distortions, Williams et al. (1969)

predicted a spin-lattice relaxation rate of the form
3 5 :
(f) 1/1=aT+bT +cT +d exp(-A/kT) _ .

for témperatures above the strain splittings due to random
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\\
crystal strain. Experimental results on such systems include
1 2 ) S | 5
the observation of %-=a'l‘+b'l‘ by Lee-and Walsh®(1968), -T-aaT+bT .
by Breen et al. 61969), -,%ea 'coth(A/2kT) by Vincent ‘and Walsh
(1973) and -,:-:-==a'l‘3 by Dang et al., (1974). .
- 2
\ » -
. .
/
K .
[
/ .
I 4




111

(; APPENDIX 2

PREPARATION OF CESIUM ALUMINUM ALUM CRYSTALS CONTAINING SMALL

AMOUNTS OF Ti>*

i . ‘ The procedure outlined here was used by Dr. G. Fredericks

of the Chemistry Department, McGill University to prepare

samples of CsAl alum with Ti3+ as a dilute substitutional

impurity for A13+. These samples were grown in the summer of

1973 while the bulk of the EPR and spin-lattice relaxation
measurements were carried out in 1974 and early 1975. Doping

levels of Ti3+ could be estimated by the darkness of the typical

'
D R - gt S~ S

violet colour characteristic of the optical absorption band for
'T13+. Very "1ightly coloured" samples invariably produced poor

EPR signals, thus providing an easy check on the T13+ concentration.
3+

RTPEPERRET T ok« Sk o o

Most samples have retained their original colvur (Ti concentration) §
N

for over three years at this writing.

. The first stage was the preparation of the host cesiunm
aluminum alum, CsAl(SO4j.12H20. Forty grams of aluminum sulphate,
: A12(804)3.18H20 and twenty-four grams of cesiu ulphate, Cszso4
were dissolved in one litre of deionized waterfmﬁ;gis was
accomplished by mixing the above in"a beaker and heating to 90°C
on a hot ﬁlate. After concentrating the solution to 800ml, the

beaker was covered with a watch glass and placed in an ice bath

| k ' for twenty-four hours.
¢ Upon crystallization, the small crystals were filtered onto
‘:) a sintered glass filter crucible of medium porosity. The crystals

were then redissolved in one litre of deionized water by heating

to 90°C.. Following this, the beaker was allowed to E;t at 0°C

TN A M A NN I - N A e
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(; for twenty-four hours causing crystals tomform. Thége were
then filtered off and dried with filter paper. All crystals

were stored in a tightly stoppered glass container. This

yielded fifty-nine grams of crystals with volumes in the
N
range one tor five cubic millimeters. Upon analysis, the Al 5

-

and 50, content were 4.71% and 33.33% compared with the\

§ theoretical values of 4.75% and 33.83% respectively. La?ger
7 . -
5
3 crystals were obtained by redissolving the CsAl alum pre*iously
é obtained and allowing crystals to form at 25°C over a peﬂiod
A, - AN y

of seven days. This produced crystals of volume approximately

ExY

twenty-five cubic millimeters.

The next step was to prepare a supply of accessible Ti3+

. . L3+ : . . ,
. ions. 'Solutions of Ti ions in sulphuric acid were prepared

by dissolving basic titanium sulphate, TiOSO4.HZSO4.8H20 in

% 4 eremm

dilute sulphuric acid and passing the resulting filtered
solution through a Jones Reductor in a nitrogen atmospheére.
The Jones Reductor consists of a colﬁmn of amalgamated,
granulated zinc contained in a glass tube, through which a
1 solution to be reduced may be drawn.

The desired quantity of alum to be doped was weighed out
and transferred to a 500ml suction flask to which the
appropriate volume of Tis+ solution was added. \The flask was
closed with a one-hole rubber stopper fitted with a glass tube
which dipped into the mixture. While continﬁously bubbling.

nitrogen through the solution to prevent oxidation of the Ti3+
(T} ions, the flask was then heated in a water bath to 60°C. After

the crystals had dissolved, the flask was closed under slight

pressure and transferred to an inert atmosphere. Crystals

— e e . o ———
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usually began to form within twenty-four hours, being removed

whern they reached the desired size. Several samples were
%

. analysed for-their titanium, aluminum and sulphe} content.

Titanium'was determined colorometrically as a peroxide complex;
aluminum and titanium were precipitated simultaneously as the
oxides while the sulphate content was determined gravimetrically

as the barium sulphate. All analyses were within 1% of the

calculated composition,
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APPENDIX 3

PREPARATION OF ZINC BROMATE HEXAHYDRATE CONTAINING SMALL

AMOUNTS OF Cu?*

To avoid possible complications in the EPR spectra due
to thé different quadrupof; moments of the copper isotopes,
only one isotope was used in the doping process. All chemicals
used in the following preparation were reagent grade while
only diftilled, deio%ized water was’used‘in solution.
Approximately 181.5 milligrams of ®5cu was obtained
from Oak Ridge National Laboratories. The powdered copper
was heated in an open crucible to form the oxide CuO. The
resulting powder was accurately weighed and reheated until
no change in the weight,#as evident upon further héating. This
Cu0 was then converted te suphate by adding dilute sulphuric acid
solution (using just enough nitric acid to ensure the complege,
dissolution of the copper oxide). After the solution was heated
"to fumes' to break doiﬁ HNO, and other possible nitrates into
ggsses, the resu}ting powder produced a light blue coloured,
solution typical of copper s&lphate.
Since barium bromate,’Ba(Brds)2 was not commercialiy

N
available, it was produced using the following reaction

BaClszKBr03+Ba(Br03)2+72KCI

Since the barium bromate is at least two ordersof magnitude less

soluble than the other reagents, the precipitate was washed




- N 1]

e G e Sl Gl L T —,
115
§ ‘: several times to insure that only the barium bromate remained.
¥ S
4 The précipitate was found to melt at 259x2°C which is in agreéement
with the melting temperature of 260°C for barium bromate. i

To increase the solubility of the barium bromate for

subsequent use, it was dissolved in water near the boiling point.

This hot barium bromate solution was slowly added to the

individually prepared zinc sulphate and 65Cu sulphate solutions

to precipitate barium sulphate as shown below

t

Ba(Br03)2+ZnSO4+BaSO4++Zn(Br03)2

Ba(Br03)2+CuSO4+BaSO4++Cu(Bros)é.

‘

The precipitates were filtered and washed with water which was

]
;i
;
1
L
?
¥
N

returned to the respective sulphate solutions to prevent the
loss of Zn2+ and Cu2+ ions. This was repeated until a further
] ’ drop of barium bromate solution produced‘no more precipitate. )
This completed the conversion of the copper and zinc sulphate
‘'solutions into copper and zinc bromate solutions, respectively.
'These solutions were diluted for combination into six groups
according to the ratio of moles of Cuz* ions to moles of an+
ions, namely 10%, 3%, 1%, 0.3%, 6.1% and 0% or pure zinc bromate.
The six solutions were allowed to evaporate and reach
saturation at room temperature, at which point single crystal .
samp1e§‘of various sizes were withgrawn as they formed. It was
(} ‘found that the solutions containing higher concpntrations of.Cuzf
took on a greenish-blue colour which darkened with the age of

the solution. This indicated that an+ was preferentially




T U o T s e . : i ee 1 e et
116 4

RS
AN T €y R T e

‘: accepted into the crystals thereby building up the cu?*
concentration within samples that were withdrawn later from

the solution. All samples Used in the experiments were taken

'

before the parent /solutions became "old".

After obtaining the relaxation data, the actual Cu2+
concentration of the samples were determined by D. Jeffries
of the Chemistry bepartment, McGill University using atomic

absorption spectroscopy. Three sets of standards were made,

each consisting of four solutions of 10, 30, 60 and 100 ppm

(GSCu equivalent). The background media were 104ppm, 103ppm

and 200ppm Zn(Br03)2.6H20 respectively for the three standards.

No significant differences were observed in the calibration

curves of absorption vs. ppm Cu among the three sets of standards.

Furthermore, a solution of 2x104 ppm Zn(Br03)2.6H50 containing

RT3 35 ey

no copper gave a reading of zero absorption. The absorption
measurements were made on a Unicon model SP90A Atomic Absorption

instrument with a copper source lamp. The monochromater was

set for the 327.4 nm line of Cu. The results of this analysis

are shown in Table %.1.

v ¥ S Y—
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