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Electron paramagnetic resonance measurcnents on F33 in .- @

F “0 « ’ by
’ LN -~ * 4 1
= guanidinium aluminum sul fate hexahydrate, C(NHZ) Ajﬂ?z-mizo 'at
, . 300 X, 79.0 K and 1.6 K, and in di- anmonium indiwl pe

”

ntachlorido

monohydrate, (Nll4) InCl5 H20 at 295 K, at X-band frequencies are
\.J

presented. Th\e valueg © 1 ‘the ¥pin Hamiltonian parameters are
deduced from the data using a rigorous leust-squares fitting . : W

N o . procedure, in a simultaneous fitting of the data corresponding to . %

2

<} - " ten ‘oriéntations of the static mgnetic field, - o ;
For Fez in C(NHZ) Al(SO ) -6H 0 the sign of the zero '

, field splitting parameter b2. as determined from liquid .helium data,

" is found to l;e‘ ne‘gativ,e. In périicular, :thts fdliowing i'alues for the -

g~-tensor, and bo are found. At 205 K, for site I:.g = 2,001 # .003,

g.. = 2,004 + .003, b0 = -8.622 1 .008 ghe; for site IT:g,, = 2,002 ‘

XX - 2

t .003, By x

1,994 4 .'oos, By ='1.992‘*-.003, by = -8.931 + .008'gHz;

for site I1: g,, = 1,996 & .003, g, = 1,997 £ .003, b)

site I: g,
n -8.808 S

[
* 0008 gHz-

N ‘ ’ - 1 . . ._ - o . P
: : ‘ , For F03+ in (NH4) 21nC15°H20 the following values fo_r the ‘

.
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g-tensor, 'bg and bg are found. At 295 K, for site I: gzz = 2,014
. ' 0 , . N ) , r
.203. By = 2,016 :’ .003‘, gyy" 2,014 +.,003, b2 -1-4.570 + .008 gH'z‘,
b, = 2,545 # ,008 ghz; for site II: g,, " 2.0105 .t /003, g = 2.015.: \
003, g = 2.008 + .003, by = -4.563 '+ .008 ghz, b2, = 2.547 1 .008 gHz.
As well it is found that the Z and‘x-ax_eé for the two ineqz.'zi'.vqlent
sites lle in the ac plane, with the Z-hxés making angles of + ( 40.00
0 . S
+ + 0.,25°) with the a-axes, L
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. ¢ INTRODUCTION . - :
The purpose of “this work was to obtain(detailed® J

iformation about the electron paramagnetic resonance (EPR)

. I 2 A
spectra of Fe3* in guanldlnimn{al‘uminum sulfgte he xahydrate

. (GA3I) and in di- ammonium lndium pentachlorlde menohydrabte,

»
An accurate knowledge of the spin l’amiltoni.an '

parameters, among other thlngs, ls requlred for ‘the calculation

LAY
of dynamlc nuclear orientaﬂonﬂd the analysis of Mossbauer

- .
]

data. The motivation for the present study was to Find samples

suitable for the study of the detec‘tien of dynamlcally oriented

Rké nuclel by the Mossbauer effeet.1 2 " L ) -

The electron pnramagnetxc resenance spectra of Fe '*
in GASH hks been investigated by Brock et. al, \ and Schwartz

at. al, 4 Their parameters han> been calculated using four

I L) v
. lines at an X-band freq\lency along one axis of the g-tensor,

Py

values of .the spin Hanmiltonian i:arameters quoted here |

“ The
are calculated uslng a procedure cmploying the least- squares

fitting as developed for the analysis of EPR data by M1sra,5‘

which slmultaneously considers magnetic resonance transitions
obtained fo;; any nunber of orientations of the static magnetic -+
§

field. Approximately forty-five lines at ten different orientations

® are faken into account to calculate the parameters of the spin

’

R T TR - Rk PR RN ‘f*#:
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g ¢ ! " 'Hamiltonian. The spectra were obtained at 295 K, 78.99 K and * _
. ™~ N N E -
. 1,61 K.- The low "temperature data being used to determine the . i

‘ ,"absolutc signl ‘of-the 2810 fi'cld;\fplitting para:meter Bg. This '
_— o in-depth study has ;')roduce;.l-severa;l imgg:;tg\t results:(i) the
~o previous identi\fications of observed magneti-; resonance transitions
\A '_\/a/re ”found, incorrect, ahd hence (i) the .parameters which cha'racteriz? h
B T the’ EPR spectra quoted here are substaf\tlally different from those . ;
B quoted in ﬁ’fs. 3 and 4. . -

T ’l‘he Pe * iof in (NH4) InCl. -H.0 has previously been | 4

+ studaed by Weseme)ﬁr and by’ Amtay7 but has not bee.n pubhshed

-

e
The spectra was investxga ed at room temperature and analyzed . b

* in a similar fashion to Fe 3+ m GASH Previous, studies calculated '
— 7 -
. the parameters using, the data obtained for the magnetlc field | “
{ / .
orientation aglong one axis of the g-tensor whereas this study used

Ll . -
K

and Z directions of the g-tensor. Therefore, these calculations

|
i o ) “ ten orientations of the static magnetI® field incfluding the X, Y, s &g
a \ v s
provide a more accurate set of parameters. In additien,’the EPR L

l . ~data is.used to substantiate the microscopic crystalline structure

B

4 -

O R of (M Il 0.

¥ ey

) In chapter II the reIevant theory and the spin Hamltonian

-} ) for each sample are presented. The details of the EPR spectrometer .

. are given in chapter IIT, Chaptet IV describes the proceduf'e for ’ ' i

. ‘ /* ¢ ’ ’ E: g
the analysié of the data. Chapter V and VI contain the analysis )

H

l'\ of the data for Fes+ in guanidinium alun inum sulfate hexahydrate.
| and di-ammonium indium pentachloride monohydrate 'resi)ectively.'
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- , _SPIN HAMILTONTAN FOR Fe” in GASH AND (NH,) ,InCl "H,0 3,

~

k) . Fegf+ has five electrons in the 3d shell (electronic
. - ;

. spiﬁ s = 5/2) and the total Qrbital angular momentum of the ground
J “state is‘T = 0. If this"wasipurely the case, in the absence of a.
~ L4 = . i
magnetic field the sextet would have no splitting and the
‘ 5 ,\

?

-paramagnetic resonance spectrum would be- remarkably simple. However

-

in zero magnetic figld the levels fall into three Kramersa'doublet;

eV

' i)
indicating that the lattice ground state of these ions is not a

1 : '
pure S state but has smll amounts of higher statds admixed into
. y -

it which leads to a wore complex magnetic resonance spectrum.

e

- o + - .
Thes spin Hamiltonian for Fe3 contains terms Tepresenting
) . .

the Zeeman interaction of the magnetic electrons with -an external
)

R

os magnetic field and level splittings due to indirect effects of the RN

»,

crystal field. As well there may be terms representing the

. .+ Hyperfine structure due to the presence of a nuclear ma gnetic

dipole moment which is non-zero for Fe>’ for which I = i/z, and

the Zeeman interaction of the nuclear moment with the' external
field.

The electronic Zeeman interaction may be written as

HZee"'B(_»‘H' £' %) (1)

. : where g is the g-tensor, H ig the mamseti'c field, S is the (/
. \

electronic spin‘and 8 is the Bohr magne ton.

L
" - {
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B T o s s w% T R, " WW&:@W%‘%“ o Wg&w f;rvm@;«.{a% e\t ».'—:r",dt'g‘“g\i’uy‘ /
» . ~ " A . W ‘ :
' ~ . 4 = A T
K, ~~ L ° .
, 3 \/’_ s ‘f 4 . N '
~ ) 4 g’\ ‘ J )
. 'l'he effects of the crystalllsne electric field arise :
3 |9 o ) 3 " 4
. ' from basically octahedral, tetrahedral or cubic array of '
B suryoundin g niegative charges or ligands. The nearest-neighbour ) K
B ~ . . : . , C *
- 3 “jons dominate in determining the crystal potential. Ordinarily
| " « ' > b '
‘\ 4 the surrounding charges are axially distorted with a tetragonal .
B or trigonal axis of.'symmetryl The crystalline potential can ‘
‘ be expressed as - 2 . N &
y m -m m ¥
. | vered) = 2 2, xEAp (¥« (1Y) G T
} § £2=0 wm=-f , N~ i
s . . o 3
| « It is known from time-reversal invariance ‘that £ is even (&< S). ‘ ‘i
| ] i . s . ‘k“;
] Therefore, . ) . . g
B " wrow = B0 5T AR, (iR . oMy @ 5
; - SR 0 et Aze 22 20 . ;5
e ; i
\ A
i A charge distribution a‘oduces a potential V(re¢) for several K
if 3 ! , electrons j which, gives rise to the crystal fmld Hamﬂtonlang " é"}
% 3 "‘,.‘
. v &
= ¢ V(r.6.¢.
N H ¢ 2 V( 3 J¢J) « &
: - "y ;
A . ) ..
" R .ot . .
, S A S SR .
i ; [ ' ‘k=0 q=‘k : -~
where the ot = o, ‘are operator equi™alents to r2£ ( Y,
| X k 2L , 22
’ ‘ . \ , + (- l)mYz_C ). The number of terms in the expansion is limited,

by the electronic configuration of the t'rax;sitim; ion which
N - te

The interaction Hamiltonian9 for the electronic

spin S coupled to a nuclear §pin I in a mégnetic field H is

Ho=8 (A% :T)+5 K, T - (s)

|
' * ' is interacting with the crystal field.
|
I




, : B Yo . ' Q
32 C \second term is- the hyperfme structure where A s the hyperfipe

i
i _ The matrix c]ementq of the tensor operators OE for § = 5/2 are N\,

.

AN
a
-
>

4 ;ﬁ&&‘ Fuod

. e~
T B T g e

4 - “ P r— . o ) »
* . / T 'l‘ho first term is the nuclear Zecman*interaction wheg;e Bn is

»

: . N the nucl?a?ir ma gneton and g is the nuclear g-tensor. The

P

13

*

o . A X N - . ;

v - . couplmg tensor. - - L A
- © .

\, . , . .

‘ Toa ‘Thus ;he general 1nteract1§1 Hamlltoman9 for an A

electronjc spm S = 5/2 coupled to a nuclear spin I = 1/2 S P

* ‘ P 2 P . ~ Ve N )
. . . in a magnetic flelg\H is 7~ ‘ A - -
. ¢ .;Z' - ~
» ol » c " - - . . . q q - - . = . - - ) -
‘. ;D> H=g (A % .8) + Lo B '8, (H-g -5 +3
~ . "4—q"'4 ' NPT
' ’ . . k<4

>l
4
—_
[= %
-

.

where the crystal field term expansion is - .

. o w ‘ 0,0 3202 + 8%0 + plo! 4 3202
L | fiog = B03 + B30, B0y * B0y * B0yt B0y ¢
=T . 1, -20-2 , o511 " -2 -2 g‘s =% .4 -
N5 3" { . - - - - - - - - -
Lo L‘\ A \/é 0, +B,°0, +\B£}o4 +B,0,” +B,70, 4

+
=]

= a

A LA i ]

P 'tabulated ine Ref (8). ' The elements are diagonal fof operators
< s <& *° , ) / -
N with q = 0 and off diagenal for q # 0; . . ¥ .

“ : - . ' _ The spin Hamiltonian may be further simplified for

o

“

“the_ion under consideration from a knowledge of the point ‘group.. . /

-

symmetry of the site off t;hf ion. The terms on the ;right-hand, ™ L
s a ® , AN - .. \ . . - v

side of Eq. (7)'whic,}1 do not conform to the pgint group Symmetry -

¢

WAITL 10 GACSWMTORAIEST AT v

- ' are elimimated. Thé greater <esthe point group/symmetry the .°
e . N ° LSEEEN | .. Y. ) . A

- ' ‘smaller will be the number of terms (hence the nunber. of S

1 ;o ¢ \ ) ° . A B M . Y

parameters) in the Hamiltonian. 'The point grolp symmetries’ ‘ .

s

\ and the spin Hamlltoman for each of the crystals 1nvest1gated - -
f ;“ : N Rl S .3 " s - :' \ . ) -
Tt .will be discussed in the followmg two sectlons. - P

. T
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- 2.1. Spin Hanultonlafllor Fo* “in Guanidinium Aluminum

. ‘, ' Sul fate Hexghydrate

\

The crystal structure of guagjdinium aluminum sul fate T p

By

‘hexahydrate (GASH) has been detérmined by Geller and Booth.10 The

, unit cell parameters are : a = 11.;h5A'and c = 8.592 R. 1 The

v
point group symmetry of this trigonal crystal is C3V and the spacgg

group is-PSlm with three molecules. per unit cell as shown ’in ~
13

B AR TR L ke B R N Ll 7 \r alitk pES R 4R AL L)
2wt Jady PR ot V- o 5 X 3
SN 0 W e il ol S R e e

Fig. 2.1. The A13+ ions (replaced by Fe3+) are qn a fhreefpld

axis and are surroynded by a somewhat gistorted'octahedra of water

- _molecules. "The guafiidinium ions lie above and below the octahedra

ang are loosely bound indicating the possibility of disorder on o

1 o
? Of the three A13+ (Fe3+) ions per unit cell, two are

-

rotation.

equivalent to cach other and beiéng to site II;.the other belongs

to site I. In the EPR spectra of Fe3+ in GASH this is équiValent
R
to hav!hg two sets of spectfé superimposed on each other, the

intensities ‘of the lines corqgsponding to site II being twice

the intensities of the .lines corresponding to Sitﬁgﬁb TN

o The poiﬁt group symmetry of GASH is consistent

t L 4 '
] with the tensor operators 02, 02, 03 and 04 ) thus the spin . )

3for Fe3+ in GASH is

\
Hamlltonlan as wrltten by Bleaney and Trenam
g . 0 0. .00 3.3 3 -3 1
. : . H=2g(H- g 3) + B0, + B,0, + B4O4 B, 0, (8)
: ” \
The Hamiltonian is expressed with thé\Z-axis beingiparallel to
- * . o&:\& R

the crystalline c-axis.

The explicit calculation of the elementsi§ iq. (8) leads

" to the fOIIOW1ng Hamiltonian matrix. . h

[

s
» " \-/(*/.
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Fig, 2.1. A schematic of 4 unit cell pf GASH looking down the c-uxis. The .
trian gles represent threefold axes §fith Al ions in the plane of the paper
. ) o ' .
and a_ idinium ion above and below. Each Al ion is octahedrally . -
| surrounded by six waters, The circ,les(?épresent SO‘;-'_ groups above the plare . -
| - ' ’ ' L .
and the dotted ones below. . ) -
- ' ‘ - . ‘ \r :
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~
surrounded by a.distorted cube of six chlorine atoms and two

I3

L e R
2,2. Spin Hamiltonian For Fe3+‘in Di-Ammonium Indihm ’,)’

hid

A - -

Pentachloride Monohydrate

The crystal structure of di-ammonium indium*penféchloride
monoﬂydrate [[NdeéInCIS-HZO] has ‘been studied by X-ray diffraction
methods,14 as well as optical‘goniéketry.ls‘The dimensions of thé
unit cell are a = 14,108, b =~i0.17A"and;g = 7.16R.+ The point
grqgg symmetry of thlS orthorombic crystal is D2h and the space
group is P omat The lattice is built up of NH4 1on§ af\d‘an"5
oc;éﬁedral complex (IﬁCIS-HZO) 2~ ions where fe3+ replaces In3+.u .

The ottahedra are distorted because of ‘the -unequal size of the
. ) ¢ ¢ . ‘.
c1” ipb and the H20 molecule, - A ‘
\ ,

* Figure 2.2 shows the unit cell of (Ng14)2~1nC15.H2014 .
looking down the b axis. Indium (Iron) is surrounded by five
chlorine atoms and a water molecule atAthé center of the distorted

'

octahedron. The yater molecule is not distributed rangomly but )
6ccupibs a particular*corner of the.octahedra that lie on tﬁe L N
synmntr; planes in thé cell. In the diaéram the octahédré located
on ﬁhg_symmetry plane at y = 0.25 are del}neateé with fuli lines
while those on thé y = 0,75 are given with dashed liﬁes. The.
varlous chlorine atoms of one octahedron are designated by Roman -

{ . <
numerals. s« Each chlorine IV stands for two chlorines at equal
d1stancgs above and below the symgetryﬁplane. 4The NH4 ions are

o

water molekules. At/fﬂa\§§4: positions in the diagram there are - . _,

~

. , 2,
B O A, i R I R D ( oote BRI b oners "%#'\Wm-%w wsw'e WWW%“"WWWW“
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Fig. 2.2. A schemtic diagramof a unit’cell of (NH)) 2InClS«:‘H

- looking down the b-axis.
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Hami]toniqnlS. for.Fe3+ in (NH4) InCl

- | 11

I3

actually two NH4' groups separated from each other'by half the
length of the b-axis. 14 ' L

The unit cell contains four m> (‘Pe“s*')' fons,

labelled 1, 2, 3 and 4. Sites 1 ar;d 4 form one‘magnetically
equivalent pair as do sites 2 and 3. In the EPl{ spectra of
a3+ in (M14)21n015 2O this is equlvalent to having two

identical sets of spectra supenmpqsed on each other, the

~

intensities if site I and site II being equal. - It is noted

- e

that all four sites share a common b-axis thus the spectra along ‘
this axis will not be split due to the two sites.

The DZh symmetry of the host lattice is consistent

with the tensor operators Og, Og, 02, 02 and 0:. Thu;! the spin

g H20 is given by

H=3-(ﬁ-'§-3)+820g+30 +BOOO+B202 B

44 "y
292 * BaOy * 8404 * B0y ()

16 the axis -

Following tlvge conventmn of Weger and Low
along which the overall sphtting of the lines is maximum is o
chosen to be the 'Z-axis, Of the two, xemairng axes, the axis
aulong which the splitting is greater is .cho(sen to be the x-.ax1s
of this coordinate system, the remaining axis is then the Y-axis..
Unlike GASH the Z and Y-axaesfc‘)f,t'he g:tensor do not coincide
with any of the crystallographic axes, thou‘gh" theyl lie in the
ac-plane of the crystal. The X-axis, however, coincides wi;;h
the crystalline- b-«axis. -

A

The explicit calculation of the elements of Eq (9)

leaas to the following Hamiltonian matrix.

1
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2,3. “signs of Crystal Field Parameters.

Kvod « s
. L

I¥ is well known - that each of the parameters g ., B,

. and gy ure positive, however, the absolute signs of the various
B; must be deternﬁned using the intensities of the*lines at low
temperature, .In order to uniquely determine the 51gns of all
. the parameters one only needs to determine tﬁe‘gigns of one of

the B: with q even, since their relaeive signs can be’ determined
from thelﬁPR data et any temperafure. As in tnehdiscussion of
Abragam and Bleaney,8 the mos't apgropriete parameter for this
purpose is Bg ,  the parameter that determines the zero field
eplitting. Tnen)at low tenperatureh\51nce (1) the inten51t1es of
lines are- proportional to the populati‘ differences between the
" levels which the resonance takes place, ) the greater . the I
s population of a'level the lower 15 1ts ener thus B is

‘ positive (negative) if the obsetﬁed intensity o |aM| = y/A/Ht;>

(M are the magnetic quantum nnmbers) lines which occur at the -« .,

higher magnetic field are greater (smaller) than the intensities ¥

. of the lines which occur at lower magnetic field value \<

’
J
\

Therefore the'energy difference between adjacehx
le els lying ut a higher energy (differing in their magneti\
quant m numbers by 1) is sialler than that between adJacent

\ ing at lower energy for Bg greater than zero; for Bg

“ N . ) . - ,
erd the‘opposite is trie. Once the signs of the

~ levels

less than

1

parameters are determined, the lines may be identified with -

> —_

the correct quantum numbers; ;o

%

Fue

3
L

)

2
N
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CHAPTER III

v

. \
~ ‘ ) - EXPERIMENTAL APPARATUS N

<

A reflection cavity X<band spcctrometer17 suitable 7

.
) 4

dependent spin resonance measurements. A block

S L T g "

3

5

diagram of the spectrometer is shown in Fig. 3.1. The

Co description of the various components is as follows. - .

« v
& !

e
L Ay s e e
ke A

3.1. The Microwave Spectrometer

LR

]
l
T~
PSR Y

The microwave source is a forced air cgoIed‘V?rian ‘ [
X-13 ;éflex klystron with a‘frequency range of 8.1 to 12.4 gH:
and a power rating of i80 m . A Hewlett Packard model 715A s
power supply produces the required beam voltage of +400dic 7
with a ripple of less than 7 mV/aﬁd a beam cumrent of 50 mA.
A range of 'reflector voltages from 0 to -900 Vde with stPect / p
to the beam supply are available with a ripple of less than ‘ a

v

10 mV, The filament voltage sypply. provides 1.5 Amps at
3‘/‘ 6-3 vac- ) ,

- \
Elegtroni¢ control®of the klystron operat1ng .
a frequency is acheived by a Micro-Now modél 210 frequency

stabilizer\_The klystron frequency is 3tabilized by locking

»

;f - . ' 14 ' ¢
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it to the resonant frequency of thg¢ sample cavity (rather _

than to an external reference cavity),\so that if for any Y

will follow the change. . Stabilization is achieved by applying

P

a 10 kHz sine wave modulation voltage and a orrection

*

which when compared to-the case with a magic T, éi1m1nates .

_ the division of incident power betweep the sample arm apd

the-tuning‘arm of the‘spectromét‘&r.18

¥ . . i
A Hewlett Packard model 382 calibrated atténuator

5 -

is connected between the toad éﬁd the klystron to reduce the
_ signal intensity‘incidént upon the load. This is*adjusted
.to give 6ptimum'signa1'to noise ratio.{ Proper biasing,ﬂf

the BAV 46 Schottky diode is provilled 4y coupling éfi; ten

1

’ percent of the incident power into

-

bucking arm provided

“with an attenuator and a phase shifter. This power 1s‘coup1ed

into the’ detecting arm after the c1rcu1ator and is used to
- . 4 \ N

buck out or enhance the power 1nc1dent on the dlode detector.7

19 -

Figﬂre 3,2 shows a detalled view of thexcav1ty arm
of the spectrometer. Slnce'this‘grm is de51gned'for use inside-
‘the cryostat the top flénée is sealed off fbr'éyacuafion purposes

»

by means of a mica sheet., The tavity arm ii evacuated in order

-
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Vs *
3 ) to redu?e condensation which will otherwise disturb the tuning
T t v
. . $ '
N qf the sample cavity at low témperatures. . s

D

{ . The cavity, whigh is gold plated, is a rectangular . .

- type, resonating in the TE 5,
» : .

g ) ' 9.41 gHz at room temperature. The éavity is coupled to the
waveguide by a 0.010 inch thick gold plated brass sheet with an

-

iris in the center of 0,20 inch diameter, The cavity is’matched

mode at a frequency of approximateiy

-~

. " to the waveguide by a 0.030 inch inductive pin. The pin is

3

M - ~ '. coringcted to a cam and rod which leads to the upper flange gf

the wavepuide.

& <

' .The resonant frequency of thg,microwave cavity is

. E
F) \ measured by observing the resonant magngtic field value for

-

" p
. v

a

. - \ ;
(. .diphenyl picryl hydrazl (d.p.p.h.), for which-g = 2.0036 + .0002. .

AT .+ The peak-to-peak line-width of d.p.p.H. is measured _to be -
.85 gauss which gives a possible errapr of approximately .025

, f_ percent in the calculation of the resonant frequency of the

: . Y . 4
sample cavity. The resonant magnetic field is measured by a ° .

o ‘nuclear magnetic resonance fluxmeter whith is discussed. in

)
' .

"section 3.3, ‘ " . :
| ‘:r. \ : | \\v \ . ‘,}%

.” \ f ' . ‘ ‘3-§-A The Dgtecting and Amplifying Network l %
. . : 7 ‘ < . , - p
\ . \ \ / ) \.
- « ’ S
- S The magnetic -field is modulated at a frequency of
K 1 ' .520 Hz which is internally produced by the lock-in-amplifier. ,
N N To obtain the desired amplitude of the modulation field a ' 
| . ) - i
‘:v 4 . .’
T ) . * .
o ‘3 ' o ] ) - E
td 4 -

4

"o - R T A+ L I R - A L e s A TP v A WAL L



& . ' . g .

A A R e Sey iR
» 4 . PRt

et
P L O SN 3 - ! b “+ [PCR I Vo
LT TR e e e, et R BRI T A A PRI
‘ .

)
~ . [ . . ¢ 2

. I3

a8 A

5 N , . N ;
!, . - 19 . . .

g - . v ° >
* Y o ! - .

\

e ) power amplifier capable of producing 100 W rmis and a maximup

! current of 7 Amps ac rms is emp,i-oye‘d‘.» The modulation amplitude
.- is adjusted to give a good representation of the desirel

4 - - hd H . . o~

- : derivatives of absorption curves. ~
NS

A 4 -~

AN . ' .
< = - The field modulation coils are wrapped on masonite "o

R

- L]

forms and rigidly mounted on the hgnet pole pieces. Each

B + . .
Y. coil is 90 turns of number 12 insulated copper wire embedded
. ' - (3
e " in varnish, This is done in order. to reduce the vibrations
2 T ., - . v

. ) Ve
, : of the coils at large magnetic fields.

"The c;xstal detector demodulates the microw&e

power which is transferred by copxial cable to a Pr’incetoh

Afplied Research model 122 lock-in-am )1i‘fie‘ . This instrument o,
p P TL

. ‘ea.&bles the rms valwe of the fundamental frequency (520 Hz) N A ;
. N ) : . .

.o Y

. N ) )
<8 -~ componegt to be measured accurately. '

s . - Y

. : ‘. R Tl
. e “The resulting dc output from the lock-in-amplifier \ —

o

: - ’ ~ o
»  X-Y recorder.! The X-axis is driven by 8 fraction of the P
. ' \ ’ . Y . . g : . . ‘ L
T . _signal provided by the '"X-axis drive' of the Varian Fieldial
) ' Co . e \ .
o T which Lis used to regulate and sweep the magnetic field. The Lo ‘
. ¢ \

?’“ ‘ ) is plotted on a Moseley model 7005-A servo-potentiometer
- . .
¥

] - Y-axis, is driven by ﬁh'e output of the lock-in-amplifier/,r'thué ) T ca
o ‘:j y ""

- yielding a plot of the dlerii/ative of absorption yersixsi«magnetiq
- a “ » 3 g e, .

field. . ' ;
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. 3.3. The Magnetic Fi€ld and its Measurement

\ . v

“n
-,

g . “\ _ The nagnetic field is provided by aVarian model

g ' 'V-3900 electromagnet capable of produéi;g ; field of 13 kG

g across a 3-inch magnet gap. The Varian 10 kw, model VFR-2803
g ’ Control unit hqudigital field controls with increments of

3 e K 0.10 Gauss. Sweep ranges from 0.25 G to 25 kG with sweep

times of 0.50 min to 100 min can be selected. A temperature
-« . ‘ ,
controlled.Ha11~EfFect crystal probe ziuhted on a magnet pole

@ cap maintains the magnetic field withih one percent of the

¢

éelecté¢ field value.

*
4

The digital field controls yere calibrated by means

~
of nuclear magnetic resonanc® probes containing.protons for

T - fields of 1 kG to 8 kG and deutrons for fields from 8 kG
R . tq 13.kG. The difference betwee? the fieldial.reading and
the true magnetic field is found to bé linear over the range
R frgﬁgj kG to 13 kG, As no accurate measuring device is
é&éjlable for field; less than 1 kG, in this region the field

< is estimated assuming that the field is linear. The instrument

used to make field measurements is a Varian model F-8 nuclear

L

fluxmeter and a Hewlett Packard model} 5245-N frequency counter.

- L)

v ngleQEiEg inhomogeneities in the magnetic field the possible

. "' error in magnetic field is .0028 percent throughout the range

‘ of the flq;metcr.. ' '

1
@

For the experiments performed at room and nitrogen

-

I
»

oY 0] BRI e i Tt
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témperatures each magnetic resonance line observed is measured

»

by the nuclear fluxmeter to provide greatest possible accuracy.

For fields below 1 kG the chart recorder output is caiibrated

using measured magnetic fields extrapolated to include lines

.of\intgrest.\ For helium temperatufc, due to restrictcd length

of time for an experiment -the magnetic fields are measured along
the principal axes of the ,crystal using the nuclear fluxmeter

for each resonant line. The magnetic fields at intermediate

~ay
angles are measured using a calibration curve.

- ¢
’

L 4
3.4. Low Temperature Apparatus and Temperature

Measurement N

The- totally metallic variable temperature cryostat,

similar to many commerc1a11y available, was constructed in the

workshop spec1f1cally for the detectlon cf dynam1ca11y oriented

N -

nuclel and is fully aﬁ'brlbed,in Ref. (200 . The main feature of’
the cryostat is w1ndows in the ta11 section which allow for

irradiation of a sample leocated 1n51de the m1croway£\cav1ty
The temperature is controlled by an Artronix model ,'ﬁ

5301 temperature controller capable of cofitrol over a range

r

og‘l.o K to 320 .K. Two t;mpérature sensors are mounted in the

»

brass flange above the sample cavity. A germanium resistor

is. calibrated from 1.5 K to 37.1 K with an error of ,95

. L . .
percent and q,platinum resistor from 39;9 K to 102.4 K with

Y . ' . N
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an erro? of 0.75 pegcent. The temperature iS controlled by a

100 ohm-double-$ilked manganin wire heater wrapped.around the

.cavity; up to 25 W rms can be generated. ' ¢ ’
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PROCEDURE FOR THE ANALYSIS OF DATA

» . v

.

With the knowledge of the spin Hamiltonian and .the
observed magnetic resonance transitions the spin Hamiltonian

Lﬁ\; parameters can be evaluated. These parameters are useful in

v

calculations of dynamic nuclear orientation and the analysis oL .

of Mossbauer data.

P

The usual method Qf analysis emplofa. erturbatagn toe
Q'-' \ P 1 ‘ .

AN

~

theory, applicable provided that the off-diagonal™teems in the ‘ .
; o .
spiﬁfiamiltonian are sufficiently small, Moreover, it is - ¢
incapable of determining the off-diagonal elements separately. - : g

-

.Better methods oﬁ’analysis are those which utilize exact compﬁter . 3

diagonalization, e.g. the method of Buckmaster et. al.?1 which 1 Coe
* is applicable when the off-diagonal terms are small. Methods . ‘@
capable of yielding more accuratq individual parameters have P -

been described by Misra and Shax;p,22 and Misra.’ .

The method developed by Misra and Sharp22

is a brute- -
force method, in that no mathematical criteria are used to alter

the values of the parametérs so as tb yield a minimum "chi-squafedﬁ.
The method of MisT§ utilizes the least-square fétting procedure. , S
The main fe;tures common to both methods are simultaneous

consideration of resonant magnetic field valués*corresponding to

(i) more than one orientation of the magnetic field (ii) if




required, consideration of resonant magnetlc f1e1d values
correspondmg to AM > 1 tran51t10ns ( M is the magnet1c quantum

f .
number ), in addition to those corresponding to M = 1 transitions.

4.1. Brute-Force Method

)
' ! v . 4
-

T In this section.the details of the brute-force method
of Misra and Sharp2 _are descrlbed One is concerned with the

evaluation of the parameters g and Bg of the spin Hamiltonian.

-

All Bl(: of the same k value have the same order of magnitude-as they
transform amqng themselves under the transformation of coordinate

axes. -Thus, m this method the parameters belongmg to the same

a

angular momentum value k are varied simultaneously until the lowest

hay

SMD = Z ( lAE kl - hv) in the variation range is obtained. Here

v is the microwave frequency, h is Planck's constant AEJk Ej - Ek;'

Ej and Ek are the energles of levels between’which the microwave

‘energy is beihé absorbeduat resonance.

o

; _The various subgroups in descendmg order of magnitude

are usually’ {giJ}, {Bq}, {Bq} etc. where { } denotes a sub group,

‘ _ where th1s is not the case, the appropriate ordering in subgroups
© of same -angular momentum‘éralue in de§cending order of. magnitude

is. chosen.n‘ " When considering the tegohaint magnetic field values

c’orrespondi’ng to the magnetic fié\ldg orientation being parallel to

+ ' one of the principal axes of the g-tensor, one has only to vary

the cbrrespondmg g-value since the g-values in the other dlrectlons

a . . s




25

4 -
~ !
|

v

’d% not contribute to the spin Hamiltonian.

The various steps in the computation procedure of the

' ) ’ . . R .
brute-force method are as follows: P ;o
¢ (a) Choose appropriate resonant magnetic field values
. corresponding to two or more orientations of the static magnetic
W Y

field. 0One needs at least as many resﬁ/ant magnetm field values
as there are paramete& the larger the number of magnetic f1eid

valu_es used for computatlon the more realistic will be the vaers

of the parameters obtained.
(b) Choose the initial values of the parameters and

their ranges over which they are to be varied. Some parameters

J

may be estimdted by means of perturbation Jheory or by considering

2

only the diagonal terms of the spin Hamiltonian. Usually the same
ranges ﬁ-‘_ parameters may be chosen for the Bg char.acterized by t“he
samé k value,

. (¢} Arrange the t’su‘bgroups of the parametgi's in T

descending order of magnitudes of their values ( i.e. in the order

of increasing k) . The parameters are given \Qlues about their

LN e

- initial values in the following manner. .
' ) Q ol it q o
Bk = Bk (initial) + nABk ) .

where n = -m, ~-(m-1),...0,...(m-1), @an appropriate chosen
integer depending upon the computer time available, and ABE is the
increment in the/value of Bg in each 'step. Thus, for ekample, for

S ’ .
M = 2 five values are available, two being less and two being

greater than the initial value,

>




L

ﬂ T

(9 In -each iteration in the computation the

various parameters are considered in subgroups starting with

the term having the?mallest angular’ momentum, i.e., with Bix -

gﬁ,- and g,, (these are parameters of the type B , being the
coefficients of Sx’ Sy and Sz respectively in the ’spin Hay.lto‘nian).
and then consider the other subgroups in order of increasing k.
While considéring;‘ subgroup all the possible conQinatidns of the
values of the parameters in that subgroup available in the ranges
are considered. Of these, the one that yield/s;’?he lowest SMD is
retained to serve as,the initial set of values for that ksubgroup
in the next iteratien, as well as ‘for var,iatior},of parameters in
other subgroups wit}; higﬁer' knin the itexl‘ation. The ‘particular
set of all the parameters in any iteré};ion which yields the lowest
SMD '(' ghis is referred 'to hereafter as SMDmi A ) thusldetermined
is u;ed'as the set of initial values for the next iteration. This
SMDmin' is now compared with an initially chosen small value vmin
cons1stent with experimental uncertainties. In the next iteration,
the 9(,earch1ng ranges of the parau:eters- are reduced ( \thlch is
equivalent to reducing ABﬁ ) by an appropriate factor f. In
order to ensure adequate overlap of values of parameters between
succesive iterationk f should be less than or equal m. As before
/
the values 'of‘parame,ters corresponding to the SM‘ij‘_n re found
by yarying the valuenswof parameters over their ranges! considering
thdm in subgroups. If SMD_ . ‘is less than or equal V.. s the

computation’ is complete, otherwisesuccessive itevr_gtiop: are done

‘e
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until SMD_. - is lfasE than or equal to Voin®
Gd:”+ (s - 7/2) ‘in SmCl5-6H,0 23 1as been anal'y.zed by '
the brute-force method us:’mg‘~ magne;:‘ic resonance transitions
along the Z and X-axes of the principal axis system at an X-band
' frecfﬁéﬁcy. The results obtained using this lethod, the method

21 second and fourth-order pertu{'bation

of Buckmaster et. al.
approaches are listed in Table 4.1. From the'SMD values obtained
using the various methods of analysis it can be seen that the o

brute-force method yields the more accurate values of parameters.

¢

Table 4.1, Values of parameters (gHz) yielding the lowest SMD

(g{zz) possible, for the various methods used.

\ L)
Parameter Second-owder Fourth-order Buck- Brute
g Perturbation Perturbation mster Force
Theory " Theory et, al. Method
g, 1.98580-y, 1.97573 1.98502 1.99132
- 1.99649 1.91625 1.97660 1.99230
bg ., 1.85589 1.82749 1.85413 1.87065
bg -1.05178 -0.77682 -1,03042 -1.11419
by ~0.02905 -0,02397 ~0.02953 -0.03311.
bi ‘ - Co- 0.01016 0.02837 *
, b, - 0.00469 0.00109
b -0.00204 -0.00217 -~ =0.00064 0.00108
bg - Co. . ~0.00664 002875
b‘; , - - ~0.03148 0.02906
6 ) ‘ _
SMD 0.2703 0.8753 0.4537 3.10 x 10
" . ”

——
>
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) chosen to be ‘Agzz = Ag

per step are chamged after the seventh iteration).

¢

The ’initlial values of parameters used for the brute-

y ", 0 2 .0 0
force procedure are: g, By’ bz, b2’ b4, and b6 those .

“determined by second-order perturbation theory listed in .

f’, bz, bg, bg and bg are taken to be zero. The

incremental values per step for the various parameters were

Table 4.1 and b

= 0L, Ab‘z1 =05 gz (a0, 2,

by = 0.5 giz (4 =0, 2, 4), by =0.05 gz (q =0, 2, 4, 6).

Thirteen resonant h}netic field yahfes for X-band (six a{long Z "y

.

and seven along X) are simltaneously considered for the evaluation

s S :'»-m/*“._fjé;"f‘: 2
i " - by

H

kARSI

of the parameters. The results of the computation of the

LN

parameters are summarized “in APPENDIX I (the incremeptal values
. ” 3

-

3

¥ The advantages of this method over the perturbation

approach are that®all the individual values of parameters are

+ »\a!&nm B AR

calculated rather than linear consinations of some of the
e - .3

parameters. Furthermore, it contains orthogonal-axjis c8nsistency ;
v ) L) ' .

unlike the method of Buckmaster et. al. In the latter method

, . :
a s€t of parameters miy be obtained which yields an extremely small
SMD’long one axis but does not yield an acceptable SMD for resonant

magnetic fields in a direction perpendicular to it.

¢
)

One difficulty with the brute-force method is the amount

». :
of computer time required to analyze the data. For the thirteen X
- *" .

lines analyzed for Gd3+-in SnClsoe{zO, 160 minutes of computer time
o

on the CDC 6400 were required. This shortcéming, however is

& N f/ !

overcome by using a least-squa