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y MICHAEL A. SHANNON

; .. ELECTRON PARAMAGNETIC RESONANGE -
. OF THE Ti3% 10N IN KAT(S0,) 5 T2H,0

1

. ‘ 3 . o e
The electron paramagnet1c resonance Spectrum of ng ions

®

in single crystals of KA1(SO4)2 12H20 has been stud1ed in the

) {100} p]anes at 4. 2%k with an X-Band microwave spectrometer The

spectrum is an analogue of that reported by D1onng for T13"1pns- N

. 10 '
. - "in RbA](SO4)Z 12H20 and by MacK1nnon and Dionne for T13+ 1ons/;?\\\~/
v _ - 7

- .T1A1(SO4) 12H 0 ' . K L: - ’

The §pectrum was exp]ﬁined by'é model pf 12 magnetic

complexes being.related to each othér through the symMetry'

-4

B elements of the- Th (2/m)3 po1nt group ff the alum 1abt1ce -.J . ' ‘.:
The spin Ham11tonran used in the 1nterpretatupn was
He=. 5913 i J The g- factors w1yﬁ" 2 were found to be -« . r
. , o+ 1-979,1.898 and .828 \:nthjgn accuracy oi _t‘.. 005. .
p ) ’ ¥ - v ‘
, -
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CHAPTER I <, 1

4 L d

. Introduction .- . o

/\ . Electron paramagnetic resonancey first seen’ by

I

19 L : . .
Zavolsky in 1945, 1s baslcally concerned.with the

. observatinn of transitjions between the Zeeman 1evels

when the paramagnetic substance is placed 1n a steady .
mazznetic field and photons havimz energ! »s euual to
the gaps between the Zeeman levels 1rrad1at.e the

substance. Many classes of‘ materials e)'hibit
paramagmetism due to a resultant anp;ulal momentum

possessed by the electrons. 'I'his r_esultant an‘gular :

momentum may be* due to ma‘ny factors but two common

Voo -

sreasons are: the atdms 'of .the mate.niél- have an odd
number of electrors or there are ions presént which
possess partly f1lled.eYectron shells as thgse which .-~
[ . e | . " '

are found in the transition group. N oL
o o |
The paramagnetic ‘Aon used in the author's
‘. : Vo |
experlments was a T13 1on whlch belongs to the lron

¢ . 1

group, oné of the sub-classes of the transltion qroup. .
The free '1‘13* 1on has a | round state of D and on’Ly x
« single 3d electron which* resullts in a spin of 2% with

cnly two populated Zeeman energy levels at“linuid

v i
cty s
. .
] - o . -

helium temperatures. ‘ T

) Slngle crydtals of KAl(SOu) -121—!20 doped(wlth
B T

ions ‘were -Erown by cl,ooling to room temperature
1 ' '




7

}
\

i

\ expeliments ‘were performed at X-Band freouenbies

q

/;-_
PPaE

a saturated solution of KAl alun- plus titanium

trichlorides -En the crystals grown a small number

of aluminum atoms are replac:g in the lattice bv 1onq

*of trivalent tltanium. | .

,Six H,0 moleculss surround the T13+“1on formng =~

a ‘nearly resular octohedron which produces an electro- °

statlc erystal field of orthorhombic symmetry. The

spectrum obtained for the sample was explalned’wlth . x )

a ﬁodel of 12 magnetlic complexes.and a crystal : ) </

fleld of ortharhomblcjéymmetry.
X'The.;echnlqueoused'touobéerve'the resonance

in&olved the obéervation of‘thé amping -of a

resonant circult due to the ernergy absorbed by

tﬁe ample from the apﬁlied r.f, field The ~
\ e

using a .Varian 4500 Ei:P.R. spectrometer.




CHAPTER XTI

\THEORY | =17
- n R . L) ' \ °

.In order to lu'néierstand ho the lowest'and
exci;;c—d‘eneréy 1éve1§__of- an lon situated in a trystal
of* ziven symmetry. are altei"ed gby the ervstalline

surroundlnn;s it 1s first necpcsary to emm*ne the

»*
- .

-

situatton f‘or a free 1on. ; ..

‘ o, /
‘/ Y T // '
. ‘2.1 The General Hamilténian of a Free Ion
. r . .

The m'cﬁgD 1mp’uort;ant' 1htdract1—o'1:i- Wit h%ﬁ an 1'on“ is
given by t"‘lf‘ coulomb.term Vf. This tery conqiqts of thp
mtgractinn of the electrom with t"ﬁ% chlear charge Ze
and the mutual repulsion of the electrons. In the

_nonrelativistic approximationﬁt 1s~g;1ven by. ‘

LY

k k] ) - A>‘frd
_where Py is the linea'n momentum and T, 1s the rariius

vector extendirﬁ”g from the hucleus tn the kth ele‘ctron
«'
and the who).e expressionr 1s summed over all N electrons

of the 1on. This coulomb repulslon is diff‘eregt for , =2

N
dif‘f‘erent states of-the qame confin;uratinn and ?

co.pregpondinﬂclv leads to vari»ou.s:energy levels or term
. - - 'Y
values..

/ -
0 . . : . [

5+

. u 2 )
. - - Pu. N e - ¢
< e e , — - -—""—’ o
VF /Z ( 2 _ '”L ) e n\!‘ ) . ( 1)

\

o
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The next most Aimportant interactisn 1o a -

magnetic ones Vpg; between fhe electron spins S with

the orbital mompr"xtum -1} .' It ie given by

I W .' +y £ S-S :
V.. Zdh 5‘+ﬁrl-’é4u (2)

: - Jk
<0 whe‘re a4 bjk’

J and k range over all electrons. - .

and ¢y are specific coastants’ and

1 o

N\
If Ru‘sse]l baunders couplimz; 1s ~asumed, that is,

. / states of def‘inite L and S of the same configzuration,

P -

’?’ then 211 =L and PHK: SJF S and the vectors L and s

—

i .. coyple to glve the total angular (m‘o_mentnm J = i_-t-

wi

o *

- b

. N R
s AL*S where A 1s the spin or}?ﬁ: constant for a given

. <
1on, There i's also the much weaker spin - spin

son T R 1
‘Lnteraction Vsoy which 1s thé mutual interactlion
P ) between “the maqnet‘ic dipoles and mnv be exprpssedl
| = %‘;‘S'Q | ?(&Ju’ S'J) (‘”4’& + i) K
' . SS - y 3 t— S' o
1 7 4 e i 0
) . . .. Jk . . ) a ¥ .ﬂ

' ‘where the summation is extended o:.re;r 211 pairs of

as.

,electronsHThe prece.dﬁ;{ three_terms constitute the

'

J¥, dominant forces withip the free lon, but others nced. he

| . ~ © consldevred. .

-

If‘ the nucleus has a snin I ani a quadruapole
F

moment Q, the various terums are again split by two

add 1t1rm'a1aiﬁnt eractf.\.ons, VN and VQ whercs 7 :

-

~

. X 15 .
and the spin-"orbit interactlion can be uritten as: N




' Here: T8

K,= Spin of electron k

T
8
BN"

° ° 1
. . s s * -
\\\\ ¢ = Nuclear ayrcmaenetic ratio o

1

'Orbital angular momentum df el%qtroﬁ k

a2

Bohy magneton a : T 4

Nueclear, magneton . -

i

§ =‘birac

t .

Delta function

. . g @ ,
’ If the iqp is no} free tut 1¢-in the presence of

a magnetic fi<ld the term Vi Qust be .included in the

Hamiltonidq in order to describe 1t& intersaction with . .

?

lhis term is given by: - \
Y R(1,+25.). H

divect interaction of. the nicleus.with the-

’chg field, C
Ty .

© ‘

© fleldHiss . S
%'= - V{%,F’:l' . . hoo . "u~'f. (?)

The cémeral Ha*iltqﬂ{;p’of’én t3n 4n an external £ ’

. . magnetic flrldiisﬁglven by the sym of atl thpvaboyp‘terms.

R .\ @" Y e
A




This Hamiltonian is: . oo L 5

\ 0 , \;1 El .
# = VF + VLS + VSS + VN +* %’]Q -+ V'H + Vh ) (8)
a P ' ’3{ '
The approximate order of maspltude of thrge '

interagticns o:n be _estimated from the obserxed -qtqmié

‘ -1 L ! .
spectra. Vp = 1()5 cm, ‘ant for the-iron_group VLS = 10? ~m 1\;
-1 -1 -3 -1 -1 -
. = H 1 0. - 10 =
Vséq-q cm L Vi ‘ 10 . 1 en _f’md Vo = 10 cm .
o . N

. 2.2 The Resonance Condition for a Free Ion
’ :
If & free lon™iith a -resul‘t;ar)tg 'an;'ulazfmnmentum J .
is plac'<d 1n’a ;naqnetic fte’ld H, -'th'e envt‘gleéz of the,
"levels - assoclated with dlff‘erent orlentntlonq are o ~
g3HM where g is the spectroscopic splitting factor, (3 is |
the Bohr Lmaéx?et.on and ,Mwis the co;npqgnent of the elpctric. \

‘ afu‘s;ular mon;;htufn J along ;tzxe:f‘ield‘ actirrz on ‘the 1on.
Also if angl ernating f’i-eld of freouer‘cy vV is applleﬁ ‘ .
at rlght angles EO\/H masmetlc dipole’ trar\sltions are
grodllced sccording to the sel\ect})on rfle AN = *1, The .

\’r.nagn?tlc field for a gl'{renl frequency quantum nay be ~
described bvas o U ' (" - ' o

hr—’-‘gpﬁ (9)

1s flipped from a direc‘rlon app‘roximatelv parallel to

the mapmetic field to ‘that of the’“apvroxim'ltelv antl -

parallelo dlr@ctfon,‘5 that. is, i‘rom a. 1ONB-I ..enerp:v state .

to one of higher enc”gy.' 4
A - . ’ _ ¥
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L

~
In most cases the distribution of electrons

between the two states is roverned by a lfaxwell -

Boltzmann expression whichlis:

. Ne o exp (—M . ~ (10)
VI kT )
vhere N, is the number in the upper ercriy state and

- N4 is the'number in the lower energy state. T is the

absolute temperature and ¥ 1¢ the Boltzmnunn consgént.

4

*The lower energy le¥els are more densely populated and

for room temperature Eanlo)Eifes a ratio of approximately

o

0.995 at X - Band frequencies, :

Because upWard:and downward transitions both have
I - egual probaéilitios 1t 1s seen that the appllicatlion of

radiation will result in the terdency tewvard equality .

of energv‘from the‘radiation'fleld. - Observation of thts
Forption 1s possible by piaciné'th% sample in a tuned
cireult such ;s a cavip& where. absorptioﬁ of enercy is,
) indicatéd when daﬁping of the circuit ocburé.
= . It may tbe ééen from EongO)that it 'is highly
gdvantageons to'operaté'at as high = frequency aﬁ;\Qt a8
: .

' f 1ow a tenmpersture as possible, The main reason, for this

1s to maximize the Aiffercnce between N, and N, which,

! -3

. ' at resdnance, 1lhcreases the¢ net absormption of energy and
o . thus optimizes tthggpefTﬁ?n%al sensitivity. .
q ) ' s
N .

: . ~ of the level populations which mepresents a net ebgorptior



L4

ﬁ»

L+

It is, therefore, necessary to alter the free lon

.Hamiltonian in order to take into aciéount the bound

"site. Another assumption must be made and that 1s that

o

- . ‘

2.3 Effect of the Crxstal Fisld Potential

on thq,Paramagnetic Ion

In a previous section it was seen that E§2181

wos the complete Hamllponian for a free 1on but in

practlice we ~re not concerned with a free ion but an

lon within the %attlce'sfructurp of a speciflic crystal. : ' *
b4 ,

¢ N . .

o , £ Y 2
ion's surroundinz environment,
f Y

The usuaf'nethod to estimate the effect of the ; \

crystal . in modifying magnetlic, prOpertles 1s to adopt
v 18
the concept of crystalline field approximation. In this

approximation the assumptioﬁymust be made that the

sur;od%d;nm iong are ﬁoint charges o£ point dipo}es )

whose lnfluence, on the paramagnetic 1on, are exerted . .
strlctlv bv the electric fleld they produce at the ion's

»

the surrounding ions are g1Vep & passive role and are .

2

regarded as point charges which do not overlap the _ T
. ‘ 12
E? paramacnetic lon, Thus the electrostatlc potential obeys .
'.vLapl’aoe's equations’ V V 0. A complete set of solutlcns X s

ot

for this eouation are the generallzed Legendre polynomlals.

It 1s posslble to expand the potential in terms of these

/." . . St ' ' ~ -




\ Yoy
. i

This clyctrostatlc 1nteractlon term V causes splltting

polvnomlals with the result- being.

BRI S HCIIE ZZ U
Lo ‘ o
.m»ncnk .
whete the summation K, 'ls over all the electrons. ) P

S~

f

of the nrier of 103 ch or greater.

" The complete Hamiltonien of a paramasnetic ion

o

subject to a crystal field and in an external magnetic

. fleld 1s ‘then miven by

P 2
0" 1N

- %T"‘VF*VLS"VSS"VN"’VQ"'VH"Vh"’vX T (12)

o

Since“VF; Vg, and V, are spin 1ndepenﬂent and these
ferms do not~con£r1Qute to the energyldifferoﬁceé due to
tﬁe.fqpt that they shift .all energy leveis e&ually they
may justifiably be deleted from Ean.(i:zl" Thel_totlal‘
electronic=5p1n_Hamilténlan forthe ion undef‘the,l
influence of a crystdlline envgronmeﬁt and placed in"é '

magnetic field may then be represented ass. S .

[ i

|
{ - .
.
.




'_‘2.4 The Spin Hamlltonlan for ﬂ

2O

113 In KA1(80,),.12H

[

7 ion substituted in a-single crystal of .

el

potassium.aluminum sulpﬁate dodecahvdrate, whlch is a

For'a Ti

3
qpln gystem of 1, the spin Hamlltonlan of Ean,lz

-]

' : reduces “tor . ) . .
. . ‘o S . . . 1‘
R = Z B‘aaH ., ’ (1%) -
, d.{a“ . .‘ o |

where "J and k are taken to be the axes of the cublc

‘s

B . lattice.

- Summing over the axes Ean{14) may be written as:
S
%‘_ {ths +‘3“H9"8LLHuk+j Hes; + 95 H: s, |
: + H.s, +3,. H (15)
+<}HS+3& '*‘3&&:&3&;‘\9‘
| By determining the complete attix for’ the spin

Hamiltonian and solving, the'energy E 1s given: bys

T E= t% {(3“““7-’L Hi“'jd’k'Hi)z + (‘}:: Ho+ 94 Hy + L H';)z
I 2 0 Y, .
(%aaL * B H: *3:& )}1 = aer

Th£ Zeeman energv splltting may now be- expressed ass

v AE IE E’ , Qé\ %“‘H& QH-»+7'QH )
- (“H ¥ H+3“H) (3; g |
L . s ‘a“ H ) j/,, © | e ' (1'7)‘ “




If the apolied magnetic field H is in the (1,2)

.plane then H, may be set eoual to zero sﬂd'H13= Hdosg“

3 .
and H2 = Hsin® and the Zeeman energv sptittinn becomes ’ -

bE - BH | ( Foag 1) Gt (90 1 +3,k)sc~.“9;_~ \
Qe Yt fec deg v gu_%‘d)bmél@r} . (18)

. Now at the point of resonance, OAE = hv, which 1is sfe‘

' photon eherqv of the applled electromaqnetic energy and ‘by

substitutinm into Eqn;\lB) the expressicn for the mamqetiq

field Hy at resonance in the (1,2) plane ‘iss
H, = hﬁfixc,azg+ WSL36 + Z QL e 1 Wl
' wheres X = '(%;;'*.%:} * 3:& )“
‘ | 2
Y= (a9t + T |
Z: (%:}tﬂ’ik*‘}i:%:é +J3“:(}¢'i) ;] S

2.5 Determination of the By 4 Tensors .

3 ':v.
‘ By, uslnz ¢alculations similar“to those in the _
previous section the exprescions for H in the (2,3) V///

and (3 1) planes become respectively: ) -

r

Ho ,".“ —DU[ ( gn; +‘}:} +‘},}“) (©e'® +'(‘3Zu *}'?k +?‘;I;) A

1
., . Ly (20)
P +<%“3““ 3"1:*};?41‘)9”&9} «:a

"
)



.

-
Y

) TR Ho 3 ) (30 433 9R) 6208 « (q2ig S
| w L. LT
i | m-ﬁaa Fik+ Ju ik +-.‘}ﬁg,a ) S 29 j /2 (21) o

The preceding 3 equations give the wzlue of thé

‘magnetic field at the point of resopfince, By -
experimentally determining this Vglﬁ;'at various angles

! ’ Q@o, hﬁpyand 90°) ~and using Eqnl9, 3 g;uations are?
prpdpced which reiate ?he six unknown gij tenspr elements.
Igubrdér-to solve fdr\these eiementg 3 rore eouaticﬁs are

required. ‘These are arrived at by repesting the magnetic

-1

field determinations in the (2,3) and (3,1) plenes and

'-'utilizing EansJZQ) and (21). Once tkese cix equations are

»

'arrived at o method of mathematical iteration is Employed.

As an example the fqllowing six equations were
¢ ‘ s .
s .}5: v ° -
obtained by the above techniaue: , o

o‘ 2 b 1 VL_ .
he -.{%ii IR LI j = R (22)

|(L
: ! v S
"hv . 2 - t 2° /2. Y ‘
7= E?J; + z.’,{ + Bdh f : '_:_‘./‘~ B' }' ) ) (23) '
. \ | L

“ - : . '
) 2 o t S /1 ‘ ly , C
du *}iu*}iu‘j = C0 (24) .

.

S - C S | | —
LU [.g Booqudier gu 3y gy (o

+

T s

R
+
1O

ot

N T HED HS EAS H ik ‘j‘ /,1 (26)

7

-
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By gpplying the 1teration techniague thqd solution “

of these eamations is a symmetric tensor of the form:

-3

c&.. ' 3':‘. %:& 1.93¢78 101347 . 03002

%: 3:: }aki '

which upon diqzonﬁzization'yieids the principle g ﬁalqes

N

-y

“,02347  [.§s327 , 044FS

which were found to be g, = 1. 979, 2y = 1.828 and gy = 1.878,

The orlentations of the 12 513 tensors along with thelir

F?
.
<

direction cosines are presented 1n Table 5.

= . N . ) i &t

Ril . . ’ \

M .
i KT
. : 7}
ot p
: . £

9’
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. CHAPIER III .

-

CRYSTALLOGRAFHY

The alum 'is a:hydratgnﬁelonging to the
pyiltohgdral class of the cubic oralsometrlc'systgm.J
It 15 alsp nnseries}of'doubleésalts which may be ’
classified chemically by the formula | )
’ TRT*R?*(8%0,,) 50 12H,0
where: Rl’ is a monovalent metal ion . . R .
R7 1s a trivalent metal lon

6+ - ‘ '
R 1s Sulfur, Selenium or Tellurium

In the author's cases Rl* = Potassium (K)
Rz* = Aluminum (Al) )
6+ ) ’1

.'». ‘ > R @ gulfur (8)

which when comblned resulted in the crystal alum of

'potasqlum aluminum sulphate dodecahydrate"KAl(SOu)2‘12H20.

o

N / . From a‘prvstal structure stahdpoint the alums belonm

Py

[

to the cublc system witw L moiecules in unit of edge length

a = 12 158 Angstroms, More speclfically they are of e

" space proup Th(PaB) with point group symmetry of Th = 23,

where the metal lons occupy alternate sites on 'the corners
of the cube., 'The positions and bonding arrangements for
o typlcal o< or 3 alum are shoﬁg in Figure 1.

In all known cases six water molecules.afe closely

vt * !
2 5 o

B B
v ! ¢ o

. .
\. ~
.
\
’




I | ' .
| ‘ \ - '
coordinated with the small trivalgnt metil ions. Each of |

these trivalent metal ions has as 1its ncarest heigﬁbofs

six.water molecules formlqg a nearly regular octohedrona

3
il

. 17 N
For a majority of the alums, comnoaly designated as

alumséand typified by KA1(804)2.12H20 the univalent cation
1s.é1so surrouﬁded by silx octazhedrally dlstributed wate;
molébules. The . distributinn of these 6 water molecules
depends mainly on the slze of the mqnovale%t lons used
and %o some extent characterizes the foimation}ofo(,
KBOI‘V'types of alums. The formula for the potassium alum
may also be written as (H20)6)(A1(H20)’)(Sou)2 whlch
implies somewhat more explicitly the as: ociation of 'the
unlvalent and trivalent iohs with thelr respective
octohedrons Sf water moleFUIes. B

In 1935 Lipson and Beevers?showed that 1ncx‘type‘aIums
the [111] axls of the octohedron of water mo]ecules

3*
surrounding an aluminum (R~ ) 1on colncides with the

ﬁll] axis of ‘the erystal, but that the cublc axis of the’

- octohedron -are displaced from the cublc axis of the crystal

by approximately 9.53 about the [111J~directiont The(g

“ / . a
alums are described as having perfectly reanlar groups :

of wWater molétules with_the cublc "mxes of the octohedron

¥

being directed aldng the cubic axes of the crystal, . ’

The § alums Are sald to differ from the o and (_2

alums due‘to the fact that the sulphate groups. of Ehe r

RN » - \\
° . B
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. e \ .
[y} "

alums ere orlented oppoéitely along the crystal body
» : ’ o’

diagrnals to thocge of the and(3 alums. The cublc

—

axes of the octohedron in the ¥ alums are rotated about

the [111] crystal direction by about 40 deerees. The

. onlv known Y'alum 1s the soda alum. NaAl(SOu) ‘12H20.

The potaqslum qlum used the author's

<£Feriments was an & unm. In the different octantsg

s . a 2
*af the unit cell are ‘eight equally dispersed (sou)

groups which consist of a single sulfer ‘surrounded by

\ four tetrahedrslly coordinated oxygens.

The crystal field seen by the R3 lon is due to
the various surrounding linands ‘and 1s dependent upon

these ligands' pesitlons and_ geometric arrangements. . -

The ligands surrodnding.RBr in orde; of proximity‘ares (

. : . ) _©
6 octohedrally coordinated H,0 at 2.0 A

) ) - o
6 sulfate sroups (sou)? at 5.0 A
» 0 i

€ univalent lons Rl at 6,0 A = 0
. ' 0 ,

2 sulfate groups (SO ) at 6.5 A g
As indicated in Flgure 2 six of the eimht sulfate
qroups frrm g trigonally dlstorted octohedron around Ra+

wlth the threefold sxls of symmetry nlones n nnit cell Llll]

dlnectlon. On this same mxis, but-ontside the octchedron,
- \ -

1ie the Terainine two sulfate Zroups at a_distante dy from
o o . ' .

Bas . ) : '
R, For an ‘alum dl £ 0.537a_ where a_ is the lattice .’

. . o
. constant, previously ment'ioned to be 12,158 A, \

Y

o
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Fleure 3 shows the digtances and pusitions of the-

second and fourth neiqhbor squqte 1ons with respect to

i

the H3 ion. . The six second neighbors 1ie in the {1103
i L -‘1‘/’" -

planes approxlyﬁbely at the intersections of the line

LT

through RB.r which formg a 90 anzle with rhe two
pqrallel octant body'diéqonals. The dtmtancerdo~from

33* to each of the octohedron forminé sulfates 1s, for

-~

¢ an & alum: 0. hO?a . Table 1 illustrates the pertinent

fQ
: crvstal gstructure detalls of rhe‘KAl alnm used by the

et . [ bl

author.

: E Tablae 1
L 3
- . . o
»
. , ) L

Alum»\ " Type ) EQ . ig. | EE

f ;.A ° e O‘ ‘o" o
- KAl(SOu)2'12H20 . X N \}2.158A~ L, 948A .6.529A

1
-,

' For 1ﬂformatign'on the growth of sinqle crystals
of KAl(SOu)z'lzﬁéé doped-with TiBf the reader is

“referred to Appendix A. NI S
. B . % . ) . %
: . _ ‘ ‘
' - -'q . \ .
¢ ‘
— . ‘ ]
he ‘/ . N N , o
- [ 4 - 4
) . i\\
ry . i
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~option§1 snperhetrodyne accessory:lnqiudéd which

cen&ral field setting.,. «

.CHAPTER IV , \

27 EXPERIMENTAL APPARATUS

° . |

¢

It is the purpose of tﬁis ohapter to-present

a brief descrigtlon of the electron paramagnetic

rescnance spect ometernusri by the author for the ’ ?
exveriments, o S,
v‘ l A" - ' n
. 4.1 Discussion of the Spectrometer's -
I8 . . - 4 :
Components - ’ . -
. >~ -

The spectrometer,, manufactured by Varian quﬁ.,
i o . : :
18’ the standard X-Band EL¥.B. gpectrgmetgr with the’

.

extends the L P R system operation in many éxpcrlmental

situations by increasinm.system sensltivity to 16w

modulation freauéncles. ¢

-

. The most basic components involved in the

spectremeter ares ' . : '
. A) An electromasnet. capable bf;p;oduc}né:fiplds‘ .
from zérq'to approxlﬁately 10.600 Tanss in the X-Band
cenfiguration, with a propériy regﬁyafed D.C,. power
supply and with a-maznetic field control ynit enabling .

Q

the field to be swept with respect to.time about a .
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was uno Hz. \ . “ .

> h

o |
_B) An oseclllator in conjunction with modulation

& N .
colls tn produce the low frenyency modulation of the

main masnetic fleld H, at the Zeometrical centre of the
4 ° * * . }N\
g3p betwecn the polés of the electromaﬂnet The .

mndulatiﬂn frenuency qud in the author's experlments

) 3 -

~ ¢
3

C) 4 rectangular samsle cavity into which the — ~

sample is placed and exposed to the’radiated ~

electromagnetlic,energy orisginatine at the kXlystron,
®

D) A sienmal %1lystron oscillator vHich suppités
mlerowave radlation of a é%nstang freoupncy to the.

sample éavit# at approximately 9.5 GHz,

A

.E) A local Xlystron oscillator to heterodyne the

signal reflected from the cavity at resonance, °

L]

‘F) A cryotal detector system.*

°

) 9 .
temppraturps, i : . T

[4

. H : . P
H) A sttip chart recorder for hard copy outpnt..

1 -

\ .
- L, 2 Functional Deecription of coel
‘ Waveguide Network, _“

I SN

A}
%

o ’ 1} v

In this sectinn the actual dseratton and

1 e ~

1nterconneotion of the. different componenbs of _the. :

<

spectrometer wlll be discussed. The firs§<$nd maine

3

-,

3




component 1s the X-Band microwave bridee, A -detailed
o ) * _ i 9 . e L -
block diagram for this bridae 1s presented ih Fig&re 6.

The microwave Efldge consistgﬁof a klysf;;n assenbly, a .
hybrid tee, a low and hlghfpbwe;;grm, and the -ssociated

) ' | .
tunine gnnponentgg Tha water cooled. klystron osclllator

\ 3
. generates mlcrowaves over the freouency ransge of

RIS - ‘ . .

aporoximately 8.8 to 9)6 GHz. The klystron oscillator . ' .
10 voo- ¢ ' ‘!’t\ °
1s coupled into the waveguide system via a ferrite

ad . .
1snlator and 3 variable attenuator, This ferrite isclator:
.« v . o

4

»

aéfs on the passagé of Microwave energy 1n,ﬁﬁdh ﬁhe same

way as A %1ode acts on the pqqsqqe-of current in &n

. electrical sy&temk_,Thls\iso%@tor has a forward attenuation .
of less than 1 4B and a reverse attenuation of approximatelv
39 dB, thus esspntlally ellm&nat;nz any reflrctlon df power
backpi%to thf'kl&sfron‘which could alter the freduené}'

" ST operatior® of the klystfpon. The variable attenuator

'L .2

¥ provides adjustable atﬁenuation.of the power into the -

s

hvbrld tee. °

-~

After the variable attenuator the, power enters Qhe : ™

hvbfid“tee and .13 div{ded eogally betwéen the 16w and high -

- . <

T ' power arms of,th\\bridge. When the superheterodyne .

&
-.acvéﬁsorv confi ation 1s.ut11129d as it was in the - ,
. ﬂe N
author's case, the hkzh‘power atm. 1s dlrectlv coupled to
- ]
the superheterodyne apparatus arid the low power arm is .

0

¢oﬁpected5to the sample.bavity through the cryostat,
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1solator and thr phase shiftcrs( The cryqftat isolator

ls an adjuetable one-way attenuator and Allouwscethe | "

Al

f\us 1nc1dent power on the cavity to be adjusted from -6dB .

" ..* to approxlmntely ~40 dB attenuntion 1n reference to the

power from the hybrld junction. Since this is a
6ne-way’attenuator the slgﬁal;reflected f;om the cavity .
which carrles the resohance.fnformation passes back ~
throush the 1solator unattenuated.”Q

As was mentioned above the high power arm of the

: - ) v v
microwave bridee is directly connected .tn the X-Band - ~.

snperheterodyne accessory unilt.- Thls superheterodyne

° unit consists of a klystron, kXnown as the local,

o . osclllator, ferrite 1solator and variable attenuator

o

. wh;ch perform as, they do in the X~-Band mlcrowave brldxe .
¢ ‘.- * ’ ®

i " and were dlscussed above.

| 9 ¢ . ’

| S The klystron local oscillator'in the Co o
superhéterodyne unlt ls-tuneé to a frequency ‘¥ 30 MHz

from the orlglnal klystron in the mirrowave bridze. The
N . . local oscillator RF power, aftern. pqsslng the 1solator—and
attenuator 1is coupled 1nto the high power,(reference) arm

of the microwave bridge through 4 slidescrew,tuner which

»

ensures ppober matcplng between the two units.

°

Another important component of the' Spectrometer is
. "D o ) ,
the actual sample cavity itself. The cavity 1s connected L

\ f@o a iengtb of standard 11.2? x Z.Sﬁcm.) goid plated Erass
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wavegulde which in turn is conneoted to Lhe low power arm

of the microwave bridge. It 1s placed inside the helIUm

*dewar so that the sample in the cavity res ts at the
geometric centre and most homogeneous poXnt of the magnet.

13
The cavity resonites in the TE102 rectanmular mode. The

!

coupling of the cavity to the microwave gulde 1s varlable

and may be adjusted from outside the cryostat when workinm

at .room or llouid helium!temperatures: The reader is
referred to Figure 7 for a cross secti-nnl view of the

, 0
cavltv systen, ) !

. Before discussing the exper;menta} procedure uéed
in ordler to obtain the’ E.P.R. spectrum of 17" in KAiznlﬁm
1t\}s of interest to fIrstJtouch upon the toplc 05 the -
'cryostat éystem used- for ow temperature experlments..
The cpyostat used ln.the_ikthor{s qxperihents was a

commercially available éndonian Ass, cryostat., The tall

of the cryostat i1s symmetrically placed between the pole

S <

faces of the electromagnet.n The cryostat contains a
lenqth of wavequide to which the cavity is attached and
into whlch the paramaanetic sample 19 placed' "Also )
contained in the cryostat is a 1iauid He reservoir, a
‘talibrated germanium thermometer, and 2 lijuid nitromen *
reservolr whlch acts as a raq;atﬁon shield. The sample is
_cooled by .the flow of ligquld He through a sufroundlng .

capillary whose. quantity may be controlled by an

eiternally donnecteg throttle valve. ' Thp”temperature'of

* g -y " " . v




o . .
- . " o ) ! —_ - . .
- the sample may be’varied and monitored over. the range
! \

of 1.9° Kto 300‘o K by 'a 'cemperature-senslng:, heating

. device, - T .
. ' [ ' <
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CHAPTER V. = . | f

e . EXPERINMENTAL PROOELURE

5.1 Initlal Preparations

.
8 . H

In order to prepare the system for liould Hdljum
tempeggﬁure experimental runs 1t’was first néée&séry toh
properly mount the crystal sample on the bottom horizontal
face of the sample cavity. The slngle urystal of KAl aggm
had sufficlently well defined crystal f ces so that 1t was
a relatively simple ﬁrocedure to mount the crystal with

H parallel to elther itér {1003 plane or {111§ plane.

Once thf§f;és accomplished, the wavegulde fand attached -

cavipy’were suspended within the cryostat so that the

gample was.at the center, of the gap between the dc magnet's

pole faces,. A preliminsry tuvning of the klystron was
performed at this time in order to clieck on the cavit® dip

and thus verify hat 211 was properly operatiohal. It

should also e mentioned at this point, that along with

.the crystal samole ln the cavity, was also placed.a very

small aquantity of o, ex! - dlphenyI - B - picryl hydrazyl
1
(D.P.P.H,) wh1ch is a free radical and is the standard

klystron frequency determln;ngpentlty"uaedJin the

. majority of E.P.R. expefiments. More will be said later

a% to how D.P.P.H. 18 utilized to deternine, the klystron

operating freouency, The next step in the preparatory

\




-

procedure was to evacuate\aﬁd then purge, with dry:

‘ nltfogen'gas, all the reservolirs which during the

L
e&periment wo1ld ‘contain the qryogenlc.llnuids} Once g

i

@ood §acuum radiatipn shield in, the outer walls of the
E , . ,

‘eryostat was obtained, by diffusion pumping, it was then-

possihle to fill the secondary chamber with llauid N, and
‘ N . ,
let cool for aporoximately one-half hour. The sample

" chamber an? the helilum reservolr were then evacuated

. .
and ‘flushed with dry helium gas several times. Liquild

He. was then trén$ferred to the cryostat and the

o

"

temperaturé.qf the cavity monitqred as 1t approached
14.2 K. , Yl M 4
) -

. . 5.2'Detection of Absorption Polnts
Once the-1initial preparatibns were completed and
the temperature of the system stabﬂllzed, it wos then

P

possitle to ob;erve the actual E.P.R. Speétruﬁ of‘the
sample. When the freaquency of %he“mlérowave'radfgtlon 3“
and“the intensity of the mafmgtic fleld satlsky the
resonance conditinn of the sample the impedance of‘the
cavity 1s altered such that a slgnal 1s reflected back

from the cavity po the crystal’diode detector ;rm of the
hvbrid tée. At thils c;ystql detéctor, the reflected

sianal 1s heterodvyned with the local oscillator

freauency. The 30 MHz difference frequency conthlnlng_

L) .

v
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< 0

the modulated signai 1s then passed to the pre-ampllfler

which is.attached to the: crystal detector. Thls sianal is

t%en passed tﬁrouqh several ampilfler unl%s which provlde

,hiqh galn, high sensitivity, nolse rejection and sharp

response. This signal is then dlsplayed on the ﬁtrip

_chart recorder as shawn 1n ‘Figure 8,

16

The resonance 11nes on the chart ‘recorder were

dlsplayed Aas first'derivatlves of the standard absorption
. .

pea%. *This 1s explained as in Figure 9. Fikufe 9 - A .

represents the change in output ‘at the detector as a

-

‘functinn of the steady magnetic field ‘at the sample;

3 ‘
Figure 9 - B shows the variation of the fleld as ' a

function of time when the linear sweep and .the sinusoid;i

,.
T

"field variations are applied; Fféure 9 - C shows how the

static curve transiates these varlatloens 1ﬁto a time
varying’slgnal at the output of the micréwave detector,
e signal at the output of the amplifier varies in time

in the manner indlicated in Figure 9 - D. The change in

the sign of the derivative of the absorption curve is

conveyed as in the wave form of Figure 3 ~ D as a -

Y

revérsal in phnase relative to the fleld,mbdulation wavefdrm\

TheKWaveform at the output of the ampliflier enters the

phase sensitive detector that uses the_ofgzinal sinusoidal

waveform ns reference. The d.c, output of this detector
is a representation of the dgrivatlve of the absorption

- L

D
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[

line '‘as. shown 1n'F§§ﬁre 9 - E.

5.3 Measurement of Magnetic

Fleld Values -

In order to determine theé Walue of the mégnetlc
field at the absorption polﬁts,of the, spectrum it was
necessarv to utilize é,Gaussmeter. This method 1ncv§ase;
the accurqcv greatlv over the method of ta(ing the
magnetic field value dhrectly from the callbrated field

control di=al. The Gaussmeter utlllzes“the princlple of

'nuclear masnetic resonance (N 1M.R.) and 1s a commerclal

unit consistine of a Varlan F-9 nuclear Fluxmeter in

[P .

conjﬁhction with a Hewlett-Packard freauency counter.
' « ,
Experimentally the magnetic fleld was determined

by, sweeping the field partially tbrouah the resonqnce

'1ine and then holding 1t stationary aﬁ’the crossover

polnt of the first derivative signal. The Gaussmeter

‘probe was then placed betveen the magnet's pole faces

Ot
C

and as close to the"sample cavity ag possible. Aftér

locating the N.M.R. absorption signal on the fluxmeter s

\f‘

oscilloscope the freouency counter assumed a relatlvely

stable  value. This value was then multlpllgg by a
constant whlch was dependent upon the probe usea, and.
the mqanetic field value resulted.- This method of

di

determlntng the masgneétic fleld values was repeated forx



.

'eqohnllné of the vaq%éus spectra, |,

) : l 5,14 Measurement .of. the Klystron .
N <4 - - "{& L o
5 . : Operatine Freauency

’
-

The Gaussmeter was“a}éo Qséd in qonjuqéﬁlon
with the small éméuﬁt.;f.D.P{P.ﬁr p;ééent in the- , ‘. :

B ;‘ - éample cAavity in order to deterﬁiné ;he klystfén

operating freouenby."The g-fac§9r for D.P.P.§.3i§ Co.

7} kno&n‘Qery a;curatelykto be 2,0637 wvhich 1s veqi.clnsexa E ’ -
;o the ﬁreeiéiectron ;alue of é{0023. éy us;né;thé i " '
basic resopahce 2ouation and accuritely determlﬁinq , |
“ghe magneﬁic field value for D.P.P,H. at itg" |
resonance point the klystron operating freauency was L
'ffound to be 2.552 Gﬁ;; for - a p;rbicular experiment '4: :

performéd, , .
A

.
. . h .
- ¥ ‘ .
. P .

A
PP



CHAPTER VI
SrafloR VLo

. L " CONCLUSION L.
- |'|~ o ‘ ¢

The electron paramagnetic resonﬂnce spectrum of

3*
Ti
2

doped single crystals of KA1(SO )2 12H_0 has been
studied ‘by varying the magnetic field in the {%YO}

el

plane of the crystal.’

‘ By ﬁslhg the effec%lve spln Hamiltonian .
fﬂ and determlninq the gl'1 tensors, the principal g factors
‘were found to be gzz_ 1, 979,/gyy— 1. 898 and g = 1. 828
. with an accuracy ofsto 005 From these results ‘one may
conclude that deflnlte anlsotropy exlst< for:the

. .
prinqijal g values. o ' f

.

These results are 1n excellent agreement with
thoSe obtained by Dionne and MacKinnon, 1968, for T13’
in KAl(SOLl')/2 12H,0 whigh we?e 8y 1,975, Bax = 1,828 and

= 1l 8 . ) . - ..',' ' o
&y 1 ‘97 | ' |

o
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APFENDIX A ¢

-t

Van

N . .
- St '

Growth of Single Crystals of_Tij*’Doped KAl(SOu)2-12H 0.

2

e § e e - Atbt e o e A -

¢

. Seve};al oroblems Were encquntered when,attem'pts vere

made to grow sinegle doped crystals of KAl alum. One of

the blzgest problems wuas-the tendency of TiB* ions to — "

2 -

oxidize in alr to the Tiu* state which i3 a'much more

stable confiouration, This pfoblém‘was partially overconme

! [}

_qu piaci?k'the crystal growing solution in an atmospherve

of nitrosgen,

-

It was possible to detect oxidation by « ' -

"observing the white material whigh precipitated out of the

3

solution wheg\oxidatlnn occurred, Due tc the fact that
even in an N? atmosphere not .all oxidatlon conld be

eliminated.and some pyecipitate did form ‘it was necessary
9 .

..to utilize the “qupatibn Technique™ 7, | .o

. This ﬁéthod‘ﬁnvolv%s thelprotection:of seed crystals
from'falllhq preclipitate ﬂ&rlng the crystgﬂ growing procéess.
A cork of approximately 10cm. was*floated'bn tﬁe surface of
theﬁcfystal gréwing solutioh in an appropriately sized-

: Suspendéd from the unéersidé“pf the cork @as a .
‘tefloﬁ disc attached to the underside of which Qere the seed

These minmite seed crystals were

B

crystals in nuestion.-
glued to°the dise and provided points of nucaﬁation for

crystal growth., The benefits of - this method wére twofold;

-
-

o ot




_wa§ then placedA4nna\::Tculat1ng bath whlch provided

. accurateftemperature

i A

first the Zrowing crystals were protected from the

o

‘precipitate,which could cause defects and secondly thg\

teflon, by its natu;e, p%ovi@ed very few points of
nucleation which sreatly increased the chances of ' .,
obtaining relatively largeosingleﬁcrystais with no,
over-growth of nelghborine cpystais.

The chemical equation which descrives the

. = .
- A vy

preparation of the alums 1is:. N
Xg(SQu)”; 24H,0 #a Y (Sou)3~—*> 2XY(80,) ,* 12,0

The proportioﬁate chemical combination of KZ(SOQ) and ~

Alz(Sou)B with water as the activity medium resulted in

an agueous solution of KAL(SGU)2'12H20. The solutlon was

b

" then heated and proper amounts of the components were

i

added to obtaln a séturaéed solution at a particular

t emperature (gpprox. ﬁOOC). Po this was added a small
aﬁbun? of Titanium Trichlorldeﬁﬁgich acted as the séurce
of paramagnetic ions. | |

The beaker cantaining the solutidn gn@.seed“cfystal"

‘enlation. The temperature was then

able to be controlled so that the solution comld be cooled

tn rvoom temperature over an extended period- of time. After’

many repeated attempts reésonébly sized gingle drystals

doped with 117" were optaiped.- - 1 .
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“Table 2

Nt —t————
e

Y

The Angular Variation of the Spectrum in the {100} P1ane

-’ -
> Degrees Magnetic
T Fielc{
h
o
(1) - o 3523 »
~ L0 3812
1 20 3513
30 . 3523
<4d/.,'n\'3542
50 3568

(-
' Degrees Magnetic -
o E‘ield -
. “; . - ‘ . .
S R
2) o - /gsii .o d
"‘t'” 3545 .
20 3575 _ S
30 - §509 B
40 3642

r
e v

e 60--
707 363, . 70]
CoNB0T . 36 o o
i ’f\if\§5¥x . 3680 <
b ~. 100 | 3692 . 100
110" 3692 s
p e .
(R o %558\ . @) 0.
10~ 363 10
- 20 3518 o 20
biéb 300 iy k;\‘3b“
. 40 38y . Zfﬁ?
50 3083 " 50
60 . Tugd 60
> S ° J
L \
5 n : ; J' ”
, -

R e o
50~ 3671 ¢
/ 3

3691
3700

9696 - |
sl :
3665 |
3623 : o

36558

P _ .
3578 .

L3595
3605

. 3607 . i

(323
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Table 2 {continued) . - ;
. N ( .
. “ " A
Degrees Magnetic Degrees Magnetic
\ Field ° Field )
i . . { p “ !
< 70 3492 70 3567
80 3505 80  .3545 ° ‘
g0 3522 90 3523 A
100 3542" 100 3503 .
110 3562 110 3487 L :
e & “’
5) 0, 3681 6) d 3681 -
10 3708 ' 10 3645
— 20 3725 20 3607
° i \“‘\
30 3728~ — 30 3571
N s \ .
‘ 40 3718 80 3z
50 3695 50 3522
60 3663 | 60 3513
70 3606 ' 70 3517
80 3590 | 80 3532
90 3558 - 90 3557
1000 3533 100 3591
110 - 3519 110 - 3628
. S "\
] | T .
.
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Table 3

¢ -

The Angqular Variation of the Spectrum in the A{JIOI Plane

Degrees

(1)

(3)

10
20
30
40
50
60
70
80

100 .

110

10

20

" 30

40
50
60
70

~Magnetic
Field

3499
3480
3466
3460
3461
3470 *
3486

. 3507

3530
3554
3575 -

" 3523 -
. 3551

3577
3598
3609

3611

3602
3584 .

3523 )

(4)

Degrees

0

10

20
30

40

50
60

70
"SQ“

90

100

v

110 °

0
10

C 20

30
40

50
. 60 .
70

" 3695

Magnetic
Field

3543
3532
3552 .
3579
N

3610

3643
36727'

3707 .

. 3707

]

369 |
3674 3y v
3523 )
3527 »

‘a2

3565 - ...
3595

27 e
3658 | | :
3684 | .*
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Table 3 (continued)  su - ”
! . Degrees’ Magnetic jl;egrees © Magnetic
Field" Field
; 80 3559 80 3701
%0 3530 90 3707 "
- 100~ 3502 ) " ol0 3
110 3478 10 368
| g
«(5) 0 3558 (6) o 3558
10 %24 710 3567
0 MM 20 i 358
! 30 343; 30 3598
" 0 .36l 40 617
‘ 50 306l S 50 363
. 60 71" 60 3649
- 70 392 70 3658
8 321 80 66
" S ’ 90 3554 " 90 3657
. 100 w8 - /}/0(» 3648
110 3621 - 110 3633
" 1 o 358 (8) 0 3558
0 s 10 3593 -
. 20 359 2w 326,
30 ‘68 - 30 3650
%0 2 3663

3582




(9)

’

Table 3 (cont{hued)‘

‘110 3448

-

Degrees Magnetic
Field
sb 3599
60 817
" 70 . 3635
80 3649
90 T 3657
100 3660
© 110 . 3656
0 - 3681
10 3711
20 3726
300 322
40 ; ' 3699
50 - 3663,
60 '-3517
70 . 3568
80 323
9., . 3485
10 ;360

(10)

Dearees -

50

60

70

80 .

90

.IOQ N
110

0
10
20
30
-
' 50
60
70
80
g0
100
'§110

. 38

Magnetic
Field

-l

3662

3648
3623
3590

3554 -
3520 .
3502

3681
3689
3691

3687
3678
3665
3648
3632
3617
3604
3597
‘3505 -




Degrees

an 0

10

.20
" 300
40
50

60

70

80
‘90 -
100
110

"

‘!Q}"

i

Table 3 (contﬁnued)'.

!

Magnetic
Field

3681

3670
3656

. 3641

3628

- 3613

3603
3599
3599
3604

| 3614,

3628

s

Degrees  Magnetic
Field
(i2) o 3l
10 a0 _
20 3594
00 347
a0 3506
- 50 3475 )
60 - 3456
70 a3 <
: 80,; :
90.4 3 ’
1009 e ﬂ
.m0 3564 "
~ L
I :
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. S Table 4 N
The Aﬁgular Variation o% the Spectrum in the .LIII} 'Plane -
i Dec;;t'*ees' Magnetic - " Degrees . . Magﬁetic -
; Field - Field
(o 2 (@) 0 3457 _
L T 0T | 10 ;. 3453
' : 20 3568 20 3460
? 30 ‘3538 . w30 347 o !
20 3502 | 0 . 3506 . )
50 ., 3478 50 3540 r .
0 3u68 -, B0 3576 .
70 60 70 4 36
;o , 80 67 80 3639 | o
| o %0 ;3485 w0 3k '
100 3812 . - 00 3663 4
- , _ o
1o~ 3545 v~ 110 3654 Lo
) | (3) 0 3525 @) 03566 m
. : 10 w23 - . 10- 379, . -
: | 20 3526 20 3590
": | 3 353 30 3597
: - w0 3545 - 40 3600 -
AR w9, 50 oaser
60 3573 b g '3591’ S
t



Degrees

Table & (continued)

. Degrees

. 70
80
90
100
110

10
20
30
40
50 .
60 -

.70

Magnetic
-Field
70 3587
80 .38
90 3604
100, 3606

* HO 3603
0. . 3573 (6)
10 3601
20 3629
0 365

Y / 3649

50 - "3641 {

60 3622
70 13595
80 3563
90 73530
100 3502 }

1103479 )

0 | 3598 . (8
07 s .
| | \

20 3625
30 . 3645

s .

,
<

i

80

90 -

100
110

N

10,
20
30

Magnetic
Field
3581
3568
3554

"3542

3532

3588
3574
3558
3543
3530

3520

3515
3515

3520
13530
- 3500)

3559

3599
3553

133 G
3479

-+



a0
50
60
70
80

. 90
100
110

10
20
30
40

50
60
570"
80 -

100 -
110

Degrees

90

" Table 4 ({continued)

1

' Magnetic ‘Degrees -

 Field e
3666 0
3685 50
3701 60
30 70
3713 - 80 -
3707 90..
3696 100
3678 10 |
3632 (10) 0 .
3603 BT |
3568 20

3534 30

} 3502 40
3478 50

3468 60

3460 70
3467 . 80 .
s 90
3512 100
3545 110

*3597
' 359]

+}

Magnetic
Field
3458
3451

" 3458

hY
3480
3513
3554

. 3600

-~ 3645

3649
3627
3609

#'/7

- 3592
3601

- 3616

3635
-l
" 3657
3670 -,
3698

S
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‘ RN o L
N, . ! Degrees
& .

i ' . . 30
' 40
50
60
70

100
v I10

-,
£l
o

o
i

Table 4

Mgghetié
Field

3683
3709
3719

S

3687
3650
3606
3560
3519
3485
364 !
3456

(R |

(continued

. be'grees

(12) '9
10
| 20
‘. .
30
40
50
60
.. 70
80
90
- 100
110

L '

° vt 4

Magnetic ’ L
Field :

3712 ° -
3719
3719

T
3697 o
3678 ?
" 3656 ,
" 3636
‘

3618
3604
3898 | o e
3598,



Table 5

o

The Orientations of the I2 gij Tenssrs

.

-

Magnetic Direction g g, g
Complex Cosine zz X TYy
. 1,979 1.828 1.898"
N . v
. cos a -0.68 -0.07 . -0.72-
' I cos B " -0.37 ~0.89 0.26
cos y . -0.63 0.44 0.64
; cos « . -0.68 0.07 0.72
¥ 2 . cos B - ° -0.37 -0.89 -0.26 . .
. cos vy 0:63 ~0.44 0.6&
A - )
i cos a D.68 -0.07 0.72
| 3 cos B -0.37° -0.89 0.26
| cos -0.63 0.4 064
| cos a -0.68 -0.07" 0.72
@ 4 _ cbs B 0.37 -0.89 " 0.26
C cos v -063 T -0.48 -0.64
{ - : , -
ol ' > "\
i cosa . %  -0.63 0.44 0.6¢ .
5 cos 8 . -0.68 0.07 ~ --0.72 ¢
| cos v -0.37 -0.89 0.26 " E
2“ t Y . ’ ) - ) ' s ‘°‘ '
; o : I - |
t o R . - \ s .



Ly

-

Lo X
Direction

Table 5 (cohtinued)

g ‘ g

Magnetic g.
= Complex Cosine zz XX yy
. 1.979 1.828 - 1.898
T .
cos a = -0.63 ., -0.44 ~ ~0.64
6 cos B -0.68 -0.07 072
. cos.y " 0.37 -0.89  0.26
cos o -0.63 . 0.4 0.54
7 cos 8 0.68 -0.07 ., 0.72 °
/ cos v -0.37 -0.89 . 0.26
e ~ &
—5 ‘ - —
. COS © 0.63 -0.44 Q.64
8- cos 8 -0.68 0.07 " 0.72
cos y -0, 37. -0.89  -0.26
- cos a 0.37 °  -0.89 - " 0.26
9 cos B -0.63 -0.44  -0.64"
cos y -0.68 -0.07~ . o§72.
.'(
cos & ~-0.37 ~0.89 . =0.26
10 cos B ©0.63 -0.44 ,  0.64
cos y -0.68 0.07  0.72,
. “’13 ‘o i?
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.
Table 5 (continued)

L4

GonpTex Covine \ Y22 o T Sy
] 1.979 1.828 1.898
. cos a -0.37 $-0.89 0.26
1T/ cbs 8 -0.63 0.44
| . G0S 0.68 -0.07 .
: < j N
- * cos o -0.37  -0.89 0.26
"2 cos B .37 0.4 - 064 ;
cos v -0.68 > 0:07 -0.72
\ P}

a, 8, y are referred to the crystallographic axes.

£
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. _Fleure 3. The 1ocat1323 of the eleght sulfur atoms which °
, surround R’ in a untt qfil are ghown schematically.
J -~ In (a) through (c), the three pairs of seco A

nelghbor sulfursg are presented #s5 lying in 110

V\\ planes at the intersections -of [111 axes in their

. . ‘respective octants and the llne‘approxlmate1y1+

4 ../f"' perpendicular to these axes mmssineg throuszh R-°T at
: t3$°center of the unit cell, The distance from, .
- R tgach of these six S atoms Is denoted by

_ d,. In (d), the two fourth-neighbor sulfurs are °

° sgown s lying gn the main body dlagonal at a

, dlst?nce from RZ" denoted by d'.
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Figure 4 ‘Oétohedron of water molecules surrounding
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Figure 5° Energydevé] diagram for 143t

in an;'Alum\ attice. ’
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Figure'6, Block diagram of the mlcrowave bridge

and superheterodyne adaptor.
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.Cryostat 1solator

. Sample cavity

30 MHz IF amplifier and second detector L S

Legend to Figure 6

.
T
%

s

Pre-amplifier and detector

“
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Ferrite isolator
Y
Variable attenuator - S ‘ : g
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Phase shifter: B - S
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Slidescrew tuner o

Local oscillatar klystron .
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% ' Legend to- Fioure 7 .
- A - Mica plate and wavegulde connector
B - External coupling pin control
' A Vs
C- Knurled cryostat plug '
D - Temperature control device connectors .
: - E - Connecting length of waveguide ’
1 ,
'F - -Coupling pin connector shaft
Rt s - Oy ‘ ' ‘ P
. G - Gearbox housing “for coupling pin control 5
- Q - 1
i H.~ Coupling pin )
I - sample cavity , A ,
. J = Platinum, germanium’ resistance ,sensor 3 thermometer:
(MacKinnon, J. A., 1972) . . ‘ -
> y w. " , W v
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DIRECTION" OF INCREASING ‘ ‘ oL
MAGNETIC FIELD '
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Figure 8, The E.P.R. chart recording

of 17" in KAL alum in the {100} "
plane, . ’
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MAGNET ANGLE, IN DEGREES
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