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The paramagnetdc resonance of dilute Gd3 inpurittes in
[} . ¢
single cnystals of Sz=Cl_.6H 50, NdCl €4,0 and YCl,.86E_O, grown
3 3T7e 3772
in this labdoratory, was studied-at rooz temperature. A s5ix
\

line srpectrum for Hi2 and & seven line spectrum for i HX
both corresvonding to A¥-sl, were observed in the case of Gd3

. in S=C1,,0(H nd NAZ1. .64 . e c2 f G 5+ in ¥ 3
C 3 120 and 13 20' In the case of G4 n ‘Cli.FH

[

////* a seven line stectra both for E|IZ andY¥{]X corresponding 25 A2l

w2s oYserved,

e

The variation of the spectruz for' # at various angles in-

-

‘
erizental paramecters were

B
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the Z¥-plane sas analyzad, and the
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or the spin- 33 :iMonian of the system. The arnalysis .
&

was carried out by dingo:aliziﬂg the full spin-Hanmiltoniun, rather

than by the use of pa2rturbdation theory =methods as done bty previous
. resear hers. A1l the stin-Mamiltonian par‘“ete“s were calculated

ihdi'i@pally 1% contrast to the perturbation theory aprroach
n.~Ch do2s noat enndble one to individually calculate 17 e
: ‘
’parameters, allowirg czlculation of anly some of their linear
\ . ) /
coxbirations.

- . One purpose of the experiment was to check the isatropy of -

. >the.5-factor'0f Gd3+ in SmCl,.éHaoﬂ as otserved by Singh et allq
; 3 !

A definite anisotropy was observed by us which is consistent with

<
N

+ ‘ =
similar Gd2' rare earth crystals, g

’ [
The probable admixture of the next-higher electronic state
. ' 6P7/2with ‘the ground-state_857/2 was also estimated,

.
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CHAPTER I

INTRODUGTION . L

When a paramagnetic substance is plécedyiﬁ a steady magnetic
fiqld Zeeman splitting of the energy leveis occurs, and photons
‘having eherg}es edual to the gaps .between the Zeeman levels ray

" induce transitions. The energy absorbed as a funciién of magnetic

.

,fileld.strength isx}eferred«yo as the paramagnetic resonpnce spec-

i

. o )
trum of the substance.1 There are several clagsses of substances

a

which are paramagnetic due to the resul%:nt total angular momentum

possessed. by the electrons.

»

\One‘quch class is the rare-zardh group of ‘elements the lans

14

of which possess partly-filled -inner electronic shells. Substances

having these ions incorporated in them are also.referred to as

. 1
~ . - Y

.being paramagnetic. - = .
' ) 174 . , . R )
The 1nteqpretatipn of the results on paramagnetic resonance _
. . S

‘ + \ N -
is simpler if single cn<:ials are used, Paramagnetic resonance |

urate information on the lowest energy:

[ — 4

‘then gives direct and ac

level which results from the splitting of the ion's ground state,

, , ' o * Y
The lattice crystalline environment affects the ground state

’

of ‘the ioh in a complex way, so0 ehat’the Zeeman spectrum of ions -~

»
P

*in a so0lid ueually’difrers markedly from ihét of a free ion.
/ S A
L . The spin-Hamiltonian iethpq provfdes a very concise descrip-

tion of how energy le#eléfdepend on the magnetic field, orieni‘fion"'
' .anhhother.ayaton parameters, thereby making.it possible to describe

the reéonance properties of an ion in terme of a relatively small

number of constants. - » : ’ L.
i . . N ; N t .
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)

v = r
When Zeeman transitiﬂns are induced in the syctem of rhramag-

1 -
- B ¢ .
’ ‘ netic ions by means of a radio-frequency ma netlc field, there is
’ a net absorption otf encrgy from the nf, field., This :occurs tecause
’
the ihduced transition probakilities are larre comrared with the. . -
. . rrovatilaty o7 grorilaneous 'omiission, Vhe inaon.l vovulations of the
. ‘ o
o . levels oley the Foltumann distribution law so that the lower of
‘ - Fal
| ' ) ’ : ' 0T
| . two levels is 1Lwn/s more densel ly poﬂalqted than the upper one,
: R ) . &y N
g ‘. o - M i
! : L In the rarec-earth group, the magnetic electrons are‘inﬂ;k@’ﬂ?\
| .
\ N v L]
‘~ . - e . k3 - + . . 3 < K3
R " anell. Yhe free-ion spectra indicate that’ the configurations split v
| N . -
| : . " into terrs which are characterized by.a d2finite I and S.  Tho spin
| v . N < .
¢
‘ . ~nd ortital ancular umomentur. vectors arc goupled by the spin-orbit
| ' . .: .\ : ) - - Yoo b +
. interaction; the total angular momentun J reraind a ood gaantum

| 4 : . . ; '
BN '\ ) .nurberly . s .

1 ‘
; . N

s + .7 oy . . . o "
i‘r:eofzd3 hf confifpuration gives rige: to an 5570
! ’

v b ”
- .- cround state, according 'to Eund's'rules, (Irom cxyeriments it is iy

frcq;ion

- R4

wnown that.thic rround ctate 15 not enourh to explain the EPR

*T spactra of Gd 3' in a solid, since the g-value of the ground statle "
3 . ot .
y is less thap the expécted free-clectron value, ]
. _ |
The tasic technique used for studying ‘resonance depends on |
N . |
obsaorving tne daunping of a resonant circuit due to'the eﬁerfy ab=- - Lo e
. ’ sorbted in the sazmple from the nf. field, If the rcsonant circuit
4 .' ' . J 5
. is in one arm-of an ag, bridrw the absorption produces an imbalance .
A in the bridge. : R

. - ' ' : C @
“ho 5pectrometbr employs a fixed rad1o frequency, while the de, =

A . .
» - . .

’ .

. ‘ magne.t:.c field is variable from a few Eauss to several kilogauss. 1




CHAPTER 1I
v~ THEORY

[
.

1., .HISTORICAL SURVEY L co C
’ Elgctron Paramagnetic Resonance was discpvgredgin.1§4§/by.

(.b

ngoiskya, using néw]y-devgloped microwave techniques to study .

the Zeeman levels in paramagnetic substances, ) .

Soon afteérwards experimgnts‘ were reporfed by Cummerow a;nd
) Hailiday, and by ﬁleaney‘aﬁd ?en}ose. The ﬁain progress in ﬁhe
tech;n'ique; of measurement since then has come from the Oxford
group of Bleanfy and Griffith and their co-workeﬂs. The’ theor-—
etical apparatus for the 1nterpretation of tl‘iese results was de-
jveloped by Pryce and h_i:s co-workers Abragam, Stevens, Elliott |
and Judd., ‘ o : 4
: . ‘ .“’
The study of the paramagnetic properties of the Gadolinium

N

ion Ga°* has a loﬁg and interesting history.é' It was natural

a

R

when the technique of electron paranagnetic resonance was developed,

that the Gd3 compounds, having s-states as ground states, would

be-studied extensively, Interest\in the paramagnetic properties
) aof” thia ion was renewed in 1956, aftey 1its successful utilization

by Séovil ot all"‘as the active natorial in the first operational )

solid state maser, Many sciantists have worked with the theoret—

1cal or experimental aspecta of Gt:l‘3 doped 'in different hosts, and

*.at present. 1t is a very active field of rosearch. (The book "Para=-

F 4 i

'mgnetic ﬁesonance" by W. Low! furnishes ah excellent bibl:!;'ography

i

: WY . :
which has been used extensively in the above historical survey,)




2. ec:u::{t HAYILTONIAT OF PHZ WWRESD TONM

N \ . '
Tne Jowegt. and excitod norwv levels of an 1on gxtuwtcd ln

»
2 cryctal of given symmetry are modified by the'cry tilline qurr-

¢

. 1
~oun.dinrs, . . .

. o 1

- "he nost important interaction in an ion is given by the Cou-

N . , N I

lont tera, This ¢onsists of the interaction of tuc electrons with

9 v

the nuclear charge Ze and the mutual rerulsion of th¢ electrons,

the non-rg LQthl tic aprroximntion, togsdther with the clectronic

-

kinotie enerpy, it is riven by

o T , .
N {1 L A
‘ ¢ &, E:-‘F/L =20t /r )+ K Jlkj J
- . N ) k-l r(>j-1 -
P, iq the lirear momentum of electron k. (k,j label the electrons
. -t Fay . : : : ' ) >
in the 1qn); T, 1% the radius mector extending frow the. nucleus to!

*

K

o

* -t , ’ I3 *
the X« electron (r?:{r‘D; the whole expresgsion is summed over all N
t . IS el ‘
electrons in Lhe I6n; fYhis Coulomb repulsion @s’differént for diff-

crent staves of, the game <onf{ifFuwration and corréspondlnrly leads to

-

various energy levels or "term values!, The né%t/pﬁ t lmportant

interactiion is a mapnetic Intéraction V. . between the ,1ectron tpin
. ¢

: LS
. s

- ] . . .
Sk and th2 orbital momertum lk’ It is given by
i /
17 . " - -
]IS» EJJ&lj N kaiJ t jk J.uk where ajk’bgk’cjk ‘are certain con

stanto. If we consider stm,eu of dofini&e L and S of tﬁe

fiquratlon,"i.e. fluss ll—uaunderr coupling, the spin—orbit interac—

¢

)

tion tan bé wrltten)L“u’whern A is known as the splnzbrbit coupling

constant for the ion, The nuch weaker spin-spin interactipn v
. ()

‘ iy .
that, K is, the mutual 1nﬁcraciion betwecn the magnelic diroles

-

exrressed as follows: (Pi the Fohr mngnetOn)

Same con=-



Q

i

v

Vo=
$STATS 5.
Pk ik R

®

555 - B(er.sJ)(FJﬁ.sk) ’}hpa .

These are the .dominant terms of the free ion. If t':he‘ nucleus has a
spin I and quadx;upole moment Q, the various terms are further split

by two additional interactions vy and VQ where . h
. > ‘ .

. GA.-2).I 3G.3)GELIN  endE) —
- k k N k k k k - e . :
VN‘ZXPPN[E { 5 . }" | (Sk'”] :
.k k. ’ : ‘ SR

25
k

. r

A s

[zl(nl) 3¢,.1)2 ’ . l
an(ax-i) . rz] o L

oo , - .
Here Pnahd\x refer to the nuclear magnéton and nuclear gyromagnetic

3 L

ratio, cf(r ) is the Dirac delta-function. The interaction vith the
external magnetic field H is given by Vn ZPH fas ).i The direct
" intéraction of the nucleus with the external field H is Vh%’-]pnﬁ.f
The general Haﬂltouian'of the| free ion is gi'nn by \;hé s’un/ of all-

the above ter-s and. is ) ‘ ~ ) .
& - L.
. ) »
X ‘VF’VLS’V sswquwnwh ' ) S ®o..(2.1 )

1

The order-of magnitude of these 1nterac}$ont can be bes} estimted °

)

fronm observed atonic spectra for the rare earths: V~105cn »

- F
o B -1 -1

v, o~ 1036I ° Vss cm V“‘v 10 cm 1-10 3cu -1

-1

o

LS » VQ'V 10 3°¢:n

-

3 ‘THE RESONANCE c;:onm'fxon FOR A FREE ION )

Lot tho ion, having a total angular momentum J, be placed in
a constant external magnetic tield H. The apatial orionhtions of

3 ;re' quntini\ and the energies .of the levels agsociated with the

..

Sy,

]




’ .

v K] Q Wt

nt orientationc are YrpH, where ! is.the electronic mag- : .

“np2tic quantum number, g is thq‘spcctroscaﬁic‘splitting factogf and .

N A H + ¢ f
P p is the Fohr magnetgn. A high . freguency ragnetic tield, polarized -
A

. Loom . Py : .
rendicular to H, will induce transitions between the levels, fol-

kY

s
(
o]
rs

‘ing the seYection rulg[&:::fﬁ W the drequency of thesfield v is

~ : '\ \ . d . .
csh *hat tho gropeg wdT the hi-h frequoncv'q&?htd Lo hv=/gH ~ .. 3.1 ¢
¥ 4 ' . . < ¢ o e

“he vomylation distribution off ions in thermal equillibrium with

(44

- 3

neir surrcoundings is a EolyYfzuern one, S0 that the lower eneryy

*

“ © loevels arz2 core den:ely p7ru1atcd. Eecause uvward and downward
0

-

. . . ’, - - L
8 radiawion will result in the tondency towards gduality of the

.rarious lewel ropulaiions; thic revrecenis a ne absorptidg of
. b

) .

enercy Iror the radiition field. TP the sample.is placed in a turegd

curcuit such ag a cnvity,g&hia{absorption of enerry can be observed
o . R - .

t g Bake K IR AR N .
‘ , @\ * ) . .
. ‘In Seciien 3 the Hariltonian for a free ion was considered,

14

2

Lowaver, in practicd‘we are nob concerned with frec ions and must.
3 ‘ R . - . v
i © 3 .

taze account of the ions''environment; l.e. the crystal lattice in
- -t}
Ww¥ich it is5 eituated., The usunl/method of estfmd’iny the effect of

LI . '
a®’ the crystxl in modifying rarnetic prorerties is xnown as the crystal-
‘ . . \.' '

»
line field arrroximation., It is assumed that the influence of neigh~’
. . . . v
tourding ions occurs entirely throurh the electric field they produce
N ¢

v

-at the magnetic ion site, Also it }s assumed éhat surrounding ions

,are given a passive role and they afo’regarded ag point charges which

. - n ’
i ~ do EOt ov?rlap the paramagnetic ion. The electrostatic potential at

- . . . ' * 7

t . % ) . “. T . ' .




- ’ \

thé'ion site, %hereﬁorc'obcys , o C equa&ionﬁ72vzo,

:

.

/ A conplete

set of solutions of) this equation are fthe gencralized Legendre poly-

nomials, Wg ray therefore expand the potential in ternsJOf these
~§olyn3§iéls, that is ’ & \

LRy 117

PIS

whe?é the summation, k is over all the electrons in the ion. We

this term to the equation (2.1) to rive the peneral

an ion in a crystal field:%:‘;n‘w PSS M S

.
0

L3577 58 o "u h

o3 IR - Cad s
In {4.1) 7., V. and Ve ore inderenlunt of th. luciron
. o b ) . <.

Harmiltonian

Yeweollte

~

A eavin
OO0,

add

far

1)

A

< . 'h ’ )
* .
Therefore, 10 wo neglect 7, Y oand Y ouc oblain the cleoctireonte orin
- L o - .
part of the Hasiitonian, o.dled Jfo o #7747 4T a0
- d\i o , - ¢ .
we can drop the spin-indovendent ternc ’rom}/ b;an they shi¥t all
lovels €qually and so do not enter izto the snery; differences, ©
‘. %+ :
v ATy RY YP ey - ST .v o SRS I RS AL o) v . ~ I
5, . PUS SPIN-HAMILTOUNIAN ro% cd”% IV SINGLY 2HYSTALS Of 3,15.@}{2
el o wA YrY TR0
; . \—w#l'j.\_..ao aud 1w13.\1-12(4
' .
s 3+ .
The spin-daxiltonion of Gd n a singFle crysisl of a rare=-
rth trichloride is given by .
n s .
J{ - h *’)OOO+.J‘202+;}0004_1‘2,32*?’10!#"' +B2 a+x~*1‘r\,§ r006+§ i -f (5 l‘)
OB Tt 20 00 ot T Ly N T e 6 5 6%

corresponding Jsrs»

A
1hg exprcssions}f

érators which ¢transfor

A}

0 202 of ' 2 -
0,=357-5(8+1) 05=1/2(57+57) .

0

2 g i . .
. m‘m?w,%&ﬁm‘”’ i, .&»m}'f o A.!siu:xj T T |

-
253553-30 5(5+1)5 +e§s -65(s+1)+382(s+1)2

-4 X

»

.-rj as the

)

. R .
ical harmonicg, %, and are given by the follow-



R \
° v \
’ . =0 1/’4[(’75 -S(S+l) 5} (s +$2)+(SZ+S?') [?S S(S+1\{S}]
. o \
- ol' 1/2(5“‘+S )~ , » N
. " . / ; !
og=asls§-315s(‘s+1=>s'z*+735s‘z*+1oss§(s+1.)zs§-sassfs+1)s§+a9as;’;-

i

557 (5+1)2+4052(S+1)2w605¢5+1).
2:1/4 [{3381‘- [188(8+1)+123] +S (s+1) +1os(s+1)+1oa} (S +sa)¥

(s2+s?). {335‘* [1as(s+1)+125] s +sz(s+1)2+1os(s+1)+1o§ \ fx

of -1/4[ 1152-5(s+1)- 38} (s"+s'*)+(s"+s“) [ns s(s+1)-38]] S |

!

06=1/2(s++s_)

, | Here S_ = Sx+1sy and S_ = S‘-isy

. BF are' coefficients dependent upon the crystal field and are -

R =2 ¢
determined by experiment. A is the hyperfine splitting tensor.

The, spin-Hamiltonian (5.1)' can be sepgrated into:

’) . [a.. The fine-structure terms which gescribe the crysta'llino -~
el\ectric field splitting of the gro;xnd state of a‘param’agne'tic ’1on.
The fine-étructu;e terms have the same Symmetry prbpertiéa as the
crystalline electric potential at the aite of the paraugnetic ion.

In (5.1) the ‘fine-structure terms are the ones involv,ing Stevons

operator-equivalenta 0(,',

. . 3 h "
b. * The hyperfine s;ructure term §.ﬁ.f. which in the EPR spectrum

1 is not normally observed since the ltnevidth usuany ohlcurn this

struc ture; and

" . ¢. The first order Zeeman term gpﬂ..'s., where Bis the Bohr u(noton,

¥ T the magnetic field, g the epectroscopic splitting factor, and 8




. .7 \
the electron 'spin, The g-factor can be represented by its three
)

'principal values £ Fy and €, if the co-prdinate systh is ipp-

. . . : +
ropriately chosen. The g-factor is nzarly isetrorz.g fer Cdﬁ.

I+

in mobt.cri?lals—since the rround state-of Gd i an orbital

S~state to good approximation,

6. .T'H?: SPIN=-HAMILTOWIAYN TN TENSCR FORX

. : ) R
The spin-Haxiltonian ( .1) canalgo re expressed in terms of

{

[

. a3 ‘ i ,
tensor operators’ I‘Q"1 wvhich are connected to the Cftevens aperator

& - r . i =
 equivalents by the relation Qp=constant Tem+(—1) Tl . : '
) , - (= b
! e ~ 2 \\\& m ] - .
. shi“PH‘“*anTao*“qo‘qo+"o "ot T2z L‘ze*‘a-.} -4 '
. r ) roo . ’
43 oy} , - m .
*fanac. 4- ?}""*’LC’ i ]“w"m”"f“} ’
r - T
+B( t‘ +T 7 +Tm:} K 27
~l - - . LI B S W Te
) L 6 66L. 6 ij R ‘ '

=
The relation between the E( of cquation {S5.1) and the Ip. of

”

equation (6.1) can best be exhibited throush their correction #ith

[ . .
. m o
a new set of constants by (in terms of which the cowvxtvr caicul~
. iz

ations weré performed) as given by the following

050 {5 - b_poanl . 2
b3=3E]= : Bag . yjegORi = 303 ,
p0=40r%= 29 v2=12608% = 315 [E'n)

=6 V50 UOP:JFG 3)%02 .

15 ) 4L 7 anlt z * ’5

2=12609= 212 b-12608% = 3152

3 60 . 61200 = MSiAE,

2 ;2 ! Via105088 = 15;1%
b2;3ﬁa; 3B, 5TV = 294

2 60, " N -
bl; 6081‘ %Bl*z - . . D ' -

lé} h - ‘ * . ’ ' ¢ s (6‘2)
b = . \ ~ o
by =60R= 308, - ., x

. . . - . ” N

[
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I~ teorwe of (5.?)& the Hamiltonian becomes .
¢ t

: = a e 0N, 4 s 0RO F A1.0A0 122 ,2.2 £ e nS
S, %;‘Pul‘-0*1/.‘0202*4-/00“&04-*1/12::Ob606+1/302021/600[*042%1/12;;,0{;606
’ - f;",' .';I; .prf\ 6-::-: ‘
T1/60b,0,4+1/12600.0,/+1/1260b207+5. A.T - : cenen (5.3)
i (SR v 0 R
7. TEE TQUATIONS FCR THE TRANSITIONS

.
- -
.

Yor k]l2, the transitionsg coirespondﬁng\to{AMzil are given up
] N \

3 AN .

1> the seccond-order nerturbation by

~ ) - o 0, A0 o) Sy 21 { .
$7/263£5/2 Epﬁ:hvx(ub2+:0bu*ﬁbé)+3 -Tigg - Wt%iJ
, . ) L 1457
. s A Id c b
2T Iems3 /2 ;puzhyz(gb§_10b2_1;b°)¢: VT:Q.t\ 12}“ _ lkg .
o > I 4&: 50 F 53 -
. = . ' .

> ! —_— - - \) 3 0 N1 o -~ 21 “%5 120:"

£ /2621 /2 L?":h\‘*(cb27—1201*+_gql)‘3)+:. '"-—:-—.:.;? - 1120 S
1]

[, " '
t « O T ”. . P N ’
. Y, (b:)a

ahere 72 . -2 vees. (7.1) .

‘ o TS H ' R 7 P N e
. , . » !
S BN 0 2 Tans P g . -
. v3s Dl b, and b2 are the conslants defined Ly (6.2)
Lo

ation (S.l)iiiﬂﬁé}l)) can be Used in principle to calculate the

N M N v . . » R " R
energy levbls for arnylorientation of  H with respect to the crystal
- . - ]

axes, GHowever, the calculations are{ﬂxtrenely difficult if the dom-
K ~ ) v G

- ! ‘inant term szjig.g is rot i@‘the fgfm HSZ. Therefore, one woulﬁ
like to rotate the axes so. that ﬁﬁlies along’the.pcy znd;recti;n.
. '+ It is simpler yet to rotate the entire flamiltornlan inétead. Tﬁen‘Hi
‘ bCCOmQSC<uH$Z as desgired; .the problem then arises as to the trgﬁs-
1 | “ formatiﬁnvof gﬁe rest of the Hamiltonian. This problem was solvedf
i by Puckraster et al” who gave tho tranéfqémattons for the tensor .
zg 0 . opcrafgrs T(m. Using their results®the Hémiltonian'becoées l~
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1)

- “nquation (7.2) is forwally the same as (6.1), 1f ohe groups

's and the triponoretric function to define new @-dcpen=—

dent L, 1o ‘then, uquatjo'\ (7,1) mays arain be uRed to rive the

: naw resonance frequencies, vhore (6.2) define the @ ~dependent

br{"s. ‘ ! -,

Substitution of 9=9OO into equ‘ation (7.2) rives the Hamil=-
tonian for the evternal field in the x-direction. Thercfore for ¥|IX

%
' +

T " equation (5.1) becomes

g

T



1 | ¥
’ R = r pHS + ‘-1/21: +1/?r«?J [J/ D-1/8B +1/uEL’_]O° [5‘/1oa,+1/1u _ |

| Ay
1/161: +1/16R Ja%[-;/a 1/?.,?_]0 * /.zw -1/2%] -1/2‘ Jo L (7.3)

— I

a

.,  where only‘those terms vhich give diagonal and aﬁkrcciable off-

. ‘diagonal elements .have been retainéd.

As an illustralion of the remarks made after equation (7.2),

ohe sees that equation (7.3) looks like equation ().-) if we define

(Eg)x= (- 1/2E +2 /'m and so on. “—
3. - couvn RSION T CTORS FOR Y's °
The fiﬂelstructure parareters ‘? may be exvrecsed in units of -

N >

-1 ‘ :
wave number (cm 7)), 6f frequaney (GHz,“Hz), or of =marn
ﬁ%sl1 Gauss). [he.coaversion relationc are”

1 (GHz)=10" % b7 (:152)=29., 67 3?.5x:-,"<cm‘1>

oz ) £ x13.99500xb (T)=0x13.55700x10" k10 1C)

, where' g is the srectrozcopic splittinr factor. ' .
\ s 9! "f:i‘s SUREMENT OF MICROTAYS FRURUNNCY : .

. L

The measuremsnt of the mi€rowave frequency can be done by

. - ’ .
placing a DPPH.marker into the cavity torether with the crystal.

.
N »

Knowinb the magnetic field for the DPPH treusition, cgnation (3.1)

can be used, with 552,903 the srectroscopic splittinc factor Yor
. f i N -

DPPH, ' .

-

R . . . ;
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APPARATUS

&
The aprar atus used for experimental work on Gd3 in “dCLB 61 O

o

YCl5 6H 0 and SﬂCl~.6”20 was tho paramagnetic resonance °pectro-
a
meter ag=embled by G. R. Shaﬁgf A‘p ock diagram o&,vhb s tro-
¢ . : . -

-

meter, is shown in rif. 1, page 34. A description of the various

parts is as follows.

-

’
1. THE UICRSVAVE SO0URCR

The microsave source is a forced air-cooled Varian X-12 reflex

by

N . v * .
wlystron with a requency ranre of 3.1 to 12.4 Gz and 2 power
- »
ratins of 130 rw., A Hewlett-.ackard nmodel 715A power supply rroduces
%, 1

the required beam voltaye of +400 volts d.c, with a rivrle of less

>

. . . \ \ ~
than 7 rmv and a team current of 50 ma. & wide range'sL reflector

[,.4

tages fro® 0 tc ~700 volts d.&. with respect to the bear supply

are availsble with a ripple of less than 10 mv, 'The filarent vol-

tage supply rrovides 1.5 amps at §,3 volts a.c. .
s >
- ’ - : .
2. THE HAVTGUTIRE NUTERORK : -

The Delornay-Fonardi model DRG-480 isolator permits the trans

. .
rission of microwaves in one direction and vprevents their trans-

‘nission in the opposite direction., This prevents the wavepguide net-

work from acting back on, and influencing, the frequency stabillty

of the klystron,

In 6rder to measure the frequency of operation, ten percent of

mlgrqxavc power is coupled off to a Hewlett-?ackard modal 532 .

\
wave meter wlth a dial accuracy of .05 percent.. The microwave
rd

Y

Sy e,

N e TRl

RIESET.

e 0 el S
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g
1 ]

“ 1 , : ’ s
power.is detected‘by'a_Hewlett-?ackard'mpdel X42hA cLystal detec-

tor. The resonance freduency'ié'indicat;;\ai?the scope when a dip

L]

in the transmitted bower is observed.
4

A Hewlett-?ackard model 382 calibrated attenuator is placed . ,

between the load and the generator to educe the signal 1ntensity
incident upon the load. This is adjust o give optimum signal-

- |

to-noise ratio. RS

Thg’requiied.po,er rrom,tge'agtenuator enters arm 3 of the.
DeMornay-Bonardi model D’B’é-6§0 maéic tee (Fig. 1, page 34), where
the power sp}i&sThetyeﬁg ;rm§ 1l and. 2. Arm 2 is the cavity arm (to
be discussed in the next seca@on). Arm 1l is pade up of a Hewlett ’

Packard model 870A slide ‘screw tuner and a Hewlett model élhB
matched load. A slide screw tugen is used to produce an ﬁnQer- /4
coupled cavity match beéausé tﬁe‘crystal detector Ope;ates more eff-
iciently with a~detin£te‘énount of power }nciéent at all times.

Arm L is the detecto£ ;fn‘to which iﬁ connected a Hewlett Packard
nodel 4858 detector moant containing a IN23D silicon diode -h;ch

provides a good signal-to—noig; ratio.

3. THE SAMPLE CAVITY o . T

o Y

~meter., The cavity, which is gold plated, is a rpctangular type,
onating in the 'I'Elo2 mode at a frequency or 9. hG GH: to wavenmeter
accuracy. The generalized relationship for the 'avelquth in a uni-'
form roctaﬂtulir waveguide operating in the 'I'Em'i mode is

1/32x1/22+1/)% :
& AO ' Ae ' - A




i1

[}

resonant frequency of 9.5 G
I+ 361 C“c

resonant

-

cuide wavelength

free space wavelength

7

cutofi wavelengsth -

troad dimen

!
oo

iere a is the
nsion Qf the rectangle,

,Lhe guide turns out

a difference

-~

meiris of .2 inch

*

05 .54 mr after machining-and,
frequency of the cavic
cd Lo the wayveruide by a .Old ireh

diameter, The cavily

L0300 inch induct

l2ads to the

and s ountin.

WaAVe, LA

"«. -\

Uit S‘AUTII

L

. ’ \
erence cavity (or wavemeter) and

function roference cavity

ten inch br

i chocen Vo

verrations,

ro-ow mndel 210 cavity stabilizer is uced to pfovide the
vilizatiad for a wide varlety of mxcrowave irequencioc.

Stabilizhtion is ,porformed By ¥ discriminatiodlof an external

Q.

MDD AVPLITYIUC SYS

model 122 lock-in amplifier.

: crystal detector gomodulates the nlcroaave power, which is

then thqnbferred ty a coazial cable to the Princ ton Applied Qeﬁoarch

of the fundamontal frequency component to. be measured accurdtely.

the pin is connected
of the cryostaf;

are connzcted to o
r:e"';4~‘ four macnine

L «
nf brars order to add

thus absolute ctability is a

This insirurent enables the rms value




/ . . . .
, : . The baslc element of the awplifier ig a rhdse sencitive de-

[ 4 -

/ .
- tector in which the signal voltage is mix~d with a reference volt-

3

v ¢

> . age, producing sum and difference froquencies, A low rass filter

3
ek . .

1 e o s .
at the output of fhe mixer rcjccts”?ﬁs hizn [roguency com-

. ‘ P .
ponents corresponding to tue uum-frcqﬁﬂhc1es and jpasseg the diff-
» erence frgquencies which lie in the fraquency band avhich are all-

x > &
/ owed to pass, The difference frequoncies trom caswvonents of the

s

than the cut-off frequeney of the low page filter are attenuated,

.rortion of the sirnal spectrum wiich lies.atout the refnrence
. L]
quency witnin a tasc-band deiermired bty the low .raas Tilter,

IS
.

. jack (for displiy) und the veter.  The son ftivity of

channel cap be varied frow .1:¥ to 50.0 -7, The lime constants

v .

¢ M ]

sorption curve,

- " .
¢ <

The rerereace channel can be .tunecd over-a frequency rane

SHz to l13kHuof arcontinuous front rancl control. ‘here is 2o

-

tinuous.)y adjustable phasce shifter with a ranpe of 00 to{;;bo rhase:

/
.shift .as well,

L3

»
-

\

The resulting dc output from the chk;in-amplificr is mlotted

? -
R ~on a Moseley model 7905A sorvo potentiometer X-¥ rocorder, Each
L
o .
2
L
< F N %) - .. ¢

1

’ 3
sirnal spectrum which @iffer from thb reference frrgaency by more

Consequently theloutput of the low vars filter will e due to that

ng front banvk nranitort switch 1llows one of Lh- outyrat s
the sirnal amplitier, the ouiput otf* the referenc. luned arplifier,
or' the output o! the Eg/pﬁblifier to aprvear at toin the ronitor

Pl i om 1
Vi Ul NA

can also be varied frem 1 msecc to 30 seoc, A tiro constant of 1 rec

gives the best sijnhl-to-npisde ratio for the derivalive of the ab-

[
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i Sy
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axis ol the recorder has an indepergdent.servo systenm with no inter-
action between channels. "he X-axig ¥s driven by a fraction of the

signal vrovided ©y the Il-axis drive of the Varian field dial used
to rerulate and swee
the output of the lo

i}

derivative of the ab

p the magnetic field. The(y~axis is driven b&

Q:}n-amplifier, thus yie}din( a plot of the.

orption versus magnetic field.®

.

6. PROZUCTION ©

’.

aenmric 8 (ELDs ‘ :

. . 2

i

'he marnetic {¥Yeld Hsigo provided by a Varian V-3900 electro-
. ‘dhe center of cach pole piece contains a .90 inch \>\\\

heole «for the purpose of irraniating samnles when.radiation .s incident

in the lorritudinal direction with recpect to the ragnetic field.
o v
. , p

.

2 pole pieces are equipred with shifms to produce a homopencous

‘.
4

@ .

N
IR PO

Jne Varian 10-%& VFR-270% control unit has difFital €ield con-
trol dials with ancrermentg of .10 G which agrures accurate field ‘
Z .

settinfFs.  The control pancl alsg includes a field reversing switch,

- o
a test selecticon gritch, a meter to ronitor the maynet system oper- *
e .. N . ‘ '
ation and a compnlete linear sweep. Sweep ranpes from .25 G to 10 kG
with sweep times of .50 min to 100 min can be selected., A temper- °

ature controlled Hall-effnct-crystal,probe‘mounted~on one nmagnet

mmle cap ualntaing the magnetic field Qithin one percent of the se-

/

lected {field.value.

7. MAGNETIC MIELD MEASURCMINTS:  THE- GAUSSMETER

- * . -
¥

‘The magnetic field can be measurcd either by taking the reading:

4 - :




N

©.'9.  PRINCIPLE OF DETECTION - - o

e - ' //'

from the digital field comtrol dial or, for greater accuracy, by

using thq{nuclear magnetic resonance probes*bontaining protons for

fields of 1 kG to 8 kG and “deuterons from 8 kG ‘to 10 kG. The mag-

netic fieldxfor lines below 1 kG canlbe taken from a calibration
: —~—

‘curve which can be plotted using the magnetic field measurements in

the range 1 kG to 10 kG.

The Gaussmeter is an instrument using the qucléar magnetic
resonance principle (NMR), and is ;sed to measure agd caiibrat?
magnetic tig}ds. The instrument used to-make\these measurements '

'aé a.VarianﬂF-B nuclear fluxmés}r and a HewlettQPackardlmodel 5éd§§‘.
frequency counter. - Neglecting tha effect of an inhbmoée£e2us mag-

netic field, the probaile error is .0038 percent which is constant

¢

throuéhouy the range of the fluimeter. N - i
8. THE MAGNETIC rmhn,r:onuur\mn s - 6
The magnetic fielé is dulated at a fr;qnenqy';f 390 Hz usiugr’. h
. a sinpsoidal sweep small co ; ed tp'the dc magnetic field. The , “///

modulation amplitude is adj& Led to give d-good_representatioq of

. ﬁtié.dcsir;d derivative. Theﬂpaif of coils is wrapped in .a masonite

forms and rigidly mounted on the magnet pole pieces: - Each coil is 90
turns of number 12 insilated copper wire. These were connected in

geriés with a 30 F capacitor to the power Bupply. A Hewlett Packard

+ model 204C oscillator supplied the sinusoidal signal. The anplitier_ U

is capable of produéing 100 I!t?s rmg, the laxiluQ current being i%

amps ac ras. : ) : 5 ,

-

’ . . ’ . . _
The cavity is tuned so that all avallable power from the klystron
s s §

= pS
»
-
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is absorbed by the cavity when the resonance occurs at a given fre- « .
- v ( .
. . , i . o . B
Ty gqugncy, the rfrequency bding Jevendent uvon the dimension 0T the e
) cavity. “When the frequency of the microwave field and the ampli- - - ‘
i ) . . ) % .
tude of the mapgnetic field satisfy the resonance condition of the .,
. . . . - ' i
sample, .tge irredance of the cavity is such that a sifnal is ref-
A & ‘
k]

‘ lected to the crystal detector in the hybrid tee.
. _ . ot . , . .

ia2), pageX represents the change in output of. the detector

.

At vcozenance ag a cinrle funetion of the strady maunelic field at the
’ »

) !
' samrle. Fip. 2{Y), rare 30 shows the variation of the sinusoidal |
§ ' . |
field as a function of time and Fig. Z{c), pare 3C shows how the ¢
- . .
“ » - - ) ) N .. X ‘ T
ctaiic curve ‘ranslates these variations into a tire-varying sifFnal . y
. A
' . - .
e az the cutp:t of the microwave detector: The signal at' the output .
| ol w2 *}_‘1‘.;‘_‘31‘ varies in time in the makner inficated in Fipf, 2(d), : .
r , . 0 _
» - - 4 s (3 k3 .‘ : ’
{\ qui_;é. :ne chante in the sign‘'of the derivative of the absorption \
1 ¢ v o ) K ! ‘
| ) curve ig tonveyed in the wavefeorm of ¥2-, *(d) as a reversai in .
, .- ' .
, .
‘ rhucs relative 1o the field modulatiom®waveform., The waveform at tha
: . . C o, C ‘ ) :
gulrat of the marplifieryenters the phase sensitive detector that uged.: -
. - - > r
/ : '

the or¥ypinal sinusoidal wavefarm as r€flerencde. The dc output of the -

Ll

detcctor is a reprezentatjon of the derivative of the absorption line
*£

. _ o .
4 3 . - . )
as shown Fig. 2(¥), rard 36 N \\“ o, -
. . .t - g R -
. » ‘
-
.

.

- P
- 3
~ . \1,\7-. .
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_ ) ‘ CHAPTER IV
;oo -

- ®COMPUTER ANALYSIS OF EPR DATA

3
v

The calculation“of .the spin-Hamiltonian parameters can be

done using AIgital computing prqcedures.7
I

-~

The object of this chapter is to demonstrate how the adjust-

abli:paramete;s in the spin-Hamiltonian can be evaluéted using a

computer,

'y*

An iterative and convergent computing procedure has been used

o

for evaluating the "best-fit" adjustable parameters in the general- -

‘1zed spih-ﬂamiltonian from eiperimental EPR spectra.

“ o

1. DESCRIPTION OF THE COMPUTATION PROCEDURE

The prbéedure for calculating thé spin-Hamiltonian parameters -

\J

I U ,
is based on a standard digital. computer sub-routine for exactly

diagonalizing symmetric matrices with real or complex elements,* and
® . .
1s completely general since it is applicabdle to any generalized

spin—-Hamiltonian. . - .,

The compu procedure is more useful than perturbation”nethods
f
for determining spin-Hamiltonian parameters because the exact diag-
onalization of the matrix is not_liiitqd by any assumption concern-

ing the relative magnitude of the terms in the spin-Ramiltonian.

N The secular determirant of a spin-Hamiltonian must be formed .

before the spin-Hamiltonian parameters can be determined, The spin-

Hamiltonian exproéh@d in terms of Stevens oy‘ratora or tensor oper-
atqr- can be used. -The matrix eslements for the Stevens operators

are tabulated in many texthoo;ghhnd are used in this work for this

_ reason. . ‘ Lk

RE)

)

"\



The eigenvalues of the spin-Hamiltonian can be obtained by solving

its secular determinant when the values of parameters in the spin-

. o ) . |

flamiltonian are provided.
¢t

a

The N obee

dAV=:1 transitions for a system of Y+1 energy |

levels are ascumed

where Ej corresponds to the {/2+1-j)«s|"/2-j)transition, und the

.0 occur,at mapnetic field values Pj, J=1,2 ..,

2

resonant frequency of the sample cavity durings the measurement of

.

(ad

he B, is v . The values ofvy~nd F.(j=1,2 ...,%) constitute the ex-
J J ] b}

14
<

i N
rverizental rart .of the input data set. The reasurerent accuracy

. with wnich the parameters in any -eneralized erin-Hamillonian have

)

LoTmoAnhor baedy are coucistent with the fnouf data aet,

<

ime steps in the cowyputational procedure are now pgiven, A
series of gyntnetic transitions gre concstrucied arnd a lenst-squares’

criterion is employed to obtain s ;anergent cequence {or determin-

cpin-Humiltonian. ’

ol

ing the best-fit adjuctadble paravoters in

o . -

1. The umagnitude of the addus}able raradoter Fi arpearing in the

: reneralized spin-Hamiltonian to which the invout data set is to te

4

»
.

fitted are estimated., Thege egtimates ars hot critical tdcause
\ N - .

° ¥

.} initial errors will be corrested at later stapes in the computation,

. 2, The parameters are arranged in decrcasiny order of w4rnitude

; Y - . " - ! -
AN ’ so that Pl is the largest, Pz-is the secohd largest, etc,
. Po) ‘ - Lo
3. The initial value for ecach rorameter Ply Pi o» 1s chosen,
- * ’ .

-

i, A seafchipg range for each pargmeter is chosen within which the

best-fit value of the parameter is expected to lie. The extent of

the range is determined by the confidence with Which the initial

b) ! '

.
e . '

Lo



~

o

- K]
. "V of each calculated spe¢trum is detervined using
Y N 3
, ~J  _mal ; . . e
r.sq(—,-, Z(:.jk.p-cv) shere C is constant, .
3 } Bhd .
51 . )

-

x

®

’

l,k o o
-performed, o ~ \
7. ‘Tﬁe\eifenvalhes for each diaronalization are arra-==rd in de=-
N \\ g .- ' .
* 0 ™ z b} - .- ’, b .y 3\ )
- “creasi ¢ order of marnitude and labelled 77 (m=1,2, ..,7+1). The
2 ¢ 3 1<y ' .
‘ ~ . < RE XS -

* where ;{ 1 or 2. ' 1

2

values ‘P were chosen,

\\‘ i’o N

)
‘ -

5. tach searching rangé is divided into nine steps. The initial

e

trial values of cach P, are labelled Py | where k=1,2 ..,10. ‘
. - ) Lt ’ !
6. The.calculation is commenced bty setting the values of the
parameters P, i 1 at P, 5+ The sedunlar. deterninait iz diaronalized
‘ 9 y .

}Y

for each masretic fie}d value Ej(j:1,2, ..y) ifor each of the ten *
4

b

values of P,  (k=1,2, ..,10). 1In totaul, 1CI dia-ornalizaticns are

b}
" a
encrry differwnces corresr»ondineg to A =31 tranct

' 4
cr
pas
9
o]
&)
&)
ry
)
[¢)
50
ot
(e}
4
|-l
[}

:i{;'l _)—( (g 2 9 « . ¢ -

ated using AU( . L=
' Jak Uyl Jy*

.th - - . -
8. The j value of A“! - aq Ly i ocorvared with thne fiosrved
' Jyst Ja#t .
energy difrérence which is rrorvortional | to the feacurei ~lcrcwwe
* -
: i
frequency, For each value of Pl s taere are ¥ valyes o1 3 . .
h ; | B <y
t ’

which form a calculated spectrum, The mean-square-dev.atisn- (1€0)

C=1 if the frequency and the paramcters are exvrecced in the Lane

unit. The unit of CHz (10%5z) is the most conveniont to be -sed.

The minimum of 8D, , (MSD ) ’ ternines the beét-fit yalue of
. k kinmin ! . o
. ,
P,k (P mine . ;
1 R
g ] v 3 o . and P.
9. %tepf (6) to () are repcated tor Pa’k using ( l,k)mln and 11’0

“

. B . .
'
-~ ~ -




.

- ,' ) ! " . e =
10. Step (9) is repeated until‘all the initial values of the para-

. o P 3= r P ' ’ ) ‘
neleng ‘i,o(l 1,2, ..) have been replaced ty ( i k)mln . ' :

11. The cearching ran[e,*of each parareter is’reducéd by a conver-
cent factor which daternuines the' cornvergonce rate of the co~rutations,

. .
Steps (5) to (10) are repeated using the reduced searchin- ranges.

.9. . . .
12, The ration vrocess described in step (11) is repesated until

4 .

the ::s is redugied to a value consistent with the accuracy of the

13 - . N ‘ . .
A dragram outlining the above steps in the procedure is given

, g

A sarmple calculation ic given to illuctrate the co~p; tation v -

E) e ] 1
-
rrocedurs descrited above, It will be the calculatinr 27 the spin- »

. . + . ] ) N
Hamiltonian parazeters for ca®* in SmClB.édao 'ro=. our data, .

~

The szamrle anulysis ig - carried sut for the warnctic field par- '

L]
2llel to tre crystal symmé.ry axie and for the case «<hewvn only six

\

-

s Ay o~ . Sy =SS, T~ i & ] . PO .
Tapooeiers wre conslterad,ac exhlibited ty the tacillonian

H= =B -E. Q*’/”% /3b 0 +1/«0b“0“+1/oOL O +1/12(0u602

nput rvata:

(i) Microwave frequency Vv =9.4432562GHz . -
(ii) ¥agnetic flux densify orientation 8=0°.

(iii)’ Magnetic ‘flux density of EPR trancitions BJ(3=2, ey ?)

.08207;  .21615T;  .3500T; 4813T;  .6055T; , 71117 (T=Tesla) :

(iv) Initial estimated values and searching ranges of the g—valge

) /\J -t ' ) . . N




)

and fineBstruétdre‘%pin-ﬂamiltonian parameters

Input Data:

A

° 2 L ’o' o .

| g by(GHz) b(6HZ)  b,(GHz) b (GHz)  bZ(GHz)

Initial esti- 1.99 1.8 -1.1 .' ,095 --.03 -.0005

mated values N . - . ' .

Initial sear- o . )

ching ranges ' : ’

Starting ' - 1.883 1.749  -1.263  .0908  -.0392 --.;Z;3 .
~ value T . ‘ - :

Increment .015{. .01 , .01 .01 . 001 . 0001

Outpit Results:.

o

Fittings g b3(GHz) | bg(GHz)
First 1.973 1.809 -1,203
Second ' 1,991 1.821 ' 1,191

‘Third - 1.994 1.823 . -1.1886

etc. !

N v

-.0332  -.0007

t -

bZ(GBz) bZ(caz{"

-.032 -.00058

i

-.0317 , -.00056

54

]

Note: The iﬁitial valiies were obtained from a perturbation

calculation,

’\.

\
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R ‘ CHAPTER V

TAPERIUTINTAL  PROCEDURY

1, CRYSTALLCOGRAPHY AND SAVPLY PREPARATION

1
0

XdCls.éHZO is a monoclinic™ crystal with ﬁ:939, a=9,72 A

-

b=4,6 A ard C=7,.9 4, YClj.GFDO is a monoclinic crysialg vith
0 ¢ 1 . ‘L 10 . o] !
. umCl<.bn20 is a monoclinic crystal with P:Q} Ho ,

p=9Z.c
a=9.5 &, v=4.51 & and €=8.0 A.

~ .

In ¥3 -, 7, gt-e 33, is shown a ronoclinic crystalglfor the dC1 .GHQO

3

5TC1_ . 44,0 and ¥C1,.65,0. ‘The marnetic axes also are shown, ‘
c b N .

2

\

a2tory from colutions of CdCl,,6H,0 and !ldC1,.6Y.,0 and SmC13:6H20
» o ~ < . «
The rrevortions by weight are
-
Gd . And 4 1 nd ~d_ 1
=, T AN ez Al o= TAN
- 47100 {100 ° 5= 100

othefwisa a5 soon 3s they forned they liquify asain, For this reagon

3

*

they\fer: vut in varnish as soon as they were grown,

I .

) 2. rIolis TH=D SPECTRA

Fro= the shape of the crystal it was possible to see which way

- N\
\"it should be rmounted in the cavity so that the magnetic field would

;‘,,
Y be in the 2% plane, After getting the spectrum the crystal was turn-
| ed round a lattle and the process repeated, makipg sure that it was
‘‘mounted exactly on the plane desired,
3.  AMNGULAR VARIATION OF SPECTRA
< When the exact plane was known for whiéh the crystal was mounted




‘

the angular variation from 0° to 90° with respect to the Z-axis
was observed. Thg spectra of the NdClB.GHEO for H alonr the
Z-axis’'and X-axis are given by Figs. G, RQFe'jg’ and 7, paée 1,04
respectively: The spectra ?f the YClS.Gﬁag for H along the Z-axis

and ¥-axis are given by Figs, 8, page 41, and 9, pare [ >, respec-

L d

tively. The spectra of the InC g.GHZO for H along the Z-axis and-

X-axis are gi;en bty Firs. 10, parc 4Zand 11, pac2ih respectively,
. _ - .

The EPR angular spectra of A''=tl transitions of the cd”" ion

in SnC1,.GH,0, WdCL, .G ,0 and YC1,16H,0 were measured at 2

vals in "the XZ=plane. The rusults are ygiven in tables I, II and

III, 1 w3es 45, LG and 47 and Tirs, 12, 13 and 14, races 49,
’ PR )

Cra ~
49 and- %0 show the angular gpectra of (&7 in “u01..74,0,

SdCl%.QH 0 and YCIB.GH O resrectively. 1y “"bleg I, 1 and ITI

2
tnere are omissions in some columns, The entrics are not znde
because -the change in value from neichbourirg orientations is grmall,

B
b ©
. +
‘
{
- v 0
:
.
\
o
. [
’
T
i - v
' ’
.
. 2
=
2
-
!
? ]
\]
%
.
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~
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-
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- C CHAPTER VI

o . 4
“

SPIN-HAMILTONIAN PARAMETERS —

"

" ’ c '

The spin-Hamiltonian (6.3) was employed in the analysis of

EPR spectra of Gd3 in SuCl,.6H,0, NdCl,. 3+ 60,0,

The secular determinant of the spin-Hamiltonian is given in-

GH 0 and YCl

Appendix I, page 5l.

The facikities of the Time-Sharing-System of thé'Computer

Center at Sir George Williams University as well as these of

.

Sigma 7 computer at Harvard University were used for caleculations.
The uomputer procedure outlined in Chapter IV was used and the .
: programme is given in Appendix II, pages 52-57, which also contains

‘ the sub-routine for the diagonalization of the Hamiltonian.

LY

The parameters of the spin-Hamiltonian obtained are given

below, The values in parentheses. are those obtained by previous

1

workeraB'lo'

a. 6" 1n 5aCl,.6H,0 )
gy =1.991 (1.99) g =1.9818 (1.99)  ©bJ-1.8441GHz (1.8588)
bp=-.0317GHz (-0329) , b3=-1.118GHz (-1.1849)  bl=-.000556HE
(~00245) |
bj=-.0254GHz b'=.09836Hz  b2=.00068GEz b=.03188GHs

b6~-. 00359eHz ; [b‘*-b =.1237GHz (.1358)

bE-b+bZ=-. 0347768z (-.032978 , '

. Pty P e, R S -~
RTINS U Toc SR T P L N SR T O S RN



b. Ga°' in NdC1.6H,0

gy =1.99237 (1.987) g =1.98249  (1.986) b =1. 86298GHz (1. 83&)

bz=-.0317cnz“ (-.0329) b6_ .00055GHz (- 00125)
b§=-1.0991233z (~1.152) bi:-.OZS}?GEz b =.0983snz
é -
6-- .00069GHz - bg=.oazcnz. : bé:-.0041scgz ;[;2~bh-.12367cﬁz (.1359)

bg-bg+bg-- 0278ucHz (- oauosi]

c. ca’* in vC1 6H,0

3 , o
7{{”2" =1.994 (1.999)  §=1.98247 (1.988)  13=1.89121GHz (1.6009)

b2=-1.118556Hz (2.3024)

b%=-.03088GHz (-.009) 2

4=
b2=.00003GHz bi:—.OlGEBGHz bﬁ=.0989865z bé:-.OOZleHz

{ 62=.oaagacnz bga-.OOhOBGHz

DISCUSSION . . : -

Tixe generalized spin-ﬂaniltonian parameters for Gds’ ion in

, - SmCl .GHaO, Nd013.6l1 0 and 1013.68 O were calculated By using

3
the computer "best-fit" value method the paraneters were calcul-

ated more accurately than would be obtained 'using per'turbation

theory where'small terms are neglected compared with large terms.

¥With this method all the¢ parameters can be calculated hindivi\dually

‘:I.n contrast to the perturbation theary where some of the para-
net:era.can only be calculated as linear combinations of ltwo or . ' D‘{ '

/ ' three, . - . S

In the previous section the results were given together with

@

M ‘ y o AR s L] .
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.-30-
¢ : ‘ | .
R} the gesults by previous woékers. It has been seen that the
spin-Hamiltonian parameters calculated 'in this work predict the
poéition of the 1%398 much more accurately tﬁan those‘ébtaiﬁed

by others,

. We calculated a parameter MSD-é?(AE -hVOZ to test this;

here h¥ is. the energy of the microwave quanta and AE, are the

J

calculated energy differencesat a given resonqnt magnetic field.
The following values of MSD were obtained: s

f

2

Host MSD .(GHz)

NdC1,. 6H,0 . 03653288
4
30 « 15542364 /
YC15.6H,0 . 00556770
The b's of this work for Gd>' in SmCly.6H,0 and NdC

6

smCl 6H,0

3.63 ¢

10

4. are not very different from the ones given‘by Singh et al But‘

for the case of Gdj* in YC1 GB o heierling et ai9 gives only

2
29 bh and b2
for orthorombic or lower site symmetry. The numerical values of

b2 since they do dpt use the complete spin-Bauiltonian .
their b's differ widely from ours.
The g-value observed in this work is of the order of 1. 991-1 99#
‘which is less than that of the free electnon g-value, This deviation
\ in g-value in the case of Gd3+'has been eiplained theoretically by

‘Lacroix}l

who calculﬁfed the g-value for ﬁhe ground state 885/2 of
Gd3+ by considering perturbations due to the excited states fhrougy

the spin-orbit.coupling§¥1..S,. He obtained a g-value of 1.9930
1°%1

by taking into account the 6P7/é excited tate‘hébunins that the

) . -1
4 value of the spin-orbit coupling constant f was 1540 cm .

. .
N . et e ez
B T I T - ST I SN D P
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12

Wybburne’ obtainefi a g\-value of i.99l;5l; fort\t_:he_ groumi state

using a best-fit value for §.

& It should be noted that the closer the g-values are to the

3

free ion value, the less admixture there 1§ of excited states’
(e.g. p-states) to the ground s-states.

Furthermore, the following comments on the g;values can be made:

. 3+ 7. . ’ -
a. Gd ( in SmCl3.6H20

t.rast to that given by Singh et allo Bu =8 .

Agy = .0113 (.0123) (wﬁere Ag, stands for the deviation of

the g-value from that of the free ion). The value in parenthesis is

10

that given by Singh et.al’. Ag =.0205 (.0123). What we notice here

is that our g, # g which implies anisotropy in g-value, is in con-

3

lpadt
b. Gd“ in NdC].}.SHZO

Age =.0100 (.0153) and Ag,=.01981 (.0163) .

.

Here again our g“' is closer to the free ion value than that of ref=

erence 8.‘ Also the ani'sotroxiy.‘of our g-value is greater than the

one given by Singh et a18.

c. 6a°% in YCL,.6H,0 . -

3
Age =.0083 (.0033) and Ag =.01983 (.0143) -

‘Here the, g, =1.999 of reference 9 is in better agreement with that

of the free ion than our value g,=1.994. Again the 'anisotropy of
our g-value is greater than that of reference 9. The fact that
Meierling ot a1’ get a closer value of g, to that of a free ion ¢an

be (a résult of their not using the full spin-Hamiltonian.

-

.In conclusion, it can be said that t'l;‘ere is a very small




’ N ' - !
. & 1
J ‘ N -
6 S8 - . |
\ P?/‘2 S9/3 admixture in all the cases. The values of gy are
in goad agreément with those calculated by Lacroixn. There o .

are, however, no calculations available for g to be compared with

-1 -
our' experimental values, . :

Iz

The hyperfine :ﬂtrﬁcture corresponding to ‘the odd isotoyes

(155,157) of Ga>* was not observed. This is probably becaise
"\ » ) »
the fine structure lines are quite broad (60-150) gauss while the

hyperfine structure “cénetant reported by earlier worker{? is onli A

'

about 4 to 6 gauss. ' /Q\) ' ‘ .

r’ ' -~ [

. . o
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R CHAPTER VIT ST
. - - CONCLUSIOY | _ J

The -electron paramacnetic resonance of.GéT  dopcd in gnCl,.5H

‘ ! 3 t 07 |
NdC13.6H20 and YClS.GHZO was siudic? at roor-temperature, by varying

the magnetic field in the @X-plane of each crystal.
3
- ' ' '

values of the static marnetic field using an itera

[ad
-

e
v

5]
b}
o |
[>%
e}
(6]
a3
f.;
e}

m
Q
=
cr

t
< .
-
~
b
-
-~
W
9]
(o]
laac]

conputing yprocedure. . This method gave us the best-fi
all the pararecters individually. b
’ e

) . .
A definite anisotrepyof the -~=-value wacs obteerved in 51l the

threc hostg irn contrast —with the isotropic wvalues Jound bty fingh

. )
at al‘o for GdB* in 33613.6HZO,

. + - " R
The ¢ valuces of Gd5 dopcd in E&xmCl,.7H,0, Ndli .{EZO and

YC1..6H.,0 were found to lie close to the valuwes theoretically cal-
4« . .
) 11 L 12 . -
culated by lacroix™ and bty “iybourne »
It 'was concluded that since our g-values are nct.the same as
those for a Iree ion, there is °P, - Sg admixture nrc"e;’ )
3 ' IS 'Y 1 L S gLy i 7/ u7/2 <A R4 MRSR T RER 4 IOy

< 4

r

N

Wowev@i, glnce the differénce for the free ion gkvalue is not larre,

this adwixture should be quite small.

3 4
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- «  INFUT

Read values of magnetic field

- B.(j=1,...,%) corresponding to

cdch EPR transition o
- ° ¥ .

Read initial timated values of para-
meters P ,Pi 0,(i=1,2,...). Read ini-

| ]
Lﬁtlal searchiff ranges oft P, 's, ‘
r ‘
rﬁChoose I, and scanvthrough 10 incre-
ments in"the searching range
: Pi‘k(lcil,z,...lo) r L _ |
e .
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.TAELE ! .
ANGULAR VARIATIAN OF THE AM=+1 EPR TRAXSITIONS OF Gd2' TN SmC13.6H20
=7/20=5/2 =5/Pa=3/2 =3/24~1/2 -1/2=1/2 1/2-3/2 3/2+5/2 5{2«7/2 ‘
o 7111 6055 4820 3500 2162 830
2° 2075 6069 4821 3502 830
4° 7000 L6056 3504 \
6* : 4870 2162 . '
8 6610 6025 3544 ,
10° 4965 . :
) 12° 5927 5910 3615 2162 . 831
14° . 5022
16° 5257 © 5700 5065 2242 . 832
18° ' » 5079 - 3805
20 3710 5317 833
22° ~. 5062 2398
24 2310 4752 . 14,092 )
26° 4980 860
28> 1748 . 2560
30" - 3860 4830 4324
32 1430 ) 910
YN . ) 2793 .
- 36° 1210 3100 44,80 4518 )
"38° . _ - 1070 -
4O 1070 4576 3358 -
L2 2580 3996 - .
(NR 950 4570
46t \ 1310 .
4L38° 870 3500 4500 4150
505‘ - . * . ,
52° 810 2078
Sy 3180 42826 L : 5
_5g° 760 1950 4577 1820
b © , - .
60° 720 2930 4,000 ' 3150
62° : ‘ . 4750 , - e
64° 4758 4110 '
- 66” 670 - . 3710 4750
.68° , . 2698 .
70 - "1710 T 4653 4984
72° , ' ‘ 3530 . 1678
75° 2590 . ' 2560
76° 630 : , ) k450 5410 3250
78° ; 325
80" 1592 2500 4304 5900 4965
ge* 5,08
gg‘ . 3355 L2y 0 5432 . 6104
" 88° . 4236 5277 6680
90" - 618 1552 2448 3320 4241 5200 6302

The -values in the above table are in units of causs. e !

i
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TAELE 71
ANGUEAR VARIATION OF THE AM=t1l EPR TRANSITIONS OF Gd2' IN NdC1,.6H,0
~7/20m5/2 b /20:3/2 ~3/2u=1/2 -1/2w1/2 1/203/2 3/25/2|5/37/2
0° . 7195 6120~ 4805 3415 2030 _.- 810
2 34,25 2085 810 | |
¥ 7100 6035 4830 ' | \
Y 3470 2090 810 ! | ,
8 6740 - 5930 4920 . :
¢ / , « 3560 2120 818 \
12° , ' _ : .
14 5580 5720 5000 A i
16° : 376 2200 830 |
13> 4080 5420 5020 ‘ |
20° ‘ . , ) ‘ L
22> 2385 S040 . 4960 4020 | 2360 845 )
24, N , v
26° 1700 4600 4370 c ' -
28 , : 4280, 2615 830
30° a
32° 1300 3650 4620 o
34" . L4115 3080 . 960 -
36" 1160 2190 4370 :
38 . 4480 3425 1065
40" ,
42 995 2520 3980 4460 3760 1185
Lyt L - .
36T, 4413 4060 . 1300
45" 840 2260 2560 '
507 A 4280 4280 1505
52° - '
54 800 2030 3200 . 4120 4460 2090
55° e @ g .
55° . 3940 4525 - 3290 i
. 60" 770 1280 - 2960 a
62° 3800 4570 4180 802 g,
64° s -~ : :
egm 730 1780 2740 3665 4500 4620 1700
68’ ' , .
70° . 2580 45440 5040 2380
72> 694 1670 . 2590 . . : i
74 - 3465 4320 5280 4080
76° L ' ‘ |
"58’ 690" - 1620 2500 3400 4260 5345 5185
o . . ~ L ,
82" : 3360 4220 5280 6170 °©
8 ' 690 1610 2460 ‘ , 4 “
86" 3320 4210 5150 6750
88" 6779 q
90" 687 1593 - 2428 3314 4200 5120 6779 :

The values in the above table are in units of ga{xss. ' ‘ "
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TABLE III
*ANGULAR VARIATION OF THE al=tl EPR T=ANSITIONS OF Ga>" 1IN ¥YC15.6H,0
-=Pf2~=5/2 =5/2==3/2 ~3/2.-1/2 =1/2-1/2 1/2~3/2 3/2v5/2 S/2-7/2
o 7265 , - 6150 4813 3430 © 2110 833 . 227
- Z 7200 6170
. & 7105 6169 4875 = 3460 - N 227
.6 6900 6147
8 6650 6125 4955- 3510 2116 840
10 6z80° ., )
12 . 4780 5920 5040 3660
1y . 2200 - )
16~ 5660 ) - .
.18 5540 5140 . 3880 2280 850 230
200 5120 ~
22 4350 . 5100 5,080
2y e 2465
26 ' '
28 3985 4900 4395 2610 890 258
30° , . . :
320 3270, 4680 4520 . . .
3 2070 930
36 . : :
38 850 . - 2640° 4270 4640 3360 1090 710
4o 4641 .
42 Lo 2320 3815 : ‘
ug‘ 680 <7 4,640 3910 1250. . ¢
INY R . . , . .
48 2055 - 3390 4530 4250 . 1460 375 ‘
50° : ) .
22 1940° "~ 3140 g
5y . 4310 4,640 1685
56.. . s ) ¢ N
58 1760 2910 4105 4800 2110 . .s5p0 . o
60. : . ‘ ) <
N T A 15670 2785 4845 4310 -
64 580 . . 4340
66’ ‘ > o
L 68° - 1590 2610 3640 4760 5040 660
70°
72 ‘ 1545 2520° 5330 770
74 560 ' 3510 4570 .
76° . Sy : * g |
78 1490 aﬁéo 3431 . 4400 5620 . 930 .
80" } i 5616 5740 )
: - 82 1468 . . 6418
, 84> 550 2432 3390 4316 5540 6680
86° . , o _
88° < 1459 3370 - 5320 6
907 544 . 1456. 2430 3350 4311 5250 6960

1

. The .values in tho above table are in units of gauss.
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e
08 80 K=1,10
D070 Js1,6
09 7 [Ms1,10
IF(IM=11635,6

P([.u):p(;,1)0(&-1)'DP(1)

GO -T9 7

PULI“,<)aP(Mp1) -

CONTINUE

e 1C0 As1,8 °

Dé 100 JAs1,8
S(1A,0A)29,0
R(1A,JA)=0,.,0

P5EsF(1/K)sGoeB(J) S
‘S(lo1)33050F08+7'lP(cIK)*70'P(5AK’+P(lolK’ .
S(242)5234Pp+P(222) =13 *P(S, V=S4 02 (1704) ! . .
.S(3,3)= 1.30#5~-:~‘r(¢1<)-3-'“(5 Ky+3eeP(1Cix) -
S(goq)l-5’F“B'3"P(ro<)’9'* (52K)=Ce=pP(10sK) .

5(505)=a(h)4)
S(6:,6)=5(3,3)-

S(707)2S5(2,2)=5.%P88 . o -
S(805)3Q(101)
Q‘I‘J,sr\?’P(3) ‘)/-1J¢n Tl A8D( 4, }K)/?o¢?o§’ )4)/(;7‘!}3’

5(1,%)-~7-rtu,K)/:5+rb&r(8&gl4n7
2 LV/RT7 :

S(1:7122+2P(S

St2%e )8«30?(3; )‘P(&lk)/CRa'°o)'p(71 )#2e/RS
'S(oob’=i3'P(Lo&)-—(ftﬂ)/Qa .
S(3ab’tgchD!P(3:()/“3-?-‘P(C:K)*‘3/‘50»0t?-b?(7:()/«3

St2:,0)xS(1,7)

‘S13,1135(1,3)

S(3,72)=8(2,6)
Sl4,2)aS(2,4)
St4s6)xS13,5)
S(418)25(1,5)

© S(551)55(1,5)
S(5+3)35(3,5)

S(5:7)25(2,4)
S(6,2Y=85(2,86)
S(6:4125(3,5)
S(6,3)25(1,3)

"S(7,2)=811,7)

>t

51703)39(?a6)
S1749)85(2,6)
S(8:2)25(1,7)

S(8:4)28(1,5).

S18+6)35¢1,3)

C&Lu JACBA] (BISolthoR)

DE 50 M=1,8

=(JAKIH)'¢(”)H"\ ST, ’ . a - : ' ;
50 "CeNTINUE : .
D2 60 L=%,7

Lislel

TE(JaKoL)-AdS(E(JoR:LI)°E(Ja<oL)) ! .
-CONT INUE .
C Jdudal : * _— : : ; . .
: TTE‘J;K)!TE(J:K:JJ) T L gt

CONTINUE
SHD(K)n0e0
0271 Jai,s

SWD(K)lSHD(&)Q(TTE(J.K)-HN).qE <
7 ce\rxkus . o
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P38 ~ _
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87 FBRMAT(F15,8) ..
80 CENTILLE - J . .
SQMD-QVD(1)
Ce 82 K=1,10 . ‘ .
IF(SMO(<) =55)) 8L:c2:82 . S i
81.SSMD=SMI(K) : _ . .
"(101);:‘(1,(1( -1}) . ) . . R ) . _
£2 CSNTINUE ' . .
CP(1)=D"(1)/5. i | )' e :
rRITE (6,34)(F(11, 1),11=1o103 A T S r
&y FQR*AT(6F100=/5F10~R) * . . e
85 CaNTI\UE ) e . . o
WRITE(6s87) SSMO ' B :
IF(35¥C-.C0%1) 113,110,101 C <. o ° .
101 CE 3> [=1,10 : ‘ . o . o
CP(I)=CP(1)/2. . = - y ' '
95 CSNTINUE “r L ' . )
.- 59 T8 10 | I . ;\ ‘
110 STaP ) ot
END . * A '
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SU3RBUTINE JACOST (1., C JVEC,*, V) Ce
SUBPREGRAY FRR uIAu“A JZAT (o 2F mMATRIX. G ?Y J-CCE FATATI\3
OIMENSIEON “(¢58)0V(e;8)o£(9)pIH(8) ' , i

1‘1

NEXT 8 STATEVENTS FES SETTING INITIAL VALUES OF MATFIX V

IF (JVEC) 10,15,10 . ’ “

02 14 [=1,N .o

DE 14 JU=1,N

IF(1=d) 12,11s12

11 V(I,J)s1.0 .
G2 TO 14 ’ . ,

12 V(I,J) 0o - | : Lo

14 CONTINUE . ' . . - '

15 M=) ' : :

" NEXT & STATEVENTS ScaN rOR LARGEST 2FF D1AG. ELEw. IN EAVR RO *
X(1) CENTALS LAIGEST SLEVENT IN INT RAW \\\\\\
1h(1) HDS s;c:xb SUBSCRIPT TEFLNLS pachxnh 9F ELEMENT

Mley-l L - ' ' I
CD 30 1=4,M1 ) '
X(11aQoe -
Mda]+} - -0
02 35 J=Mdy
1F (X(l)-AoS (3(14J))) EGr23,30
20 XtI)=453 (G(1,J)) o
11(1 )=y . ’ )
30 CeNTINUE ) ) .

NEXT 7 QTATE%thS F1ne rGR ZAXTHUN OF X(1)S F5R FPIVET ELECFENT
4o C& 75 I=1.M1 , . “
IF(l-a) 6026Cr45 = - .
45 1F (XMAK=X(])) 6C,7¢s70 T . .
63 x“AXsx(l) ‘
IPa] _ _ ] ' .
Jp‘l“‘l” 'c . . o ! . . P
70 CAONTINUE ' . ' -

Y

NEXT 2 SYATEMENTS TEST 2R XwAX, g LFSS THAN 10ws=f,38 T 1000 '

5951-1055%

TF(XMAX-EPST) 103C1000,148 _ i
148 Mapey

NEXT- 11 STATEMENTS FER COMPUTING TANG,SIRELCISN,C(I 110U U) -
‘IF ( (19119"3(JP)JP)) 150,151,151 .

150 TANG2a2.e3 (IPoJ”)/(nES('(lPolP)-LtdaoJP))*S’RT((”(IFIIF"b(JP:JP) i
1100244 vQ(1P,UP)*s2)}) : .

‘Gt TO 160 ' T .

151 TANG242.99( !p'Jp’/(ALS(r(xPl!P)"Q(J:' 'P’)"S .kT((C(lPl[P"C(JPlJ”) .
1)eelesv(IP,UP) #e2))

160 CUSNa1+3/335T(1e0+TANGe ) _ ~ ‘
S]q-lIAwG-C?SN / . . -
cll=g(iP, 1P . .
'Q(lpolP)'C35&6§8’(QlT*TA'G'(E-'J(IP;JF)‘T&\ *3(J°,JFIN)

CUUP, JP) sCOSNP 022 (BIJPH R =TALGH (20 e 3L IF)JP) =TARGAGLIN)

. 4 X A ,

;
3
1 M ' %,
. f . N . M N
. . - hd %
\.4”’& n\ct "~ * ‘1' B TV U . T - o N . o . . L N / M . -
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- (P (1P, JP)2D,

152

[ -
()]

[
~N N
ow

{
NEXT & STATEM—NTS FoR pSEUDn RANK OF THE TIGENVALUES

IF (J(IPIIP)-J(JPJJD)’\'C?J 53,193
TEMP=2(1P, 1P)
iy ¢ Fllp)’i(Jp Jr)
B(JPIJP) =TEMP. )
\ A S

NEXT & srkrs~rxfs’rrn ATJUSTING SIN,C8S FOR CHvPLTATATICON

IF(SINE) 154,155,155 .
TEMP=+CRSN ‘
G 70 170

TEMP==C2SY
CaS\=zABS(SINE)
SINE=TENP' : *

DETSRMINE aHETHZR A MEa YAXINLM VALLZ SHOULC B
THE PRESINT MAXIMULM IS IN THE- I 9 4 KBw  °

~D
W

350 1=1,v1
IF (I-12) 216,350,200 C
IF (I=J”) 21C,3230,21C
IF (1n(])=1P) 230C,2435230
17 (l“(X)"u ) 3vUICO;13k0
£z In(])
TEMP=L(1,K)
f}(]u()=00 i
MJs=]+1

X{19=00 ‘ ‘ ’ *

. MEXT 5 STATEVENTS SfARCF lu JEPLLTED RO F3 WE.n

300

- 320

O

O Oo0n

350

- 370

386
390

/400

DB 320 JzUsN

IF (XCI)=A33CACL2))) 35502330328 .
X(I)=ABS(AWLad)) . : i
IH(I) =g
CONTINUE
G{IK)=2TEVP
CONT INGE

X(IP)=0e ~.
X(JP)=]e - .

1
o

"NEXT 30 STATEMENTS FOR CHANGING ThE 8THER ELZMINTS OF €

DS 530 :Ja1,N

TIF (1-12) 37C:530,420

TEMP=R(1,1P)
GU1,1P)aCrSNs TEAP+SINERS (L, uP)
IF (XC])=aBS(R(121P))) 330,3°e,390

X(1YsARSLAILP)) , *
JH(1)=]P- T .
Qe J’)--:x'E-TeﬁP¢c°S\-“(x.JP)

IF (XU1)=a85(3(123P))) 400,530,530
X(I)=ABS(23(1,0P)) .
IH(])sgP .

69 T8 530

HAXI¥UY

IF C(iik).vci.fi




429

430

440

450

1000

IHCIRY Rl - o T R .

NEXT 6 STATENENTS Fii TeSTING C?uquATl-s 8F E1GENVECTEiS

Y

%] oo . i .
' , =57 - _ N
IF (1=-UP) 435,53C,050

TEMP=S(IP, 1) ,
QUIP, 1) 2CSS#TE“P+SIVEs (1, JF)

IF (X(IP)=ABS(C(IP,]))) uho»4=o.~=o
RUIP)speiS( (IP:I))

Gtloup)--sxur-T»MP+cnSk~9(IoJP)

CIF (A(1)=ABS (U1 0P))) 200,53C,530 LN

TE er(lP,[) @ .
9‘1”:I)'C“Sn*TEPP+SI\E~'(JPpI) -
IF(X(IF)-2aS(GCIP,T))) ©90,506,500.

FXCIP)SABS(GUIPIT))

IH(IF)al

.Q(Jpa])'-QI\V'TE"°+C‘SN'3(J9:l)

IF (XtUP)=ARS(C(IPL1))) 510,530,530 ’
X(JP)=ABSIS(IPII N , i

TH(JP) =] ‘

CONTIAUE _ ' - - -

|

IF (JVEC) aao,qo,Sbai

CO 35 lsi,N . .
TEMP=V(],1P) ) e T .
VO [P)2CagheTEAP+G 1  FeVv ], JUP) - . )

VIIsJp)eeSIEnTeMpelrSNev(Iup) -
RETURN _ . L
E‘\‘D .1 . . . v .. w
. . L}
. * .
l S~ y J
- .J . ) R
Jo— ) . ! ‘ \ .
1 ( . ~ . . * i
¢ - N
.
~ . . u
. ¢ '
. + y
‘::: - -
- B -
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