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-ABSTRACT ' 
j 

Accu~ate electron'pawamagn~tic resonance (~PR) and spin-
! 

latttce rélaxation'measuremènts on the Jahn-Teller system Ti 3
+ - , ' 

as a dilut~ substitutionsl impu~it~ for A1 3
+ in cesium alpmi~um 

• 
alum w~re performed at X-band below :soK. 'The, quasi-f 8 ground' 

a • 
state i5 a consequence of the aimost exact

4

cancellation of the 

effective trigonal field due to the dynamic Jahn-Teller'coupling 

of the orbital triplet rS to the, r3g v.ibrational mode. An energy 

-1 level splitting of 1±1 cm was measured between the ground' 

state and the excited r 7 state. 
, 2+ 

The Jah~-Teller system Cu ~s a dilute substitutional 
. 2+ 

impurity for Zn in zinc bromate hexahydrate was a1so studied 
1 

using the same type of measurements below 4.2°K. ~rom the 

angular variation of the EPR spectra, the ground state has been 
, . 

found to be a strs'in ... stabilized vibro,nic doublet with the g .. ' 

tenso~ principal axis displaced'from the rhombohedral [100] axis. 

A concentration-independent, resonant two-phonon spin-Iattice 

relaxation,mechanism w(th an average energr level splitting to 
1 " 

the first excited state of 3.1 cm- was determined. This has 

beert interpreted in texms of a Jahn-Teller model based on 

random strain with dominant tetragonal components. 
! 
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" RESUME! 

, li 

'" Il ii 

La résonance parama9nétique e~ la relax.tion spin-
1 

é .. , , l' 1... 3+ r seau ont ete mesurees pour e sy.steme Jahn-Tèller Ti : 

CsAl alum à 9.46 GHz pour des températures entre 1.27 et 

2.63°K. L'état'fondamental quasi-ra esJ causé par l'annulation 

presque complète du champ trigonal dG au couplage Jahn-Teller 

de l'état orbital triplet fs et "le mode vibrionieb r 3 • On. a 
,. 9')' 

mesuré une différence d'énergie ~ 7±1 cm-
l 

entre l'état 
/ '-

fondamantal et l'état exci~é r 7 • 

, 2+ 
On a étudié également le sys'tème Jahn ... Teller Cu", : zinc 

btômate hexahy,drate aveè la -même mé.tho,de" au-dessous de 4.,2°K. 

D'après la variation an9ulaire des spectres EPR, l'état 

fondamental est un doublet vibrionie~ stabilisé par ~a tehsion, 

et l'axe principal du ten~eur~g est déplacé de l'axe [100] 

~homboèdral. On a trouvé un mécanisme de la relaxation spin
.. 

( , 

réseau résonnante de deux phonons, indépe9dante de la concentration 

2+ de Cu " avec le premier état excité à une énergie moyenne de 

3.1 
-1 

CIII 

\, 

Ceci ,peut être interprété par un modè1~ Jahn-Teller 

basé, sur la' tension tétracjoria.~e a ~Q-~re. 
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STATEMENT OF ORIGINALITY 

Ttjl~ Jahn-Teller mod'el qf a quasi-f 8 ground state ,ha,s' been 

used to consi:Stently explain the EPR prope,rties of the Ti 3+: 

CsAl alum system at liquid helium temperatures. Measure~ent 

of the almost exact.cancellation of'the efiective trigona1, 

field has led to an estimate of the orbi~a1 reduction factor 
. -1 ' 

y-O.03 and the energy level splitting ~~6 cm betweert the 

ground state and the excited r 7 state. Accurate spin-lattice 

relaxation measurements were used to determine for the first 
1 • 

time the details of the relaxation process over the temperature 

range 2.63 to 1. 27 oK. This data confirmed the ri energy level 

splitt~ng to be 7±1 cm- l . 

La~ge numbers of single crystals of zinc b~omate hexahydrate 

have been grown with· various concentrations of the single 

• 6S 2+ 2+ 1sotope Cu as ~ dilute substitutional impur-ity for Zn • For 

the first time the eompl~cated RPR spectra (and spin-Hamilt~nian 

parameters) of this Jahn-Teller system have been measured and 

explained at liquid helium temperatures. The angular variation 

01 the EPR spectra shows that the ground,state i5 a strain-
.... 

stabilized vibronie doublet. An angular displacement of the 

g-tensor principal axis from the rhombohedral [lOO~ axis was 

experimentally'confirmed for the first time. The temperature 

dependence of the spin-lattice relaxation rate vas me~ured between 

2+ ' 4.2 ~nd i.3°K for samples with Cu concentrations varying by a' 
• 

factor of 18. A consistent resonant two-phonon relaxation 

mechanism has been observed for aIl concentrations which supports 

a Jahn-Teller mode! based on random strain with dominant il 
'If 

tetragonal components. ,~ 

" ' l-



--

~'~. ' 
" . ' 

<' • 

, . 

, ' 
,t' 

TABLE O~ CON1BNTS 

. 8 

/ 

Abs'tract 

Résumé 

Stat ~men t: of Originali ty 

1. attKGROUND 

2. 

1.1 Defin~tion of Paramagnetism 
, 

).2 Parall,lagnet ie Resonance 

1.3 The Crystalline Eleet~~c Field 

1.4 The Spin-Hamiltonian 

1.5 Paramagnetic'Relaxation 

1.6 The Jahn-Teller Theorem 

INTRODUCTION 

2.1 ,Revie",: T1 3+ in Alum 

j 

\'v 
2.2 Review: Cu 2+ in Octahedral' Co-ordination 

v 

i 

ii 

1ii 

iv 

1 

,2, . 

3 

6 

7 

10 

13 

16 

16 

19 

3. JAHN-TELLER EFFECTS FOR AN ORBtTAL TR~PLET STATE 24 

3.1· Normal Co-ordinate~ 24 

3.2 The Orbital Triplet 
" 

28 

4. JAHN-TBLLE~ EFFBCTS FOR AN ORBITAL DOUBLET STATE 35 

4.1 Static Jahn-Teller Effects 35 

4.2 The Effeet of Strain and Tunneling \ 39 

4.3 Phonon-Assisted Tunneling 45 

, ' 



. , 

... " 

r 

-" -

vi 

5-, APPARATl1S 48 

' .. 
,6. EXPERIMENTAL REBULTS: Ti 3

+ Ii C~SIUM ~LUMINUM ALUM '~4 
" 

6.1 Crystal Structure 

6.2 The EPR Spec.tl'a' 
il ' 

6.3 -Slfin:-Latt\ice Relaxation 

6.4 Di 's-cu s soi on-

7. EXPERIM~NTA~ RE~ULTS: Cu 2• IN i~NC BROMATE 
", 

HEXAHYDRATE 
'" Î~l Crystal Structure and Prep~ration 

7.2 "The EPR Spectra .. , 
1 

7.,3 Spin-Lattîce ,Relaxation 

/ 7.4' Discussion 

8. S'UMMARY 

APPENDICES 

1. ME ,CHAN ISNS. OF SPIN ;oLATTl'CE RÈLAXA'tION 

.2. PREPARATION O~ CESIUM ALUMINU~ ALUN CRYSTAtS 

ÇONTAINING SMALL AMOUNTS OF Ti 3
+ 

3. PREPARATION OP ZINC BROMATE HEXAHyORATB 

CONTAINING SMALL AMOUNTS OF Cû 2
+ 

BIBLIOGRAPHY 

54 

S6 

64 

" 68 

~ 

\ 77 

. - - 77 

80 

88 

95 

0 

104 

107 

107 

,111. 

:1,17 , . 

~.. ~. 

/, 

l 

---------------~-+~-~~.-=-------------



-1 _ 

" . 
' .. 

,J . 
f. ~, r' 

~'._:~~J_'_""'--'''''''1d! ,A.t eu ."".,,,,. lIe.; .i'~ • Q b œ, l} .1 Hill _bIll $1,1 .. 
1 

.. 
: J. "', 

, ' ~ , 

1. BACKGROUND '> • 

" 

t , " 

The primary objective of this work 15 to investigat~ the 

nature o~ two paramagnet~c io~s J o'ctahedrtÙ ly, cO-,ordinated 

Ti3~ and Cu2
+ as impuriti.s in insulating ciystals whic~ ~re 

subj ect to "Jahn-Teller" effects. Previously J aÏ:' the 'Baton 

Laborat·ol'Y of McGill University.,Shing et al':' (1974) studied 
o ' '.. ' 

Ti 3+ in methylammon1um a1uminum a~,um .while ~incent and Walsh 

(~973) inVeS~igat~~.c~~+ in lanthanum magne~ium nitr~te. To 

test their models and compare ~he genergl'properties of such 

systems, their electron pâra~agnetic resonance (EPR) and spin

l~ttice relaxation measu~ement~ have been extended'to two similar . . ,~ 

h 11 T· 3+. . l' l' d C 2+ Ja n-Te er systems; 1 ln cesIum a ttml~um ~ um an u in 

zin~ bromate hexahydrate. Before beginning the discussion of the 

theoietical and experimenta1 ftspects ~f ~his wol'k, ,genel'al , ' 

? 

bac.kgro~nd ~~ the subj !:'c~ matel'ial Is presen1:ed in Chapt el" 1. l 

Here the fundamen~tal, concepts a"ni'terminology are briefly 

outlined. " ~ , Çhapter 2 provides. ~ re~iew of some ~f the pl'evio~ 

work in the litera'ture which i&frelevant to the following 
, , 

discussion. The next two ehapters survey the theory of Jahn-

Te'11er 'effects for orbi'tal tl'ipl~t and "doublet elettronic $tates . , 

1 r.especti v'ely. whi le ,the appara~u~ Is ,described 'in C,hapter S. 
, . ,-.. 3+ 

Chapter 6 det,ils ,the EPR and relaxation ~ata'obtained for, Ti ' 

in cesium aluminum alum as weIl as discussin" the results. 'This 
. " \ . 

, , . '2+ ' 
is repeated in the Collowing chapter for· Cu ~n zin~ bromate. 

.. ~ j \ 

hexahydrate. C'hapter 8 sùùar!zes the re,$ùl ts and gives our 
'l'!!P' , 

conclusions. " " ' 

" 

, , 

" ~ - - ~-~_. ------..-----••• - 'b-4 . • vot 
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~~J ' befinitfon of Paramagnetism 
,- Il _ 

'A paramagnetic substance.-may be defined as one that 

pO$se~sés,no resultant magnetic moment in the ~absence of an 

ap~i~e~ e~ier~~~ magnetic field. 
, J.-

Howévei it acquires a magnetic 
, ~ \. 

"moment in the , , , 

whose si'ze is 

said that a11 

d~+e~tion- of th~ applied 

a .fun.Cti~ the. fhld. 

m-agnetic effect~ are. d'ue 

external magnetic field, 

In gene,ral, i t can
J 

be 
... 

to magnetic,moments ~. 

~h.rough theï'!" interaction with each qther and with a.n external ' 

magnetic field.' In a, particular material. the combined effect 
- . 

of aIl the individual moments i5 referred to as the 'magn~tization 

... 
M and the, ratio of this q4an~ity ta an external magnetic field' 

it,J.s called t~e magnetic $usc:::ep'tibility X. Of inter,~~t hex:e are 

atoms,or ions,which'have'pe~manent magnetic moments which tend 

to a1ign th~msel~e5 with an appli~d field, giving rise tO a 

posi't i va X. The tendency for al i gnm~nt is hindered by ~1fe,rinai. 

','agitation ac~ording to Curie's La-w" 

, C 
X .. -T 

, ,. ,. , 

(1.1) , 

,where C "i,s the C'uri,e contant. This constant J:Ji~Y," be' evaluated 
. 

', .... by using 'a,'quantum Dlechanical _ ~ppraach based on the ,quantization 

of the total ~ngular, momentum j of the ion or' atom. Thè result,' 

for a system of N mag~etic moments ~s. 

(1.2) \-

• 
h i h . 0 li i f and B eh is w e·re g ,s t e spectroscoplC sp tt ng .ctor ""2'iii"ë 

the Bohr magneton. 
: ' 

.. 
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1.2 Para~agnetic Resonance 

P~Tm&nent" magnetic dipoles occur C?nly when an atom or 

ion possesse.s a, resultant angular momentum j (J=1-, 'h, ~1l ••• ). 

These aT~ related by 

~.3) 

where y 15 the gyromagnet.i~ ratio Jf the order of (e/mc). When 
o 

"such a dipole 1s .e'Xposed ta an externat magnetic field H, it 
.... ... 

experiences a couple ~ X H, so that the equation of motion, i5 

\ 
(1.4) 

of j. ... q 

Hence t.be motion and li, consi,sts of a uniform precession 
, D 

"about H witb an angular velocity 
. '" ,/ 

, , j) , . 

< 
... ,+ 
CI)"'J..yH (1. S) 

where ~he negative sign means that the precession Is in the 
... 

directio~ of a lef~-handed screw advancing Along H if Y is 

positive and vice ~er,a. The compon~nt of ! or : ~long il 
rèmains fixed in magnitude 50 that, the Zeeman energy of the 

dipole in the ,field H,. nam:ly -p." 1s a constant of the motion. 
, 

the' gyrotn~gn'etic ratio for a free ion or atom whi.ch h~s 

a resultant 'è.loé.tronic angular momèntum'( i~ 

e 
YIi-g(2mc l" 

o 
' .. 

~ 

" , 

(1.6) 

',' 
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where the ne,gative sign occur~ beclluse of the n~gativè ch'argè 

Qn the elec;t'X'ôn, while e and m represent the charge and mass 

.' . 

respéctiv~ly on the electron. The g-factor, as ft is -usu~lly 

referred' to, 1s a pure number Qf orger unit y whose value- depends 

on thé relative contributions or o·rbit and spin to the total #J' 

angular mornentum. For a free atom with an orbital angular 

m'oment~m the g·factor 1s given by 

g = 1 +'J(J+l)+S(S+l)-L(L+l) 
2 J (J+l) (1. 7) 

-+ -+ -+ , 
where the resultant angular momentum J=L+S and L,Sare the 

quantum numbers of the total orbital and total spin momentum 

respec~ i vely. . 

When a, magnetic .dipole precesses about an external fie~d 

+i . + -+ 
H vith an angular'.veloc1ty' wL ::;-yH, this precession produces 

an oscillatory magnetic mo~ent, in atly direction normal to the 

fie~d H, which can intera~t with an oscillatory magnetic field, 

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

impoftant effect only when W 1s close to the naturai precession 

frequency w
L

' sei tha t we are concerned wi th a resonance . . , 

phenomeno1'l. When w=w L, the component of the dipole along the 

externa 1 ma!i;netlc fi eld can be al tered' eVf;ln br 'ôsc i lIa t.ory 
, 

, fields whose amplitude Hf~ H. This effect is known as "magnetic 

~esonanc e" . 

• +" 
A change in the component of ~ in the direction of H 

means a change in the energy of the dipole, which can' be written 

as 

• 

--r~ ... 

" .'" .. ~ ... ~ 
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w = ~y J H' cos à (1. 8) 

"1 + ,+ 
I·whe're a. is the an,gl e between II and H. The component of tpe 

, . ~ 

anguI8r ~()lnerittirn in the direction of H, namely J cos a , may 
, 

take oh t'he discrete values 'hM, '>1i.(M-l) , etç. where the magnetic 

quan,turo- n\1mber M has a serie's of integr.al or half-integral 

val~es d~ffering by unit y between}uccesstve values. In ihis 

case,' the al10wed transi t i~n5 'arf' gi ven by the se 1 e,cti,on rul e 

A"=~l when' a suitably orient~d oscillatory magnètic field is . , 

appÜe'd.' The elect roni'e mAgnet ie dipole moment for a free atom 

can'be written in the form, 

(1. ~) 

" 

and the Hamiltonian fOr its Zeeman interaction wi'th a field 

+H • 15, 

(1. 10) 

A quantum of energy is thus r-equired of sizè 

For astate wi th magnet~~ quantum fiumber M, eorresponding to a 

.eDmponen t hM of angu lar momentum in the direction of ii. the . 
energy is 

(1.12) 



", 

~, 

" 

',1 

. 
" " 

6 
l,' 

, \ 
At, 

+ and a,llowed transit ions, of' the type AM= ,,1 require an energy 

quantum 

(1.13) 

'Thisform of ZeeMan interactloh Is v.a1id for 3- ~roup, of (2J+l) 

levels, degene~ate ~hen H~O •. and ~ell sepi~ated from other 
" . 

!evels . partiy filled eleètron shells, with permanent dipole 

mnments due to the orbital motion of the electrons, are the 
~ -

cause of paramagnetism wHich is of~~nterest in this work. In . 
particular, Ti 3 + has only one.olectron in the 3d shel1 while 

~ 

Cù 2
+ has only one electron vacancy or "h~le" in the 3d shell~ 

1.3 The Crystalline Electric Fiéld 

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

".freeH • 'It is embedded in ~' complex of 'diamagnetic neighbour 
. , 

ions which form part of an exterided·lattic~. These çharged 

neighbour or ligand io~ave a st;ong interaction with the 
~ 

paramagnetic ion, ~roducing-a strong el~ctrostatic fieid 
1 

(the ligand field), through which the paramagnetic electrons 

'must move. , Thi s ligand interaction is in addi tion to t-he 

spin-orbit and electro~-&lectron interactions of the c~ntral 

ion whfch complicate the p-roblem. 

In the "crl(stal field" approach, the ligand ions are 
, 

regar4ed as ,setting up' an addifional electrostatic potential 

which reflects thê-syliimetry of the complex and i'ts Immediate 

surroundings. The magnetic electrons, which are localized on 

.' 

, '-

_\l _____ _ 
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the ceniral ion and move in the effective potential, experience 

a "Stark splitting" of their orbital levels. The Iowest energy 

levels ar~ ~ssociated w.itn the negatively charged electrons 

avoiding negativelt charged ligand i~ns and hen~e minimizing the 

energy due to their mutual electrost~tic repulsibn. 

The degeneracy within groups of energy leveis depends on 

the symmetry within the complex and can. thus be predicted by 

group theory. An important theorem concerning the. residual 
~ 

degeneracy Is due· tQ Kramers (1930). In a system containing 

an odd number of electro~5, at least twofQld degeneracy must 

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

or "Kramers doublets ir are ctime conjugate (one can be obtained 

from the other by use of a time-reversal operator) and can be 

split only by a time-odd operato~ such as a ~ag~etic field 

but not by an electrostatic perturbatio~ which is even under 

time reversaI. 

1.4 The Spin.-Ham"il tonian 

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.I~) 

1* =Jfelect + if CF + If' ts + iY' SS + J:f Zee +#hfs +1tQ +/f'N • 

JI.L,.' reprecents the electronic energy of the paramaonetic ion Jrelect ,. " 0.'-
4 5 -1 in the free state with a magnitude approximatelY,lO -10 ~m ~ . 
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lfcp is the energy of tae interactiPn between the free ionts 

electronic structure and the crystalline electric field 

( 103 104 -1) -LJ_ • h . b" . (102 -1) ~ - cm . .rr LS 1S t e sp1n-or 1t 1nteract10n:::! cm . 

Jt
SS 

is the spin-spin interaction (~1 cm-Il. ~zee is the Zeeman 

energy (::: 1 cm- l
). if hfs i s the hyperfine interact'ion wi th the 

rlUclear s,~in (=O_IO-2 cm -1). fr Q Is the nùclear q~adrupole energy 

( 0 - 2 -1) . tJ~. h • - ( 10- 3 -1) =0-1 cm wh1le~ 1S t e nucle&r sp1n energy ~O- cm . 

In EPR measurements, at microwave frequencies transitions 

are detected between levels whose splitting is nn the order of 

-1 1 cm' . Hence the interest lies onl~ in groups of levels which 

are degenerate or very close to degenerate in zero magnetic field. 
, f 

A convenie~t method which represents the behaviour of such a 

group of leveis when a magnetic field is applied invoives the 

-use of the concept of an "effective spin" S, which i5 a fictitious 

angular momentum. The value of S is selected so that the 

degeneracy of the groups of levels involvèd is set equ~l to 

This concept can be then' extended to the use of an 

"effective spin-Hami 1 tonian" that may be used to describe the 

behaviour of a group of 1~vels in the same mannér as is common 

-for free atoms or ions. The fictitious spin S May or May not be 

" the actual angular momentum of tbe paramagnetic io~ or atom 

depending on factors sucb as the local symmetry of the complex. 
f 

The simplest form of the Zeeman interaction for example is. 
1 

1.1.., -+ ~.~ 
.Ir, =f3(H'g'S) Zee (l.14) 

h ... . h d S' h ff i . w ere g 1S t e g tensor an 1$ tee ec·t ve s:pln. 
,1 

This is 

I~ 
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• sh.orthand not~t ion for • 

.If \ =6{g H S +g H S tg H 5 Zee xx x x yy y y z z z z 

-.., - .... 
+ g H S +g H S +g H S 

xy x r yx y x yz y z 

- - -+ g H 5 +g H S +g H S } zy z y xz x z zx z x 

9 0 

,(1.15) 

In the majority of cases where there is sorne crystal symmetry. 

the cross t&rms can be eliminat ed wi th a sui tabl e choice of X. Y 

1 

and Z· axes known as the "principal axes". giving the interaction , 
'J 
\ c 

the form, 

(1.16) 

for c8xial symmetry g =g =g.L and gzz=gll 50 that equation xx yy 

(1.16) reduces to ~ 

f:Y -g BH S + g a (li S' +H S ) Zee-" z z :.L x X y Y (1.17) 

where 
l, 

(1. 18) 
, . 

~ ~ 

Is the value required to mai'nt'àin the form of the resonance 
1 

a +. 
't~ansition (1.13~ and e 1s the angle between H and the Z-axis. 

This g or "spectroscopic g-factor" is one of the fami1y of . 

i~ P' , i '7 -. F 
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parameters used to describe the behaviour of paramagnetic 
• 

resonance phenomena by means' of the spin-Hami ltonian. , 

1.5 Paramaznetic Relaxation 

From the most general considerations, spin-lattice 
, 

r~laxation may be thought of as the process by'which the energy 

absorbed- by the spin system in 8 magnetic field is dissipated.t 

to the lattice when the magnetic field is removed. A large 

number of models have been used over the years to eXplain the . . 
wideranging results obtained for the temperature dependence of 

the relaxation rate. Appendix 1 provides a short bibliography 

, of sorne important references in this field. 

Figure 1.1 shows schematically the three most common 

relaxation mechanisms quoted in the literature. Consider a 

pair of states la> 'and lb> of th~ paramagnetic ion having energy 

Ea and Eb respectively where Ea<Eb and 6=Eb-Ea' The direct 

process of Figure 1.1a; involving phonons of the same energy as 

the magnetic resonance quantum hv, is merely the downward 

tran~ition from the excited state lb> to the .ground state 

accompanied by the simultaneous creation of an ene~gy conserving 

phonori. The spin-Lattice relaxation rate l/~ of such a 

mechanism has,the form, 

1 TA ,coth hv 
2kT (1. 19) 

where A is a constant. When kT»hv, the direct process exhiblts 

a.linear temperature dependence. For the c~se when hv»kT, this 

process tends to g~ve a constant spin-lattiçe relaxation rate 

" '. 'Jj', ... "- - r'~~ " ~. !. 
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Pictorial representatipn of three spi~~lattice relaxation 

mechanisms. 
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detetmined by the rate of spontaneous emission of phonon5 ~rom . -
the upper state when pho~ons of energy h~ are no longer therma11y 

exeited. 

Th~ Raman proeess i5 shown-sehematically in Figure l.lb. 

A pho'non of energy h" interact5 with a spin, causit;lg a transition 

from Ib~ ta la> wit~in the spin system. the phonon being 
, 

scattered with a different energy h,,+ 6 where ~ 15 the ene;rgy 

, . splitting b~tween the Zeeman levels ,of the transition. The 

temperature dependenc~ of the Raman relaxation process is 

p , 
o '-

(1.20) 

1 

where B i5 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 smal1 

splittin,. 

Figore l.le Tepresents the resonant Raman or Orba~h 

relaxat ion mechanism. This lnvol ves the ab,s-orption of a phonon 

by a direct process ta excite the spin system to a higher energy 
, 

le~el le> at ~ above the ground doublet, followed by the emission , , 

of another phonon of slightly different ehergy 50 that the 

magnetic ion is indire~tly transferred from on~ level to the 

ot~er of the groûnd doublet. The tempe!ature dependence of the 

Qrbach process Is 

_ co 1 [ A -1 
C exp (kT) -1] (1. 21) 

t 

·where C is a constant. 
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These three mec~anisms are by no means the only ones by 

which ~pin-lattice relaxation may proceed.' The pro~lem of 

measur~ng and d~termining the temperature dependence of the 
l • • ~ 

relax~tion rat~ is ~omp~icated by the superposition of m,re 
• 

than one relaxation mechanism and/or the Interference between 1 

• • 
thesé mechanisms as·they compete for the phonon speètrum., the 

review by Manenkov and Orbach (1966) fQr exampl~ includes a 

numbe~ of aspects of the problem. 

1.6 The Jahn-Teller Theorem 

The fundamental tbeorem of the Jahn-Teller effec..f may be 

st~t ed as fo llows: When an a tom. ion or' cry-s taUine defeet has 

orbital electronic deg~neracy and its neighbours are in a 

symmetric (non-linear) configuration, then t~e atom, ion or 

defect is unstable with respect to at least one assymmetric 

• 

displacement o~ the neighbours w~ich lifts the degeneracy. This 

;theorem was proved by Jahn and Tell~r (1937) from an examination 
~. -j 

of the pr'operties of aU the point symmétry"groups and is merely 

an existence theorem concerning the availàbility in aIl cases of 

at least one mode of distortion that can cause some en~rgy level 

splitting. 

,The simplest example of a situation whére the theorem is 

applicable is i11ustrated 'in FJgure 1.2. Consider a doubly 

degenerate electronic state in a symmetric configuration with 

energy Eo' According to the Jahn-Teller theorem, there is some 

distortion denoted by Q which splits the electronic degeneracy 

and causes the lower split-off state to have an energy Ea such 

that CE -Ea) increases linearly for smal1 values of Q. Since 
. 0 

.... 
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. di stort ion Q 

. Energy splitting of a 'doubly degenerate electronic state under 

a distortion that lifts the degeneracy to first order . . 
~ . 

• 1 lsa fol' 
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'q. "''', I,;l ~ .. ~ 
the elastie e.n'ergy assoc ïat'ed wi th this di S~Ç)rt f'on is proportional 

to Q2 there will be a posi~ion of minimum (E -E )~ ,thus, the o a 

symme'tric 

energr by 

configuration 
1'; 

. \ 
d"isto1:'tin} to 

is uns'table and the system can Jower its 

a fini te Q=Q ~ o The energy differenee 
,\ . 

EJT by wbich the lower.~plitOoff state's energy lie~ below the 

~ 'If 
energy of the symmetrie configuration is th·e "Jahn-Teller" or 

stabilization energy of the distorted configuration a~d ~sually 

has a magnitude of the order of 1000 ~m-l • 

Although an individual complex may be spontaneously distorted 
o _A {\ 

r;j-~tnto a particular configuration, there May still be signifieant 

dynamic corrections (O'Brien, 19~4). These are due to zero point 

f 
ionic motion in the ground State and reorientation br tunneling - , 

o 

through or thermal activation over a barriér from one distorted 

configuration to another. . A measurement lIlade in a time short 

compàred to the' t,ime for reorientation will iy;tdicate a statie 

distortion, whil~ one taking a longer time may yield an average 

over the configurations and thus correspond ta a dynamic effect. 

A second type of dynamic effect was introduced by Mo~fitt and 
q , ' 1 • 

• • D 

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

the electronic and vibr~tional motio~s of the system are coupled, 

hence·mixfng the eleCtronic and vibratio~al parts of the wave 

funetion of the çou'p1ed system. "Eigenstates of such a coupled 

syst~itl are labelled "vibronic" eigenstates • 
• _; 'r'" '_ • 
..,.....v~\ ~ . 
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. 2. INTRODUCTION 

.' 
t \ f.· . ... -;. , 

r,· 

, 1 

This thesis1~ep6rts the EPR spectra and spin-lattice . 

relaxation rates of Ti l
+ 'in cesium aluminum alum and Cu 2

+ 

in zinc bromate h~xahydrate at liquid helium t,mperatures. 

Since transition metal ions have been under extensive 

investigation for sorne time. it is the aim of this chapter to 

review Sôme of the theoretical and experimental papers found 

in the literature. . " 
.. 

2.1 Review~ Ti 3
+ in Alum 

\ 
The Ti 3

+ ion has orlly one 3d electron in its outermost 

shell. This makes, the .analysis ot its properties from basic 

principles somewhat' simple.r than.other transi tion metal ions. 

Ho'wever'~ince Ti 3+ is readily.oxidized to Ti:4+. it h'as been 

difficult to ~tudy t~e ion in the' majority of crystal hosts. 

16 

f' 
,Nevertheless: the study of Ti?+ both in concentrated and dilute ' 

f~rm within alum crystals ~as been a subj~ct of considerable 

,1 

• 1 

ihterest during tHe past tw~nty-five year~.· .Paramagnetic 

resonanc,e. relaxation\ and magnetic sus~eptibili~y da.ta have 'be~~ .. 
~ , 

.' . , the basis of JIluch theoreti'cal analysis. 

Van Vleck (i939a) fitst pointed out ,the special place' . 
occupied by the alums in the understanding of the subject of, 

para.~a,gn~y~·c relaxatio,n. The next year J Van Vleck (1940) cal~ed 

atten~ion to the difficalttes experienced in relating the 
. . 

'exper.i~enta 1 resul ts to theory for a "pure" Or undi 1 uted t i tanium 
<l • ' ' 

, . 
:"alum. It was in" that paper in relati~n to·titanium that·h~ wrote: 

. ' 
': 



, 
" ~' , 
{ 

r~ 
~ 

f 
,,' 
, 
,,- C ~ . 

- , , 
.... ", -', -1' "~"""""';t_..t_f'A~~~ij_; . .usM!$Mi'''(Cl;H*b,At"""~~.~,,,..4!h;:tla 'J 

17 

Q 

"The agreement with experi!Dent is nfiserable." 

,Bijl' (1950) first observed electron paramagnetic reSOnance 
' .. 3+ ~", 

of Ti . in concentrated CsTi alum powder over a range of 
, ' 

" 

temperatures. between 6.33°K and 7. 8SoK.' He I\'I-ea'sul'ëd the 

effective g-factors to be 1.35 ~t the lower an4 1.53 at the, ' 

higher temperature. Bleaney et al. (1955a) inve~tigated th~ 

spectrum of a s1,\gle crystal of CsTi alum a't' temperatÙ1'es Q,~:tw;e:;.en 

2.S D K and 4.2 D I<. They found a 'wide l,ine of width 250!SO: gaus~, 
, , 

f h h ' 2 + ' 4+0 or whic, they give te g-fac:tors g,,-=1. 5-0.02 and g..l.=1.1 - .02. 

~hey interpreted their results as indicating that Ti 3
+ exists 

('J, .' 

~ in .four differently oriented, but otherwise equivalènt, trigonally 

distorted magnetic complexes with the z-axis directed along the 

< 111» crystal directions.' 'They concluded that simple crystalline 
f, 

field theory was inadequate to explain their results. Gladney 

and Swalen (1965) have discussed_t~e results of Bleaney et al. and 

have applied their own computations to explain them. It was only by 

using an unusually large St~vens orbital reduction factor 

(S~evens, 1953) that they wer'e a,ble to bring experiment and , , 

h · l' . f Ti 3+ b' . t eory 1ntQ agree~ent. n a ser1es 0 reports on su st1tut1ng 

for A1 3
+ in CSAI alum (Woonton and MacKinnon, 1968), RbAl alum 

(Dionne, 1964) I,ln~ TIAI ,alom (Dionne., 1966a) the appearance in 

t~e sp~ctrum of more than'four EPR lines with an unexpocted 

.nisotropy was interpreted as evidence of lower-than-trigonal 
, 

, 3-+ < 

'site symmetry for thé Ti site. Th~ lower symmetry was considered 

to b~ due tb an effective displacement of the [Tl(H20)6]3+: 

octahedron perpendicular to the trigonal symmetry axis, giving 

rise t~ twelve magnetic complexes in the unit cell. Gladney and 
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Swalen (1965) criticized this model on symmetry grounds,' and the 

unusual interpretati~n arose because the ground state was 

assumed to be described by an eff~ctive spin s=î. 
The first reported spin-lattice rèlaxation experiments 

with Ti 3+ in an alum lattice ,.,ere by Gorter et al. (1938) at 

77°K and by de Haas and du Pré (1938) in the liquid helium range 

of 4.2~K and lower using non-resonant techniques. In the latter, 

the value of T was established as less than a' Jl)illisecond a.t' 
• 

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

was derived since there was no way of determining the tempera t,ure 

dependence of T because no dispersion was observed. It should 

also be noted that these measurernents were carried out with 

undilpted CsTi alum, with ~he result that T cannot be equated 
l, • 

to t~ spin-lattice relaxation, tirne since dipole-dipole inter-

action undoubtedly influenced the result. Van Vleck (1940) also 

qhestion~d the reli~bility of these previo~~ rneasurements b~cause 
, 

the samples studied rnay have been affected by dehydration. Dionne 

(1966b) reported continuous wave satùrat~on measurem~nts on 

titanium-doped rubidium alu~ after unsuccessfully preparing 

samples of Ti 3
+ in CsAl alu~ •. He only succeeded in obtaining 3 

experimental points, which p~e~ented the determinat~on of the 
. 

relaxation mechanism with any 

paper the d~t~ was influenced 

certai~ty. As reported in that 

3+ by the presence of Cr impurity. 

Moffitt and Thorson (1957) and Opik and ~ryce (1957) were 

the first to consider the details of the theory of Jahn-Teller 
c • 

effects for a triplet state. They discussed the vibranie 

Hamiltonian of an orbital triplet eleetronic state eoupled to 

~ ________________________ ':"_""'_~--::;:-:.-' .. ,7""!::; .. <'T."i':.':,_:::~.J'C7;" .. L· ... " •• :-' ~ -- ---::;-~-:..-.... " -<Ii" 
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vibrational modes of the complex and gave the corresp~nding. 

vibronic eigenstates. ' Ham (1965) extended thi~ analysis ~o 

ealculaie orbital reduction factors for matrix el~ments of 

interactions within the ele6ironic triplet. Macfarlane et al: 

(1968), and Bates and Hent 1 ey (1969) also considered a J ahn-

Teller model, in whieh the triplet orbital state is coupled ~o 

the lattice vibrations. This,model was us~d by Rumin et al. 

(1973) to explai,n the ground 'state g-values of Ti 3+ in 

methylammonium aluminum alum. + Theil' values of g.,=I.37-0.01.,and 

+ 
g~=1.16-0.01 cannot be explained ùsirig statie crystal field 

theor>,:. ' 

Since more ac~urate data is required to further'the 

understanding of fh [:i (H 20) 6] 3+ system, this thesis describes 

the EPR and spin-l ttiee relaxation measurements which were 
, ' 

carried out 0l! Ti,,·. in CsAI alum at liquid helium temperatures. 

The data obtained is ~hen used to eonstruet a model for the 
: 

energy level ~tructur~ based on the Jahn-Teller model described 

in Chaptel' 3. J 

2.2 Review: Cu Z+ in Oètahedral Co-ordination' 

The g~ound s~ate of ~ cubiç·oct~hedl'ally co-or~inated çu 2
+ 

ion is the orbital d01,lblet 2È. The onl'y excited state i5 the g , . 

2T2g orbital triplet at approXimatel~ l~m-l ab~ve the ground 

state. The Cu 2+ configuration possesses .one hole ,in the' filled 

d shell 50 that the spe~tral b~haviour of the cdmplex should be 

as found in octahedrally co-ordinated Ti~+ complexes, only with 

j the- level order inverted. 

, i 

"t •.. 
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Considerable theoreticai work on Cu 2
+ followed the 

enunciatïon of the Jahn-Teller Theorem (Jahn and Teller, 1936, 

1937). 2+ • Van Vlects, (1939a.b) predicted that Cu when 1n an 

octahedral envirpnment would suffer a Jahn-Teller distortion 

to a state of ~ower symmetry. A more detailed treatment of this 

pro'pl~m wa( given br Opik and. Pryce (1957) 'l'ho aiso igave estimates 

for ~ the importan-t parameter-s o~ the th'eory. 

Thè firs~ unambiguous experimental evidence of the Jahn-

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

2+ ' 
study of Cu in zinc fluosilicate. They found a spectrum which 

was anomalous from the standpoint of ordinary crystal field 

theory but which could be exp~ained as a result of the Jahn-
" , , 

Te1Ier instability for the orbital doublet ground state of the 

C~2+ io'n. Abragam and Pryce ,(1950) eX~lained th! s ne~rly iSo-, , 
, , , 
trppic EP~ spectrum at 90 0 K aS,corresponding ~o an average of 

the anisotropic spectra expected for the various possible Jahn

Tellerodistortions o~ the Cu 2+ cpmplex. The high temperature 

(90 0 K) spectrum resulted from the rapid reorientation of the 

complex between these various distorted eonfiguratibns. Bléaney 

and Bower~ (~952) reported the EPR spectra of-tu 2
+ in zinc 

fI uosl 1 iea te. copper bismuth' doub fe nitrate and copper' bromate 

at 20 o K. In each case the anisotropie EPR spectra of the 
, 1 

indiifidual static Jahn-Teller-distorted configurations of'Cu 2• 

were observed. 

~ther experimentai ~PR dat~ have reinforced the Jahn-Te11er 

mode~-f~r Cu 2
+ in octahedra1 co-ordination. Notab1e'among the 

systems studied are Cu 2
+ within' MgO and CaO (Reyno14s et al. 1974; 

Low ~nd Sujs. 1963; and C~ffman. 1968). Of most interest here . , 

---_. "! 

:, 
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is the work of Blea~ey et al. (1955c) who reported the EPR 

spectra of Cu 2
+ as a dilute substitutional impurity for Mg 2,+ 

2+ or Zn in magnesium bismuth double nitrate, deuterated 

lanthanum magnesium double nitrate, zinc fluosilicate and zinc 

bromate. Since little understanding of the bromate system was , 

achieved ~hrough their measurements at 90 o K, this system was 

chosen for further investigation at liquid heliu~ temperatures 

withirr this thesis. In addition the anisotropie spectrum of 

Cu2
+ in zinc bromate was not investigated sufficiently ta 

determi ne the spin -Hami 1 toni~,n parameters. 

After Moffitt and 'Liehr (1957) had exarnined Jahn-Teller 

effects as fundamental consequences of ~he coupling between 

2+ 
e}e~tronic ener~y states and nuclear displacements, the Cu 

or 3d9 electronic configuration served as h model for s~ch 

calculations~ O'Brien (1964) supplernented the earlier t~eat-

ments of the static Jahn-Teller effect for the case of the 

orbital doublet by examirring the dynamie effects resulting frorn 

ionic motion in the ground state and low-energy vibronic states 

of the dis~orted cornplex. As a result of tunneling from one 

distorted configuration to anot~er, the vibronic en~rgy levels 

are split in proportion to the tunneling frequency, with the 
. 

vibronlc ground state rernaining a degenerate doublet. For a 

strong Jahn-Tel1er coupling, OtBrien showed how the tunneling 
. 

splittlngs of low energy vibronic states depend o~ the barrier 

heights between th configurations. Earlier, Bersuker (1963) 
If 

had'also investiga ed the dynamie effects Qf this tunneling, in 

strongly distorted Jahn-Teller systems. 
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Recognition that the theory of dynamic Jahn-Teller affects 

-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 adynamie Jahn-Teller effect 

can cause large changes in the matrix elements of electronic 

~~ operators such as the orbital angular momentum operator, the 

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 oceurs ev en in the vibronie ground state. In tpe lfmiting 

case of a strong J~hn-Teller coupling, in which sorne of 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 bath theoretical 
? 

and experimental aspects of the problem. 

It has been found in several Jahn-Teller systems involving 

Cu2+ in hydrated hast crystals, that spin-lattice relax~tion 

rates are considerably faster than in similar systems in which 

there is no-orbital degeneracy. An enhanced spin-Iattice 
. 

relaxation rate has been found by Lee and Walsh (1968) an~ 

Breen et al. (J969) for Cu
2

+ in La2Mg3(N~~)12.~4H20 to b~ at 

liquid helium temperatures, four ta five orders of magnitude 
( 2+ 

faster than that of,Cu in potassium zinc 1utton salt (qill. 

1965), in which a strong tet ragonal crystal ,field l'emoves' the .. 
orbital degeneracy thus suppressing the Jahn~Teller effect. 

• 2+ . 
EV,en faster spin-lattice relaxation rates for the, Cu ("20)6 

complex in zinc f.luo~ilicate were measured by Dang: et al. (1974). 

Preliminary spin-Iattice relaxation data on Cu 2
+ in zinc bromate 
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helow lOoK were also reported in the paper of Breen et al. (1969) 

al though the EPR spectrum had nev-er been reported, a t these 

temperatures. Only a qualitative comment was made o~ their data 

which was not analysed in detai!. A h f T
,3+ 

s was t e case or ~ in 

CsA! alum. more EPR and spin-lattice relaxation data for the 

2+ Cu : zinc bromate hexahydrate system must be ·obtained before 
4 

a consistent model is constructed. 

.. 

• 
.. 

Ji 
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3. JAHN-TELLER EFFECTS FOR AN ORBITAL TRIPLET STATS 

3.1 Normàl Co-ordinates 

In this chapter and the next, mol~cular clusters of the 

farm XY6 are examined, Here X signifies a paramagnetic ion 

and Y a "'ater molecule. Jahn and Teller (1937) have shown 

that if the X ion has a degenerate electronic ground state 

(excluding Kramers degeneracy), the water group distorts itself 

50 that it is not cubically arranged and the degene~acy is 

lifted. The reason for this is that in a degenerate system, 

the electronic charge cloud has different orientations for 

different components of the d~generate family of levels. This 

means that linear terms in the normal co-ardinates cannat be 
~ 

simultaneously e1iminated for aIl components which implies a 

distortion and a lowering af the sy~metry • 
• 

The modes a~ distortion of an octahedron of six ions have 

been discussed by Van Vleck (1939b). He numbered Y ions st the 

corners of the octahedron 1-6 and placed them at the ~ositipns 

(R.O,O), (O,R,O), (O,O~R), (-R,O,O), (O,-R,O) and (O,O,-R) 

respectively, while the central or X lon was placed-at the 

origin of the co-ordinate system. The d~splace~ent of the n th 

ion i5 denoted by (Xn , Yn , Zn)' Thus the six Y ions occupy the 

face centers of a cube of width 2R. 

A cluste~ such as XY6 has 21 degrees of freedom character-
" 

ized by normal co-ordinates which are usua~ly classified as even 
..1 

Cg) or odd (u). Normal co-~rdinates are.odd if they change sign . 

under reflection in the origin •. These,introduce no linear terms ,. 

1 

J 
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c in the Hamiltonian and need not be consi.dered in the problem. 

Ignoring translations or rotations, the only even normal 

co-drdinates of ,an octahedral complex XY6 can be written~ 
,~ 

\ 
(3.1) 

r 

only Q2~":' Q6' 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. 

lIlodes of vi,bratio.p are sho~n schematically in Figure 3.1. 

The Hamiiton~an for such an isolated cluster 'can be written , 

6 
=V,+ 1: V.Q. 

o 1=2 1 1 
(3.2) 

. 
where Vo is a function of the co-ordinates of the d electrons 

of the(~.ntral ion and has cubic symmetry while V2 ' ... ,V 6 are 

coefficients depending on the co-ordinates and forces between 

the X and Y ions.> These coeffic.ients characterize the Jahn-

-----_.1: .. ' 
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FIGURE 3.1 

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 the se normal co-ordinates and their 

coeffieients can be classified accordin'g to the irreducible 
• 

The coefficients V
2

' V
3 

will be nonvanishing if the degerierate 

orbital state is either.r3 or rS while V4 - Vs and o V6 will differ 

from zero only for rS' This was'shown in deta~l by Van Vleck 

(l939b) • He al50 pointed out tbat if the vibration cC>'rre$ponding 
00' 

to Q is of a typ~ contained in the direct product 'of the 

reptesentation·of the 'O,rbital state with itself. the coefficient 

will be nonvanish,ing. These direct products can be decomposed 

lnto irred1:lci bl~ repres enta t ions' as" follows: 
"'. 

, 0 

0, l (3.3) 

, , 
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3.2 The Orbital Triplet 

As shown in the previous section, an orbital triplet 

"' state can couple to oboth r 3g and rSg normal modes of·~ibration. 

F T • 3+. • h d • or ~ 1n suc an octahe l'al env1ronment. the dominant cubic 
.... , a 

crystal field splits the 2D,~round state of the free ion 

* into an orbital triplet -grou~,d state (T2g or r 5g) and an excited 

orbital doublet CE or r 3g~at g , about . -1 20,000 cm above the 

ground level. Although ,the r 5 , g electronic g'round state cano ' 

couple to either the f 3g or rSg mode of vibrati~n Cequation 3.3), 

Ham (1965) and Macfarlane et al. (1968) assumed that the r
3 . g , , 

mode is more ~trongly coupl~d. It can be shown, that if the 

coupling i5 to the mode rSg ~r bqt~ r 3g .and rsg' th~ difficblty 

of the prQIHè»n is great ly incre~sed. (See for example Abragam 

and Bleaney. 1.970, p. 841.)' The RPR and spin-lattice relaxation 

3.+ -me,asurements on ~ï ,as ~n iD.!puri,ty in methylammonium aluminum' 
/, ~ 

alum are consistent with a Jahn-T~ller mode~ which eonslders the 

r Sg' ground state 'of t:he' T-~ 3+ iO~-- td' inte'l'act 'wi th a ': 3g moae of 

vibration only .(Rumin èt al.' 1973). Ham (1965) used the eluster 

approximation Qf section 3.1 ta show that the vibronie speetrum 

re,mains tne same as that in the' absence' of the Jahn-Tel,ler inter

action except f~r-the reduction ~y the Jahn-~eller energy EJT 

common'to aIl states. 

• Note: Both notations are in common usage and appear in this 
thesis. 
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For an orbital triplet ,clectronic state rsg in cubic 

symmetry, thè Jahn-Tel~er. coupling to a r 3g vibrational moh~ 

(.Q2' Q3) is, g'iven by the vibronic Hamil tonian, (Noffi tt and,' 

Tho r'so!! ," 1957) 

(3.4} 

where 
o 

P2. and P3 are momenta canjugate to the normal co-ordinates Q2 
, J 

29 

and Q3,' w Is the a,gular frequencr appropriate to the f3 mode g, 

of vibration and V is a const~nt corresponding to the strength 

~f the Jahn-Teller c~u~lin~. 1 is th~ 3x~ unit matrix and €2 

and E3 aré two standard electronic 
~ 

to E and ~a~ng th'e ma.tr~x form ( 

o 

1 
î 

o -1 

orbital 

E3 D
• 

operators belonging 

.. 
~ 

.. 13/2 0 

0 +13/2 (3.5) 

o o 

wi th respect to the' bâsis lP 4' ~-s' and tlJ 6 • These basis funetions' 

ar.e taken' to t r a llsform' r~~pecti v'el.y a$ ~Z, ZX and XY for r s ~ 
Sin,ce the' matrices: E 2 and E3 are dilJ.gbn~l, the Hamiltonian. (3.4)" .. . , 

. , 

dges not admix th~ states .111 4 ,. 'liS' "~6 for. any Q2' Q3' 'The resulting· 

enérgr surfaces describing th-e sta,tic Jahn-'Teller effect are ~hus 

, L , . 

1 

1-

1 
l' 
1 
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three disjoint paraboloids (Van Vleck, 1939b; Opik and Pryce, 

1957) corresponding to ~4' ~SJ ~6 with vertices lying respectively 

at the points 

(3.6) 

where ei2 and eil are the-diagonal matrix elements, respectively 

of E2' and e
3 

eor,responding to 1::4, S, 6. These verti)ces thus 

correspond to the tbree energetically equivalent stable 

configurations of the static Jahn-Teller effect and the Jahn-
1 

Teller energy is 

'(l.7) 

The stable configurations have tetragonal syrometry and represent 

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

The vibronie eigenstates of (3.4) are given exactly by 

(Ham, ,1965; Moffitt' and Thorson, 1957) 

Ve'2' Ve' 3 
'il. =~.F [Q2+(' ~)] F", (Q3+(! ~)] 
1n l n 2 llW 113 }lW 

. (3.8), 

.' 
corresponding to the energy eige~valùes 

(3'.9) 

where n2 , n3=0, l, 2, 3, ... and Fn(Y) i5 the' one-dimensional 
, . 1 . 

simple ha~monic oscillator wave function for the energy (n+I)bw. 

.J' 

The energy spectrum (3.~) is ·thus displaced by .EJT but otherwise 
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is unehanged by the Jahn-Teller 'coupling, ,while 'the vibrational 

parts of the wave funetions (3.8) are appropria'te to a, displaeed 

two-din'lensional harmonie oseill ator. The ground state, is a 
(, 

d~generate triplet ~elonging to rSg (the same representation ~s 

the eleetronie triplet) for arbitrary strength of th~_Jahn-Teller 

eoupling. The exaet vibronie 'wave funetions (3 .. 8) have the form 

of simple 8orn-'Oppenheimer products, but the vibrationa~ fae~or 

i5 different for the three electronie states even for states of 

the same energy. The equilibrium position (3.6) for the,displaced 

oseill ators il'S di fferent for the di ffetent el eet ronie funet ions 
, 

W. (i=4, 5, 6). Theil' separation inereases in proportion to 
l 

V/
2JlW

2 and hence the region of overlap between eorresponding 

o5cillator siates- assoeiated with different elee'tr~nie funetions 
J 

\ 

is diminished, andmatrix elements between such st/ltes faU off , 
accordingly. Àny eigenstate of the system is a linear eombination 

of the three vibronic funetions and retains the eubie symme'try 

of that system. 

Matrix elements of various operators _between the vilrronie 

,~ige~st~tes (3.8) m~y be evaluated explicit1y using the generating 
, , 

relation f~r the harmonie oseil,lator funetions (Ham, 1965lv:_"':;" 
, <, 

, 

Consider an eleetronic operator 0 which is independent of ,Q2', Q3' 
Then a vibrortie matri'x .el~ment ,of 0 is simpiy, 'the produet or an 

'electroni-t matrix elemertt and the oscillator overlap integrals: 

- -(~.lO) 

l r, 

." . 
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and similarly for,< in3ljn; >. 
-

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

elements among the states 1/1 4 , 1JJ S ' "'6 has ~~trix elements within 

the vibro,ni.;.~ ground",state 'triplet 

< 'l'. l·oAIIf. >=<1I1.IOAll/I.>exp(-3EJT'21l]' 
100 J 00 1_ ]. (At 

(3.11) 

However, an el ee t ronie operator OB having only diagonal mat rix, .. 
elem~nts between 111 4 , l/IS~ 1/1 6 i-5 unaffected by the Jahn-Teller 

coupl ing:' 

<If. fOB/'I'· Am~>=<",.lol·~.>8i·6 .. 6 , 1nm J n 1) J nn mm (3.12) 

Thu,5 J the direc): effect of 0A within the gt'ound state triplet 

of thè vibronie system i s gradua,Uy quencheeJ as the o'Verlap 
1 

(of the oscillator wave functions o~ the different states) 

dimini shes as the strength of the Jahn-Tell er int eraction i 5 

increased. The exponential fàctor 

(3.13) 

ls the orbital reduction caused by the dynamical Jahn-Teller 
1 , . . 

quenching of the operator 0A' , f \" c' 

i 
Operators'transforming as r 3g or r1g are diagona~ in the 

, ' 
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above representation "and are thus unaffeeted by' 131Ile Jahn-Teller 

coupling (when the coupling is 50lely with, modes belon,in~ to 

f 3g)· On the other hand, operators transforming as r4~ or rSg 

are of the 0A type and are quenched by the orbital reduction 

factor (3.13,). In the limiting case EJT »1\W, the direct effect 

of these operators is entirely quenched as expected for the 

statie JJh~'-Tel1er effect. 

The electronic orbital angular momentu~ t is an operat~r , 
of the type 0A with only off-diagonal matrix e1ements between 

the 5tates_ *4' Ws ' and W6' Then, its matrix elements within the 

vibronie gro~nd state triplet are reduced as in (3.11) 

'<'!'. 1 Lkl'!' .... >=<1p.I L
k lw.>exp[-3EJT'21'l]·· 

100 JOu 1] W 
(3.14) 

We see' that the orbital angular momentum of the ground state 

triplet is partially quenched by the Jahn-Teller interaction. 

In th~ limiting form of a strong J-T interaction. this quenching 

is complete for the large statie tetragonal distortion. The 

quenching is only partial in the dynamical regime, when there 
l " , 

is still appreciable overlap of the oscillator wave functions 
1 

for different states. 

Exactly th~ same considera~ions apply to the spin-orbit ~ 

coupling operator ÀS. t. Si~c'e 5 does not ,operate on the 1f. , lnm 

the 5pin-orbit matrix elements are reduced in the same proportion 

as those of L. The same i5 true of any operator whose~orbital 

part Is exclusively off-diagonal in the representation in which 

the Jahn-Teller interaction 15 diagonal. Other orbital inter-

actions, such as the orbital contribution ta the hyperfine 
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interaction and the effects of fSg type strain, are also 

partial1y quenehed by a,dynamic Jahn~Tel1er effect as in 

equation (3.14). Thi general reduction in off-4iagonal 
? / 

elements was first re ornized by Ham (196S) and has been 

the Ham effect in rec 

The potential du to a trigonal distortion has rSg symmetry 

(Tanabe and Kamimura, and aIl i t 5 matrix el emen ts are 'off . 
diagonal in • ~6) basis. The~~ values are therefore 

reduced by the t~r y. The orbital triplet T2g state 

i 5 sti 11 split to' firs order into E g and Alg stat es, when the 

direction of quantizat on i5 the trigonal axis, but the splitting 

is redueed by the taet In the limit y+O, a trigonal field 

cannot distinguish bet the, three equi val ent '[ 1 OOJ -type 
.,' 

distortions, 50 that t can be- no t rigonal spI i t ting. On the 

other hand diag'onal ope ators, such as a tetragonal field, are 

not quenched, and 50 pr duce a splitting . 

. ' 

, . 
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4. JAHN-TELLER EFFECTS FOR AN OR.BITAL DOUBLET STATE 

4.1 Statie Jahn-:re11er Effects 

Sinee the first unambiguous obseryation of the Jahn-Teller 

effect for Cu 2
+ in zinc fluosilieate by Bleaney and Ing~am (1950), 

the coupling of the orb'tal double,t electronic state to vibrationa1 

,modes of the crystal has been s tudied in grea t detail. An 

octah~dral cubic crystai field splits' the 2D ground state of the 

free ion Cu2
+ (3d 9) into an orbital doublet E ground state with 

an excited orbital triplet at least I04cm~1 above the ground 

level. This is the inversion of the energy levels of Ti 3
+ (3d 1 ) 

in an octahedral crystal field. 

An orbital doublet state in cubic symmetry belongs to the 

two dimensional irreducible representation r 3 of the rotation 
, ~ 

group of the cube., In accordance with section 3.1, the two 
C· 

eleetronic states comprising the doublet are labeled ~2 and 

~3 and transform as (2Z2_X2_~2) and (X 2 _y2) respectiv~y. Here~ 

X. y and Z denote Cartesian co-ordinates with tespeet to the 

cubic axes. From equation (3.3) we find that the orbital doublet 

can be split only by the r 3 mode of vibration • 
. ' g 

The' spli~ ting of the r 3g douDlet br the Jahn-Teller effect 

i~ d~scribed by the effective,Hamiltonian (see for example Ham, 

~72) 

(4.1) 

, , 



( 

," 

o 

E is the energy of the degenerate el,ectronic state in the 
o 

symmetrical configuration while V is the linear Jahn-Teller 

coupling c,oeffici~nt which 1s negative for an electron-hole 

2+ as for Cu • The third term repre:}ents the elastic energy 

associated with~ the di stort ions Q2 and Q3' As illustrated in 

Figure 1.2~ lt is this elastic force that limits the Jahn-

Teller distortion to a finiie value. Letting Q2=pcos6 and 

Q3=psinS, the eigenv~lues of the Hamiltonian (4.1) become 

(4.2) 

with correspondi~g eigenst~tes 

(4.3) 

n 
These energy surfaces are shown in Figure 4.la. The energy 

36 

surface is obtained by rotating the curves of Figure 1.2 through 

360 0
• In this case E is independent of e, and the corresponding 

v 2 
V Jahn-Teller stabilization energy is EJT- 2K at poa K as shown by 

Van Vleck (l939b). 

A m~re realistic Hamiltonian should n~t allow this full 

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

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

coupli,ng 
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FIGURE 4.1a 
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Energy sufaces Et for the orbital doublet electronic state 

with linear Jahn-!el1er coupling in cubic symmetry. The 

surfaces have rotational symmetry about the energy axis. 

-

FIGURE 4.lb 

A'fold-out view of the potential ~el1 at papo when the effect 

of the higher-order coupling terms are taken int~ account. 
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(4.4) 

. 
while Opik and Pryce (1957) considered the anharmonic term 

(4.5) 

When these "warping" terms are added to the Hami 1 tonian (4.1) 

the eigenvalues are given by 

(4.6) 

Minima of the potential energy oecur for discrete values of e~ 

, 2u 4~ ~ Su 
namely e=o~ S-' and S- or 6=3' UJ and s- depending on the 

relative signs and magnitude of V and V. In either case, the 
q a 

result is th~ee energetically equivalent configurations 
, . 

(corresponding to either elongations or contract~ons along the 

X, Y, and Z axes) which are ~eparated by low barriers, when the 

high~r-order coup!ing ter.s are taken into account. (See FigUre 

4.lb~) If the barri ers between the wells are sufficiently high, 
1" 

Ahe static Jahn-Teller effect for the doublet will therefore 

correspond to ~he three stable configurations at the bot,toms of 

these ~ells. However, the system 15 dynamle unless it is suffici-, 

~ntly pe~turbed. which may happen in a .easurement (see section 4.2' 

below). .The eleetronic orbital ground state is .+~ for. V< 0 as is 

the ~ase for Cu2~~ Typical values for the barrier 'height ~nd 
2+ Jahn-Teller enerar for Cu in 

. ""-
lanthanumj-t?snO$iua'double nitrate 

i 
i , 1 
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res~ectively (Vincent and 
. \ 

(~MN) are -Zl2cm- l and l420cm""l 

Walsh, 1973). 
l' 
\ 

o 
4.2 The Effect oi Strain and Tunneling 

The importance of crystal strain in con~ection with the 

Jahn-Teller effect was ~oted by Ham (1965, 1~68). A uniform 
1 

strain can be defined by its six components ielonging 

respectively to ' 
\ 

\ 
(el=e +e +e ) ,xx yy zz 

Ze -e 
r ( zz 1 

3 e 2= 2 (4.7) 

1 au. au. 
where eij=ï('a;~ + ~) and u is the displaceme t~ Within an 

,J 1. 

orbital doublet f3 the components e2 and 8 3 ar the only ones 

thàt split the energy level of the ion t6 

splittin~ is described by the Hami~tonian 

order. 

l ' 
1 

1 

(4.8) 

This 

where Vs is the strain coupling coefficient. T is term in the· 
. 

Ha'miltonian increases' in significance with t-he trength of "'the 

Jahn:reller coupling. A tetragonal c~ystal str~in along the Z 
l, 

axis would cause one of the equivalent distortiQns of Figure 
, 1 

4.lb to have a lower energy as shown in Figure ~.2. This would 
1 

1 
i 

1 

J 

:~ 
.. 

, t 
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FIGURE 4.2 

Thé effect of a tetragonal strain along Z on the corrugated 

po'tent~al well. 
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d .'. 1 C 2+ i h" • ten to local Ize a pa~t~cu ar u ion n t 1S potent1al weIl. 

In reali ty. th'ë Cu2
+ ions of the crystal will be ,distributed 

among the X, y and Z str~in-stabilized wells sinc~ the 
. 

tetragonal strain does not distinguish between these directions.' 

So far, the discussion has ignored the zero-point motion 

ànd tunn~ling through flnite barriers. A more realistie 
1\ 

approach al~ays ta~es into account the kinetic energy T.of~the 
',) 

nuclei whieh adds a term to th~ Hamiltonian of the form 

(4.9) 

whe"r-e lJ is the effective mass Ç>f the ligand ions 'for the r 3g 

mdde of' vibration, ~nJ P. 15 the Inomentum operator conjugat~ 
1. 

ta Q .. As a .irst approximation the eigenfugctions 'of the 
,]. 

\.-

combined Hamiltonian can he eonsidered to be llnear combln~tions 

of Born ... Oppenheimer products •. These products are el ectronic 

wave functions mu!tiplied'by harmonie oscillator wave funetions. 

Moffitt and Thorson (t957) give explicit expressions for these 

e,igen func-t ions. 

When tbe barrier ~eigh~ between minima of the potential 

~ ,15 .very higl:t,,' the wave-funetions are weIl ,localized. Por 

s~al1er barrie~s.'quantum mechaniea! ~unneling can oee~r 

betwee~ the wells. This configo~ation interaction results in 
, , 

the separation of'the three degenerate vibronic levels into a 

si~glet and'a ground doublet separated by a tunneling'or 
, .i ' 
"inverSion" splitting ~ (BersuJcer. 1962). This compares vith 

, . the eff.C~f, a local strai,!.~ •• hich causes the th ... e degenerate 

'vibronie lé"Vels to. split lnto an' excited doublet and a ,ground 

1 
'1 
1 

:J 



') 

[' 
~ 
~<, 
li-
I, 

t (. 

\ .., 
.-

..... .J-,_ ..... ~ ~ .... l~. __ .... '_F""&I ..... =.W"""i __ .... IlIII.se.a .. e""=.Tf,.I,!!1IIIIIIII~lIIIi"1C.IU.II.H •• _"IJt'.J!".1\IIItS".l!IIItldIllllU_U_,b.UJ,.JJlÏIIIi __ .,.; ___ _ 

, J. 

1inglèt. 
• 

When bqth sirain and tunneling are present and 

in'-magni tude. an ~ffecti ve . Hami 1 tonian approach may 
- , . 

Q 

to superi.pose their cont~lbutions to the sRlitting of ihe 

tnr~e-fQld degenerate vibronicoground states. Thfs triplet 
J 

can 'be described by a pseudospin T=1 representation vith 
o 

.42 

, +' 
allowed Tz v.aluès -1 and O. If a tetragonal strain alon& Z is 

present. for exa~ple. th~ stfain ,operators in the pseudospin 

represent~~i~n are 

(4.10)' 
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( . , 

0' , 

T~ èffect of tunneling between equivalent potential wells 

causes mixing of the wave-functions. Thus matrix elements 

representing.tunneling must be off-diagonal. The matrix 

representi~g both tunneling and strain may be written ii the-

above basis a~ 

lx> F r 2" 

'r> r F 
ï 

Iz> r r 

where r 15 a ~unneling parameter. 

by 

E .. (!.-r) , 
1 2 

r 

r (4.13) 

.. 
- ... F " 

Thé eigenvalues are given 

(4.14) 

Figure 4.3 shows qualitatively how these energy levels split 

as a function of straln. The strain and Jahh-Tèller distortion 

were assumed to be parallel as was observed in .the me'asurements 

in Cbapte~ 7. The result is three vibroni~ 5Jnglets ~bose 

separation is a function of F' and r. When p»r~ a s~rain .along 

Z tends to localize a st~te'in thi~ direet~on~ and-EPR 15 

observed witbin the Kramers doublet when an external aagnetie 

,~ .. ' 

1. 
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FIGURE 4.3 

Energy splitting o/the pseudospin 1'-1 triplet due to 

tunneling and tetragonal strain. 
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field is applied. Three such EPR spectra are to b~ expected 

since' at any particular time there will be a random distribution 

of X, Y and Z strains. 
( 

4.3 Phonon-Assisted Tunneling 

As pointed out in the previous section, a str~ngly coupled 

Jahn-Teller 20mplex in a pa~ticular di~torted configuration will 

reorient to another distorted configuration by tunneling through 

the barrier. The reorientation rate depends on the intera~tion 

of the Jahn-Teller ion with phonons of the lattice as weIl as 

the size o~ the potential barrier between the wells. When a 

magnetic field is applied. tunneling matrix elements (or other 

residual interactions between vibronic wavel functions) can induce 

more rapid transitions between states of opposite spin belongirtg 

to different configurations than between the Kramers conjugate 

states of a single contiguration. • 

, The above hypothesis bas 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 observ'ed for the Cu 2,+ ion in an orbi tally degenerate 

state. These rates are at least four orders of magnitude 

f h h f C 2+ • i' T 1 li 'd aster t an t at 0 u ln potass um Zlnc utton sa t at qUl 

helium temperatures, (5toneham, 1965). In the Tutton salt, 

the relaxation occurs between the component states of a single 

Kramers doublet in a permanently distorted crystal field. Here, 

V~n Vleck's theory successfully describes the relaxation data 

(Van Vleck. 1940). 
. '2+ 
However, when the Cu ion i5 within a Jahn-

1 

Teller system, the ground state i5 a Kramers doublet for each 

\ 
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l, 

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. 

conjugate 

'" " Spin-phonon coupling is weak between t~ Kramers 

pair resulting in a relatively small diJrct 

relaxation rate. However, a spinle~s transition (corresponding 

to a reorientation of the complex) can take place by phonon 

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 the spin has a strong spin-yhonon 

coupling, since the pair of states involved in the process is 

not a Kramers conjugate pair. The spinl~ss transition has been 

observed by the spin-echo decay measurements of Breen et al. 

(1969) who estimated it to have a rate 100 times faster 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 meàsurements that are reported 

48 

in Chapters 6 and 7 were made with a standard superheterodyne , . ' 

reflec~ion spectrometer operating at X-ban4' frequenci~s." The 

apparatus is basically the same as 'that described by F.eher

(1957) and Poole (1967), and.is shawn schematically in-Figure 

5.1. 

Samples are placed on an externally rotatable platform 

at the center of a r,ectangular resonant cavity operating in 

the' TH I02 mode~ The position of the sample corrèsponds to 

the microwave field maximum. The angle of ~otation of the 
l , 

platform was réad on a calibrated dial t~ within 0.15 degree. 

The cavity was enclosed in an evacuated jacket of stainless 
, 

steel tubing, vacuum sealed at one end by means of indium wire. 

Paramagnetic resonance measurements were carried out using 

two 'Varian Reflex V .. S8 Klystrons. Both were ~requency 

stabilized to one part in 106 for several hours using a Curry 

McLaughlin and Len Ine. frequency stabilizer and 
< 

a Dymec Model 

26S0A oscillator synchronizer. Power from signal 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 ap~roximately one tenth of a gauss"over the 

crystal dimensions. Jhis DC magnetic ~ield vas modulated by 
, , 

a 200 Ht audio frequency field produced by Helmholtz coïls at 

the magnet pole faces. This resulted in a 200 Hz envelope on 

the mi~rowave signal reflected from the cavity, the amplitude 

of which was proportional to the deriv'ative of X~ with respect 

1-
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fIGURE 5.1 

Block diagram of the X~band microwave spectrometer. 
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Î ( 

1 to H. This limited the noise spectrum to a narr9W band in the 
1 

region of ,200 Hz by means of. phase-sensitive det,ctian and a 

band pass filter, greatly incre~Sing. the sensitititY of ;he 

spectrometer. 1 

Wells 

and a 
\ 

swept 

The. magnitude of the DC field was measured ~sing a Harvey 

Model ES02 nuclea~ magn'etic resonance (N~R)\ gauss meter 

Fluke 1900A frequency counter. The magneti\c field was 

at a constant rate ~ntil'~he resonant ~agne~iC }ield was 
+ 1 t 

reached. The microwave frequency of 9.460-0.005 GHz was measured 

with a calibrated PRO 58SA 8 wavemeter. At resonan e the para-

magnetic sample absorbs microwave energy. This c 

wave carrier frequency,w l ta be amplitude modulat 

modulation frequency .. The power absorbed by the 

resonance changes the Q of the cavJty and unbalan 

the micro-

the 

the micro-

wave bridge. Then the amplitude modulated reflected signal 

from the cavity enters the balanced mixer magic tele 

with the output of the referencè' Klystron II. whic 

at a frequency b)2 such that wl~w2=30 MHz. This in 

frequency (IF) signal is detected. amplified and,d 

in arder to ext~act t~e magnetic field modulation 

200 Hz. The absorption .line derivative is finally 

chart recorder at the output of a phase 

compares the cavity sig~al with a 200 Hz reference 

The spin-lattice relaxation measurements were 

using.a pulse saturation technique described by Bow 

to be mixed 

ls stabilized 
-

erm'ediate 

which 

out 

Mims 

(1959). A microwave amplifier VA ~ 824B, control1ed by a 

Somerset switching diode X-416. in the main arm of t e circuit 

served to pump t~e, spins and saturate the RPR signal ,using a 

.~ 
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l" 

, , 

peak power of l~S Watt: A tektroni~ pulse generator activat~d 

the switching diode as wel~ aS,a paralysis ciréuit which cut 

off the IF frequency to avoid saturation of the amplifier duri~ 

the pulsing period. Various pulse' widths and recurrence rate's 

• 
were employed to check for opt4mum results. A continuous wave 

(CW) low power signal was t'aken dire'ct:ly 'from Klystron 1 and 

added ta the pulse signal, through a directional coupler. This 

"monitor" power was adjusted to a low·value to minimize 'its 

effect on the instantaneous spin distri~ution. Its purpose was 

to mpnitor the,EPR signal recovery after the end of the micro

wave pulse; ~he signal i~tensity being proportional to the 
~ 

population difference as the spin,g return to the'rmal equilibrium.' 
~ 

Since the relaxation measurements were do ne on th~ : 

fmaginary or ,ab~orption 'part of the magnetic susceptlb'ility 'x"';'. 
caution must be taken to eliminate the real ~r dispersion part 

of the mJgnetic susceptibility Xf. Tbps the ~aturation 
" r t 

measurements were made with the' unmodulated magnetJc field 

adjusted to the cen,ter of the resonance 1ine where X·.O. t.o 
-

,insure that the sh,ape of thé recovery signal 'fas a func~ion ~f 

th~ absorption only. The recovery of the SPR absorption signal 
~... l, 

after $at~raÜon was fed into a n'~wenty-four channel signa1 1 . ' " 

averager tt described by Vincent (1913) and 'p~o1:ted br an X-y, 

recorder. The signal averager consists, ~'f: ~ ser.ies 'O~ ~reJlory 
, " 

units (capacvitors) tied to the reeovery ,51gn8;1. Du.r~ng' aach 

sweep, an~nternal clock oscillator advancès 'a ring counter , , 
, ' 

o 

which controIs the lIellory gates. , If the sweeps aroe synchronized 
, " 

vith the repetitive waveform of, interest. that waveform is 

graduallr stored in the lIeiao1"Y', '~~cau'se ~he salle port ion of the 
, .. 

1 
( 

j 
0j 
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i 

" ..... 

S2 

W'aveform Is applied to any given _capa.citor on successive, 

sweeps." The signal~to-noise ratto 15 also improved because , 
o 

the signal is b~ing integrated duiing this averaging process. 

This signal averager mark~ a significant improvement in the 
() 1 " ' • 

accuracy of spin-lattice relaxation measurements ovar photo-

,graphie rnethods usinS an oscilloscope tracing of the recovery 

signal, Relax'ation times as small as ... 10 microseconds could 
, < 

he measured with good sig~al intensity. This·limit was . 
determined bY,t,he minimum signal average,r gate size (-611s) 

and the IF am,plifier rise time ( ... ll.lS). 
{ , 

, 
.i-<~ 

~ T~e cryogenie system consisted of concentric Dewars with 

the outer one containing liquid nitrogen. The main liquid 
fi> 

helium Dewar was placed between the pol~ faces of the magnet 

and contained the microwave'cavity with the samplê sitting - " 

in â helium exchange gas atmosphere ,of approximately 35 Torr 
, , 

at 4.2"X to eliminate' vibration from',the boiling liquid 
1 _. '=.. v," 

" \., '""...... ~ . 
Te~per~tures {n tti~ ca~ity we~e measur~d with an helium. 

Allen Bradley, (lOSa at 20 0 t) ~~rbon ~.sist~r ~alibr~ted 
\ . 

against liquid~vapor pr~ssure u~i~i an Ed~ar~s,Vacustat as 

weIl as a Wallace ànd Tier~~n, Mo'd"el .PA14S' v~por pre$s~re gauge. 

Repea1nng the caiibration after an' ~ntet:vàl of. one yèar. 
, , ' 

~. ~.. ., : 1 

resulted in less than a 1\ ihange in the ,cal~brati~n curve. 
1 

The r;sistance Of'~he tbermometer waS'Deasur~d on'. special 
, ' 

WheatstoAe bri~ge eirc~it ~hich compens~ted for th~ resistance' 
• l ' .. 4 1) • ' ~ ". ' 

of the: 140 eonnec~lng wlr~s. Since ~he power ~issip~~ed in the 
, ' 

ther~,ometer ,!BS lEfs~ than 1 l1Watt. the te~perature re~ding,s, , 
... 

within the c&;vi ty ,wC?re not, affected. Tempèratur~s ,in tho liquld , , 
, 

"helium region. which were controlled by a pump and ,carte'sian '., , 

, . 
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1 manostat J w.ere aécurate ,ta bet ter th.an 1-'. Stability was , , , 

&~od excep~ for a small tempeiature interval·near the 1 

point of' helium. 
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6. EXPERIMENTAL RESULTS: Ti3-+ IN CESIUM ALUMINUM AI.;U~ 

Oct ahedrall y co-ordina ted Ti 3+ was studied as a dU ute 

substitutional impuri ty for A1 3
+ in cesium aluminum alum. 

Section 6.1 reviews the structure Qf the host crystal. The 

next section present·s the EP,R data obtained for this system 

with special attention given to the model of Shing and Walsh 

!(1974a) for a quasi-r 8 ground state. Spin-lattice relaxation 

/mea$urements 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 weIl' as related systems. 

,6. 1 Crystal St ructure 
j 

The crystal structure of the alums vas first determined 
1 

54 

br Lipson and Beevers (1935) bàsed on x-ray measurements. The 
". 

alums ~re a series of double salts'with the general formula 
~ 

(6.1 ) 

where '~~ t ,Riii ,anc;l a: iv are mo~ovalent, trivalent and tetra

valent 10n's r~spectively::' "M;;~' uSUa'llY ~i a~d Rii! a·re metal't"ic 

ions wb!: 1 e Riv is' one of sulpher',' sel'~n_ium or tollurium. Wyckoff 

(1923),'showed that th,e ,space group il' T: (Pa '3) with four 

formula (6.1) mOlecules,per unit, cell .. , 
, " . 

Lipson (19'35) d:ivlded the, -.lullis int6 three structural 

classes according to tJt~ 's.izédf· the <qtOllovalent ion. The Cl 
" \ • • L ' 

alum structure is t'ypical of 'JII~di'\J1n 'siz~4 lIiQno~a1~nt iO.ns sueh 



... 

1 If ( , l> 
.~ 

., 

, . 

as rubidium alurn wh.ile the 6 and y alum structures are typical 

of larger (eg. cesium 'alum) and ,rsmaller (eg. sod'ium alum) shed 

. monovalent ions respectively. The a alum is the most common 

structure, with the interest here on cesium aluminum alum. 

CsAl(S04)2' 12 "20.' 

In aIl the alums, there are two crystallographieally different 

types of water molecul-es. One type 1s always asso<:iated with 

the monovalent cation while the other type i5 assoeiated wit\h 

the trivalent cation. The A1 3
+ ion is always sut'rounded by six 

water molecules in a slightly flattened octahedron with trigonal 

symmetry 3. There are four symmetry~equivalent sites for the 

A1 3+ ion per unit ce Il wi th symmetry axe 5 ~long (111) directions. 

This is the environment into which the Ti 3
+ ian is placed when it 

3+ is a sub st Hut ional impuri ty for Al • C;,omer et al. (1966) 
\ 

o • 
measured the average Al:"O distance to be 1.88 A within the 

, 
coordination octahedra. They also determined the lattJce constant 

1 

• ! 

+' • :, 
to be 12. 352 .. (). 003 A. ,j 

AlI measurements weré performed on single crystals of CsAI 

3+ alum doped nominally with 0.1 atomic 'Ti , which were grown by 

Dr. G. Predericks of the Chemistry Departll!ent, McGill Uni,versi ty. 

from aqueous ,solution in an inert atmosphere ta prevent the 
, . . ~ 

oxidation of Ti 3+ (see Appendix 2) .. Other samphs were 81.50 tried 
, - . 3+ 1 

wi th varying suceess depending on the' concentration of Ti ions. 

Doping levels co~'l~ b4' qualitatively es"timatei based on the 
, . , 

darkness of the typlcal violet colour cha~acteri5tie of the,optical 

Ilbs!,rption band for Ti 3+ • 
J • 
• J 

'\ 

~ ~:""'"~ 

.-

~~ . , 
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::~~i 



. ' ;-, , 

. 
" 

.-
,......"."''\''1"( ~~ ..... "'001 .. ____ ... _________ ......_ _____ ~ ____ ,._-..... _-.... 4--& .... ""' .......... Pi!""'.=-... -...... 11 ____ . 

( 

) 

.. ' 

o 

56 

6.2 The 0_ EPR Spectra , 
• 

The energy levei struct';lre of Ti 3+ in cesium aluminum 

alum is shown schematically in Figure 6.1. The free ion 2D 

ground tetm 1s spllt by the 40minant octahedral cubic crystal 

field into a' groùnd rS electron1c state with t'he excited g, , 

r 3g stat e at approxima tely 20,000 cm -1 above the ground 1 evel. 

As shown in Chapter 3, the ground r 5g level is depressed by 

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

Jahn-Teller coupling to the r 3g vibrational mode. At this 

stage, the trigonal crystal field at the Ti 3+ site would 

ordinarily be expected' to split the vibronie _triplet ground 
.) 

state into a r 3 and rI with the rI singlet lower. This first 

order effect is opposed br the admixture of the axei ted r 3g 

and ground state rSg orbital states by the trigonal field 
. -

, whieh contr1butes a second-order splitting of the groûnd r 5g 

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

that the effective trigonal Haœiltonian u~der the assuœption 

that the r 5g electronic ground s'tate is 

the r 3g vibrational mode_ has the form 

.. 
strongly coupled to 

(6.2) 

where V is the trigonal ,splitting of the rS state to first g . , 

J' 

order, y 15 the vibronie reduet ion factor, v 15 the admixture 

of the exeited r 3g and the ground stat~ br the trigonal field, 

Il 1s the cubic field splitting and. the effectivo orbital 

angular Dlomentull hl .. Since the firat terll wi thin the braeket 

i5 reduced br the vibror;aic reauction' factor while.' the second 

" , 
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FIGURE 6.1 

Schematic energy-level diagram of Ti 3+ 
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term remains unaffected by the Jahn-Teller coupling, yv fs 

- Çoj 

comparable i~ magnitude with (v')2/4 • For Ti 3
+ in CsAI alum 

the parameter v is positive which leads to an almost complete 

cancella t ion of the effect ive trigona 1 fi el d. 

The 5pin-o~bit interaction splits the three-fold degenerate 

rS ground state intp a ground ra state having a four-fold spin g, 

degeneracy and an excited 'r7 state with t~o-fold spin degeneracy. 

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

orbit interaction ),L. 5 has its ma,trix elements reduced by the 

orbital reduction factor, consequently thi~ splitting is expected 

to be small. The r 8 ground state i5 split slightly by the 

residua1 trigonal field and local crystal strain. resu1ting in 

------------a quasi-ra qrartet whiC~ is shown to an exaggerat~d scale in 

Figure 6.1. UpoD.application of an external magnetic field, the' 

quasi-r 8 quartet splits ·according to the linear Zeeman effeèt. 

+3 +1 Jf a finite split~ng exists between the -2 and -2 Kramers 

doublets, theIt<tthe result is three' distinct AM=!l EPR transitions. 

The EPR measurements Were p~rformed at 9.46 GHz on si~gle 

crystals of CsAl alum doped with' 'nominal 0.1 atomie , Ti 3+. AIl 

samples displayed the same quantitative charac::teristlcs'.' Figure 

6.2 shows the first derivative representation of the EPR spectrum 

measured at 2.S o K with ft along a [Ill] axis. Observable EPR 
.1 

spectra were obtained only below 3°K due to short ,relaxation 

times. The three AM-:!'! trè.nsi t ions were identifi ed and labeled. 

A, Band C corresponding to the -ï .++-j. +~ +++î anei +î ++-î 
t~ansitions respectively. Line Chas the regular line shape 

because it is a ~ransition w~thin a Kramers doublet. The other 

two lines show significant strain broadening beeause the BPR 
& 

1 
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FIGURa 6.2 

Pirst derivative representation of the EPR 

spect}"um of Ti 3 ... in cesium aluminum alum 
..,. 

measured at 9.46 GHz and 2. S~ K with H along 

a [111] axis. The labels are 

. B: +3 
2 

+!.. C: 
2' 

• 

l ' .. -. \ 
2' . A: 

o 

1 

o 



.-

) 

" , 
r 
~ 

l 

o 

, J l' 

, ! 1 j , 

! ~ 1 1.1 o 
o L-------~~t~----o 
CO ;, 

. " 

1 

. :~ 



..... ,~ ) \ 

( 

, 

1 

o 
. " 

-
"A.-_~"'_""-''''''''''''doIIIH __ ;as ... " .......... __ _ 

transitions are between non-conjugate vibronic states. Line 

3 1 A(-ï +~-ï transition) was identified by observing tha~ its 

intensity increased relative to the other transitions as the 

temperature was reduced ~n'd the upper energy levels slightly 

60 

depopulated. The very weak low field transitions which 

complicate the spectrum are not 6M=!2 or :3 transitions. The 

locations of Iines A and 8 were taken at their extrema while 
..... ï-, 

the ze~~-crossing of line C was used to locate its position. 

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

Hoonton and MacKinnpn (1968) observed a spectrum similar 

to Figure 6.2. but interpreted it in terms o,f, an s=~ ground 

stat,e with lower than trigonal Ti 3
+ site sy,mmetry l>(i.e. twelve 

nonequivalent sites). Thi~ modification of the nsual aium 

structure described by Cromer et al. (1966) can he shown to 

be unnecessary upon examination of the angular spectra in the 

{ 110land { Ill} planes. Figure 6.3 shows the ang~lar variation 

of the EPR spectra for Ti 3+ in CsAl aium measure,d in the { 1l0} 

plane. The ~~ ++~î transitions were observed to have a much 

larger anisotropy than the +t +~-î transition. The periodicity . ~ 
was'70 0 and 1100 indicating that the symmetry axes are along 

<Ill) directions. Complete EPR speet ra could he obs~rved only 

+ within the angular range _300 with respect to the symmetry axis. 

The angular variation of the EPR 'spectra in the { Ill} plane 

(Figure 6.4) has a periodicity of 60°. The angular spectra in 

both pl~ne5,confir.s the presence of four syametry-equivalent 

113+ sites per unit cell with trigonal symmetry axes Along (Ill) 

directi~ns. Thus the usual alum structure i5 consistent vith the 

effecti va. 5-3/2 ground state. 
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FIGURE 6.3 

Experiment al angu,lar EPR spectra vi th H in { 110}. 
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angu1ar EPR spectra with H 

, . 

- " 

infUll 

<il-
_ ... __ ......-~IfJ~,' ..... n._ .. _....;.·.:..'_n~ ! " 

C) 

\' 

'1 

. " 

1; , 
Î 

r· 

I, 
1. 

l' 
r 

. ' , \ ___ ': __ .--. _~ ____ -- r--'~-------'-' --~-~-~------_______ -r--o---_~ ---~ ------

, , 
• 1 

" 
;~ 1 

1. 

'. ,', 

-,) ,~/.' J • 

, ~" .t 

, , 

',' 
, p 

, 'II 

" 

" ,1 
(f 
,1 
~~, 
l, 



• 0 • 

1 l " •• ri., .. 

~, .... ,.. .. .1-, ..... ,.. ...................... ................. .. ~, Iii'" t 4"'_"" d 4 

~ 

'Dl! 
l' 
( .' .' 
" : 

, ' , 

f' 

1 

'1 

, 
n' 

, l'~ 

" 

, . 
" , 

(, 

\ 
\ 
1 

C 

,. 

(} 

' ) 

N :r, 
,~ ~r;:"' 

~ L{) (() ~ , 

. """ '"--' N.C: 
•• 0> -

"t- Il fI 

~ 

o 

. , 

'. ~ 'A, 1 .... 

• d1'!'~ lb U ... 

, 
~ 

'. 

, ,'~~ '( , 

" 

i 

<'" 

'0 
'0 
C\J 

0 
(O . .-

.,....1.., 
tJ') " W '." 

Q,W' 
(\J '0;:, .... ' 

'/ <!) • 1 

W 
Cl ' , 

~'. 

,0(1) 
,U) . 

W 
..J 
(!),' .. • 

0 
~ 

o 
(\1' 
., 1 

Z « 
• 

'. 

~ 
, 
~ 
.~ 

~ 
,~ 
! 

-..l, 



;, 

" , 

1 .,' 

.~~.... . ... 
L ' - • 

.14" ~~ ...... ,,""~1''''''''-1''';<Wi''''''_~._"'~_'''''''''_~'.'~'~'flll'* ;e;fYlIjI;.CtIi'\!!YttJt')il(lvH'hi 

63'~-'1 

' .. 

,;; (1

0 

. , 

Shing and Walsh (1974a) have derived a·spin-Hamilt~niai 

" for the quasi:rS gTound state of Ti 3
+ as a dflute substitutional 

impprity r6r Al 3
+ in CsAl alum in terms of an eff~ctive spin, 

5=3/2. This was based on the introduction of a third order . , 

spin ang~lar momentum term into an ~ugmented'lpin-Hamiltonian 

for a ra quartet (Bleaney. )959). Using a Hamiltônian of the 

form 

" 

+f~(H S 3+K S 3+H S 3) 
x x f' y, Z % 

(6.3) 

1 
they wer~ able t~ calculate expected BPR tr~nsiti~~s within 

. the quasi,-r 8 ground .state w.1,th trigonal sylQllfetry.·, &r dlagonal

i~ing ~he dominant g terms and omittlni the tinob$~rved âM.!2 
, , 

and !3 transiti~n term~ thoy determined ~he foll~winc spin-
"'T"'" 

Hamil tonian parameters. br fi tting to the angular spectrai .. 
, , 

-\ 
'~ 

+ 
g~-0.6673 - 0.005 

f ' '/ +' u,,-1S72 f"a-O .·0144 • 0.002 (6.4) 
, 1 

, Il 
" 
Il !' 

1 

" . 
, "j, ' 

'f •• /~ 
,,1 '{ , 

0.1.-,15/2 tJ.--0.0868 ! 0:005 

i • , ' 
f, 

III '1 ~ 

r j ,I~,! ,/ 
~ )1 1/ 

.l,' ~ 

+ D .. 39.3 -. 1.. 0 MHZ . " 
f~ , 1 
['-

, , 
.~ 

~ 
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o 

The comparison of their calculated angular EPR spee~ra to tbe 

observe~ EP~ spe~tra, ii rep~od~ced ,in ylgure 6.5. < Sinee t~e<' 
• < 

,~ . ' 

z'Qro-fie,l'd splitting factor D was .,determined to be ,very small, 
_, t ~ 

the alma st comp l'-ete canee 11a tian of the" trigonal fie I-d 'W,as 

us~d br Jesion et al. (l9~4) t'o C~lcul~t'e the o'rbitai reducti~n 
, , 

factor, ,y. Set ting Jt
t
,. or equat iqn (6.2) equal to z-e~'o ~ the'y ,rlg , , '" 

estimated y=O.03 which 1s considerab11 1es5 ,than' the'provious 

e"st'hiat e' for, ~i,3+ in' metlbylammo~ium al u".n (Shing et ai:. 191~). 
, ,( 

, ' 

< " 

Sinee tho excited r', .spin,' ~~bit ,level ~as an, ener~y se'p':l'~~tion', ',' 

9f ' y.>.t.S wh'e~e ·the ,é,ff'&ctlY'~ 'orbi~al ant spin apg~l,ar; ~~.e~~,~', ' "i 

"jlre l' ~~d't'respect'i~~iy: 'Je~iO~' e,t al.' (1974.) 'pred'ie~~~\hat' " 

tbe ~xctted ~7 s~ate is at':'ap,~J;~Xi~ate'lY_ 6 ~m,"~:a~,~~~:~he gr?d~~r'':' 
quas'i-r 8 stâte. 

, . 
\ . ,~ ,. '. 

" 

* Spin-Iattice Relaxation . ~ . 
_ #' • \ ~ t 

Th ... spin-lattice rélBtxa'tion m_èasur.m~nt~ we-re ',erf,ormed 
, , , 

on tlie same single cry'stals of e,e-s~\.1I1l,àlum~n:u. ~luJll dop~~ith 

nominal O.l'atomic , 113
+ as we-re u~e~ fot'''the BPR',st,u'dy. The 

'puise sat.uratlon·'·technique described in chaPtèr'''S',~~$ U."ll',wi~h 
.. ~ , , ,:' • - .... :' , • j , 

, ,.., ~ 

~a' pul.se wtd~~ ,o~ ':one millisecon~ an,d a r~petltf.o~, ,~at:e, 'a.4j,ù~ted 

te> about:',f,iftY,::t,illes 10~ger than' the mea~ure.d r'el~~':tion: i::illlO 

',' 

, • ' _ .' -. • .. ï , \ ..., ,; ':r ... ' .. \ : l'~ ~ i : ~\ 

,of the sample> ','This 'all<!wed the' ,,'pin syste~' to,~retui,n:,~'o,',~~.i;mal 
f , 

equilibrium befo~e, the ne~t 

conducted by satura~ing:tbe 

puls;e.' : ',AlI .,eas~~~llènts·' ~e~:~'~~':" '-" , 
" .. ' ... < • ',. 1-

'';4- '~-t trarlsi t.ion ~ince tli.~s:"'was 

* Note: The reluIts of tbis' section: have been pu~lished by 
... l , -, 

'Jeslon, A.,'\)Shi~g, Y,;K •• and 'lfalsh', D .... 191$,~'~PhrS;,R~V; 
, .. " , 

-or 
_ .,j' " ,~r , 

~ 1 ~ , 

... ~ __ ', .... , ~ ~ .' l , '-0 W 4 
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FIGURB 6,5 

Calculated and experlmentàl ~nlular EPR 
~ li; ~. 

- 3+· spectra 0" Ti' in .Cs~~ ,alu1R. D(»ts are 

experimenta! d~ta; 
" 

solid lines are 

calçulated spec;.tra (Shin,' and "alsh l 19.14a).' 
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least affected by strain broadening. After the saturating· 

pulse, the EPR sign~l recovery was a simple exponential decay 
o 

with a time constant T, the spin-Iattice relaxation time. The 

recovery signal was fed to a 24-channel signal averager (see 

Chapter S) and consequently aIl data points represent the 

average of approx~màtely 100 recoveries~ Af~er plotting the 
, 

logarithm of the recovery sIgnal amplitude against time, the 

(,.' spin-lattice relax'ation time '''as calcUlated by Iln.ear regression 

usina a Hewlett-Packard SS hand calculator~ The maximum error 

in the relaxati~n measurem~nts 1s 15\. 

The' teJllp~ratur..e dependence of the spin-Iattice relaxation 
• - f 

rate,of Ti 3+ in CsAI alum meas4red between 2.63°K~and 1.27°K 
':t \ 1 • J .. P 

. •. 1 . 

wi th the DC magnetic field along the flll) axis is shown in 
~ . 

Figure 6. 6. Re~a'xatibn d.mes vary 'over two orde.rs of magnitude, 

from ~pproximately 20 mictoseconds ·at T-2r6°K to app~o~im«tely 

3 m~llisecdnds et the lowest temperatures reached i~ the 

. experi.ent.s • The temperetute interval could not be extended 
A • • 

sinee the rapid inc~ease in the relaxation ~ate _t higher . . 
te.perature~ requiTed the m~~surement of short relax~tion times 

be.yond the capability of the apparatus. 

,to ~~e relaxation rate.has ~he'form 

. ,'" 
The co.puter best fit 

. 
(' 

~ 1 ~ ~ 2 • ~ 1 1.1 0 • 2 + 2 : 1'.fx ~ 05 ( exp (9 ~ 9 $/T) :'1 ) ~ 1 ~ 21'6 '. (6. S) 
1)' , \ 

, -' ... 1,· 
(sec ,) 

j. 

J 
\, 
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FIGURB 6.6 

Tèmperature dependenGe of the spin-lattiee Telaxation rate 

for 0.1 ~tomic \ Ti3t·i~.CsAl alum at 9.46 GHz with.the 

aagnetie fi'eld' p4~all el 'to [Ill] axis. Dots are" exp"erimental 

data; the solid line \ the ~omput~d ·be~t. fit. 
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strain~broadened line. No single process could successfully 

descr~be the relaxation data bver the whole temperature range. 

The best ,fit (6. 5) ~as genera~d br a least squares computer 

program which minimizes 

_)-/0 i • 2 
Ri (T) -Ri CT) 

(6.6) 
S. 

i=l l 

"--- , 
whe~e Ri(T) are the experimental data points, Ri (T). ~re the . 

- fJ: ca1culated 
, 

uslng the trial rates funet i1~,n", 
" " 

(6.7) , 

Si is the experimental error of ~he i th data point and N 1s 

number of experimental points in the èurve. The values of 
2' \ 

the parameters A, B, C~ n and A which minimized X appear 

iln equation (6.5). The index n is' 9 for the nonresonant 
1 

Raman relaxation mechanism of a Kra.me~s ion. The expanent' of ' 

the Orbach term and the uncertainty, d,termines the r 7 energy 

ta be (lO!l.S)OK or (7!1)cm- 1 in agree.ent vith the esti.ate 

of A,from the BPR data. 

, 6.4 Discussion 

the trigonal ~ield' at Al3~ sites within CsAI alum ls 

known ta be substantial (~romer et al. 1966). The trigonal 
, , 

distortion' angle w~s ~$timated to be appro~i.ately ,1° by 
'11, ' 

G. ponn.y· anèl J.D.H. Donnay (prlvate cO,mm~nlc~~,lb,n)~.:.> For non 
~ , , ~ ~ ~ /-r ~ "" 

~~~,,-yell~~ ions, 't,he t,ri,&Ona,l",fi$ld i'~':~,Y.P,l.c~llf.'~_( .,the', orde~ 

1 

of' ÎOO -'cm-'! • The almos't cOlllple,tè çan_ce:l:~àtion' ~f,- ~his"tri~onal . 
• ~ .. ,: .. ':'; .. ~ ~ - ~ ~ -,~,~- ~ -.~I'_- _. - _'.: .. ' .. <. ,:... . '~; 

~---.:. -' .;;!-~ _w" ~,... _.... • - _Ll.. ,.,' 
'. . 

.' . 
; -, 

ol,. , ::. ~- '" ~ , • f., 

• t • .J,' 

1 

" 
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field is a direct consequence of the dynarnic Jahn-Teller 

'coupling of the orbital triplet rS to the r3g vibrational 
, 

';\ 
\ 

mode. Shing ~t al. (1974) had previously us,e.d, this coup1ing 

to successfully explain their results for the energy level 

spli~ting of Ti 3
+ in methylammonium alum. 

1 T · 3+ b' . f AI 3+. C Al 1 n a Teport on 1 . su stltutlng or 1n s a um, 

69 

Woonton and MacKinnon (1968) interpreted the appearance in the 

spectrum of mor~ than f~ur EPR lines with unusual'anisotropy 
3+ as evidence of lower than trig~nal Ti site symmetry. Dionne 

and MacKinnon (1968) considered this lover symmetry to be due 
"' 
Jt. 3+ to an effeèti ve dL'l'lacement of the {Ti (,H20) 6] octahedro~ 

perp~ndicular to the trigonsl symmetry axis, giving rise to 
" twelve magnetic complexes in the unit celle This inte~pretation. , 

which 15 based on the assump:ion that the ground state has an 

effective spin s=î. 15 in disagreement vith the usual alum 
" 

structure of four symmetry eq~ivalent Al,3+ sites (Bleaney._and 
'( 

Trenam, 1952, 1954). Howover, the model p~oposed py Shing and 

Walsh (1974b) demo~~trates that the quasi-ra ground stat, 

descrigod by an effective spin 3/2 acçounts aatisfaetorily for 

both the-EPR anisot,opy and the existence of tw~lve resonance 
1 

linos,." Each of the four symmetry equiv~lent sites per ~nit cell 

contributes thT,ee AM=l transitions within'the quasi ra s~te. 

Thus the :twelve SPR line~ are .explained without 10~erinl the 
3+ '. 

tri,onal Ti site symmetry. 
i li '," 

The pr~p~,rties' of, ~ quasi-~a ,round st'ati.i , •• y account for 

a number of thermal and .~gnetlt p.ropertles ~f' lu:are C~Ti' alua. 
< • • - ~ , " 

Thi$ salt,ls still aagnetical,t)" dilute. so-thà,t aaÎn.tic and 

exchange interactions bet~een' th~ 'T~ 3+ -iO~S' ahou'1d' b~ y,ory. slIal1:' 
, • J' '" \ ..... , .t... . _ 

-1 ' ., ~l • ,." ~ • 

1 4 ... ( 

, ,;. +"/or' .,\ 

~rt -; '-, .. 1 

" f .. , 

, 
) 
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Kurt! ~nd Simon (quoted by Hebb and Purcell, 1937) reported an 

anomalY1n- the specifie heat at temperatures of the order of 

O.Ol°~. The ground quasi-rs stat~ mode! may be applied since 

the small zero-fiel~ splitting of the quasi-fS state provides 

a sizeable specifie heat as the upper Krmers doublet i5 

populated. Bleaney et al. (1955a) charact~rfzed the properties 
1 +. 

of C~Ti alum according to an effective spin Sai' gn=1.2S-0.02, 
+. +' 

g~=1.14-0.02 and linewi~th of 2S0-S0G vith f~ur ions per unit 

cel~ corresponding to the usual alum structure. The trigona! 
l , 

distortion in CsTil alum will be close but not identical to that 

in CsAI . alum. 1 f the trigobal field cancellation in CsTi alum 

is mOre complete, then the ground ~tate would correspond to a 

rs quart et with ~ll three àM=~l transitions occurring at'the 

same magnetic field. Cons~quently, only one broad transiti~n 

will,be detected, whose width would he Joverned by strain and, 

not exchange interactions. This is consisient vith the evidence 
, . 

of size-able st,rain i~ the BPR spectra and spin~lattice relaxation 

temperature 
• l ' 3. 

depanden~e for' Ti in CsAl alua. The existence of 
l 

r 1 state may' be ù~$ed 'to eX~'lai11:' the challge in the , a low-:lying 

effe~tive magn~tic moment as deter.in~~ fr •• susceptibility data 

in the range 4~20·K (M.C.M. O'Brien. private communication). The 

spin-lattice relaxation data of s~ction 6.3 are comparable with 
• .0 

eaTlier m~asurements for CsTi,al~.·ùs~ng nonresonant teèhniques , . 
which exhibited an approximate T8 'temperature ~ependende (Benz!e 

and C04Ke, 1951). 
,< 

The computer ~itting to the sp~n ... la.tt.1ce T'el,axati.,n data 

vas based on thè iliproved' resolutlon of the experiaents using ... . , 

a 24 cha~nel s~ln .... i av-era,e't .0.t'hat'aIl data points' c~rrèsRond 
, , . ' 

. .~-

,-~._--,.-:_ ........ _----

j. 

~., . 
. ' 
c 

'~ i', 
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l 
to averages over 100 signal recoveries. Measurements were 

repeated on several occasions to~verify that the results vere 

independent of pulse width a{d repetition rate. This improved 

resolution made it possible to extract·a detailed temperature 
./ 

dependence from the data, although the temperature interval 
.. 

vas small. Below 1.4°K, aIl the da~a vere consistently of 

the form t, 

~ ~200(sec-l) 
, ' ) 

(6.8) 

" 

This estabiished the existence of a. ~imiting value; the 

temperature-independent spin di~fusion relaxation rate. At 

temperatures 'above 1.4°[, the relaxation rate could not be 
, , , ' 

described wi thin experim,ontal error by either 'a Raman or an. 

Orbach process alone. That 1s, the computer best fit'to the 

data using either process still' deviate'd 'from 50me data' by 

approximately 30\ vhich is twice th'e estillated error in the 

lI.easurements. this'reason, ~o~~ procès ses vere used,in 

the (6.7) of the computer least squares program. 

t' ànd nonresonant tvo-phonon relaxation 

sechanis.s are (1974) has suggested "!nttr-
"" ference" terms temperature depend~nce. Wh~n . )\ 

doublet lies well be1.ov th~ De,bye liait, 

the.e higher or~er terms are a :res\11t· of co.petit,.o.~, for the 

.aàe ,honons to ,articipa~e in both resonant a~d nonresonant 

scattering~ In th!s ca,e the Debyo te.poratur. for "C$Al alu. 15 
, " 

137°' (Pedorov. 1968). 

-, 
" 

" , 

, , 
" ' , 

,1-' " 
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has the form 
, 

(6.9) 

The higher order, Interference terms have been omitted from the 

computer fi1;,ting procedure for simplicity. lnstead, 'the exyonent .. 

n in the Raman term ~f equation (6.7) was nor fix~d at ~'but 

allowed to vary. The "best fit" valu~. n=10.2 may be interpreted 

a$ a super~osition of these higher order teras on the "~sual" 

Raman T9 temperatur~ dependenee. In, any avent, when ,n was fixed 

at the value 9, no other computer generated parameters ~efe 

found to change by more than 10%. 

.' 
~' Previous work on non Jahn-Teller systems (Cars'on and 

Jeffri~sJ 1966) has indicated that, while the dire~t process 

, '" in fare-earth ions may be quite adisotropie, 'the Orba ch process 
• ' 1 

should ~splay little or no angular vàriation at ail. This i5 
" 

, ~"' . 
bee~use the direct process between a Kramers'conjugate pair 

involves matrix 'elements of the or.bit-lattice interaction whi~h 

mus( be taken to seco~d order to include the effects of magnetie 
• 1 

field induced admixtures and thus an anguJar dependenèe on this 

.agnetie field ~rientation. Hoveyer the two phonon relâxation 

mechani~ms involve the absorption and/or seat%erlng of ~honons 
1 

whic'h ls independent of the magnetic fi~ld 'ori'entation. Shing 
.' a ' ~ 

~ . . . 
, et, a,l. (1973) foùnd that this ,.c~uld not 1)0 extonded to the 

, , , , , 

Jah8'-Tell~ sys~om Ti 3+ i~ aethyammoniua alum, Por Jahn-T~11t!r 
1{ " , ,,'" > 1 

"coup~~ng ~f an orbital triplet s~at. to f 3, m~des of v~~~atj?n, 
~ 'f 1 4 

the vib-ronie reduction factor reduces' aatrilt, ele.~mts of 

e~ectroa:'ic"op'erato~s whieh ,t~an.f~'r. l~Jt~ the f 5 i or r4g 
..., ~ ~~ 1 7 • ' 

... . _.~ 
" 

" 
.... 1,: 

1 

" 

\ 
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,~epr,e~entat~~n., ,whereas' matrlx 'elements Qf the' r 3g operators 

are unaffect,eâ.' Th~y "sho:wed ttrfl't' ~hi s preferentïal coupl ing 
, -

,;, , . 
of the Spin .ystem ~o ~he -l~ttice vib~ations was responsible 

, ' 

, ' 

fo~ the'larg~ a~gular'ahiso~r6P1 of t~e brbach relaxation rate 
- ' 

which they obse,rved .. ' 
, , 

This, angul~r ~ni50't~opy was qu~litat~vely confirmed for 

the Ti 3+ in CsAi' aium ~yste,m." The anisotropy of the 'spin- , ' , 
, , 

latti'c~ relaxatio,n' tl'me '1","in, t,h~ (Ill) piana at T-l. ~S,~,K is 
.' ~ , 

sho,wn 'in Figure 6 ~.,. 'M,~~sur,é~~mts.' ~e:re 'limi,ted by the 

det~;iorati; of the,'si~ria.1'·away,~roDl.'t'he [,l11} axis. Alth,ough" 
, ' , . 1 • 

,".' 

, " 

the anisotropy is similar' ta' tti~;· r-esul t~ of;- Shing et al. (1~73) J. -:, 
, '. ~ .. '. 

". } f • , .' 

of- the wave' func~i'o1}s of, ,the groùnd' an4'.' exe"ited states. Als,o • 
• , ~ " f 

the CsAl s'lum hast .crysta-l in~ol'y'ès' à more' ,comp~.i~atecl .analysis' 

than the, m~t~y~aJÎl~o'n;um a'lum d'~è -'to, th,è' co~peting effects o~.' 
l>~tb rosonant and n()nreso~a,nt ,re'la,~ation lIechanisms. 

Although data i'~' un~'v~ilabte .01'«: th~n -:-30· 'alfay ~t:rôlÎl 'a 
.., 1), '(1 

sYll1let,ry a,xis, the gen,eral. features of the anlsQtropy .8"re 
• l"~ t;.. J~. ~ ~ • t'II' 1 4 ~ 

consistent with their mod:èl •. ' , , 
\' .. ~ .. r , • .. 1 l " ~ , •• J ~ • • ' 'f' l' 1 f 

TJie Rallan and Orbaéli t_e~m.$:ot.,.equation. (6.5) havé 
• r • 1 • 

:~:~~::~:. a::i~::r1. :~::::::d~1~~ :he .::::r:: :r:~::::::'::j 
angular anisotrop';' ~f ~~e', sp-i.,;' .. }aiti~~ r~iaxaiion ti:e in ~he .-\ 

. ~. 1: ... J ' '':. ' ., ,.. 

(111) 'plane at two tempex:a,t~re's,':' ~itejn,'èach interYal~ ',Thé. 
,f., ,- .. 

curves fol10w' the data and are' d'l'.wIi only' as ~ ,:~~.i'deo to 'cli,tinl~lsh:''-
~ 1. t 

the ,forll of ,the anguler ani~otro.p~., . At, T.l.8~~IC~ .-,~~~<or~ac~ •. , . '.,:.': .. ,:: _."'. 
:\ ' ',1 .' <1 '" , J' ~, .' 1 J ' ~, t - ~ J., .. \ ' ..• ,'~~, (' . ro ~ 

, relaxation ,t,at,. is- lai',er wbil~ "the. ,reve'rse i,' t~u., at T'.'~'.;&2"·K;':, ,-' 
" . , ~. ~t. ~ ~ \}"\.: . " 1 t ~;;,~. 'i~:~~~' \.~-'.: ~ 

,The Orbach '.and:' ~.'-all, 'relaxat1:oA' prQiCeue.' slloulèt,a1so b,' e~p.è~ocl" 
, , ,,:~' & -', " < :;:-":' . ~<_<~~~ '., '~_.,:: . ." .' ',::~: ,I~::", 1. _ ' .. ", ':'\ ':':~' - ~,. <.:<>" '.~:~;',,~:<;> 
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FIGURE 6.8 

Comparison of the angular anisotropy of 

the spin-lattice relaxation time in the 

(Ill) plane at two temperatures. 
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ta have distinctive differenees in their angular anisotropy 

for Jahn-Teller systems. The' rèduc-tion of the relaxation time 

angular ànisotr-opy as T increases reflects the shift' in the 
\ ... 

relative ~mportance of these relaxation mechanisms. At h{gher 

temperatures the anisotropy would disappear if the Raman process 
~ \ 

alone accounted for the relaxation. 
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7. EXPERIMENTAL ~ESULTS: Cu 2 • IN ZINC BROMATE HEXAHYDRATE 

~his c~apt~r is concerned with the study of octahedrally 

co-~ed Cu 2 + as a dilute subst-itutional impurity for Zn 2
+ 

fn zinc bromate hexahydrat~ and 'follows 'basically the same 

fOTmat as Chapter 6. The fir-st section summarizes the structur,e 

of the host crystal and gives the results of the sample preparation 
~ .. ~ 

procedure. (T~is is given in detail in Appendix !.) Sections 

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

respectively. The discussion of section 7.4 analyses these 
~ ... , l 

results and comparés them to related ~ystems studied in previous 

work. 

7.1 Crystal Structure and Preparation 
. 

Zinc bromate hexahydrate is a'member of \~group of crystals 

that have been extensively studied for over fifty years. The 

space group and cell dimensions were first determin'ed by Wxckoff 
~ 

(1922) from a study of Laue photographs to be pa3(T
h

6 ) and lO.31A 

r~spectively. Since the specifie gravit y is 2.51. he det~mined 
the ~umber of Molecules of Zn(Br03 )2,6H

2
0 in the unit~ celi to be 

four. 

\ The exact structure of zinc bro~ate Rexahydrate was given 

'~y yU and Beevers (1936)# at room temperature using the Fourier 

method of analysis of their x-ray photographs. Arranged on 

the three-fold axes of the space group are pyramidal Br0
3 

groups 

and octahedral Zn.6H2 0 The zinc ion site symmetry is 

3. being co-ordinated by s atoms at the corners 

1. 
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(j 

78 

of a' trigonally dis\torted octahedron (trigonal antiprism). This 

distortion is small and can be deterrnined from the c~-ordinates 
Il 

given by Yu and Beevers (1936). Jesion et al. (1976) found that 
~ 

the inte~bqnd an~les O-Zn-O, related by the threefold axis, are 
... 

88~2 degrees.~The co-ordination octahedra of the four zinc ions . ....-/' 

in the unit ce 1 are oriented differently vi'th respect to crystal 

axes. However, aIl four rhombohedral [100] axes make the same 

. angle of l7~2 degree~ with respect to the [100] crystal axis.' 
~ , 

Crystals with Cu 2
+ as a dilute substitutional impurity for 

Zn 2
+ in zinc bromate hexahydrate were grown by the slow evaporation. 

of saturated solutions at room temperature. ,Details of the 
, 

procedure used,to prepare these solutions and samples ape desçribed 

. Ad' ':t A . l' 6 Sc d" h . 1n ppe~ 1X -,. S1ng e 1sotope, u was use 1n t e preparat 10n JI 1\ 

in order to sîmplify the EPR spectra. Six independent solutions 

vith nominal Cu 2
+ to Zn 2

+ ratios "~ 10\, 3\, 1\, 0.3%, 0.1% and 

0\ were prepared. The 0% (pure Zn(Br03)2'~"20) samples were 

studied as a control group an~ produced no EPR spectra. The line 

intensity was found to vary in the same ratio as the concentration 

of Cu 2
+ in the solution. Although consi~tent quantitative data 

were obtained for aIl concentrations, samples from the nominal 

0.1% and, nominal 0.3\ solutions produced such poor quality signaIs 
\ 

as to make extensive EPR and spin-lattice r~laxation measurements 
, 

unreliable. After the completi~n of the experiments two crystal~ 

from each of the remaini~g groups were analysed using atomic 

ab$or~tion spectroscopy (see Appendix 3). The results are 

sùmmarized in Table 7.1. 
2+ 

The actual tu concentrations were 

consistently down from the nominal concentration of the parent 
1 

solutions by a factor of two ta five. This compares with a 

, ,~ ... ;~" 
~. ~ 'f'" ~rl 

,., ' .• ~ .. ': •. ,! . ~f~ ~ : •• 
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TABLE 7.1 ) 

Analysis of Samp1es of Cu2+ Doped Zn(Br03)2.~H20 by Atomi~Absorption Spectro~copy 
.) l' 

Nominal concentration of 

Cu2+ in parent solution 

Percentage 

1 

l' 

} 

~ 

,3 V 
3 ~-

10 

10 
• 

2+ 2+ Ratio of Cu to Zn 
.. 

Percentage , 
... 

+ ~ 
0.16-0.01,~ . 

+ ~ 

0.25-0.01 

+ 1. 44-0.03 
, + 

1 •. 56-0.03 
+ 3.20- 0.04 
+ 4.44-0.04 

----~---~---~-~--- ---------~------- --- ~-- - --- ----

• Il W Il r " J pB ~ II m J F _ '" r:t 'SU idI"? ".-rem. !lIme sr' 
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-similar reduction by a factor of 30 found by Vincent and Walsh 

2+ (1973) for Cu as a substitutional impurity for Mg in laflthanum 

Magnesium double nitrate (LMN). 
',1 

, * 
7.2 The EPR Saectra , 

The.EPR measurements were performed on single crystals of 

zinc bromate hexahydrate doped with nominal 1\ Cu 2
+. Although 

t'he results quoted in this section were 'obtained for this 

concentration, aIl other samples produced quantitative~y similar 

results. The EPR spectra of crystals with higher Cu2
+ 

concentrations were increasingly obscured by larger linewidths 
- . 2+'-t ~ 

vhile data from crystals with lower Cu concentratlons were 

less reliable due to low signal intensity. , 
At 77°K, the EPR spectrum consists of a single isotropie 

line vith four partially resol~ed hyperfine' components described 

by the spin-Hamiltonian 

where g=2.21S~O.003 and A=(31.2~1.O) x 10- 4 -1 cm 

(7.1) 

These 

parameters of the isotropie spin-Hamiltonian ag~ee within 

experimental error vith those reported by Bleaney et al. (l9SSe) 

for the same system at 90 o K. 
'1 0 

At 4.2°K this isotropie spectrum was no longer obse~vabie. 

* Note: ~he results of this se~tlon have been published by Jesion, 

A., Shing, Y.H., Walsh, D., and Donnay, J.D.H., 1976. 

J. Phys. C: So1id St. Phys. !, L2l9. 
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, r 

In its p1~ce. anisôtropic spectra were observed for ea~h of 

the four differently or~e~ted sites of Cu 2
+ within zinc bromate 

1 

hexahydrate. The isatropic. high.temperature spectrum is the 

motiona11y narrowe'd ave'rage of the low temperature spectra. 

The transition be~~een these spectra was observed by Bij1 and 
, 

Rose-Innes (unpub1ished) to remain incomplete down to 7°K. 

Although a very sma1l absorption was o9scrved b~tween the 
. 

"para11el" and "perpendieu1ar',' spectra at 4.2°K. it was not 

isotropie and hence e~uld'not correspond to the remnants of the 

high-temperature isotropie spectrum at g=~ (g,,+2g.L)' Thus t'he 

transition appears t~ be eompl~te at 4.2°K. 

Each Cu sit~ contr1butes three axial spectra with tetragonal 

symmetry to the low-temperature anisotropie speetra. These 

three speetra correspond to ;tetragonal dis~ortions along the 
\ l' 

X. Y.',and Z axes of the octahedron formed by the co-ordination 

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

orientation. twelvè anisotropie spectra are expected; eaeh 

anisotropie speetrum eonsisting of four allowed hyperfine lines 
o J 

approximately lOG wide. This makes the identification of 

particular EPR transitions difficult due, to the ov~rlapping of 

man y lines within a small magnetic field interval. 

When the magnetic field is directed along the'crystallographic 

[100] axis. these twelve a~isotropic spectra e~alesce into two 

types of spectra. This is because the co-ordinat~on o~tahedra of 
• 2+ 

the four Cu si~es are oriented at the same angle (17~2 degrees) 

or ïts supplement (163!2,degrees) with respect to the 

erystallographic 1100] axis. A sample EPR speetrum. with the 

magnetic field paral1el,to the crystal10graphie [100] ax~s is 

.~ -.. 

,,':>:'~:~;''''~'4'/: ,-

i 
1 

\ 

1 

J 
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shown in Figure 7.1a. Parallel and perpendicular spectra 

correspond to the magnetic fi'e Id parall e 1 and perpend icular 

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

do not correspond to crystallographic symmetry directions .but, 
~ 

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

they are aIl oriented at the same angle with respect to the 

crystallographic [100] axis, there is a superposition of the 
1 

spectra of, e~ch site. The 10w field spectrum is the super-

posi tion of four spectra c'orresponding to the "near" para 11 el 

spectra of the g-tensor principal axes of the four sites of 

cu2+: The nigh field spectrum is:the superposition of two sets 

of fopr ffnear ': ~erpendicular spect ra and has doub 1 e the in t ens,l ty 

of th~ low field spectra. Figure 7.lb shows a spectrum measured 
, . 

with the magnetic field parallel to the.g tensor principal ax~s 

of one of the Cu 2
+ si tes. The four sets of four Jlow-field 

2+ hyperfine !pectra clearly demonstrate the four sites of Cu 

in Zn(Br03)2.6H20. The parillel spectru~ Is indi~at~d by ~he 

four lines drawn under the speetrum. The perpendicùlar spee~rum 

is not weIl resolved because of the gross overlapping ~f the 

high field lines. 
, 

The way in which the superposition, of the four spectra 

~corresPOnding ta each Cu 2
+ site takes place is illus~ted by 

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

hyperfine line of each of the four si~s is plotted in a plane 
~ 

containing a erystailographic [IOQ] axl~ and one of the g tensor 
f J 

li 
principal axes. With th~ arrQw indic~ting the position of ~~~~ 

'the a~gle between these two directions was detèrmined ~o b~ 
+ 12.5-2 degrees. Sinee the shapes of the EPR linos were di~torted 

, , 

(. 1 
1 , , 

1 

\ 
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FIGURE, 1,.1 

. First derivative rep~esentation of the EPR 
, r::; 

'. 2+ : 
spectrum ot: Cu : Zn(B~03)2.6H2'O measured ait 

9.46 GHz and 4.2°K with ~ a10ng 

(a)' a (100] crystal axis, 

(b) a ~incipa1 axis of the g.tensor 
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as tpe sup~rposition 'took place: therj 1s a sizeaole uneertainty 

at taehed to ,the ~oeat ion cH part ieular 1 ines. c 

These measured anisotropie spectra can'be deseribed by an 
. 1 3 . 

axial spin-~amiltonian with S=r a~~ nuelear.sp~n I~2 in the form • 

. H aglleH 5 +g.~(H S +H 5 ) zz _·xx yy . 

• 
+ Q[I~-iI(I+I)] 

'ù .3) 

where g~ A ana Q are the spectroscopie g-factor. the h1perfine 
~ 

para~eter and the quadrupole,parameter respectively. At 4.2°K. . " 

these spin-Hamiltonian parameters were determined to be 

+ g" .. 2.4507 - 0.0005 
/ 

/" 

+ \ gJ. -2 .1009 0.002 

1 .. 
A .. ~(1l7.B 

+ 0.51 10-4 cm- 1 (7.4) x 

10.4 -1· of. 
1. 5) AJ. -(13.3 - x cm 

( 1 

J ~ 

Q -(6.7 ! 1.5)Or 10-4 em- 1 

, \ ; 

Th ... e para.et~rs along .. l,th t,he \.xiaI spin-HallUtonian (7, 3J 

vere used to calculate t~e ~~gUl\r ~ectra of one partieular 

site. Pigure 7.3 shows the agre ment witbjlhe aetual measured 

if,' Î~' 

~ 
f 

" 

J , 



-'1 " 

1 _ 

! 

.. 

,1 

,: ,j' 
..... " 

, ,1 

. " "." 
, 

p 

" . 

PIGURE 7.3 

Calculated and experillental ~ngular EPR spec~ra 

of one Gu2+ site in ~~nc bromate hexabydrate~ 
\ Points are experimental data; ful1·curves are , 

calculated spectra . 
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angular var,ta tion of the four hyperfine lines of the EPR spectrum 

of 'one Cu 2+ 
site. The complete 

\ 

angular variation of tbe 
\ 

anisotropie spectra would include three such spectra with 

"-2+ tetragona1 symmetry for èach of the four Cu sites for a total 

of .forty-eight angular dependent lines. Thus ,it was not possible 

to trace unambiguous1y a particular EPR '!ine th.roughout the 

entir~ angular range. The angular variation of the anisotropie 
, 2+ 

spectra shown in P igure 7.3 shows that the ground level of Cu , 
in zinc bromate hexabydrate is a strain .. stabilized vibro-nic 

doublet rather tban a -quartet, and can he accurately described 

by a spin-Hamiltonian with tetragonal symmetry (s~e for example 

Coffman, 1968). A quartèt ground state would ~ave a "cross-over" 

angular variation which 1s not observed. This implies that the 
. 4If< 

signs of An and Al. must he tJ:te same, contrary ta the resul ts of ' 

Breen et al. (1,969) and Dang~et al. (1974) who found Au opposite 

in sign to ~.J.. for Cu 2
+ in LMN and zinc fiuosilicate respectively. 

Tbe g-tensor principle axis of the spin-Hamiltonian (7.3) 

was measured by determining the position corresponding to the .1 
maximum value of the spectroscopie g-factor. g". This position 

+ wàs found to he (12.5-2) d egrees away.~ from the [100] crystal 

axis, whieh is the position where the "near paralle 1" spectra of 

the four sites coincide. However, from the crystal structure 

determination' of Vü and Beevers (1936)" the angle between the 

[100] crystal axis ~d the [100] rhomhohedral axis was calculated 

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

the g-tensor principle axis' of (4.5:4) degrees from the rhombo

hedral [100] axis. 
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7.3 Spin~Lattice Relaxatio~ 

The spin-Iattice relaxation measurements were carried out 

using the pulse saturation technique outlined in Chapter S. A 

pulse width of microseconds was used following the 

procedur.e of B et al. (1969). Longer pulse widths. particularly 
" 

over fifty microseconds. produced spurious. pulse-dependent 

recovery curves corresponding to macroscopic crystal heating 

effects. These effects were observed for aIl samples including , 
the undoped zinc bromate hexahydrate control samples. implying 

that the host crystal was responsible for such phenomena. A 

twenti microsecond pulse widt~ was found to saturate the EPR 

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 to its thermal 
( 

equilibrium'before the next pulse. 

The recovery signaIs could b~ expressed id aIl experirnents 

'as a simple exponential of the form 

-t/t e (7. S) 

j 
where Set) i5 the 5trength of the recovery signal at time t 

with t=O corresponding to the end of the saturating pul$~. To 

extract the spin-lattice relaxation time constant t, the 

logarithm of the signal amplit~de in ar~itrary units was plotted 

a~ain5t time. The slope of ~he resulting plot (T) was calculated 
, . 

by linear regression using a Hewlett-Packard S5 hand calculator. 

l - ,.,-'" 

":'-. ~ ,~ > \:~~ \ :t,~.i~- h 

r 
" 
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Spin~lattlce relaxatlon rates were measure over a 

temperature range from 4.2° K to approxima~{IY 1.3°K for 

. /1/ 2+ samples gro~n from the nomInal 1%, 3% and 10% Cu saturated 

solutions. These crystals were subsequently analysed and found 

2+ Z 2+ . f 0 56 d 44 to have Cu to n, ratlos 0 0.0025, O. 1 an' 0.0 4 

respectively (see Appendïx 3). The De magnetic ffeid was 

oriented in the direction of the [100] crystal axis~which 

corresponds to the simplest EPR spectrum where there are 
l 

superpositions of the "parai lei" and "perpendlcular" spectra 

(see Pigure 7 .la). This super'posi tion served to enhance the weak 

observed signal intensity. 

AIl data points are averages of àt 1 east tW,enty. measurements, 
. 

each using a signal averager, (see Chapter 5) equally distributed 
4' ' 

oyer the four hyperfine components of tJie "parallel" spectrum. 

No systemat-d"c di fference was observed between the data o~tained, 

from each hyperfine component of. the "paralle 1" spect rum, a lthough 

relaxation rates measured with1n the "perpendicular" spectrum 

were generally larger by up to 50%. Such data (based on 

'~pérpendicular" spectral was reported briefly in the paper of 

o Breen et al. (1969) but were not studied in this work. Using 

pulse saturation techniques and by photographing oscilloscope 

presentations of th~ absorption signal recovery, they reported 

lIT proportional to T in the temperature range lO>T>1.3°K for two 

samples of Cu 2
+ in zinc bromate hexahydrate. Although their 

results for T(2.2°K fell oelow the linear extrapolation of the 

high temperature data. they could not account for this wi th a .. 
phonon bottleneck mechanism since both their samples started ta 

deviate at the same temperature despite a factor of five difference 

.~ i 
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~)concentrati~n. No EPR work was reported in their study. Their 
. -' 

spin-lattice relaxation data were unreJiable beeause they worked 

with the complicated "perpendieular" spect:c.u~ probably because 

of the stronger signal intensity. Partîal superposition q~ m~ny 
LÎ'1i 

EPR 1 ines makes i t very uncertain that any part icular' Îine - is 
~ c . 

actually saturated. Moreover, photographie techniques fail t~ 

provide sufficiently aeeurate data for a, detailed study of the 

temperature d~pendence. 

Figure 7.4 shows the te~perature dependenee of the spin-

lattiee relaxation rate, liT for the zinc bromate hexahydrate 

crystal doped wi th nominally 1 % Cu 2+.' The plot shows a slow 
~ 

temperature depe~ence; the r~laxation times varying from 

approximately SO~S at 1.3°K ta approximately 12 ps at 4.2°K. 

Th d f Il . Tl. 2 d d . e _a ta 0 ows an approxlmat e . temperature epen ence Slnce 

the relàxation rate quadruples as the temperature 1s tripled. 

Thus ~he relaxation meehanisms that exhibit such fast t 

dependences as T9 or T5 are clearly unsuitable for ~es r~bing the 

data. Simil~rly the coth (hV /2kT ) function whic 'asymptotically 

appl'oaches a Unear temperature_ dependence for 

be too "slow" to describe the data. The T1.2 

interpreted as a sum of tWQ terms as follows 

. , 

~_P.rs to 

be 

{7.6} 

where A, Band C are adjustableJcons~an~s and the linear and 
. 

quadratic terms reptesent a direct relaxation mechanism and a 

phonon bottleneck respectively. However this appears ~o be 

unlikely since a phonon bottleneck can be avoided ~y working with 

1 
1 

1 
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FIGURE 7.4 

Spin-lattice relaxation rate as a function of 

inverse temperature for nominal l' Cu2
+! Zn(Br03)2: 

6H20. The solid line represents the computer best 

fit to the data. 
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low concentrations sa as ta minfmize the spin heat capacity. Since l 
Adde et al. ·'(1969) have shown t;at a phonon bottleneck produces a 

linsar dependence of T on concentration, which was ~ot observed 

here in subsequent measurements, equation (7.6) was discarded in 

the inte~pretation of the data. 

The computer best fit ~ the data obtained for aIl samples 

was of the form 

4 

! = A[exp(A/kT-1)]-1.B (7.7) 

where the first term represents an Orbach type relaxation process 

via a near-br exc:ited state at Il above the ground level and the. 

second term represents a temperature-independent spin-spin 

relaxation. A sizeable spirt-spin relaxation rate May be expected 

due ta the short duration of the saturating pulse. T~e solid 

line in Figure 7.4 represents the computer best fit of the form 

(7.7) while the error bars represent an estimated 15\ uncertaintY4 
""'", , 

in the values of the re1axation ti~e T. This is repeated for the 

nÇ)minal 3\ and nominal 10\ sampI es in P igures 7.5 and 7. 6 ~esp_ec

tive1y. The relaxation data was almost identica1 for the nominal 

2+ l'and 3% samples although their actuaL Cu concentrations 
/' 

di~fered by a factor of six. Relaxation times fo~ the nominal 10\ 
1 , 

sample were only approximately 3S microseconds at the lowes~ 

temperatures reached in t~e experiments. This was probably due to 

2+ an enhancement of the spin-spin exchange since the actual Cu 

concentration was 18 times larger than that of the nominal 1\ 

sample. For aIl samples, the ,parameters A, 8 and Il of equation 

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

J 
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FIGURE 7.5 

Spin-lattice relaxation rate as a function of 

inverse temperature for nominal 
2+ ' •. 

3% Cu : Zn(BrOS)2' 

The solid line represents the computer best .. 
fit to' the data • 
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FIGURE 7.6 

Spin~lattîèe relaxation rate as a function of 
2+ • 

inverse temperature for nominal 10% Cu : Zn(Br0 3 )2' 

The solid line represents the computer best 

fit to the' data. 
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6.3, ~sing a trial function of the form (7.7). Tite result,s 

are shown in Table 7.2. . 
( 

7.4· Discussion 

The EPR spectra described in section 7.2 are consistent 

with a Jahn-Teller model which considers the orbital, doublet 

electronic ground state coupled to the r jg vibrationa! modes. 
, 

An axial spin-Hamiltonian vith tetragonal symme~ry of the form 

(7.3) can successfully describe the angular variation of the 

EPR'spectra. The same spin-Hamiltonian,was used by Bleaney 

~et :al. (19SSc) to des~ribe the EPR properties of several cupric 

salts vith trigonal symmetry. Spin-Hamiltonian parameters for 

octahedrally co-ordinated Cu 2
+ in four similar hydrated salts 

J ' 

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

- crystallographie similarities in the immediate environment of 

the Cu 2
+ ion~ As mentioned in section 7." no evidence was found 

to ~uPPQlrt the as sign~ent of opposite slgns to A,: and AJ.. }or the 

zinc bromate hexahydr~te host. Careful study o'f the angular', 

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

.. that tHe ground state (in w~ich the resonance i5 observed) is a 

strain-stabilized vibronie doubl~·t. 

At low temperatures the effect of the trigonal field 1s 
1 

superimposed on that of the frozen in Jahn-Teller t~tragonal 

distortions. This has the effect of tipping the principal' 

directions of the g and A tensors away from the <100> axes and 

giving them a rhombie character. Such modifications were discussed 

by Williams et al. (1969) for Cu2
+ in LMN. They predicted (but 

" could not measure) that the principal axis for , .. would ,be t i 1 ted 

1 

1 
1 
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TABLE 7.2 ~ 

Best Pit Parameters~t! ~he 

Por 

1 -1 Spin-Lattice Relaxation'Rate of the Porm ~ .A[exp(~/kT)-l] +8 

Nominall Cu 

(actual , Cu) 

1 (0.25) 

3 (1. S~) 

(4.44 ) 

2+ 
Cu :Zn(Br03}2,6H20 

A 

sec· l 

1.19xlOS 

1. 77xlOS 

1.32xl0S 

~ 

B 

sec· l 

• 

1.61xl04 

1.6SXl04 

'ê 

2.22xI04 

(Maximum uneertainty in all paramete~s: 151) 
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TABLE 7.3 
"-

2+ 
Spin-Hamiltonian~Paramet&rs 'fOT Octahedrally Co~ordinated Cu 

HOST 

Zn(Br03 )2· 6H20 

T-. 
oK 

4.2 

Mg3B12(N03)1Z.24H201 20 

g" -

2.4507 
:tO.0005 

2.454 

:t0.003 

2.465 
La2Mg3(N03)12·24H20\ 20 \ :t0.001 

2.460 
ZnSiF 6 ·6H2 0 /4.2 1 :tO.005 

'-

.. 

g.J,. 

2.1009 
:ta. 002 

2.096 

±0.0.03 

AH 
xl0- 4cm- 1 

111'.8" 
±O.OS 

110±1 

2.099'1 -111.7 

±0.001 

2.1-00 

± O. Q.OS 

±0.5 

±lQ7±2 

A.J.. 
,..4 -1 

x"lO cm 
13.3 
±1.S 

17±2 

16.0 

±0.5 

+14±2 

c. 

Q 

xiO-.4cm -1 
6.7 

±1.5 

). 0 .. 5 

±0.5 

" 
.. 
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r -by an angle A9 in a plane containing the tetragonal axis and 
" 

trigonal axis, from [100] towaris [111]. Their approximation 

w;as of the form 

:: 10 CI 
3 

(7.8) 

where 0 is 1. times the ratio of ~he matrix element of the 
Iï \ 

trigonal field Vs between the T2g and Eg states, tà the cubie 

field splitting A between these orbital states. This dimensionless 

parameter 0 was subsequently found to be 0.04S~0.01 for Cu 2
+ 

in LMN while Dang èt al. (1974) who closely follow the same 

p~ocedure estima~ 0=0. 06 for Cu 2
+ in zinc fluosiliciate,. 

Williams et 'al. go on to predict that a non-zero 0 shpu1d cause 

an anisotropy in the waist of the g-tensor, 
\ 

(.7.9) 

where P=A/A, À being the spin-orbit coup11ng constant. P may 

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

the paper of O'Brien (1964). Her equation (28) i5 

(7.10) 

2 9'B , 
of' inertia vhere w =- ~ ex 15 the moment factor defined by 8a 

'h2 
ex =::. 

2)JPo 
and 13 is one half the barrier height. Values for a and a were 

\' 
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first estimated by Opik and Pryce (1957) as 8 cm- 1 and 600 cm- l 

respectively. Carrying out the calculation using the measured 

g-values (7.4), the parameters P and w are -0.0544 and -1.7317 

respecti ve ly for Cu 2+ in z ine broma te he"xahydra~e.- Since no 

anisotropy Ln the waist of the g-tensor was observed, the 
"'-/ 

maximum value of a ean 'be estimated from the uncertainty in th~ 

measurement of g as followsj 

'II 

Ig l -g2 1 a 4P a < 0.004 '. (7.11) 

thus 
) 

a < 0.018 
, \ 

Such a value of a together with equation (7.8) implies a 

maximum value of à6equal to 3~ degrees which is consistent 

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

+ angular displacement of àe=4.5~4 degrees. Th - C 2+ .' • e u 1n Z1nc 

bromate system marks the first experimental observation of the 

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

for such systems. In the zinc fluosilicate host, Dang et al. 
1 

used measurements of the ~nisotropy of the spin-lattice r--

relaxation rate to put an upper bound of 3~ degrees on AD, but 
li 

were also unable to observe such a displacement. 

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

g ... =2,.1009 may also be used to estimate Ham t s quenching parameter 
1 . 

q. Since ï<q <'1 for adynamie Jahn-Tel1er effect with only 1 il!ea! 

'coupling and no warping, the value of'q relative to ~ provides 

• 
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a usefu1 criterion as to the strength of the Jahn-Teller 

coupling (Ham, 1968). Using thé definitions 

we have (following, Abragam and Bleaney, 1970). 

(7.13) 

~hus, using the principle valu~s of the g tensor determined in 

section 7.2, 

(7.14) 

Erom whieh q 1s obtained as 

0.54 (7.15) 

.. 
Since the limiting value of q is 0.5 for strong Jahn-Tel1er 

coupling, the above values are consistent with an intermediate 

to strong Sahn-Teller e~fect. The val~e of ga in equation (7.14) 

corresponds to th~ high temperature isotropie spectrum (which 1s 
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tae motionaily narrowed average of the low temperature 

anisotropie speetra)i g=2.21S!0.003, within experimental 'error. 

Jesion et al. (1976) were unable tf ~istingUiSh between 

model of Him (1968) based on random s~aln with dominant 
~, 

the 

tetragonal components and the model of Vincent and Walsh (19j3) 

based on a weak eo-op~rative Jahn-Tel1er tetragonal distortion 

on the basis of EPR measurements alone. The spin-Iattice 

relaxation data of section 7.3iseem to support the f~rmer model. 

Vincent and Walsh observed a concentration-dependent relaxation 

rate for Cu 2
+ in LMN and deduced from this ~ concentration-

depende6t strain parameter,;F. However this was not observed 

over a wide 
/1 2+ 

eoncen~ration ~ange for Cu in zinc bromate 
1 \ 

2+ ~ 2+ 
~O.2S% Cu ~o ,'ft. 44% Cu ). In addition, the data heJ<:ahydrate 

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

(7.16) 

which was used in th~rr analysis. Bere â is the en~rgy splitting 

to some wel1-defined low-lying excited level. 
, 

Mangum and Hudson (1966) reported a resonant relaxation 

process for severa1 rare-earth relaxation rates in LaC1 3 with 

the values of â varying from sample to samp1e for S~ and Eu. 

Tpey suggested the possibility of an inhomogeneously broaden~d 

excitqd state resulting in the lowering of an effective A due to 

~ro$s-relaxation. 
, 

Young and Stapleton (1966) examined this 

suggestion by means of a model in which i varied.from one para~ 

magnetic site to another_ according to a Gaussian distribution. 

Even a wide distribut~on of A values will not necessarily broaden 

YL '46 g • --' Ji.. ~,~ 
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'~he EPR of the ground doublet excessively if only Kramers 

2+ transitions are considered which 1s the case also foy Cu here. 

'By assuming that the i th ion relaxed at a rate given by 

3 
(l/T).=AIL exp(A./kT) 

~ 1 l ~ 
(7.17) 

and that a spin-spin interaction acted to bring the spin system 
o 

into equilibrium as it relaxed to the lattlce, they obtained 

. an observed effective 6 which is a function of temperature. 

The spin-lattice relaxation data of section 7.3 1s 

consistent with the above model. Pitting the data to a resonant 

relaxation process,plus spin~spin interaction, the values 

obtained for 6 are listed in Table 7.2. No concentration 

dependence was observed within the experiemental error and fitting 

procedure. The values of 6 probably reflect sorne average value 

<A~ over a distribution of- excited energy.levels due to the 

effects of variable random strain on the ener,gy le.vel structure 

h C 
2+ • 

at t e u sltes. Although the value of 6 may be subject to 

local fluctuations for various samples, the effective average 

-1 ~ value < 6>is approximately 3.1 cm (4.3 K). 

po'r Cu2
+ in LMN, Vincent and Walsh (1973) observed a recovery 

signal which was the sum of two exponential decays correspond!ng 

to phonon-assisted tunneltng via two excited states (see Pigure 

4.4). If the tunneling splitt!ng zr i5 very small, both excited 

doublets overlap considerably and only a 51ngle exponential decay 

can be ob5erved. This appears to be the case in the bromate host. 

so that tetragonal strain plays the dominant role in determlning 

the energy level structure. A rough estimate of the tetra~onal 
'1 

---____ ., 
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strain parameter F may be made using equation (4.14), 

For a typically small value of the tunneling splitting such as 
-1 ~ ~l 

3r=O.01 cm and using < A> = 3.1 cm :: BI - B3 this implies 
-1 0 P=:2.0 cm (2.9 K). 

1 

Although a po or recovery signal intensity was observed for 
r) 

Cu 2
+ in zinc bromate hexahydrate compared to LMN whicb was 

studied witb the same apparatus, the relaxation rate was increaséd 

by approximately one order or magnitude. The Orbach-type 

relaxation mechanism d~pends on the resonant scattering of phonons 

with energy A equal to the splitting between the exoited 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 pa!ticipate in the relaxation is 

Increàsed. Since the overall relaxation rate Is the summation 

over aIl possible mechariisms, this May account for such an increase' 

in the observed relaxation rate, while the signal intensity 

suffers due to $ somewbat incohe~ent ,superposition of recovery 

'signals . 

------------------~--._~-~~----------~~--

" 
, , 
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8. SUMMARY 

For many years the unusual EPR speetra and fast relaxation 

~rates of oetahedrally eo-ordinated Ti3
+ in ,the alums at liquid 

helium temperatures were not weIl understood. Statie crystal 

field theory predieted that the ground state should be a Kramers 

doublet with the first excited state over 100 em- l above this 

level (Van Vleck, 1958). When the dynamie Jahn.Teller coupling '> 

of ~he r 3g 9ibrational mode is taken into accoun~ (Ham, 1965) 

f h 1 .. fT' 3+ d d sorne 0 t e ow-temperature magnet1c propertl'es 0 1. ope 
..,. 

CsAl alum as weIl as CsTi alum can be explained eonsistently. 

t . ~ fT' 3+ d' 1 The paramagne le resonanee'spectra 0 l as a 1 ute 

substitutional impurity for A1 3
+ in CsAI alum bas been measured 

at 9.46 GHz at temperatures below 3°K. The unusual angular 

variation of the EPR speetra has been interpreted in terms of 

a quasi-ra 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 apd led ta 

an estimate for the orbital reduction factor, y=O.03 and the· 

energy levél splitting to the first excited r 7 'state. 6=6 cm- l 

Aceurate spin-lattice relaxation measurements using a 24-channel 
• 

signal averag~r w&re also performed on the above system in the 

temperature range ~,27°K to 2.63°K t~ determine the temperature 
l>.-

dependence of the relaxatio~ process. 80th nonresonant and 

resonant two-phonon relaxation me~hanisms were observed. The 

computer best fit to ~he relax~tion data,conlirmed the predicted 

, energy level splitting between the ground and first exeited 

states to be 7~1 cm-l, This agreement supports the Jahn-Teller 
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model in which th.ere, is a stro,ng coupling of the r Sg 

electronic state to the r 3g vibrational mode as weIl as the 

approximate canceltation of the trigona~ field producing a 

quasi-rs ground state. 

Both the Ti
34

(jd l ) and the Cu 2 +(3d 9 ) ions have 2D ground 

states as free ions, al.though the cubic crystal field inverts 

their energy level structure in octahedral co-ordination . . 
Although the forme~ bas receive~ considerable attention with 

2+ respect 'ta a possible Jahn-Teller instability, it was the Cu 

in zinc fluosilicate system wbich first exhibited an unambiguous 
1-

Jahn-Teller effect (Bleaney tnd Ingram, 1950). Since then, 

octaM!drall y co'-ordinat ed Cu 2+ ions hàve been extensi vel y studied 
. 

to test models of the electron-phono~ interaction in insulating 

crystals. Cu 2
+ in the hydrated salt, zinc bromate hexahydraté 

i5 a member of a family of Jahn-Teller systems first studied by 

Bleaney et al. (I95Sc) which can be interpreted in terms of a 
? 

dynamic Jahn-Teller èoupling of the r
3g 

electronic state to the 

r 3g vibrational modes of the co .. ordinatiotl oct"ahedron (0 1 Brien t 

1964 ; Ham ,196S). 

The EPR spectra of cu2
+ as a dilute SUbstitutional impurity 

for Zn 2
+ 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 i5 a strain-stabilized 

vibronic doublet with tetragonal symmetry. At 4.2°k, the spin-

Hamiltonian parameters were determined to be 

s,,= 2. 4S07± 0.0005 

gJ."2 .l009±O. 002 

( -4 An = 11 7 • 8t 0 • S) xl 0 
, 4 
A~=(13.3±1.S)XlO· 

Q =(6,7±1.S)XIO .. 4 .. 
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As·well as deter~ining that the principal aXis,of ,the g-tensor 

i> + 
deviates from the [100] crystal axis by 12.5-2 degrees, an 

, 
+ ankular displacement of 4.5-4 degrees between the g-tensor 

principal axis and th/flOO] local axis was ·me~sured for the 

first time. 

out 'on three 

Spin-Iattice relàxation ~asure~ents were carrie~ 

cryst.ls with different Cu 2
+ concentrations. The 

relaxation rate was found to be independent of the Cu
2

+ .. ,; .. ,Lt' 

concentration provided that the impurity levei remain~d' dilute. 

A resonant two-phonon mechanism with an 'average energy level 

splitting of 1.1 cm- 1 was found from the computer ~est fit to 

t~e data. Both t~~~ and spin-lattice relaxation' data have 

been discuss~marilY in terms ôf Ham's model (1968) of random." 

.-train wi t~iO~ina:~~ragonal componen ts. 

j 
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APPENDIX 1 

MECHANISMS OP SPIN-LATTICE RELAXATION 

The temperature dependenc~ of the spin-Iattice relaxation 

rate of paramagnetic ions has been a topic of considerable 
-:' 

experimental and theoretical interest for over fort y ye~rs. A 

large number of relaxation mechanisms have been investigated. 

in the literature with extensive reviews such.as Stevens (1967) 

and Orbach and Stap1eton (1972) providing a framework for the 

study of spin-lattice relaxation processes. In Appendix 1 the 

main features of'this topic are briefly outlined with references 

to the original papers where the deta·iled work was published . 

. ~ ~ Waller (1932) was the first ta consider the problem of 

spin-1attice and spin-spin interactions in paramagnetic salts . .. 
( 

His m~del pictured relaxati6n transitions as a result oE the 

modulation of the dipolar interaction by lattice vibrations. 
1 

This led to calculated spin lattice relaxation rates liT 
J 2 • 

proportional to H T for the direct process ~nd 
+7 . 

T for the 

Raman process. However the magnitude of kis calculated rates 

ware found to be much' greater than that experimentally observed, 

'particularly in dilute magnetic sa1t5 • 

The foundations of the present theory of spin~lattice 

relaxat10n ba~~d on phonon mOdulation~f the crystalline electric. 
, . 

field were laid by Kronig (1939) and Van Vleck (1939b). The 

former considered magnetic field ~dmixtures of excited states 

to overcome Kramers ~heorem in spin î states •• :He obtained 
1 4 

l/~ proporriQnal to H T for the direct process and H2T7 for the 

1 2 Raman process, while for spins greater than 2 these were H T 

1 
~ • 
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and T7 respectively. Van·Vleck assurned that the cubic 

crystaillne field arises frorn an octahedron of point charges , ' 

or dipole~. He derived the spin-phonon coupling constants a's 

weIl as dis~ussing Jahn-Teller distortions of the octahedron. 

The next year, Van Vl~ck (1940) presented a general development 

of the spin-Iattice r~laxation problern. He extended the work 

of his prèvious paper w!th special attention to s=~ systems' 
~ 

(titanium alum) where he avoided the K~arners cancellation using u 

dynamic effects. In this case the relaxation rate lIT was . 
calculated to he proportional to T9 

Van Vleck (194Ia, h) also,considered the heating of phonons 

with anergies resonant to the spin system due to spin-lattice 

re laxation transi.tions. He considered t11e energy balance between 

relaxation heati~g and cooling ?ue to radiation into the heat 

bath and predicted,a signjficant bottleneck for the direct . " 

process ln Many salts. The phonon-phonon interaction which 

transmits heat~from ~he narrow energy region resonant to the 

spi-n system to the rest of the phonon spectrum was shown to be 

insufficient to break the bottleneck at 10w temperatures. Scott 

'and Jeffries (1962) derived a spin-lattice relaxation rate in 

the presence of a phonon bottleneck, ! a T2 which they verified . T 

experimenta1ly for ,Pr.3+ in double ;nitrate. 

Spin diffusion is a flow of ~eat through the ~pin system 

via the spin-spin intefactio~ when·t~e spin temperature in one 

region of a crystal is raised above the average value .. This·adds 

a con~tant (i.e. tem,eratur~ inde~ende~t) term" t~ the spin. 

\ lattic~ reiaxation rate. Bloembergen et al. (1959) wer~ first 

-to~di$cUSS sueh relaxation transitions brought about by dipolar 
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or exchange forces. 
~--

In 1961. Finn, et al. repo,rt ed t H'e first observation of 

. the resonance relaxatio~ of a low-Iying doublet by reai 

. 

transitions to an intermediate state higher in energy by 

à»kT. They verified that the spin-lattice relaxation rate 
". 

~ is proportional to exp(-~/kT) for cerium magnesium nitrate 

with A=34°J<. Independently, Manenkov and Prokhorov (1962) 

predicted relaxation rates proportional to [exP(~T)-I]-1 from 

their analysis of spin doublet states lying at ~ergy A,below 

another spin level. Jhis temperature dependence 
rJ '\ 

b~ due to the resonance process via intermediate 

special case of the direct process in multilevel 

waSj~~wn to 

st/t'es. and a 
',\, 

systeni~.:."./ ~ 

Numerous relaxation mechanisms have been studied both 

theoretical1y and experimentally which display Tn temperature 

dependence where n=3, 5 or other values. Orbach and Dlume 

(1962) showed that when the phonons which take pa~t in the 

Raman relaxation process between two degenerate, states possess 

energies gre~tèr than the separation of a third state, the 

relaxation rate is proportional to T5 instead of the usual T7 

or T9 rate. 

" Using a Jahn-Teller model where the crystal vibrations cause 
l , 

an octahedral Jahn-Teller complex to reorient between three strain\ 

stabilized tetragonal distortions, Williams et al. (1969) 

predicted â spin-lattice relaxation rate of the form 

3 5 l/T=aT+bT +cT +d exp(-A/kT) 

for t~mperatures above the strain splittings due ta random 
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Experimental results on such systems include 
1 2 \. J, '1 i 5 

of :raT+bT by Lee -and Walsh Ô(1968L :r=aT+bT 

(1969), }=a 'coth(6/2kT) by Vincent 'and Walsh 

by Dang et al. (1974). 
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APPENDIX 2 

PREPARATION OF CESIUM ALUMINUM ALUM CRYSTALS CONTAINING SMALL 

AMOUNTS OF Ti 3+ 

The procedure outlined here was used by Dr. G. Fredericks 

of the Chemistry Department, McGill University to prepare 

samples of CsAI alum with Ti 3+ as a dilute substitutional 

• • f A 13+ Th 1 . h f 1mpurlty or ese samp es were grown ln t e summer 0 

1973 while the bulk of the EPR and sp~n-Iattice relaxation 

measur.ments were carri~d out in 1974 and early 1975. Doping 

levels of Ti 3
+ could be estimated by the darfness of the typical 

, , 

violet colour chara~teristic of the optical absorption band for 

- 3+ 
Ti . Very" 1 ight ly coloured" samples invariably produced poor 

, 

3+ • EPR signaIs, thus providing an easy check on the Ti concentration. 
~ 

lot - 1 h . d h' .. 1 1)0. (T' 3+ . ) ost samp~es ave retalne t e1r orIg1na co uur 1 concentratIon 
\ 

for over three years at this wri ting. -. 
, 

The first stage was the pre~aration of the host cesium 

aluminum alum, CSAl(S04).12H2 0. Pott Y grams of aluminum sulphate, 

A12(S04)3.18H20 and twenty-four grams of cesiu~l'phate, Cs 2S04 

were dissolved in one litre of deionized water. T~is was 

accomplished by mixing the above in~a beaker and heating to 9~oC 

on a hot plate. After concentrating the solution to 800ml, the 

beaker' was covered with a watch glàss and placed in an ice bath . 
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 90Ge .. FOll,owing this, the beaker was ailowed to sit at OGC 
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" for twenty-four hours causing crystals to for,. 
c 

These were • 
then filtered off and dried with filter paper. AlI crystals 

were stored in a tightly stoppere? glass container. This 

yielded fifty-nine grams of crystals with volumes in the 
\ 

range one tOr fi ve cubic mi Il imet ers. Upon analysi s. thEf Al 

~nd SO 4 content were 4.71 % and 33.33% eompared wi th the \ 

theoretical values of 4.75% and 33.83% respectively. 

crystals were obtained br redissolving the CsAI alum 

La'rger 
\ 
\ . 1 

pre'(~ous y 

obtained and allowing crystals to form at 25°C over a pe~iod 
\ 

of seven days. This produced crystals of volume approximately 
, \ 

twenty-five cubic millimeters. 

The next step was to prepare a supply of accessible Ti 3
+ 

ions. 'Solutions of Ti 3
+ ions in s~lphuric aeid were prepared 

by dissolving basic titanium sulphate, TiOS0 4 .H2S04 .8H20 in 

dilute sulphuric aeid and p,ssing the resu1ting filtered 

solution through a Jones Reductor in a nitrogen ~tmosphére. 

The Jones Reductor eonsists of a column of amalgamated, 

granulated zinc 'eontained in a glass tube, through which a 

solution to be redueed 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 vo)ume of Ti 3
+ solution was added. The flask was 

closed with a one-hole rubber stopper fitted with a glass tube 

which dipped into ihe mixture. While eontinuously bubbling 

nitrogen through the solution to prevent oxidation of the Ti 3
+ 

ions, the flask was then heated in a water bat'fi to 60°C. After 

the crystals had dissolved, the flask was elosed under slight 

pressure and transferred to an 1nert atmosphere. Crystals 

\ 

" 
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usua11y began to form within twenty-four hours, being removed 

whert they reached the desired size. Severa! samples w~re 
'. 

analysed for-their titanium, alurninum and sulpher content. 

Titanium1was determined colorom~trica~ly as a peroxide complex; 

aluminum and titanium were precipitated slmultaneously as the 

oxide~ while the suJphate content was ~etermined &ravimetricall§ 

as the barium sulphate. AlI analyses were within )% of the 

calculated composition. 

. , 

'. 
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APPENDIX 3 

PREPARATION OF ZINC BROMATE HEXAHYDRATE CONTAINING SMALL 

AMOUNTS OF Cu 2+ 

To aVoid possible complications in the EPR' spectra due 

to the different quadrupole moments of the copper isotopes~ 

, 1 

114 

only one isotope was used in the doping process. AlI chemicals 

used in the following preparation were reagent grade while 

only distilled, deiobized water was'used in solution. 

Approximately 181.5 milligrams of 6SCu was obtained 

from Oak Ridge National Laboratories. The powdered copper 

was heat ed in an open cruci bl e 'to t;orm the oxide CuQ. The 

resulting powder was accurately weighed and reheated until 

no change in the weig~t.was evident upon further hëating. This 

CuO was then converted t~ suphate by adding dilute sulphuric acid 

solution (using just enough nitric acid to ensure the comple!e, 
b 

dissolution of the copper oxide). After the solution was heated 

"to fumes" to break dot HN03 and other possible ni trates into 
, 

gasses, the resulting powder produced a light blue coloured 

solution typical of copper sulphate • 
." 

Si~ce barium bromate, Ba(Br0 3 )2 was not commercially 
\ 

available~ it was produced using the fOllowing reaction 

BaC12~2K8r03~Ba(Br63)2++2KCl 
1 

Since the barium bromate is at least two ordersof magnitude less 

soluble than the other reagen~ts~ the' pl"ecipltate wa's washed 

, , 



l, 

-. 
, 

..,1-?"t .... ~''"''~_''-!'.:'v ~ ... .,.., •• 1 • ., .. iili.UI$ji Z>l:!C.1tMf1'lWl!llt7 "A@I'.""'''') 1! 1 !liS, JJI Y4C~ M ; 1M'''.1.' UI1&IS'ImI.ft a U_U.'P&t ..... ~----- . ~-".-- - .... " ..... _" ...... ,...-~~ .. _---
t l, 
f c: 
"1 r 
#' 

L 
~' 

t , 
'1 , 

1 

o 

'.,. 

115 

several tîmes to insure that only the barium bromate remained. 

The Fr~cipitate was found to melt at 259±2 v C which i5 in agreement 

with the melting temperature of 260°C for barium' bromate. 

To inciease the solubility of the barium bromate ~or 

subsequent use t it was dissolved in water near the boiling point. 

This hot barium bromate solution was slowly added to the 

6S individually prepared zinc sulphate and Cu sulphate solutions 

~o precipitate barium sulphate as shown below 

( 

l ' 

The precipitates were filtered and washed with ~ater which was 

returned to the respective sulphate solutions ~o prevent the 

2+ 2+ . 
loss of Zn and Cu lons. This was repeated until a further 

drop of.barium bromate solution produced'no more precipitat~. 

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 

d • h • f 1 f C 2+ • 1 f Z 2+ accor lng ta t e ratlo 0 mo es a u lons to mo es 0 n 

ions, namely 10%, 3\, 1\, 0.3%, 0.1\ and 0\ or pure zinc bromate. 

The six solutions were allowed ta evaporate and reach 

saturation at room temperature. at which point single crystal 

samples'of various sizes were withdrawn as they formed. It was 
1 

found that the ~olutions containing higher concentrations of.Cu2~ 

took on a greenish-blue colour which darkened with the age of 

2+ the solution. t'This indicated that Zn· was preferentially 

... ...-__ .,.........".---::r-"-r-.-- -~ ~,-_ .. _-~ -;--:-., . - - --_._ .. _---
~~ ~' 
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. 2+ 
accepted into the crystals thereby building up the Cu 

concentration within sampl~s that were withdrawn later from 

the solution. AlI samples ûsed in'the experiments were taken 

b~fore the parent !solutions became "old". 

2+ After obtaining the relaxation data, the actual Cu 

concentration of the samples w~re determined by D. Jeffries 

of the .Chemistry Department, McGill University using atomic 

absorption spectroscopy. Three sets of standards were made, 

each consisting of four solutions of 10, 30, 60 and 100 ppm 

65 . 4 3 
( Cu ~quivalent). The background media were 10 ppm, 10 ppm 

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 solu~ion of 2xl0 4 ppm Zn(~r03)2.6H20 containing 

no copper gave a reading of zero absorption. The absorption 

measurements were made on a Unicon model SP90A Atomic Absorption 

instrument with a ~opper source lamp. T~ monochromater was 

set for the 327.4 nm line of Cu. The results of thi~ an~lysis 

are shown in Table ~.l. 

" 
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