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o A\ : ' .
) The technlquesiof electron spin resonance (ESR} and electron .

_nuclear double resonance (ENDOR) Were used to study the eno gy level T

.
i -

~alums. ESR mcasurements were made at room, 11qu1d nltrogen and llqoid oo o

5p11tt1ngs of ,§+ 1mpur1t1es in. RbAz(SU ) *12H,0 and CsAi SO np 12H20f

. <.
, helium temperatures' whlle ENDOR measurements were made at 11qu1 helium

a

‘temperature. All work was done at X band microwave frequonc1es (..'9 4GHz). ~ .

The ESR study allowed the. spln Hamiltonian D pﬂrameter ‘and g—values to be

.

TP detetmlned; Values of . the 5p1n Hamlltonlan hyperflnc parameters A, "y, Qr

.

six. water moleozles which h%? a small tr1gona1 dwﬁtortlon supe‘lmﬁosed

The reason for fhe tr1gona1 d15tort1on and its relation to the D paro—

f

meter has be the subject of much discussion.- Slnce the Q' para eger

and the quantlty A B both glup a measure of the dlstortlon a plotl

v

(A B) Vs Q' 15 g1ven. The plot 1nd1cates that the amount of. dlstort'on

4 . ,,,,_.mur

at the nhromlum 51teecan be~ related to the type.of monovaient 1on present

(i.e. Rb or Csl.;n the alums studled Thrthermore, nearly Jlnear

R
.- .
- ST

,relatlonshlps appear to exaethhetQVen Q‘ Js D {A- B) D and V | EE.D'

for all the ENDOR data oBtalned so far in the aldpé/;nd in- GARSH «The;e

- o . . - .ﬁ
__e W S . ‘ . ’ . ' 4
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' Electron nucleer double resonaneé (ENDOR] is a'powerfua tool T
F] ’ - r',...
forllnvestlgatlng the 1mmed1atevsurroundlngs of a centre w1th unpaired P e

.

electrons in a. SOlld  Using- the ﬂlgh prec1510n ofkthe ENDOR technlque, o

[ d e - W |
whlch is about a thousand tlmes greater than thlt of ord;p{}y electron ﬁ;jﬂfe- .

-. R | -
v -y

spln resonance (ESR), dlrect measu?%mqqts of the hyperflné energy level

e

~ t" - —1-

spllttlngs;of the” paramagnetlc centre can be made and prec1se values of
-T'

- —t
G [ ¥ ¥

“the sp1n Hamlltonlan hyperflne parameters can be calculated. By con- L

u,r' . 1

51der1ng the magnltudES and 51gn5 of. the varloue paramete/e found in o o7

compan&son W1th the values obtalned by others 1n dlfferent‘crystal

- R o Lo

systems ‘otie is able to make deductlons regardlng the behaV1our of‘the | -

[y ' -

\\\ crystals and to 1nterpret evaluate'anB extend %ﬁe EXISting theorles. : ' .

v P - -
h)

. , \ Ll
The present studywwas undertaken to, corroborate,-lf p0551b1e —
and extend “the, work descrlbed py Dagllov " who, work;ng with Socrot o

‘ -

in rub1d1um galllum and cae51um galllum alums, reported the- fifst - p
-4 + L . " - ;vu..

ENDOR work on the alums as well as the first. ENDOR studles of the 3

!‘SSC ; ién centres in a trlgonally distorted octahedtﬂn of water. T .

u ]

moleeules - In the abeve stuﬁ\es Several hypotthes were postulatedt
. : '1
y  Tegarding the relatlonshlps between the spln Hamlltenlan parameter&

S (B . o o

o
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IT 1 Intreduction

" The alums are agroup of dbublé salts-hauing the general
forfula: = e e ' B L
+1 +3(M 0 ) 12H20 o o . S

’

. 1 _ T S Lo e
- where M ‘is a monovalentlmetal ion, M ? is a trivalent metal ion and

+6

M*™® is a sulfur, selenlud or tellurlum jon. ~ The unit cell,'whdsé -

.

lattice pafameter is app oxfmutely 12 A,COntains four formula units.
In the work descrlbed M ! is caesium‘or rubidiumf M+3 is aluminum
and M 6-is sulfur. The alum crystals were grown from an aequeoui‘
solut1on of the constltuent sulfates in stoch1ometr1c proportlon

plus a small ‘amount of chromlum sulfate dopant The chromlum entercd

S L.

the alumlnum site at gopant levels of approx1mate1y 0.01% by welght

of alumlnum. ' e

- 0 n s “~

* ' .
CII 2 Invcst1gat10n of Alum Structure -_5¢5(£rical

~

The f1rst X-ray work on the alums was publlshed by Vegard

-and. Schjelderup in 1917 but, the 1ack of - sophlstlcatlon in the equlpn

. ment led to an incorrect 3551gnment of the space’ group The space
; ;

/ ‘
group was correctly 1dent1f1ed as Pa3 by Wyckoff3 in 1923. jyrtheru

’ - : . . l"
-

L ‘ : S A

.- o . BN . . ;o

/ .
CHAPTER 1II '
:. L ! . ' | . ' ‘ . / T ; - b i
. CRYSTALLOGRAPHY - SR L

= " - ) . - B
- - . ‘
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sthe latter author -grouping the alums into'three‘types termcd~-g} 8 |

|
the monova}cnt catlon as follows

: The'£ype of dlum formed was said to dépendqénnthb size of

L

- TN ;...1nterm dlate (eg Rb)

B livernnn. large | (eg. Cs)

uneutron dlffrxctlon technlques

1nc1ud1ng CsAf alum and RbAl alum.

. .TTsmalll(only one known- example,
In 1965 and 1966 Cromer,_Kay and Larsenﬁ, u51ng X-rgy and |
ref1ned the structures of certaln al

These studles-revealed more pre-

C1se1y the p051t1ons and bond angles of the various atoms in these

I -

“— zlums- but Qid not altef-the previous systém of cfassxflcatlon of the :

calums.

II 3 The Waters‘

,r

"

In thé" alums there aré two crystallographlcally dlfferent

N |

_groups of six-water molecules: Fhose aﬁsoc13ted'w1th'the monovalent’f:;
: R e ‘ ~ !

The waters

Lok L . ! L i
cation and those associated with: th€ trivalent catlon. .

1

around the trivalent ‘ion form p nearly regular octahedron.

orientation of the octahedron/with reSpect tojthe cell axgs.is differ-

ent in each of the three types as follows

1T 9(1) —type. In the(}type alums the [111] axls of "the octahedron

coincides with [111] axls of the’ crystal, but-the cubic axes of the

© ' _'. AN



B ' Tt ' R
- . . . o ‘ . B Py \
. . - .

octghedron are displaced from the crystal dxes’by a rotation of. about
. , _ /
9.50 about the [111] direction. Vhe octahedron has a small‘trigonal
' %<1ist6rtibn along, the crystal [111] direction.

IT 3(ii) B-type: -The B type alums have perfectly regular groups of ' |

.
-

water molecules, -;The‘axes of the octahedron are'direcfed along the | o
crystal_cubic axes. The'frigonal distoft{on is aiso preéeht‘in the B-type..
IT 3(iii) vy-type: In the y-type aiumslthe.watcf moleculés about th;
trivalent‘;ati;n form;é\perfect octahedron whiqh is rotated by 39.40',

about the thréefold-axis.

I1 3(iv}.* The waters around. the monovalent ion form a highly dis-
torted octahedron. In the B alums the_watef octahedron is Eompressed

along the threefold. axis and stretched out normal to this axis until

vit is nearly -planar. The two ends of the resulting ‘trigonal anti-

pfisﬁ.arerseparated by _only about 0.06 R, (:The-a alums are also
tharéctérizedrb?bfhis cémﬁregsipn'althodgﬁ it‘is less ﬁrqnpﬁn;ed. In
tﬁe y alum thé octahe@yqp of waters about fﬁe sédium atom is somewhaﬁ
distorted by_beingusfrqpched oyt along the tﬁreéfold éxis,of the ég}lf

— ]

II 4 The Sulfate Groups - o . ‘ %

SRy R T

)

=
-

{3

—

1T 4(1);—3—typéz; In fhe's-alumS’the sulfate group forms dn almost per-
fect tetrahedron. . The-sulfur ion and one of the oxygens is situated
) : ) . v N

on the [111] crystal axis and they are oriented in such a way that the

g )
£ three ether oxygens fit into_the spaces around the monoyalent cation
i - D N --H.- K . . B
B made by the distorted trigonal a:kip:ism of waters. . : w
{3 . L . . . ) ] -
. ' D .
hid ¢ . ] . Va
l. I.
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“as in B and some as in the ¥ alums;-

e
.> This occurs on both sides of .the mon éalent cation. The' ‘o

1 as are the-water molecules. Hence a sLight 'y dis%orted'cdbijclose

“l

fold coord1nat1on

v Al
-

11 4(ii} ‘ +type. The éngles in the sulfat

Thl

‘group in the- ¥ alumsx

-"'-'

\_, ~

-amount. f Also thé sulfatngroup has an o 1entat10n opposite to that

!
!
!

of the B alums.

I 4(iii) -type. The o« alums are disofrdered in termé of the orient- ~

~ -

ation of the sulfate groups, that is some sulfate grOups are orlented
he fractlon of reversed sulfate
gTolps tends to increase as the monovhlent cation becomes smaller.

: . - . s
. . ; . L . )
. - . . . .
. . Y S o .
/ - [ [ : - ) ’

Z /d | .

4%

Y

II 5 Space Group A551gnment ‘

o "As prev1ously nottd the/;pace group of the alums -is Pa3.
The rpt 1nd1cates that tHe un1t cell is "primitive'. . That is, its
ba51c structure comprlses ane dtom in each corner of a cubic cell.

i
® Lt - .

The 'a’ designates a set of gliﬂe planes which perform a mirror

toa

reflection and then a glide 1/2 the unit cell length to all atoms in

the cell. The '3', the characterlstlc of the cublc system represents

a set"offfoqr iﬁcljned threefold axes in the 5111> dlrect;ons.



PETIATY

-

magnctlc ion with ﬁhe nelghbourlng dlamaghétlc ions in a crystal, the'

" levels, Because of thls 1arge energy gap the lower group can be

energy'df the group. . - o

Al AN

R FE

- ; \ -
Yo THEORY
.‘L\.\ . ~ \
I11-1 Introguction )
The 1nteract10nq which determine the energy levels o the
pqramagnet1c "fon and Ehe mathematlcad form of these 1nteract10ns aré
now discussed. The full sp1n Hamlltonxan 1s'exp1a1ned and the
dynamics ?f the ESR and ENDOR transitions is discussed. -
- . - ’ ) ' i .
_- | “"'
III 2 - The Ground State and the¢ Spin: Haﬁﬂitonlan : R 1}1 N o %\ﬁﬁ
N l
As a result of the a:wgtal flefdllnteractlnn of the para- N 8

\'ﬁ ' _____../

ground state of the paramagnetlc-lon-conszsts of a group.of electronic

levels which, ndrmally lie af“ieast 10° cm_,1 below all other electronic

treatedhtheoretlcallx-as belng separate “from the'rest. The. behaV1our e E
o Voo . ) .

of thisléroup is then repiesented by defining an effective spiﬁ,_S,
" . ’
such that the total number of levels in the group is 25 + 1 the same

as in an ordlnary sp1n multlplet . These 1evels, whlch are themselves/“

spllt by interactions w1th the nucleus, can be thought of as. the elgen-

_values of an Hamlltonla operator wh1ch represents the total electronlc

-
LR
v .

. ,1,. . ] . _ ».‘. .
The tramsitions which occur between these levels produce a
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‘pdramagnetlc Tesonance Spcctrum Wthh,lS in general very complex T ;g

It can be 1nterpreted with the use of a "spin Hamlltonlan", a method o= -
| Yo T

1ntroduced by PrYCe and Abragam and Pryd& Its form can be deter- L :3,

‘mined from cGonsiderations of crystal symmetry and the interaqtions'which -

' R h ‘ : _ '; . SR ' -.;‘ ' .
" are present.  Msing this 'spin Hamiltonian' a complete'descriptibhrg ~

7 ( 1, " ~ Lo,
of the experlmental results can be presented by f1nd1ng the size oﬁ

,the cocff1c1ents of a relatlvely few terms tc@ether with the dlrectloné

of the_approprlate 1nteract10n;ax¢5=rglatlve to the crystal axes if

—— “

-~ L
anisotropy is present.

L

. ';?,', ) i ) . ‘ | . v . . . A - v
I11°3  The. Crystal -Field - o e s
Y In‘sfudying‘dilutelyﬁdoped saﬁpleéj/éuch as the crystals grﬁwa o -\7
for this. experlment the followlng 51mp11fy1ng assumpt1ons are made, ‘ I
N, l\\ :
Flrst the’ 1nf1uence of "the ‘environment on’ the electronlc wave functlon Lo
. /: ) _/ - . | ) \.\ \\.;\\,
of the ion can/be descnabed by ‘means of a static crystal field. Second, - ,\\ >
if the~par1m§énet1c l}/has the same charge.as the diamagnetic ion _ = \\<'
whlch ‘it has replaced s0 ‘that no charge compen!ation is- required, the -~ N ‘J\
symmetry, 1f nqx the magnltude of the crystal field it “Sees" is - ;J?‘fi*“f
. L "\._:_.'-3'.)

unchanged.
-, 'Using Hund®s Tules we'éalculate.thaf-the ground state of a

3+ -
-free Cr

. . ‘
P J = 3/2  where J.is the total quantum number

S = 3/2 “where § is the spin quantum number
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. §n f1gures 1 2 and 3

L In spectroscoplc notation thlS state 1s written as‘4F3/2
The"inltlal degeneracy of the state 1shf§S + 1)(2L + 1) = ._A Placing

F

the ion Jn a cub1c crystal electrlc f1e1d 11fts some offthe orbita

degenera#y and reduces‘the'ground state in.energy‘and degeneracy making .

. . L . :
it a 43372 state with 'a degeneracy of 4. A

. .

£

A small trigonal, distortion of the cubic field fdrther splits

- * ’

_theyexited orbitally. degenerate states -but no effect jis expected on the

. . ‘\\_ . * - 9 f
ground state because it is an orbital singlet. However, matrix
U . ' . l:ﬁ i .
elements exist between the ground state and the first exited doublet-
T . - oL : A e / o
and singlet for,thefspin—orﬁf?}interaction,_ Throfigh this indirect

mechanlsm the ground state is resolved 1nto two, Kramers‘ doublets.,l

.\

hramers has found that an electr1c field cannot remove any furthor

‘degeneracy i# the 4don has an odd number of unpa1red electrons as is the

B
t@se in Cr3 with three electrons 1n the d- subshell The degeneracy ,

: ismidfted, howaver, by a magnetlc fleld. The_nUClearrspln (hyperflne

e T _ , . _
interaé%ionl;causes a further Sblitti g of the ground state electronic

levels gl?%?gﬂrlse to hyperflne structure. These levels are shown

;

;
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Figure 17 fhe spllttlng of the 4 3/2—'state of 53 3+

by ‘the cubic and trigonal components of tﬁe

. crystal field.
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sometlmes called the electronlc quadrupole interaction can be expressed

: as: e ' ‘e_ ; ; i L e .ﬂ;-' o

where S is the spm operator of. the ion and D is a tensor quantity.

. c\- R . . ] ST
Referred to the prlnC1pal axes thlS term is? = ;
f = 8s? + DS + D 52 L : ;} 2y
H . . ' X X . Y Y . A . - . ] F
e SRS SN ; . ia -
e — r ‘ "
(N.B.: lp the- follow1ng dlscu551on all teneor quantities are assumed *
i L ) : - T
T “to share- the saine pr1nc1pa1 uxes). - /. .
E. ' This can be wrltten
o ol I N | D : ;
i .D {sz - 35(8 # 1)} o+ E(Sx - sy) . (3)
5 ' ‘ .
L '
E where R
i&_. i . '»-":. . s N .
. "D = 3/2.D, is the axial field term.. - ' -
"‘.: . . T - - 4] . D
é ‘ -'_E_' = 1/2(D - D ) 1s the orthorhomblc field term. - i
%J-- . The crys;als studled had an ax1a11y symmetrlc crystal electric.
- ~ = A o
E : field,. and so E =v0Ain thls case. The Yesulting contrlbutlon to‘the A .
o - S : - S v : -
%- spin Hamiltonian is thus: - - -
(33 . ’ . ‘-‘E . - . | . . '
% : D (s’ -.—sc5+1) - S @
;- . 3 S " o ) )
TR J 2 v, 7 | o
%‘- ‘x. ‘ , A . s ’ - - ; 1 1 / -
% B . The order, of magnitude of the D parameter is.10 CF for . . :
o : ' R Sla Co. : S, ) . -
Y - - . - o e | =
% ) Crz’+ in the alums. 7, ..
B The "D paraﬁEteffhaE'beeﬁ,expreséed theoreticallyin the R
T : : _ - - "
following form: | .' . ) P S e w:3:” ‘
' : 3P 2 o b Lo
W D = -T(A/AE) < > sz e ) AR | ¥ fS] - -
- ' - ‘ ., . i ' - - -a.- ™
& \ N ]
) _.“.- s - . - I‘i 4 -
- L] ! 1'
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where - s -3 . o - . . C e
. A . is the spin-orbit coupling constant of Cr_ in the ,
crystal.. ‘ .. ' '

bX ) '
"~ AE ¢ 1s the energy seéparation between the ground and flrst
exited state. : . .

‘.
Y
-~

e Lo . ' 3 e
<r"> 1is the average value of r2 for-the Cr°+3d wave function

.

-,sz is‘the electrlc field gradient due to chargeb and -
T dipoles external to the Cr ion (= BZV/BZ ). N

.. . r
e [N - j— . .

IIT 4 = The Hyperfine Interactions . . :

If the nucleus of the paramagnetic ion has a nmon-zero spin

a coupling will exist between the electrons and the mucleus. The

conpling can be represented by an interaction betneen the effective
r .

spin of the electrons and the- actual spin of the nucleus This

c0up11ng splits each electronlc 1eve1 1nto 21 + 1 components which in

.our case is foun. An 1nteract1on can also occur between the electrons

.

" of the paramagnetlc ion and the nuc1e1 of nelghbourlng atoms whlch possess

a, nucléar spin. The study of thlS phenomenon is called 'dlstant ENDOR'

- —

and will not be dlscussed here. + The presence of the hyperflne 1nter—-

aetlons is necessary for the appllcatlon of the ENDOR technique.

III 4(1) The ‘A' or hyperflne term There are two dlfferent effects
which contr1bute to thlS term as indicated 1n’the f0110w1ng equatlon
T
Ir(S.-1).

5
T

whﬂt

gg B8 I-1 - a(r}S} (6)

H

- 1U§~'r

bl N
+

[P
N%
.

N

{I

b
e
!
4
t




g is thé -electronic g-value

g, 1is the nuclear g-value

o

B " 1is the Bohr magneton

is the nuclear magneton

B
T  is the orbital anguld nturi of th
is the orbital angular momentum of the elec

.
-
i to : -

is. the spin aqﬁular momentum of the electrons ‘¢
. Bl ’ . N
§(r) 1is'the Dirac-Deltlr: function . ° - A

First, thiere is the dipolar interaction-between the magnetic

3
-

.

moments due to the nuclear and electronic spin.’ - Secénd,~§here;is the

Fermi contact term which is prbpertiondl to the'unpaired spin den§ity'

at the nucleus. This quantity “sero for all orbitals cxcept “the

s-xYpe and so is expected to//e ZEeTo for our case since the chromlum
d~orbitals, havé a zereispin density at the nucleus. Tt is:fdund
however, that the measured hyperflne spllttlngs exceed con51derab1y

the value pred1cted by the dlpole—d1p01e 1nteract10n Moser10 has

A
found-that core polarlzatlenr the effect on the sweleetrons‘of'the

F

unpalred daelectrons, is probably responsible for fhls

Thls term can be wrltten 1n the spin Hamlltonran formallsm

-+ ‘ - . ) - . s

N | - - (7)

. . \“"-s.l

When referred to its principal axes this term takes the form

) , AST - (8
Axstx * Aysyly * zSz Z, -




soo0 ‘
. ’ - 16 -
- 4 1‘5‘ . " . o
When dxial ‘symmetry is. pres\int wé may usé the form -
A-fL-{Si'{IX ¥ SYI)’) * AHSzIz" . - ‘ _I M S
- ..In the literature, A“ - 1is usually Teferred to as A and AJ_, - '
as' B.  This interaction appears in the Hamiltonian as*/"” e
LT - o - g : _ o -
‘ o ASZ-LZ‘: +. B(SXIX + Sny}' " , . R (10) . . -;y’v-i_u'
.__—'- .. R » ) " . f.‘ E
. - L e -3 -1 . 53, 3+
-The torder of magnitude of the A and B terms is ~ 10 “em = for "Cr ...
« FIT 3(i1) The Qua'drup_ole‘ Term: When the nucleus has a spin I > 1
: - ) s . ' -
-, and=there is also an electric field gradient at the nucleus, q_tﬁigter—
__'. = i . . . } kg ‘ J' . -
i} . - . . =7 .
«s= action with the nuclear quadrupolé®moment may arise, This results in
. ] : ’ - ) . ' ! ] !}\C,”‘K" .
. small changes in the energy levels as determined "by the A inter;fc't_ién:,.
0 The“nuclear quadrupole moment is defined by _ : B
H— R ) : . P ' : : ) :
- . o 1 2 2 o .
U . Q = < for7(3 cosTe - 1)av ‘ (11}
: where ; .
{ . + . . . . . )
p -is the nuclear charge density i
¢ . - . B ‘ R , PR
T 'is@he distance from the centre of gravity : - ] _ By
: : of the nuclear charge to the volume element dV o '
{ e . Ve —— " o . .
¢ o P i$ the angle between r and the spin axes z. )
& iy ‘e ' is the proton charge
P/ 7 A Fhe PR ® : 5 : - :
-":j'. . \ S - If the charge distribution is in the shape” of a prolate .
i v - o o o o
sphe_{'oid,‘ using the spin axils as a reference, Q is positive. If the
‘ charge:dié‘tribﬁtién has the shape of an oblate _spheroicl., Q is negative. °
52 The nuclear quadrupole’ i,nteractior. co\%tant Q', used in the spin ;
{’; /ami_ltonian ¢an be written in terms of the quadrupcle moment of ““Cr
o o ‘ P : ) |
_.;‘é . . : e . . B .
l: . - ’ ’ ':l . . ' -
§ | : |
9] [ | _
- ! =



¢« - o .
=17 -
K
as ‘
' : BeQsz . _ ‘ - :
Q= (1 - v} , ) _ (12) T T
- -« 4121 - 1) : . :
whdpe (1 - .y_) is the Sternheimer antishielding factof‘fo: 53Crst .
: ‘ i ) g e
(= 12.0 *1.0). - e . R -
- ~ B . . * .. - i . : -
In the formalism of the spin Hamiltonian this interaction is
written as
. > g o . . : - o,
L . I . o L L (’13) .
which, ,referred taﬁigs principal a%es, becomes *
R 2 | "
' 1 ' . . ‘ . "
G lx +-‘Q..}:Iy QL _ ' ) ¢ SN -
- ) ' - ] “-‘.';q, ) e, c
This is similar in form to,the D tensor. - -
o Thus, by analogy, we canWwrite . ‘
' P2 1 1.2 o2 T
' - N W (15
9“{ [Iz . SIFI-f Dl +3 n(_Ix Iy)} oo (15) - .
where ; o . R < : :‘
: : - ] LI TR B
L3¢ amd on - % F.LQ‘) o r
A I e 2%z ‘ .' o Q .
. : - o -
- which simplifies in the case of axial symmetry.to
2 1. e \ -
o - i 16
NS o ue
and which we will write as_
| 2 1Y
Q' {1° - FI(I + 1)} . - (7) !
z 3 ) e '
f w {
. ';’ s



- form'

_whére‘Bn is the nuclear magneton.

- .
- . LN ——

The ‘order. of magnltude of Q' is ~ 10 5 -1 for 5§Cr3+ !

. . . - ’r,,. '."" " . .
in alums. A L T ;

3 4 ' '
P

111 3(iii) Thelﬁaclear Zeeman Interaction: A second’ small change in

the energy of thelﬁqmrflne levels is caused by . the 1nteract10n between'

the nuclear magnetlc moment and the external-magnetlc fleld When'an' ‘

'external magnetlc fteld is appl1ed the electronlc wavefunctlon is

changed by an amount that is 1n the flrst approx1mat1on proport10na1 to

"H and the electronlc magnetlc f1e1d at the nucleus is modlfled produc1ng

a sort of paramagnetlc shielding (or aﬁt¢ sh1e1d1ng) \ Consequently the
li ‘
interaction parameter g' is got S}mply a scalar quantlty eQual to the

nuq}ear g- factor. In fact, in a 5011d thls effect can be 1arge enough

that ‘the (anti- )sh1e1d1ng correctlon may outweigh the dlrect 1nte

rl

action. When the electronic ground state 1is anlsotroplc the (antl—)

shielding'will be.ahisotropie so .that gﬂ becemes a tensor, usually with

the same principal axes as the.electrohic g-factor.:

~ . -

This interaction is incorporated into the Hamiltonian in the

L n,
Batee

- Referred to. its principaluaxes this becomes . .
. 7

B (gl H.I, + gL g HT) a LA

n—mnx X x Y nzzzaz. . . .,
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oo -1 -, . :
A i : ‘ ' .".- - -
T AS . :
" -';q_\; <. )
In the case oﬁ' axial symmetry this becomes : T ) )
T L ! k + . . \ . .
E'&ngn H . * E,'ngn_,_ (Hxlx HyI.y) . : (20) . .
7 1 o , :
L F . DR .
- CC P
. l . .- ' . . ‘ " . -.‘.‘ B ‘-4 —1 A ﬁ
. At H - = 3000 gauss the interaction .energy is '~ 10 ‘em ,
S \.'" ik . h .o @ ) . ’ r/ o ‘
‘ for ST, A : - s Coe
i .
’ S -
: . . ' . ¥ ".. . ' .
JIIT s Thé Zeeman Interaction : - R e L <.
The 1nteract10n between the effectwe spm of the ion and the " ' \‘
T | SN
- - applied magnetic fleld,ls_ called theh Zeeman effect., In. the iron . group o - T \
‘ elements the electrons have ‘their 'Spin'and'orbital magnetic-"moments,
"-JS and UL coupled via the Russell Sanders mechanism In this case ,
. o e .
the total angular momentum is deflned is the vectpr sum of the orb1ta1 /
and spin angular momenta.  The magnet;c moment of the coupled system :
) viis
N X . . }.\‘ " ) . ) -
. - e s . ‘ ' 3 . oo
' ’ = - ——— ! » 21 .
0 _“J ) g 2me 1:'J : _ , ( .) \ :
. p
i J ; )
g -+ s
B m N
E . e
& g /
j ? f" h
7 i -
:




' ' : ‘ T S0
. | s P 3
I. ) .. ! : . (\
/ a0
2 ‘ -
) { | - .. | S | A , |
The™ interaction of the total mdgnetic moment ;| of the atom
. . _— ) v R L
with the extéyndlrmégnetic field is =~ . S _
. ) : ' T . ' AN : . . .
T e * > S
T8 Tme /pJ H e
- eh % 7 S . >
= i?ﬂ? J - H ,'_v .- . - (23) -
S ,__,} ) -
) ' . . R ¢
%%E. = B 1is the'Bohr_magneton so that, we can write - T~ A
coe . ‘lﬁ+ S : ) :
The g-value for a. paramagnetlc ion in a solid is in general

a tensor quantity. reflectlng the symmetry of the crystalllne electrlc
T
fi-eld. Also, sincde the groa._md .state of the ion is -an orbital- singlet !

we.can_WTiﬁe equation'(24j as . - iﬂ - ' . L : ?f
- N .éﬁ;- E" g,‘.' . 3 : . i ' o .(25) B %
:ﬁtél’ L : .'. DR T . ) ‘ | . ’ ' in
- In the principal axes ;YStem we can write.this as T
y ~". ?(giﬁxsx + gy?ysy + 'ngzSZJ ' "- ., - (%6) | _' -
and for the>casé of axial éymmetf} we have .-:u .ﬂ i ; ‘ ¥
[?gu H;Sz' + Bg_L (H S + HySy')_ L SR ' '/27) |
‘The magnitudeof.the Zeeman,i;terdbtipn for the case of S = 3/2
~and H = 3000 gaﬁ;slis.Of-the order 6f 10";cm";r¥?'. | »

<
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The Complete Spin Hamiltonian

Grouplng together the terms glven in the above sectlons, we

-.

of the ground s‘ate orbltal Slnglet of 53C 3+ in a crystalline electrlo T

fleld of axial s etry plus an external magnetic field:

% T Hz * '%l;@(?xsx ¥ -Hysy)

S(S+1)] % rASZIz | ‘
+ B(S_T . S IV +‘Q"[I.2 . I(I.:- 1]

v XX Yy - Z 3\

- gt BHI - g

»
- L

my mziz T By Fallhle L) | - (-28:,) C
s . N . g
S All the tErﬁs'inﬁrhis erprossion are"rééardod as having the Samegp N ?'\\\L :
— orincfoal.éxes. | - .i o L o o l \\ l?
— 7'__"';m;”; In the appllg%fiéf_of thrs splo Hamlltonlan to the problem at - 3
v e 53 34 e

hand the matrix form is used Since § = 3/2 and.{ 3/2 for .-C
and (2§ + 1}(21 + 1) = 16, thlS means that we have a 16 x 16 matrix.

~

,The matrlx elements-are tabulated in table 8 in appendix 13

' Their exact form and use in the calculations is discussed in the
h s e N .-

following chapter. I o ;.“': ‘ S @ﬁﬁﬁ

ITTI 7 ESR Transitions and Linewidths

i - Transitions in which electrons move from. one M, level to

;“ , . . . a . -

P another (following the ‘selection rule. MM_ = 1) are called electron
oo : o ) S ‘ ‘

SR S
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spin resonance tran51t10ns. ‘ This effect, was dlﬁﬁbvered by ZaV1osky ST '
' ' . N ». '
in 1945 . The energy necessary for these transitions is obtalned

"

from‘the hicrowave field when the magnetic field-has split the levels

by an amount equal to Gsee flgure 2 ) the frequency of the microwaves .

times h, The electron now gives up its extra energy, eventually to the

Tl

crystal lattlce or p0551b1y First transferrlng some of the energy to
another paramagnetic ion. These.ifteractions can be thought of as T

‘relaxation effects which play a great part in determining'the suit- \ '}.' °

ability of a erystql.for'studf. : " o g - . T

: ~ - N ' 13
-

- - Van Vleck%z'is_mainly.responsible for the theory cdheerning

asy

the rate at which a spin éxchanges a whole quantum of energy with the

lattice, the spin-lattice relayation time. - The mechanism envisioned is

,one in which the thermal vibrations of the littice give rise to fluctuations
5} crystalline electric field. -The spin-orbit coupling plays an essential

Tole as the means by which the spin of the'paramagnetie'ion feels the S

..
|
.
£
v

effect of the thermal vibrations. The spin-lattice relaxatlon t1me

ST , T ié:strongly temperature dependent, sometimes as T,% becomleg 1arger

as the.temperature is reduced - The theory alsc shows that « depends

.

- very markedly on the separat1on betWeen the ground state and the first

. :, ex1ted 5tate.' If the separatlon is large then r is also. The

o

practlcal consequences of th15 arise from the fact that the llfetlme
g .

of the state’ 1s related to the width of the observed line. This can be

seen from the uncertainty relation _ - ) '

AE-At & h/2m o e .§29)

b e L A L
[}
[




where | - : T . T
' " OE is the width of the energy level
and » bt is the lifetime of the state.

: - i .
. . - L ’ ‘ . L
T . : , -

A second relaxation process is the spin- sp1n interaction.

In this case .the magnetlc moment of each ion, is regarded as precessing : v

-

. about th& external magnetic'field_H, and can thus be resolved into a
;o S
fixed component in the direction of H, and a rotating component per-
. . . : A

., - N . - .
pendicular to H. These two components cause ‘the neighbouring ions

to‘behave as’ if they were in e‘slightly different external magnetic

fieid If the rotating part of the field has the _same frequency as .

~..

the other paramagnetlc ions, there will be a couple acting on the steady

component of the magnetic moment of the latter ion tending to chanée

its direction. - Thus two types of broadening are introduced: - first,

-

} a broadening which is of the same type as that which arises from an -

B
o

inh&nogeneous'magnetic field; second, a resonance broadening caused by - , Q

the tendency to reduce the llfetime of a glven state,

My

These latter effects are not temperature dependent and can’

‘only be affected by changing the density of the'paramagnetlc centres.

. : III'8 ENDOR Transitions

e R W R

The electron nuclear double resonance -(ENDOR) technique.was
: 1nvented by Feher in 195613’14.-d To observe ENDOR. the magnetic field is ‘
i,
% . adjusted to the centre of an electron spin resonance 11ne and enough

power is applied to nearly equalize the population of the ‘upper level.

m.gﬂ o ral LA FLEER 0



X

T
LR "

e . . :
/‘\ o T - . . - | ; : .' .T
: Wthh at thérmal .- equ111br1um, is less densely populated than the - . e
oy . . o o
lower level’ accordlng to the relation ' \) '

N - : v : , .
- - . | .
N, O TPt Y oRr : | (00 ‘

“ where - ) - 2 ’ '

. - . P - '
-, . .

NL 1s the number of spins in the lower level and’.

I

N, ‘is the number of spins in the uppef level s T
For our experlmental cond1t10ns of" lxqu1d hellum temperature

and AE v~ 3.4 GHz there are Toughly 100 times more electrons 1n the

lower state.  The’ degree of" saturatlon depends on the balance between

I‘ \ o

'the energy den51ty in the cavity and the rate at whlch the electrons.
hS
return’to the. ground state through relaxat1on processes. After the

-

desired level of‘saturatlon 1s‘aChieved a radio frequency field,

..,»

apprOX1mate1y equal_ln energy to the sp11tt1ng between the nuclear levelg is
slowly frequency SWept thrbugh the range of the trans1tlons ' Now;; ' . o E

electrons will move _to the h1gher (or ldwer) nuclear levels via AM =.t13~' 'j .

e

-’
' tran51t10ns and desaturate the upper ESR state thus cau51ng ESR transitions

(AM = +l) to reoccur, removing energy from the ‘microwave field. This

is Lhown rdjTlgure 3. mThus

. electron spin gesonance, and”the frequency where . tﬁls occurs is recorded.

the nuclear tran51t1on is detect%d via the

x‘”(-

The ENDOR phenomenon causes ‘an increase ‘in the resolutlon of the'nuclear - _ o
levels to be measured by an aJount equal to the ratio of the electronlc

to the nuclear magnetoﬂ Wth in pract?Ce is'a factor- ei about 10° s

"

. .. FT
In making calculatlon§ from ESR trans;tlons measurementS'must

- - i . ) - . ) - !



. deduced from the‘dlfferences in these positions.

: Ithese measurements is. 11m1ted by llﬁéuldth The ENDOR technlque

'2).»Other effects 1nc1ud1ng the spin- lattlce 1nteractions do not °

~

a
sl
«

.H L - W= 25 - "

.I' t . '
. -/ N N
be made of‘the p051t10ns of succe551ve llnes and the parameters are
The accuracy of

v

- { .

. overcomes ‘this dlfflculty by " the dlrect measurement of the nuclear

lcvels. - ENDOR measurements may. be made even if the hyperflne struc—

W e -',,_ ,-_-" -

ture 1s totaily unresolved fOr theNESR spectrum The result1ng~

-,
o

'1ncrease in accuracy is of the ordér of 10 ~4

Therekiisﬁseveral sources of broadenlng for the double

f

%eéoﬁance_liﬁes:‘lj_ Stray f1e1ds ex1st as For ESR but they have a.

much-less 51gn1f1cant effect Thls is because the 10 gauss (approx )

n?

pertuﬂglng a 1/2 mllllon gaues fleld produced by the

stray field
electron 1n§ipad of a 3000 gauSS external fleld at the elcctron.

Lo
/ -
51gn1f1cant1y affect the ENDOR 11new1dths N . .
Us1ng ENDOR we can accurately calculate’ the hyperf1ne
lnteractlon parameters A, B, Q' and g » previously dlscussed ¢ -
. . | | , | {7
) R . )
‘ 3 ' -3
‘g. 0 .
T."JI"

¢
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In the course of this work two X band mlcrowave spectrometers

were used ’One spectrometer was' of’ commerc1a1 5051gn and the other o .

was constructed in- this lahoratory byuDanllov and Manooglan 5_16

. Modlflcatlons made by th1s author to the lattcr Spectrometer 1nv01ved -
. - D . C : A
the rearrangement ofbthe mlcrowave c1rcu1t which resulted in the °

. ' o

o -

- . removal of 40% d12 feet] of itg or1g1na1 ler -h. Alqo* the pl&c1ng of

alumlnum f011 gaskets bexweén the flanges of the 1nd1v1dua1 components

- ' ¥ J B v ' 4
“allowed bette;\;Tbctrlcal contactssto be made Fhe net/éffect of these _ '

- e -
. -

'a

the stability of the s ectrometer. R
changes was to 1ncrease 51gn1£hggntlv e tab1 i y p S i

A ] _J
Both spectrometers;had,tht capac1ty‘to operate in the range-of Toom to + - o

‘liquid heliun temperature. ,They arg:deécribed in the_foliowing'tuo AR T A

v . ‘ ¢ \ M

. . Sections.. oo - Y N T T BEEREAE

- . . . . . . . e
&

4 x IV 2 X Band Superheterodyne Spectromet_y used rﬁ ENDOR etudles ‘ g i

[ Lt

: ‘g . s, i
- Co BTh15 spectrometer shown schematlcally in flgUTe 4 was cofi- . -0

. B - -
- . -

. structed u51ng commerC1a11y auaiI“EIe eI"“fron1c componen%(/and a com- E -

w7 : : . s
blnatlon of commerc1a} and ”home—made”ﬂmlcrownve components. Thef/zl lj ot
- . N \ ) . ‘ ) \ ' - . ‘{ \\/
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e

X-band rcflex'klystron cepable‘of;producing about 350 mw of power in

" is 'activated by a 30 Mz signal derived from an auxilliary.output of

- 28 -

-

¢source of microwave power in this spectrometer is a low noise Varian

2 narrow.range of frequencies centred at about 9.3 GHz. - The method

of operation is as f0110w5' the Llystron s tuned to the resopant fre-

quency. of the sample cavity and:then stablllzed with reference to a

high harmonlc of a temperature controlled crystal osc1llator " The fre-

guency stablllzed microwave pouer is fed into two parts of thehicrowave -

.9

circuit. * In one part_powen.ls fed by a 10 db:coupier to a magic~T,

Al

one arm of which contains a microwave switch. = This microwave switch

N

the frequency stabilizer. Consequently, 51de bands are produced at
30 MHz above and below the Cerler frequency One of these sidefl

ST

“bands is selfeted by the cereful tunlng of a:trapsmission cavity in

another arm of the magic-T. Thus mlcrowave power., . 30, Mz away from

" “ 3
the carrier is fed into the H-arm of a second mag1c~T which conta1ns

- ¥,

two balanced crystals and ;s in effect d frequency mixer. The_carrler, _

L]

_at the centre frequency, is reflected from the-sample cavity and is . -

’

'received in the E-arm of this magic-T. ~ The two signals are ﬁhen mlxed

and the 1ntermedlate frequency (I F. ) is detected In the*detection

of paramagnetic absorption, the microWave-bridge,consisting“qfna pre-

cision attenuator and a precision phase shifter, is close to balance

S0 that off the resonance p01nt only a small constant mlcrowave level
TG

.- &

e




is present in the E-arm of the mixer. When energy absorptlon occurs
. the reflectlon coeff1c1ent changes further unhalanc1ng the mlcrowave

T "’

brldge "This-in turn produces -a hlgher microwave level in the E—arm
and thereby a prOportlonally larger I. F \51gna1 is produced

| %{T“ The magnetlc f1e1d is modulated at a frequency of 200 Hz- and

:

an amplltude Of'b 5 gauss by employlng Helmholtz c01ls mounted on-the

3

magnet pole faces ' The 200 HE’IS derlved from an output of the phase
'sen51t1ve detector (PSD) and is ampllfled before be1ng aﬂplled to the

co115. . As- the external magnetic_ flCld is swept slowly through the
.

,resonance. p01nt of an ESR line the effect of this ?QO Hz- 51gna1 is to

! r-

amplltude modulate the reflected power from the cav1ty ThlS is shown

1n flgure 5 The I.F. is consequently amplltude modulated at this
H

same frequency. After I. F. ampllflcatlon, a crystal detector plcks

up the 200 Hz 51gna1 r1d1ng on the I.F. 1eve1 This signal, slowly

—

varying in hoth‘magnitud nd phase at the rate of the f1e1d sweep, »
s then;fed'into the PSD. The‘output-of the PSD is fed into a - U
str;n—chart recorder. The-output of the PSD gives the.derivatife ofﬁu
the‘abeorptionror disuersion, depending on theftype of imbalance’ at

- - ~ )

-,

the microwave bridge.” Thé PSD ¢ould be adjusted for sensitivity, -. -
time constant end Q—factof to give the optimum signal-to-noise ratio..
The ENDOR detectlon system is sllghtly different.  The

magnetlc f1eld is centréd on an ESR . absorptlon line whmch is'then

partially saturated by.1ncreas1ng the amoukt of microwave power in

ei?
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" quency swept. - The 200 Hz signal from the PSD is used to. frequency L .

~a given 1evel of stablllty for the spectrometer 1ncreased from minutes

IV 3 The Commercial X-Band Spectrometeg '

was_accompllshed by means by a.small coil of wire in the microwave cavity

the Qample cavity. . With the magnetic field held‘constant and no ' IS

Y . .
fleld modulation employed radlo frequency energy 1n the 75 MHz range

is fed through a small coil surroundlng the sample and is slowly fre-

’

modulate this ‘radio frequency, normally with an amplitude of modulat1on o

of 75 kHz. When absorptlon occurs the microwave bridge is unbalanced

and the m1crowave power reflected from the cav1ty 1s again amplltude

modulated at 200 Hz and detected as in the case of ESR,. Due to the

reductlon in the mlcrowave circuit length etc.,, prev1ously descrlbed

to hours, -increasing the accuracy of the measurements.

# . _ R Iy
- - . - .

. This spectrometer used for*ESR measurements at room temperature T

- 3
was manufactured by™ H11ger and Watts Co Ltd., of England 'The micro- . . §;~§
Jrave source in thls equlpment was-a reflex klystron capagiiég%'supplying - Ty

35 mW of peyer at’ a frequency of approx;mately 9.5 GHz. This\spectrometer
did not operate on the superheterodyne principle, The method Qf operation

‘was similar to the preV1ously descrlbed case except that the field modulatlon

uhich'wasratteched to en oscillator producing a 100 kHz, 1 gauss modulation.

, -
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IV 4 The Microwave Cavities. . - S ' ‘

A cyllndrlcal cavity whlch operated in the TEDll mode was -

Al

used w1th the COmmerc1a1 Hllger and: Watts spectrometer for the roqm

temperature measurement S .

-

- The ENDOR cavity. used wlth the superheterodyne spectrOmeter

¢

was rectangular and Operated 1n the TE 014 mode This cav1ty'was_

designed to resonate at liquid helium temperature at the highest

klystron power mode. An adJustable match1ng SCTew was also 1nscrted

—

just above the iris to flne tune the cavity Q for dszerent crystals

The Q of the cavity at 11qu1d helium temperature was about 6000 unloade&

and 4500 loaded (W1th a‘crystal). "The resonant frequency was near '
9.4 GHz. - | | | S
' 5; ;" To maintain thls h1gh Q the ENDOR c011 had to be p051t10ned

prcc1se1y in the A/2 plane (see figure 6). The crystal support had
accurately machlned surfaces toshold .the’ crystal in 01ther the [111]

dlrectlon or in the {1117 plane rehﬁtlve to thc externally applled

.

. , . o -
ma&netlc field. | : . o

-

t

v 5:.The.Magnet and Magnetic Field Méasurement ‘
| The magnet;e fteld was produced by an S'incthewport magnet P g
which is curreht régulated 5or stability, AThe field was~ebserved to . . ?i

be verythemogeneous betwegh'the pole faces'and the field.zg;cﬁrrent“

behavieur was nearly linear in the experimental range.

The magnetic field was measured: by proton nuclear magnetic

. !
¢
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' Figure 6: The ENDOR x-band cavity; showing sample
‘holder, ENDOR coil support and magnetic
fields at-sample.
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resonance (NMR) - The proton “source was a vial of water whlch was . ®
. .

.doped Wlth coppcr sulfate _ The magnet1c fleld was modulated at 60 Hz

for observatlon of the proton resonance, and the 51gna1 was monltored 2

H

on an osc1lloscope, ‘the horizontal 1nput of: which was connected to a

60 Hz source and a phase shlfter : The frequency at whlch proton
. L
resonance occunred was measured by a frequency counter.’ 'The strength
of the magnetic_field is obtained from the expression ' .
. .. - _ - ' ‘U(MHZJ ". . b .
H(k ’gauss) o= W s o (31)

1where'v is the proton resonance frequency and 4.25759 is the 7requency

for proton resonance in.a 1 kgauss magnetic field. /' -

- -

i .
: . [
"1, . ! .

IV 6 Dewar System o R L )
A scandard double dewar system was employed, the outer dewar

.

’ nolding.liquid nitrogen, the inner, liquid helium. Theistainless.steel

waveguide®ynd -brass cavity were immersed in the liquid. - Small-holes

:ﬁrilled in the wavegnide’aIIOWedvheiium to directly ipmerse the sample.

Two litres of he11um was enough for approximately six hours of" contlnous
. ) . ‘ . '
operatlon. - L - f,'_ < - _ _ . : -
. .



" CuapTER IVL;;

EXPERIMENTAL RESULTS AND‘CALCULATIONS' T

V1 Introduction P ‘ .
. P . 8

.This chépter deals with the ESR and ENDOR measurements and -

. v . (YN

) R -, 0 T B
the calculations made using! the data to‘find the varicus parameters of

_the ‘spin Hamiltonian. R ’

»

a . . N L L. . o

Vv 2 ESR Results

by

The ESR of both the rubidium and caeszum alumlnum alums was. 24‘

' studled to dctermlne rhe values of g and D. of the chromlum magnetlc o

compfﬁxes in the crystals. Thls was donenat room, 11qu1d nltrogen and
. T ,‘.'

11qurd'he11um temperatures. Angular varlatlon stud1es showed that the

. chromlum spectral 11nes in the Rb- and Cs alumlnum alums con51sted of

&

four differently orlented but otherW1se equ1valent magnetlc complexes.

4 A typ1ca1 complex con51st$ of three fine structure 11nes, each spllt

ate o
into fogr\hyperf;ne lines. The. 53 hyperf1ne 11nes in RbAL.alum ’

.1— e

were unresolved at room temperatute but were Tesolved at 4.2°K.  The

. - PP

}oom temperature. ESR spectrum“of the Kb AL alum is shown in flgure 7.
The hyperfln lines in the CsA£ alum were resoived at both temperatures ' ) ' T

An example of \one of these resolved groups of hyperfine lines is shown

) .
O ! -

“in figute 8. o | SR . . C
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.was identical, indicating axial symmetry.

)

. . L . i .
In general the magnetic axes of a given complex.are obta1ned

when the fine. structure 11nes show extrema 1h their separatlon W1th

respect to the external magnetic field dlrectlon.- This - ‘occurs when

i
the external magnetlc fgcld 901nts along -one of the three mutually

perpendlcular axes of the crystal fleld tensor for one" of the -complexes,

A

Orie such extremum is found when the external magnetlc f1e1d p01nts along

the crystal [111] dlrectlon. ThlS d1rect1on is termed the z- ax1s

-

Also when the external magnetlc field was anywhere on the ¢one deflned
- { ¢
by.che [111] digecfion, the ESR spectrum for the_complex injquestion

’ - ! . ' ' L [ . ' .. ; l *
Measurements‘were made as follows: with the crystal and magnet

. [F)

'b;operly qrien;ed and the “spectrgmeter properly tuned, the"magnetic field

"was swept from O to about 6 kilogauss, to get an idea of the pattern of

the spectrum.'- The field was then lowered to a value just under the

- first group to be measuré¢d and allowed tp increase slowly to the centre

point of a fine structure group, or if resdlved;_;o the centre of each

- : . ' 1}

hyperfine line. The sweep' was then stopped,>the field modulation

turned off and the f17/d p051t10n(5] of the line(s) Was(were)measured

~ -

After all the fleld posltlons were measured ‘the frequency of bpe mlcrowave

fleld was read from ‘a.calibrated wavemeter.
. — .
The g-factor was determined from the Telation

hv = ggH' W L : . (32)

°¥=.-
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-39 ¢ ’ | - B =
- _ , - .
13 : ) A
where _ _b i
Hy o= o0ty <0 T oS - (33) -
o Lo o C ) : : ST
,Hlland H3 arc the field values of the centres of the extrema of the s
; ' SR KT Y . Rt
_z-axis spectrum. ‘. . ' -
The D parameter was determined from the féfation.
D= (g - H) o Lo B8 :
’

The sign of the D parameter is then aepen@ent'ﬁpbn the ordering of Hl

and-H3f Theory tells ué;that when the magnetic: field is directed

along the z-axis e

R .? -"‘
Hl = H0 —_:D - | .
M (+1/2 > 3/2) b S S
' - P l HZ - = H0 ; , 3
w2z
- H, = H +'2D . R
. B . . |,
M (-3/2 + =1/2) o A, ” J
. - ; - (35)
! .
- - - ,' - .
for the case of axial éymmeﬁry] The identification of Hy and H3 were ?  L ;

‘accomplished by comparing the rglat?xe intensities of the low and high
Y ! . BT : ' ) )

5
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1fie1& groups of lines at 4.2°K with referénce to théir relative
1nten51t1es at room temperature ‘ The thermal d1str1but10n of electrons
in the varlous 1eyels at 4.29 causes the ‘lowest lylng.tran51t10n to
occur more intensely than the hlghest lylng transition, for :ﬂg/same  ;, h’ﬁ
unsaturated,lnﬁtt powe; and tuning condltlons.. For example, if the |

. _. , 3 oy, - y 4] .
low field line -§s larger, a - 7 —%‘ transition is 1nd1cated 1Qen- : : _<:
tifying éS as t;L iow‘fiéld ;ing:- Siﬂce H, = Ho +.2D, D in this case
is pégativé as for the caesium hlﬁﬁ; Figure 9 illustrates this. Tﬁé

values found for the g:faétor and the D parameter are listed. in Table 1,

»

Table 1 g
‘ S
¥ . S _
Parameters for SSCr3+ in RbAZ alum . Parameters forﬂSECrsf in CsA2_alum .
B , \ - o . - .
Tenp. D g ~Temp. - D ¢ . g ) .
L - - T :
: Gk-lo-dcm 1) K _ . . (x 10 ‘em )
Room © 680.80 1.9742 Room - ~771.75 1.9763
Nitrogen 352.48 1;9775 ' Nitrogen -732.51 {.9782‘
‘Helium 351.29 1.9759 Helium  -725.67 1.9788
3
. ‘\. o ¥ _
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Figure 9: . Energy vs Magnetic Field plots showiﬁg the
3/2 ;Fateﬁfor Dopo§1t1ve,

splittiﬁg of a _S
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B Figure 10 shows a plot of D vs T for both alumé It was " S “
. . -

\ ! . ' [
postulated by McGarveyl7 that the D parameter 1s related to the exten—ﬂ -

s

sion or- compre551on of the octahedron of waters surrounding the para—
L J
magnptlc ion.” The temperature dependancy was studied to learn more about

the D pa'l-ameter'.' Dvs T was nearly 11near for the.‘,case of the CsA!L - .o

N

alum but for the RbA2 alum it was markedly non ~linear. . v . ‘

LA

"V 3 ENDOR Results

._ENDOR,measurements were made at 4f2°K in the 25 and 75 MHz

. d

frequency ranges along the z and a perpendicular direction of a typical
magnetic compléx in both-the RbAZ and CsAQ.aldms. A1l ENDOR trans-

itions in'the M (+% -+ i3/2) grbups were measured along the z and

perpend1cular dlrectlons wh11e those of the M, (-x + %) groups were

measured for the z dlrectlon only ' The measurements were made Zy; ,
“~

' settlng the magnetlc f/ﬁld to the,centrq‘!f each‘of the four hypetrfine

L
lines of a group. Tables 2 and 3 glve the 75 MHz readlngs along with

7
the correspond1ng calculated values and the1r respective dlfferences
The 2z readlngs are llsted in Tables 9 and 10 in Appendix 3. : . -
.Flgures 11 and* 12 show trac1ngs of the chart recordings of the 75 MHz o -

’ transitlons for 53C 3 in the CsAL end RbAL alums; respectlvely.
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"Figure 10: D vs T for " Cr°" in RbAL alum and .

Ce

W

CsA% alum. The coordinates are listed

s

in Table 1, page 40. = . °
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Note: for a further clarification of
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. Figurell E'The_7§ MHz ENDOR chart recordings for ' " - ¢
53Cf3+ in CsA% alum at-4.2°K. (a) are . 1 /
e ‘ l . ) ' . '
~ from the -low field group, MS(—S/Z -+ -1/2) o/

(b) are'from‘the high_field grqup;'Msil/Z - 3/2);//f

H along the z‘direction..
A~ -




o e (ZHW) %uc@:th.._mODZm_._. o
T Gres G/l . g8l Gl geLY - GUL

1
t - 1 T n. LB
° : . 1

NCITR B R | S

L o
LY
]

LS/ Ik

. A .
B L S U P f e O T S, T



T e
3 L
‘,} -
)
)
4 »
13 -
‘ ‘Figure 12:
. K]
M N
"‘-.
l.'
’
t
Ll
. .

ek T . 5

o - {
1
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vV 4- Flndlng the Spln Hamiltonian-Barametets cL I

Using equatlon (28) all’—he elements of thc qpln Hamiltonian
© matrix were calculated. " These- are listed in lable 8 Appendlx 1. The

matrlx was then diagonalized to second order using pcrturbatlon thcory

: - A
The second order equatlons haJe the .general form ' / ’ /X
, A e 0 . oo
| E = "B,.. . +.E. . E . ]
v diagonal first order I:second order \\\\FSG) .
. where Edlagonal is a d11gona1 matr1x element EflTSt order IS the

expectatlon vﬁluc of the perturbatlon 1n the uperturbed basis and
is a term ;elatcd to the off-diagonal clements. " These can’

:

gL
sccond order

be written as Y
- T
kr . oL . ) :

- o e ] ;

E =L, v o<m|Hm> + e B Q{] i (37)

: diagonal T £ T : .

: m ' , o
Thus 16 anaIyticn%Jprressions for the hyperfine energy
levels COrrect to second order'are preduccd. Expreséions‘for adjacent-

hyperflne levels can Tiow- be subtracted to glve the ENDOR tran51t10n fre- Ty )

N "
‘quencles Twelve such expre551ons can be obtalned but only those of the

75 MHz range were used because these tran51t10ns were more 1ccurate1v
A i

measured. These six.express;ons-are listed in Table 4, for‘H along

 the, i‘diféction. - : o



oS

.‘_*-

Table 4

Analytical expressions for the 75 MHz transitions

. For the'Ms = +3/2 multlplet'

3/2A + 2Q - g B “ ,Eﬁé};// 1

M. (' +3/2) hv =

) ‘ o f ) ;

M . - 3/24 - _ 37482 . L

(s~ ) o= 34 gan“z - 3/4B g B+ 2D

M (23/2 » %) hy = 3/2h - 2Q - “& 2, !

1( a( » ='3) hy = 3/ Q gy B H +T5T4BT TR

s ' ) L ¥ M. A
~

For the M, = | 23/% multiplet-

2 ; oy N

MO(<% - <3£2) hu o= 3/2A.° 2@+ gls M- - 9/4B”. =

T ) nn-'< g gH  + D

[~
' T ' o 1. - =
M (% -4) hv .= 3/2A +  p'a H_ - 3/48° . — — -
S b © ... e _g, BH_+ 2D '
\\;; . . ' R ‘ il A -
M_(3/2 %) hv ”/?'t\ _ ;Q'Q- .'3‘ i+ 3/4B5 B . '
24 o= 3/28% 0 - 2 - B8 : S/ * T =
1 | _ CooTMmE N g, +2DT
p | - Z
(11 along .the z dlrectlon) . : oo

L}
!’

~In fact anly four equat1ons are needed beéausc only four

;'parametErs, A, B, Q' and g, are left to bc evaluated . The analytlcal

o

CXpre551akb were. 1dent1f1ed w1th the correspdﬂdlng obscrved ENDOR

frequendies by a study of the ordérlng and relative 1nten51tles of the

!

Nt
¥
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. lines and the equations wér . The 3 i c o
for Rb alum are given in Table 5. be
LI
.\ R - . . .l ‘ Table 5 S }
g © ) the SHin Hamiltoni o e 53 3+ ', '
oo 1¢ Spin Hamiltonian Parapeters for “"Cr” in RbAR alum, correct. , -
L ' ’ !“‘
; . tofsecond order .
— , T | ) ;
; | A = 1 52,0760 Miz - \ v
o L B = ' 51.7341 MHz
3 ~ Q. = 20,0207 x 10 %em™ » o
' R C . ( . a p
: g, = -0.3178 & .
.}. ' ‘. . . . . \l . . - .. -
o T ‘ ) R SN
i g A | ' ‘ T S e~
”% L cOmparlson of these values w1th the computer dlagonallzed
f final values shows the accuracy of this second order calculat;pn,
.:' The values were similarly found for the CsAl alum. - . . o -
¢ / Two computer programs were used for the exact fit of
i . equatloﬂ\(OS) to the ENDOR measuremcnts. One pngram was USEd t° flt
3 the z axis measurements and the other ‘for the perpend1cu1ar dlrectlon
f ’ mcisuremdﬂis. The method of flttlng 1nvolved varying each startlng 1
;L; parameter separately u51ng the z-axis program until,the'values cdlculated
\ (.UL ! )
W by - the computer u51ng equatlon (ZSf\* 1agonallzed u51ng the approx1mate
;‘;‘. . . . ._’ . PR . -
‘\‘ ) ( L .
B . - = .



3 ' | =
;) - S8l i '
3
- parameters,-gave the best it with the ENDOR frequencies obtained exper-
) imentally.” 1In this procesé the A term was fitted first, followed by
‘é T  the Q' and the.gﬁ terms. Thg B term was then fitfcd.along the per-
pendicular direction since it appears on the diagonal of the perpendicular
(“ matrix. ThF final step was to alternate backband forth between the z
) | \\d’and perpendicular direction programs, v?rying individually &1l Qf the
. (" ' parametefrs until the'besf fit was obtained. The final vélues of the
Wl : o ' .
: . spin Hamiltonian parameters are listed in +ab%e 6 below.
_...__ Table 6 .
: i The Exdct Spin llﬁmiltonian la'rayglter_s
/':"'\ - -—\ _.:' .
L * " e ;
b . /_‘,
553 SeSt .. Units,
in ﬁbAi alum .° '~ in CsAf alum -
_ . . : ' et
: AT 52,0720 S st.ells . MHz
B 51.8215 Y . 52,3760 Milz
Coe i o ’ : . T ’ . "; .—4 ~1
Q' -0.0215 - .+ 0.1545 . x 107 em

- Ty "‘_ A ‘-0.3"170 . o _0.3140 ) . . L
' gn., ‘ \- . - _ | R , )\//\\,i |

. ’ ‘ ' ot .
: gy 1.9759 .-, o 1ems o .
| : ) A R s |
D -351.29° _ -725 r87 ) x 10 "cm
] . a1l at 4.2°k
4 il:“‘_- i

RO
%
<

7S

4.
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The :gomputer program listing for the z direction, and an '

: . i :
example of the output is given in Appendix 2.
The measurements obtained at QS”MHZ_Were not'used in the

u..."-_ b

,,fitting process because these'liﬁes had relatively low‘intensities

and wede consequently measured w1th less accuracy than' were the 75 MHz

lines. The 51gn1f1cant thing about them is 51mp1y that they. were
observed. _In the ENDQR work on the corresponding gallium alums by
. - o '

. o .16 ) . .
Danilov and Manoogian ~, these lines were not observeg. These lines .
could be useful if mqre‘than six parameters existed in the 'spin

Hamiltonian, .thus requiring more thah six equations to obtain the

approximate ‘starting values. . o L -

V. 5 Error Estimate o

Errors in the read1ngs were produced by m1sa11gnment of the
/ : 1 -

agnet with the C}thal magnetlc axes, -by the dlfflculty in measurlng theexact

Ty

centre of the ESR and ENDOR 11nes, and also because the NMR proton probe was

not at the same polnt in the fleld as Mas the crystal S 1he error 1n measure—'

-

" ment of the fleld p051t10n 1s estlmated to be +1 gauss 1nd that of thc EhDOR

—

- ---

trequency, 5 LH*-, The error in magnetic' field alignment is about 0. 5

. Thebe Errors’ comblne in t e.computer f1tt1ng process reSultlng in an average

: Qifférencc between the,reasured and theoretlcal values of 3.5 kHz for-the z

the ycrpendicular‘directlon. . Since most oﬁ-the

. direction and 8 kilz fof

usang the z dlrectlon measureme ts, the accumulated’

LY

paraueters were fltted

.‘error is cl6ser to-3.5 kHz‘ Thli produes uncerta;ntl s of 0.001 x 10

»in the A, B Q"and Y z’s, ?f 0. 001 X 10 =4 barns for the Q's, of .

10.05 x 10 cm_1 for the D'sland of 0. 001 in the g,valueSf

" —‘\.‘.
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CHAPTER VI

P SR DISGUSSION'AND,CONCLUSIOI\jS‘

VI 1 Intreduction - _- . . ' L

-In"this chapter the ekperimenpaéfresulgg are discussed and
put. into g Teaningful context. Possible relationships between the

. behavior of the crystals studied and the various spin Hamiltonian

pnramoters.fouod are presented. :Comparfsons_are‘madejbetween the -
" findings of the present study.and the other availabke data, for the
chromium jon in octahedrally coordinated sites.

] - -

.- : : S ' ’ - e
VI 2 1he D parameter and tho Trlgonal Distortion. '

. In both crystals studled “the chromlum ion was found to

exist in four equ1valent "but dlfferently oriented, magnetic compléxésl

“In each complex the chromlum ion is surrounded by an octahedron of ¢
water molecules whlch has.a small trlgonal'drstortloo. McGarvey17

hae shown that a negatlve D value can be produced by a compre551on :
"of the coordlnated octahedron of waters, along the trigonal axis, whllell
a p051t1ve D would correspond to an extension of the octahedron The

above explanatlon is supported by an 1nterpretat10n of "the values of the

» —_
-

b parameter measured by Manooglan and Leclerc1 ”for'the crystal

guan\glnrum alumlnum 5ulfate hexahydrate (GAQSH) In this crysgel, two
] . . . . . T - ) '

-\
Y
b
v
fad




9
the ¢ axis ofi;pecrystal. Haussehl and Trost1 have fOUnu~that the ratio tor
. crystal to”that along'the a and b axés is about.-9 te 1. Consequently, as S

~ the octahedron. It is® the opinion of th1s aLthor that:regardless of whether

waters which 1n turn cause the observed effect), the thermal expanslvlty

inequivalent magnetic complexes exh1b1t1ng axial symmetry about the -

¢ axis of ‘the crystal were found. ~In both complexes the 53 fT

- . , a
is surrounded by six waters ds in the alums. =~ The-D parameters'at room

temperature wére found to be negat1ve and to 1ncrease in magn1tude at -

] .
low temperature. In the framework by McGarvey ] study, we would'inter— )

pret th1s to’ mean that the octahedron'of waters around thf/chromium ion is -

trigonally compressed at room tempefrzhreand becomes even moxre compressed

at low temperature. "In GARSH,,wh1ch is a hexagonal crystal belonglng to

the space group PSlm, the [111] dlrectlon of the octahedron p01nts along

-

of the - thermal’ expansivity (at'room temperature)ﬁalong the ¢ axis of the

1
v

the crystal is cooled there is a net‘contraction along the[l11} direction of
(W . - B

‘the m@chanlsm respon51b1e far ths. d15tort1on is: (3) the dlrect effect

of the distant atoms - {i.e., the atoms outs1de the octahedron whlch are

. T

\d1str1buted w1th a tr1gonal symmetry), or” (11) the 1nd1rect effect of

N

the dlstant atoms(i.e. the 3lstant .atoms dlstort the octahedron of . T .-

T n . -
. -

and-D parameter data for GALSH, strongly support McGarvey s.proposal. o } \Li“j>

Analogous arguments cannot be used to 1nterpret the behav1our cf the ‘ A

alums .betause they are eublc and so the expan51v1ty is 1sotrop1c -

Other factors such as the angle of t11t of the water molecu‘es



.
L2

: linear for the RbAL and-Cs AL alums, The WG complexes

- 55 - . ' -

or the dlsplacement of the chromium ion from the centre of the octa~

hedron of waters may alse glve a contrlbutlon to the D. As shown in

pigureﬁlO; the behavior of the Dmperameter Vs temperature is not
of GAgSH behave 51mllar1y, hav1ng‘more resemblance to the CsAZ alum

curve. - From these curves it canabe-seen that as the temperature is

deereasea.the slope changes, 1nchat1ng that . p0551b1y more than one - -

mechaﬁtem is operatlve in contrlbutlng to the D value, or the expan—

sion. and compre551on of the octahedra are, 51mp1y non-llnear wlth temp—

erature.

'hg imporfan; aspect investigated by Daniloﬁl and supported by
the ‘studies reported.here,is‘the'fEIégionship between the size of tﬁe‘.

monovalent ion, the size of the trivalent ion, and the value of the D

parameter, Danilovl found that rubidium gallium alum, which is’
M - lbf . . - - .

a-txﬁﬁ;qged a positive D value and that caesium gallium alum which is

e-type-had a negative D. It was proposed'that the sign of the D is -

-

k)

I 4

perhaps dependant upon the monovalent ibn, and hence on the type of alum.

L L L . N . . . o
In Danilov's work, the triyalent chromlum ion, with ionic radius 0.63A,

‘subsfituted fof a gallium ion, w1th ionic radlus 0. 62A Since the two

ionic radii'are 51m11ar, the problem of 1nterprctat10n Of thc experi-

mental results is 51mp11f1ed begguse no effect need be attrlbuted to the

'

"study, the chromium ion was substituted for an aluminum ion having .n;-

‘ionic radius of-0.51A, which is about 20% smaller than the gadlium ion.‘

’

 size of the trivalent 1on_as is often IUVOkEd by others. In the present




In spite of this significant size difference the D value of the CsA2

.alum was found to be the same sign, negative and nearly the same
magnitude as for CsGa alum, whlle the D value for RbAEialuﬁ was found

to beiaositive, the same as for tthﬁbGaxalum but considerably smaller

' . . tee
- -

in magnitude. If size effect was important in causing a.distortion

of the octahedron then one would expect the D value for RbAL alim to be

4.
=

' gr?ater than for the case of the RbGa alum.. The values of the D's *

‘ © B3, 3+ . : C
and other parameters for ~"Cr~ in the crystals being discussed are . -

presented-in Table 7./ 2 '

N1 3 The Quadrupole Term |

- J

As prev10usly stated the D parameter has. been related to the

electriC'field gradient -Viz according to the relation, _
A - R Do o,

. -('.'.‘-‘ T . " LT o

-y D. ;%‘(l/AE)Z <r2> Vo - . (5) .

7. .‘

n

zz L e

- -

Fhu> Lnow1ng D,. one. can calculate V 2z which must be knowh in order to

. calculate the electrlc quadrupole moment Q, of thd& chromlum 53 nucleus'

as given by ° L L -
7 - 3eQ v ) ° ’
Q' =. 2z (1~ Ym)\vl . o (12)
a1(21 - 1) S s

“

~
~—

mdgnltude and the same 51gn as found previously for RbGa alum. /*he

same 1s true for the CsAf gpd CsGa alums. However, n the two types

" The Q' calculated from this work for RbAR alum is os the eame order of

L

;o
4
13
r.




[

s, . - T
uy - oLt
L

.r H
¥ SRS oousajey WOLY 7
) . _; .- . o1 edousie3ay wolj T
Y e : w : - )
_ . suleq ur ST YITYM P umwuxm.ﬁhEUMVOﬁ.mo s3TUN Ut TIV
- e N : .
! _ S : : ,.

- 1£0°0-

620°¢-

. 9981°0

pézsio-

9gZyr Ll

- 7860° LT

L'888-

£9°2

L jmwmmﬂ.au

.J‘ ‘ ) .-
\\ s
Z891°0

66¥¢°0-

Loyt

VLLOTLT

:

17049~

9pST 0 -

i

.
]

G970~

. mﬂ_mhﬂ-\.‘..ﬁ. N

~ BIIZ°LT v

o pg0t0=
; o

VA G

N

SPST-0
s

6vSZ° 0~

y - - '

LBSY LT

”q
Beoz L1

0°STL-

Zr00'0- - 5800°0- .

o

SO 748 | sorg'0 . A
2 bsS _seps Looal s

1910°0- §120°0*

.

A

- " 558070

[T

808070

12 AY: SN

...Jw.

pT6Z L1

-

- zeLs Ll

»

£15€7 L1 o v

T

-

’ [ UNTE BYSD

wn{e ys)

Iajaueled

i ’ N
% R -

#(Z)HS3Y9

7 (Dusavy

HSTVD puE sunfe awos -103 eaEp ﬁwumﬁmh“bwm.mh@umEmem‘cmw:@uHHEmE utds

A sa1qel:

-1 UnEE eoqy - unTe’ yyaY—
' i ..h.,.. N *
| e - .

< . . Tl



P

of Rb alums the Q' values are.about an order of magnltude smaller than

for the two Cs alums i The lack of con51stency=between the Q' values -._gw:r .

in the Cs and Rb alums manlfests 1tSe1f in predicting two sets of valuee :

for the quadrupole moment , Q, of Cr when usrng‘equatlens (5) and {12) i.» R )

0bv1oust both values cannot be’ correct and so we must determlne from
natt e S
thc experlmental work where the 1ncon51stency ligs. !

.

N In the ENDOR work on the galllum alums it was postulated that

the result obtalned for the CsGa alum\was probably the correct one. . - Y

-

The basis of the argument was that since the magnltude of the D value
changtd ﬁO llttle for CsGa alum between the temperatures 300 K and

L4 2 K then it .is 11ke1y that equatlon (S} could predict the correct

value. of V z: : For RbGa alum the change in'b is large and there is a
; .
) ﬁ§ sibility that a 11near relatlonshlp mlght not exlst between the

spln Hamlltpnlan parameters and T. 3Thls effect ‘s in factrfound.to be . .

trne for the A% alums as shown in flgure 10. i.- . ;_r 1 " L s
& e The quadrupole moment of Cr can be calculated,nat 4, 2 K, ‘&aj L ;_“.;_:rr
.using Lquatlon {5) and (12) w1th the measure;?values of D and Q; : f” - i..f‘ 'i
' For CsAf alnm the vgtue feund es Q : -0.030b and for~ RbAz alum 1t is | . i-'f ' .!n_
-0f0085b. "The velue for nhe Cs: dlum is Seen to be very close to the :
.Véluelof |Q| g 0702§b preélqtedrby_Artmanzo in a theeretlcalrjh .

: , ™ p - S - .
analysis of the transition-metal sesquioxides (Aﬁqox1de.type lattices).

. ) ° . . .. 7 p . . . ‘l' .
The.value for Rb alum is considerably lower than the predicted valué.

Sincé,the difficulty in the case of the Rb alums is believed to arise = ¢
) . ' ! . . . ) -

. . . . 7 i ~ R L.



2thdtﬂ1 =) 030b a% found 1n CSAE alu? Fquhflon (1”), with thc Q'

- value.of D =‘100 X 10_4cm7 prtdicted by the hlgh tcmporatu10 region,

'qgig K. Ot ‘course thc 1nterccpt of the ﬂxtendcd llné is onIy dpproxlmatc

£y

‘e

wfollo@ﬁxwhg same. urxnd as that for CaAF alum and 1n thgﬁiwo GALSH com— >
-picxégfz ‘That Ls,‘thc-llncf-ure'stralghtu down.FO‘u point-about 607K
. N . i . ‘..‘;'

-_aboveTthb 1iquid:nitrbgén témpcratuﬂ! affbr which they curve /to meet

_clifcfg

. ‘Q =‘-0 07855 _ In the S%Uthef SSCT in AR O (ruby) Terhlne GI a"

-."‘\, s
. .

< L -

« @ ' ‘
duc tﬁ.the ,mall valuc of Q. obtalned at 4.2%" W1thout 4 COﬂ%lStcntly

sl l value of D the followlng cxerc1se Was performed It‘was assundd/ - -

-

: el :
valuc mcasured 1n*ﬂbAR dlum WdS solved For V 722 ‘Thls nge‘a Value,of . SRR

1 =

s

. Lot A
qu = 0.239 x 10 /b for RbA? alum ﬁt 4 2° Koo Fhls value of Vv
zz . R . 2z

was then put 1nto equatlon (5) whlch was solved for D. Thb ca]culhtioﬁ“

N . _ ~ . Coa : . R . L
predictcd a value of = 99;1f;\iyh4cm ! .wlhich is very aloqc to the.,'  .%S B B
o CA

stralght llnc pdrt of the curve for RbAR alum of fngurc 10. cx{ended to’
N J, '

since only three p01nts hv@ used in plottlng thc LUIVLS kafygure 10 “\. C.
. . . / . e

Veverthclesa, the curv& is helleved to be: Liose tq/ cality bocahsc 1t

e

- SR

-‘:

\ t

e . ' -y " . . o.

-

—.-.\ ' . “ T L. . l ‘

the ne1r1} stralghq Ilnes between 77 ¥ and 4.:2%. o ?b- RN ¥
A E ' . ' ; ’ ' o 1
. Hence from the nbove 1na1v315 1t ¢0u1d appear thatithc ,; i

1 " T it . . | I . . J‘w’" Vl ’

, e ;1 ‘l
. e ,
nCLGSSdrlly proport1onal fo T The best valupb of the quadrupoliyhomont

N -

crystg}s bchave auch*that,Q' d T,rv u-T‘and Q’ o 2 bpt D 1s not;

-

A3
;Cr can’ now be obtaln@d by ayerdglng thé results foundsln CSAE ana

>
b \ ! .

1}
1 i

1
e —r

[ ‘ .
CsPa alums amd 1n the tyo GARSH complcxep ' Th&s is found %0 be- © T
21

< -u ¢

I e ;
X o/ L
found‘a value Q.= fG.OS,’\ Artmagfand Murph) havc prdvlr

3. : AP co g AT



- “w L
blGn'Of Q follows from eqddtlon (12) B A ,--' _ é.“ o
| ’ ' "'.‘ - . 7 . > ! :.
: -\“' ' ' C ) B w Ty
VI 4 Ihc A and B paramcters ‘ o . '-;~1
B ‘ * y . ’1' ' 4 ’ : :- “ 1:

)

: and 15 glven by Pk T

R - /- o ¢
N ’ y 7
. - . L " - w
: ‘)‘ - / }p.q . . ’ .
N - - i

0o "ot i . v . . . "
f . A - Lo i ~
|

thc vatud to be bctwcen 0 02 and 0.03b from thCOretlcaI con51dcratlon%"

Y

of “the ruby &rystdl : Wlth rcgard to tho sign’ of Q, Cquatlon o

implics that the sigl of.V follows the Q1&n kaD The Slgn of

has been found experymantally in the LSk and ENDOR work, and so
|

the

The anlsotroplc nature of the hyperf1ne 1nteract10n wus not

.

mcaqureable in the alums unt11 ENDOR stud:es wcre performed charqu 17

. has gluen the’ follow1nq expresslpns whsch descrlbe the k—and B paramcters
) oo T o . T . 3
L : Lo e .

S U %_ (l - 2a2 I -x] ¢ e 3y

‘.t . . - \_-P r
. K Y- ; S . .
. - 20 52t 20 N T g
= Pl-3r O-Z27«sh -] ﬂ\ e
Lo ) -1 53, 5+ \ o IR N
Here P, = -40 h 10 for | Cr . ; ‘the first term in the -square
SN L . _ R o ..

.brackctSFﬁ&ises-fromhthe éléﬁﬁgbnlnucleak'dipole-dipo&e interactibh T
: t Yo ! [ S

1.

\ g butlon duCiﬁo nhc Ierm1 contact tcrm
. i
i

1 symmetrv[of 1he coordlndtcd llgadds we, havé

1/3 a d 1 = 2a2 i b f 0, glVlng A =*B frpm equatlons;_l

wh110|the K. represents the\
o P
For a|site ‘with® oCtahed'

2 L
a2 - b3 2

*

(aé) Jnd (o?) In’ thls the hypqufihe‘ihterggtioh.is iSOtxopigu.ff

< 2/3 andpb21> lfSVthén 1 - 23%.+Ab2 is:

\., o ‘,'

pos:t1ve and A < B Mc arvey shows that thﬂ D parnmeter is’ vogatlve Tore

) . ' RN _ r
: : ai. . .f”h .. L'
= . B ' -, v ’
L) . 1
S a4 A .
) . - : : .
. ;\" ‘ //’S\\ ~

#<?q'—;K»]: -_'7 e - @ iCﬂJ o




. L B : : )
o - ‘ |
‘ B h ] . !
i ] . . e :
. e | i ‘ [ '
- o . . % X L - 61,- - W, )
1 hhl ‘L < , - -
’ fad -
o , ' :
N 3 ‘;:rl;.._. ’
' ! ' L L
. . . s . ». . . . - . . . o . ) oo . ?
Vv . . . . . . ) . . ) . _ - 4 . , Ll :
: . this case and the ‘coordinated octahedron is trigonally compressed. : ’ SR ,\L

. 2 , : : 2
LN at > 3/2 and b2 < 1/3 then 1 - gaz +"bz“'1 negatlve

4

g1v1ng A > B.

Fh1s case corrcsponds to a poéntlvd D and a. trlgonal exten51on of Co :
S 5 . - . : . T
.. the octahodron o I L. _ .h‘;r . -
. - . ' : l . R ‘ ’
- \ Thc ENDOR results show that tho hyperfxne 1ntcrdct10n is

“or . -

_E ﬂnxsotroplc ‘with A > B for RbAR alum and A<B for CSAR alum This

|
S . < . ‘,J‘ .

- LS -
_;?cht is correlated with the fact that D is p051t1vo Tor RbA2 alum )

CoA

-

Iy . . o L
and negdtlve for CSAQ alum. ‘r;' . .',' .. “;, b . L .y
— . L ‘ ST T ' . - . |-
Ll N ' r
Vi 5 Ncw‘Relations bctwoen the Pafameters . T o ‘ \
. -3 nce _the d1stort1on of the octahedron of watem molccuLcs t -

-—

5urround1ng a chrom1um 1on is reratcd to hoth QT and thc hyperflne ;'

paramctqrs 1t was., concluded ‘that it mlglt_be 1nstruct1ve to plot

- - ) - @ .

4 —

.
Q' vs (A= B} for the alums 3nd GAQSH where accurate FNDOR measurcmcnts

e . L

hofonbcen made. 1h15 plot is shown }q f1gurL IS, It islsoen'that .

I LIV oo
all xhq p01nt5-tall close sto a, stralghiﬁiine It is al%o-seen that
) — . 8
1 the p01nts for the Rb alums are very clo*!,"A together and the samo 1s
‘i.- ' ! ’ "' = - -n -
true foy the Cs- alumb R 2-‘ IR

After flndlng the’ above llnear relatlonshlp other plots wcrc ‘

e

3
\X | -

- m&dc relatlng all those parﬁmeters whlch wore-an some way connected to

. . - . ; ’
L= thc dlstortlon of the 0ctahedron. . Thls 1s shown in flgUre 14 “The Q' : .
; : i : : :
nnd(A B) curves are orlentcd on thls flgure con51stent with the reselts
. T, Y

<1

oo oot flgune.la,lf. Q' = A B -.0 ohs x-10" cm } and .-(ATB};= 0 05 x .10 4cn
e . . L ey o, . . . .
- ! .‘. "“ 'l' B
Ve . T - - S
Lo N : oL o - . .
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'Figﬁre 4. A plOtOlfA-B, Q.!..u‘:lnd ‘;’Z" VS D4 20 for t}IC .
o . N, . . .
chromlum magnetlc complexeb~4ﬁ.alums and .

Labeling is a§ in;Figurc‘la

4 -

GARSH at 4. 2 K.

: The V p01nts Qn '
oo

e o
' St -rff) note the dlfferent scales

the left 51de of the d1agram were calculated
ones;on the right -

,?_ s S from equatlon (i) whlle th
side are pred1¢ted values calculated from

' equatlon [123 &ssumlng a Value of Q SF\ 0. 0785b
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-'above the reason for the poor flt of Q' VS D for RbAR alum is llkely

fflt with all the p01nts on flgure 15\“ JHowever, 1t ‘is thought that thlS

“avallable Coew

T cai conclude tpat it is. the monovalent ‘ion whlch governs the beh1v1or

n:bfzh-stud1ed 50 fgr by, the E)

‘in both figures. ' The strcuérht lines of flgUI‘B 13 a.nd 14 f1t the

exper1menta1 p01nts quite well for the negatlve D values but they are"

-

only close to the 11nes fot, ‘the p051t1Ve D. e

U51ng the average value ot Q = -0. 0z85 found For the two Cs

'dlums nd GAQSH 1t is p055131e to predlct values of V . to be ebnsis—

tent W th the Q* and D values found in the Rb alums rhese are found

L

to be-. \ 0 2515 and 0 1918 X 10 cm /b for RbAQUfnd CSAE alum,

‘ respectgﬂely . A best stralght 1ine thr0ugh all the V vs' Dd 20k
points can now be drawn and this is nlso‘gﬁ);n in flgure 14 ' Here'
agaln, only a rough f1t is obtalned for the Rb alums As descrlbed

-

R

———

due ‘to the non- 11ncar tempereture dependence of D 1n thls alum. hfIt

,’mlght be 1nstruct1ve to plot the D ualue as determlned by the 1nter-';

cepts of-the curves in Flgure 10, as a functron ‘of Q"to obta1n a better -

~

~

exercise can be more profltably done when* more experlmentad p01nts are.1

..?' From these results partlculary those shown in flgure 13 we
Y

Firem,

. -

of the alums to the’ exgent that the be avxor is’ descrlbed byfthe>5prn

g i S P

Hamlltonlan pardmcters, at IZF t for the case of those alums that have -
D

I3

OR - techn1que. f.tfh. . Pl
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VI 6 The Nuclear g-value ' Lo N B P
s . - - T { . ' ; i ,f ! " ' .
- ‘ ta s . o A . .
T'he effectlve nuclear.g—value‘ g ‘was found to be 1sotrop1c , S

l o in both-alumé Studied. However unl'ke the prev1ous work on the

- ) '_-.‘o.

gall1um alums sllghtly dlfferent maghitudes of g were, found for the T f o

- — -~ : :
. two alums. It 1srhot known whetﬁigtthls constltutcs a manlfestatlon ’ L Y ~' v J

- .

e R
_ of some phy51cal effect or Js 51mp1y a. result of an 1ncreasc in the :

Lo
o

accu acy of thc present measurements or a. dlfferent method of flttlng

T the parameters Ihe true nuclear g~value g , 1s related to g _ o Lo

LI

gn = g /(1 + c), where o is ‘the shleldng parqmeter The Vﬁlue'of o

2 . .
can be ealculated from Geshw1ﬁd’ 3 formula S R T

T d=...-5.84 <1/r3>{a‘ YL o(ag/n) # Cot Tt 4e)
B :1- N .') o :_\_\_/u K B  -., 7. .

s l' CT - ." “ . l . o ' -~ . I

. . P '

where Ag 15 the electronlc g ~-value shlf* Froyp l.ObZS, Ao ds the_eplni

orblt coupllng parameter of Cr _1n,un1ts , cm"ij and <l/r{3 is-
.o . 4 .

L theﬁaverage value offﬁ/; for the;Cr3+'3d-wave function.  Using the: . P “{!f

) 1. s ‘ ._._ , . . N
A =9 em 7, <1/r7»- = 3,959 a.u., 4g = -0.028, - - e

"Cr°+'free~ion£value‘o
one flnds g = 0 00 44 uh1&h g1ves a g " value of "-0.3147 for:RbA@ alum”

. ‘.:1 . - . .
‘ and -0, 3117 Fo, aAE alum .Slnce/tgefﬁnélear magnetic moment. 1% . &y . )

S ";n | calculate the magnetic moment of 3Cr to “be =0. 4721 ”N - o _ ;

and"-0.4676 uN from the data obta1ned in the tuo crystals. Fhese‘ . - _ 4
_ values ar@“ Tose to the Handbook2 value -0.4735 u obtained from the': S . R

NMR Studle Of 55 Cr'1n solutlon.. Danllov and ManOOglan16 found the -

B vqlue to ég’-0;4640 eNgfor théir work ‘on ?he 5§Cra 'ih-the_salllum alums. S

S . ‘ . ) A L. v " ‘ Co ,..:.-rw
- ) . . - o . _ = . -, i
. c . . B 7 - '

)

T "-‘-
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R 7.‘Future Work e [ P ' v o .

In order to better understand the behaV1or of the" mlums aﬁd[-

the nnture qf the dlStOTtIDn of the octahedral surroundlngs of the _ '?
53 . 3+ o -
JC?f ‘ 10n, more studles-should be‘done- Tt has been dem nbtrated

o © -~

that equatlon (5) does not’ adequately descrlbe the Lelatlonsth betr.
ween the D- parap er and V for the RbAﬂ alum and it is probably only
-approx1mete1y tr even though 1t predlcts better values for the other

‘crystals. More deta is needed to further des rlbe the D Vs T relatlon- ‘ A,.
. . . - },n %

.'ehlp for’ the cryetals stud;eaﬂhnd more erystals must ‘be. studled to pTOV]dc ' -
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. Table 10
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. [ \ .o l/ . . . .
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. ° - Post Oral Discussion .~ o g; a7
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\\' The curve between the room and nitrogen temperaturc points: - N

for ‘the RbAL alum of Flgure 10 was orlglnally,drawn after studying the

shape of the D vs T curves: of ccrta1n GAQSH crystals. It was suggested
that other curve& could be equally 3u5t1f1ab1y drawn on the basis of what

was known and consequently any -conclusion based on cxtrapolatlon of this

curve was of doubtful valld1ty. Subsequent to the wr1t1ng of this th051s-

e

however, the D parameter for the RbAi alum was measured at the carbon :

dloxlde sﬁbllmatlon point and was found to lie exactly on the prevxously .

U‘f '

diaun curve, remqvlng any doubt "about the conc1u51ons made. * The coordinates
‘ - L4 -l
of this point, whlch is "indicated on Flgure 10 are D = 474'x'10 ‘cm °,

A;,‘.





