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ELECTRON PARAMAGNETIC RESONANCE OF Cr*

IN GUANIDINILM ALUMINUM BULFATE HEXAHYDRATE
Q

= o A psrmgnetic resonsnce otudy of cr’~* substituted for slu- ) }

mtnum 1n guanidinium sluminus sulfate hnxihydrngu (GABH), mads st

x-band fnqucncuo is uportud. Ths chromium 1ioh in GABH fastures -

meny interesting propertiss uhich stimulsts its study snd maks it
pedagogicslly veslusble: simpls spectrs uuav fittsd by sn Henil-
tonisn, axutmcn of two ssts of linss dus tn tw non lquivnunt

[, - sitss, spectrs sseily.obtsinsd st all snglss snd sll tlﬁpluturu,

sppesrance of relstively stronp [Mﬂ- 2, bnl; 3 tunnﬂflon 14

L4

nas.

. Our originsl cnntributlon will be the cslculeted valums’ of the
spin Hmutonim pnmm;ln (14 uquld helium tnpoutun, snd siso

thl lbuolutn 'sign of the D puumtcr.

At 1,61 K, we ﬂnd'for'thnﬂnt uiti (the- mors ‘populsted)
9y, 1/987 £,003, Bl 'yv ®l; aasz ,oos, D = ~2,677 4 ,008 ghzj
for the sscond eite (ths 1sss popuutu) e ﬂml 'zz » L,M ¢ ,003,
Dy ™ Oy * 11955 ‘,WJ. D= 3,452 t,m QHIV
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We report sn slsctron psremsgnetic resonsncs (EPR) stu/dv of

cr* in guanidinium aluminum sulfate haxahy&ratn, C(NHé)z AI(BD“)Z

6 HZO; ws present guantitative results whers raiu.l.t_u pubﬁahsd pre- .,

} K. gl

viously were guslitstive.

gy 83

v Chnptn I1 shows ths historical dsvelopment nf tha EPR ficld

. : with psrticulsr attention on past studies a} ions in GABH or simi~ .

" lar ssltes; that chapter nlsu rsvisus the th orstical formalism \undﬂ
to intsrpret ths EPR epectre, i.s. ths spin Hnmlltﬁniun, and slmo

the numsricsl procsdun we uud tb‘ extract- r‘ths valuss of ths para->

‘-4

msters, ) \ s : ' .
v ’ ' . ‘ ) h. { ) !
g o The sxperimsntel proceduts is the nubf-ot of chepter 111,

e )

v,. \1

The dsts obtsined st thres diffsrent tempsraturss, ruum;tlm-
g —  ‘paraturs, u.quid nitrogun tmbnr-tuu, and liquid hslium tlmpu'-é

. ture, snd their nnulyou ars prassntad id ch-phr Iv,

2




o ’ CHAPTER 11
L THEORY - ‘ .

2,1 Historical Burve

e
4

- A ' . . \
,Tha avolution of slectron spin resonsnce begins with the dil-

covery of tha phsnomsna by Zuvuiakv in 1945, Hse observed stranq

/

paramngnghc rasonsnce sbsarptions in saysral salts; in his first

°e\x;:uu'imunt he detected a ppsk in the paramsgnetic ubsarptiun fruh

Cu'Clz ° Zﬂzﬂr

and Penrose’. — ' ‘ N

1 cohtributa_ra “to the fisld were Blesnsy

- 1
- .

T P Y ’
- In the past thirty years this field has grouwn tremendously
and has bur?’ the subject of s largse nMér of puﬁlicatinnu.

-
\

‘0 - « ‘

In perticulmsr-the intarssting ferroslectric GABH has besn sx-

nsivaly used se the non magnetic host to study the slectronic

s of i:ranai};i.'an mstsl lons in crystals >'415+6,
r ) (
. «a ‘ - »
" The, intersst in GABH and its isomorphs dates back to 1955 7y

RN

8,

the sasy grouirq from equeous uluti&n, thl thres sluminum ions pcr.

. unit cll.'l., two-of which jrs nquivullﬁt s thl flrrolllctric praplrtv

dmnltntld st all tempsrsturss cnnustunt with ths crvltllunl

ltltl, the lpnon gmup c,v fpr a fm:!o.l-ctric crystal wlr- sll

interssting funntn of this.niew claes 'of sa)ts.

. - ¢ ' -
1 ) . .
o N . .
K ’ . - f \ .
. - . S o
K . . ¢ \ * " - S
. ' ) . B
' .

NN
3 X
3%+ bed
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. ity tntarasting magnetic propertiss;)|in fact, of thagd ions, Cr

e e Mt oo b . CE v v s ek, o e -
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In 1957 Bogle 9 reportad the first EPR study of Gr” substi- .

tuted in GABH, mich nt tha time was tha only farruslectric salt
cuntaining 8 parumagnatic ion that could be cryatallizad from sque-
ous aolution. . ' - F

. J\ ‘ . N (\ [ ’

]

Using DPPH as 8,

100 K, diaclasing twé LnQBpendsnt spectra, on& tuwice as intenea a8

tha other, bnth with the sams symmetfy axis, coi(miding mith the

g
three-fold crystal axis; the g tensor was found to be 1satrapic.
£ ' - X

3,5 -have repsated hi&eaults and exten- .
R

More recent studies
ed them Qa/litativa],y at liquid helium tamparature.
'f’ - LI

.' J { \> <

\r) : ' B ‘o,
- ;]

, agge2.The foin Hamiltonisn snd. the Conditions of Transition

v T © ~

/\ . ‘ ) s ’ .
The Cr atom has & ground stats cunfiguutian nf’loa:!ds; al-

though ite chemiocal propsrties srs mostly reisted to its outer-.

'W most ilcctron, a8 well as for other traneition metal ions, it is

the llmtronl “of ths 1ncamp1¢t- 3d shell which are rasponuibla fur
3+

and its complexss havs bessn studied\more than any other ions 10_ ‘

s

’

o " Transition metal ions havs & non zsro total sngulsr momentum.

" Bubstitution in low concsntration of transition mntil iona into =
.o , -2
diemsgnstic substance creates a parsisgnstic substsnce; the transi-

marksr, Boble atud\ied ‘the cryatal at 17 K and A

R

'
e
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tion matal . rare—earth, and actinide\ ions havs sg’%een the auhject

-,

of 8 hds‘b of EPR 1nvestigatinna. ‘ / \‘.. "

U ~/ IR
ldhan a peramagnetic substance is placed in a steady magnatic /

fial Zaeman splitting of ~ihs energy levels accurs "and photcms

.ha'ving energies equsl to tha gapa batween the Zaeman levsls may

induce transitions. Ths anq'rgy'-' absorbed as a function of magnetic
’ r . ‘

i’iald strength is referred to as the paramegnetic resonance spec-

¢ trum ‘o,f‘th'a substanca *D. . IR )

., ° . + . ® ' ) . x"u I -
\& N » . N .
q . Houever, uhen ions ars placsd in cundenaaq media, the mtar-

a.

.. action of the ianp uith tha alectric field 4:? thair na:lghboura

.. ; N

altara the array uf' anergy lavels. ' o ' 7
'Y ‘ I .
The a]:ectrnrilcf interactinna which éuntriﬁuta to the total

-~ energy of the ion can be rapraseﬂtad by the falluuing spin Hamil-

tnnian 11:

-

. or. rtnrm’ of apin d’p-utau Df‘" ’
- @ j . . _
%’- %« +Z 4 of
) QSk ’
m-rn the spin- opautars ars limited by the wmatrin of ths

crystnf Pield ard rutrictnd to svan dagrqu, ainua odd degres

opsrators ars not invariant undu' time r-vurnl. o —~

-
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. Table 1 gives the typical form of each. term and their magni- A
WL y ) .
=% { R 4 ’

tU'dE‘S- : A > v . a « . ’ . ’__-/'

v

[

‘ ’ . -
\/ : ’ x =~
R \
.
.

~

;Table 1. The various terms of the spin”Hamiltunilah'

R4 d - »

° ' - N .

3

~

%ecf; electronic ghergy = 1Ulf-105 \émf"(optical region)
cf = crystal field energy = 10°-10* em™? (infrared T
. optical region) ,
i .

, ) S _ b,
% = spin orbit interaction = 102 cn? = A L SQ

2

» »

%‘3_ = spin-spin interaction =0-1 cm'?cD(Si - 5(5+1)/3) " -

-, . - ) . , o
%BB = Zeeman energy = 0 -1 em V=8 (H*g-S) ) T
¥ - A :
%Fs = hyperfine. structure = 0 -10°2 cm™ ) =(5°A*T)
+ 4 -~ . oo . . p N
Q@ = quadrupole energy =0 -10°“ cm.. .

- = easaczrn}x 3%y [rf - 1(1;1)/3] ‘
. ' S Z - k e

% = . nuclear spin ene'zjgy =0 -10";'cin’-1=(ﬁ'-f) T Bq.

' a

The synbols have the folloutng mesping:
O _ T .

. — N—— - - O /'
M, spin orbit coupling donstant - - )

s, e"lectrunic'a{pin ;, | \ L ' ,oe
"L, orbital Eiuantum‘.number ‘- '_ . '

D, 2zero .f‘ia_ld splitting (q;na'tan.t )

. . NS

ey

D
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-8 , Pohr ‘magf@ton
" Bns nuclesr magneton : o N

e , electronic charge

o ¢ . ) . N . - A . ’ N
-y , nuclear magnetogyric ratio o y >
. A, 771'T/|:i81'1’ima cpuij!.irxg« tensor , . - : - q‘
I , nucleger spin ’ .‘ 2
‘qQ nuclea’r,qupdrupnle moment .
V , crystslline electric field potential o
H , magnetic field . - | . . ‘\ o g
ot g , ,g;t'ensoi; e ' J . - )
Since “the energy contribution from the ‘various terms ranges )

pVvEer nine decades, some of the intaractipna fall out af the realm

of EPR. Tha terjgs %lsct, %:f and%s invplvs too much

eneygy for exci:l:atian, while tﬁé term and are tnu small

. toibe ‘observed in most cases.
P , :

8- So tha Hamiltunian ' “

O A

is sufficient in ’mnst cases.

14

§ ‘s
| 3

. For the Br:’ + ions, the grnund atate cnnﬂguration being Bd ' h

'along with Hund's ru}es Ty )
SN ’ 5 w'3/2 Ot g -
. 7 -»' : L =3

A 7

their ground stete is noted :’F 3/2.°

) N .
ﬁ' . .}. . .
- - -
- . .
i . .
.

<

e o e R g A e A T

R B
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azut the degree of the spin operstors in ths Hamiltonian is _
. S o
limited to be S 28 2 W : Y

1y
i

Sa, theoretically, sfie most genersl Hamiltonian sufficient to

"dpscribe ions with & = 3/2 18

-~
. TN, ‘ A
7 o 2 2
é%m%ea + Bg 0, -+ B; 05 i

or (%. 6 (A-3-B) +\§ (32 -5 (5 + 1)/3)+ 1/2 E (s +ﬂi), L
- s,1 .
~— . 4 v . ' ‘ i A
. with D=3 8)andE = B3 . .

) ’ % - 5 R ’
. Moreaover ths: C3V crystal gymmetry‘imp ieas that the 53\1:-7@ |
of the Hemiltonian should not be usgd; in fact Boglse, Daniels and

others have shoun that for Cr-* ions in GASH, the Hamiltonian
e .= BCHQ*8) +D (S, - § (5 +1)/3) ’ :
. * X | S

is sufficient toc agcount fér all the pnsi‘tio:u; end veristions.of
. e :
the lines of the EPR spectrum. _ T

Since 8 = 3/2 for Cr-*

, the sppliad magnetic fisld will split
the ground state levsl into four levels, cnrrupi:nding to Me -3/2,

L
-1/2; 1/2, 3/2.
n

A

Figurs 1 shgws these levels and thae t-rannitlnns or runnancn :

\ L

——

hd . .

v "
far 'Sﬂ?yr.?sr%o;.".Wm@ﬁ.%*ﬁ

“
~

()
¥

v

B
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g
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that cuul{‘be induced gy‘ using ths ptofmr radio fregquency magnetic

{ .
i ot °
| field. O , o 3
| L\ | ’ ST
{ ; . ‘ . - - 9 - M ':';7-.. 3/;
o~ x . | = ‘
i / \"t / T T ; t
. , .
Y / :
/ ‘ .
/ : ‘
! . N . /! » # Ma +1/2 ]
‘ ) / ”e N . ‘
LFF 3/2 3« *{,“3'/’/’," t ,
' - q“\“-‘ . 3
. ‘QI '-~“ +
o e ‘ ro-
TN o ‘ Mw -1/2
- \“ i |
N
- ‘(; \‘\ L3 4
’ R ° “\ .
| , ) : ‘ ) RS b Mw -3/2
%‘ : S B lamla 1 jam|= zjam| 3
| X A : . - )

; o Fig. 1. Levels asnd transitiong for cr’* in a magnetic field

l -

Y /\

l : ! ‘ —

The magnstic fislds at which thess tra\ﬁsitlnna accur sltsr

~+ with the frequenoy of the appliad radiation, and ir anisétropy is
| presant they will also depend on the orisntation of the sxternal @ . '
mﬁgnati,c fisld with respect to the crystal axss. o

5

-
Ll

Clearly if in practics t?a r.f\. rl‘sld& maintained et a gi-
ven frequency or energy,. 1t is the variation of the spplied megne-

tic fiald that will creata)ha conditions necessary to produce all . .
. N ’ .\/ ) . .
six different transitions. -

A
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™~ o 4
The leborstory Z axis being chosen to toinclde with the crystal

' C axis, the ensrgy lbvels vary linasr;lly with the spplied magnetic =~ . _
' field, when H // Z, ‘ : S T
N m | | ‘t C )
e £, 1/2=t Lo AH-D |
, \\ N - \ s &
' ; Q 4 . * N
‘ , By 32+t 29 8H¥D.
p oo ad l2 -
i In zero megnetic field there are pairs 'ni’ degenera'te: energy
‘ . N . P ) ,
' \ # levels at + D. These pairs, which reflect the Kramers degensracy-
‘.ﬁN an ion with an qdd number of eiactrnns, are'csiled; Kramers dou- '
i é ) 'b.a};é. . o . '. ‘ s . J . " ‘?
4 * ‘7".. ’ . "
2.3 Fitting the Hemiltonisn to & given spectrum

Ei‘ l\ Misra and Sha}‘p 14 developed an iterative "b‘rute.fnrce" method
!
{

i - of analysis of EPR date in which thoss perameters which have magni- -

;l ' tudgé of the same order are aimt‘Jltananb’ely ‘var‘ied aver their chosen
ra‘nge. This method c'an pandle the data cprrsspundiné to a spin Hp-

v miltonls{containing large aoff disgonal glarrie”h;i;'a. K ~

A quick, accurn\ta' procadure for tha analysis using\the ~laaat-a ,-

15 10 this

prucedura one uses sl

aquares fitting technigue hes been developed.by Misra
éltaneausly fisld values abtainad Blong any

numtoa@ of dirsctions of the magnstic field with reepsct -to ths crya- §
" tal.axes, including t,rsnsltions wlth ’AM | Zl. . PR

! o S e
L~
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;ha compuéar proq}am for the an;lysio of our]data using this
procedurs 15~ia given in tha uppandix.,°1§,uusp 8 uimultsnaqus'dla-
gomaliza ‘br\ of ths Hamiltnn’ien for fisld values obtained with the
sdagnéffifizgld elong ths Z axis, a8 wall aa for field values obtei-

ned with ths magnatic field along ths X axiu. .

-,

Ingur-coBE, we used as 1nput duta for sach sits, at each tem-

'peratura' o

b

~ the vﬁlua df{magnetic fisld (in 10" gesuss) for DPPH .

. T8BONANCS giving 1nd1ract1v the ensrqy of the micro-

wave fisld'
Vi

4

,the 8ix values of the magnatio riald (in 10 gauel)

nt the ‘AM' -] trana‘ltianu, thran slong tha Z axis
and three along the X exis; '

s

>

*

cess ws first used the values rbb&fﬁ:ﬂ“hv Daniels end

3

Wsssmeysr ° snd valuss extrspolsted from thass st li~

quid helium tamperaturs,

-
v

A sariss. of'avnthotla trannitiona néauannitruatld'?ram the

Hamiltunian\und a landt-aquarll oriterion is cmployld to obtainua

" convergent asqusnce for determining tha bast-fit. 9 valuss lnd ory~-

stalline nlactrio.riald parnmltégn; for #ath calculstsd spectrum,

the mean squers deviation CBMD) is determined using:,

.
S B .
v - {

-~ initiml @trial) values for sll the purnmitnrnivin our

(.




B Py e BEE Bl AT AT DL SRR R S e o cn 2 kWeyares o

ticipating in resonance st thﬁ J~th resonant fiald'vpluo, hv 18 the

(in increasing ardlr) (,5238; ,3324; ,1391; .241#; ,3101; .6271);

" BMD (, 00096 gsz)s é” was th-n tranuformnd into D’ bv unino D - 3 82,

. ’ ‘

Faw s e i SRR e CAr R,

-1l =
— :
\ BHD.Z ('AEJI - hy )2, . i

s, ' j

W

wherse 'LLEJ is ths snsrgy diffarsnce bstwsan q;lcu%upnd levels par-

gnargy of micrdwava rsdfatioﬁj'nﬁﬁiiﬁa ihdaxqﬁ covséa all -|£§Ml -l
L2 . ’ .
linas, _ ' S o P

-
P

QOur .final output datg for.e giyah*dita ai 8 gidun tempersturs '

coneieted of the valuss of'bzz, Q“x,fﬂg and BMD, -

- [

Ae an example, in the cass of the upactrum duﬁ to site I ét 11~
quid helium ﬁnmparaturc, aur 1nput data consisted uf the DPPH field
value <, 3293), n (1,986), °xx (}¢986), B° ( 18922 qHz) and magne-

tic finld valuss along z auis (1n danranlinn nrdnr) .and .alomg X mxis '

the uutput datn canuilted of g 72 | (1,987), v Byx (1,986) B° (-,5923 gHz),

2
g

)

ot hedW Nwrdn AW e b

SR s e 1t st
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- - CHAPTER 111

EXPERIMENTAL PROCEDURE = o+

5
.’

3.1 Crystel Btructure and: Bsmpls Prapsration

o

The cryatsl structure of GABH has besn detsrminsd by Geller and
16,17 < . :
Booth ' » The space group of this trigonal crystsl is CJV-P.Blm

with thres molacules per csll ss shown in fig, 2,

=)




The trisngles represent threefold sxes with Al ione in the ple~-

ne of the papér end a guanidinium ion abgva und~baiaw. Each Al ion

f

is actanadrsllv nurraundad by six wataers. Ths circlna rapraannt 50“

N

graupe abnve the plane and ths duttsd onss belau.

T

" Tha AL>* 1%pa (raplacad by Cr>* tons) are an thresfold axae anu
.ara surrounded by s somswhat distorted octshedra of waters, The guas- . ’;

nidinium 1bna are lopasly hound-indicating the‘paaaibiiity of disor-

der or rotation, Of the thres Al ions per cell, tuo sre equivalant
: to sach other and ‘sre callad to belong to site I; the other.is called
to palaﬁg to site II, In the EPR. specirum of Bv’+ in GABH this ie equi~
. s valant to having two sete of linas superimposing each afhar, thes in=-
. teneities of the linses due to site I baing twice of those dus to site :
II, The unit cell paremstsrs are a- 11,738 A% and c= 8,851 AY; when

cro? is aubstitutad in BABH, the dimenslans of the unit call are eli~

L

ghtly increased ;5.

1 ’ o ' “ . .
~ ~ T ’ )
The crystals wars grown from en sgueous molution. of calculated b

amoupts of guanidfnihm sulfete, aluminum sulfete and chromium lulfatil

_the molution being made slightly scidic with sulfuric eocid to prevant

the hydrolysie of the chromium ion b

« ' The solution wae mllowed to
, sveporate elowly From a covered besker, -At firet smel) plitmlete
formed on the surface and-senk to the bottom; these were then allowsd

‘ to grow in plece, . .
| gradin e

4 ' ' . ,
b—\\ | | A ; ,




~ 2t : i : -1‘0- ’ ’ \

Diffasrent concantrstions of chromium relative to sluminum heve
bssn studied; mlthough they slter ths shaps of ths linss, thsy pro- " |

ducs the same overall spsctrum and producs the same valuss of ths

parsmeters; ths finsl concentration af'chrbmiumbrullttéc to alumi-

num in ths crystals is most 1liksly to be the sams ms the sterting

‘ concentration in the squsous solution (1% in ths ssmple ussd for

our maasursmants),

; The crystals grow as hexagonal platss with ndbmals scouratsly

.persllsl to the crystel c sxis, fig, 3.
\ . N

e, S «)

.
o
/ .
!

— -

\‘ | ‘ \ ) ). ’ N
. , The nrvltu§l/ﬁad 8 light blus oonlar; the highsr ths concsn=
| ~ tration of chromium $h thl‘nryltlli;ﬁtz

1y

® darker their blus color.

!

The crystale we ussd had linsap dlmnnilunl af'lbuut.snm and -
&kl thicknsss of about ,lom, ‘ ' |




X s o RS AN 7 wlanliirirs oy 3 ¢ we A0 . I Y- -

j“ﬁ*"*=%—________i___________f"-"'-ff-!IfIllIlllllllllllllllllllllI!llllllllllllllllllll

3,2 The Persmagnetic Resonsnch Spsctromster . o

N I
s « ot .
e - 4
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»r %
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R rlfllé%?pn cavity ‘X-band spsctromstsr 19 s usad to obtein_ -~

the spsctra. A block dlnﬁrpm of the sppctrometes is shoun in fig. b,

i

The minréunv- source is & forced sir coolsd Uarisn X-13 raflex :
’ ' klyltrnn uith . fraquancy reangs.of 8,1 togel2,4 gHz and 8 power re-
ting of 180 mu, A Hsulstt Packsrd mode} 715 A power nqpply produ~

ces the rsquired besm voltage of + uith;a ripple of laeas

.

than 7 mU.and & beam currsnt of 50 , T

. The waveguide network consists of s Ds Morney~-Bonsrdi modsl '

DE3-480 isolator, a Heulett Packerd modsl 532 frnquihcy mltui, a
Heulstt P-oknrd mndnl X 424 A crystal dutlntor and u Hewlwtt Pluklrd

' »,

. mudal 382 allibrltnd lttlnyltar.
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The attnnuator 8 located bothn the load &nd ths generator
ta raduce ths signal \{ntensity inuidant upon the load. This is
adjuatsd to give optimum signal t% noise ratio, At room tamparu-
ture dua to fast ralaxatian times, the saturstion of ep n tranai-

L]

tinna is no problem, thus little or no attenuastion is neseded to
\
., obsarve a signal., Howsver at lowsr temperatursa, lgsser pouwer

should bs used to obasrve the rasonsnce sbsorption sincs aaturatidn

. occurs essily dus to long ralaxation times.. -6

’«, - . . B

The required powsr from the attcnuator enters arm 3 of the ‘
Ds Mornay-Bonardi modsl D%-GSO magic taa whare the pouer eplits
bstusen arms 1 and 2. Amm 2 ia ths cavity arm which will be des- .
‘oribed latar. Arm’ 1l is made up of i Hewlett. Packard model ‘870 A' e
“slids scrow tunlr and » Heulstt Packard model 914 B matched load.
The llidl mrm tuner is used t‘b\producu an undur-cnuplad cavity
match bnnaun the crystal detector uparatu more arficiantly with
a finits. amount of powsr incident upon it st all times, The longi-
tl.;dinal position is varigd until on% obtains maximum leskege pn the o
‘crvntal dstector, fig. 5, and ite inurtnian is adJuatld for sbout -
4tln percent of thn.puulr 1noldint upé‘ ttc cav‘itv.

Arm.4 is the dltlﬂtﬂw which is connactsd a Hewlstt Pa-
ckerd modsl 485 8 dstector mognt‘cénféining. s 1 N23D silicon diods

which provides a good lignal to noise ratio.

e
A -
/ : .. -
. L4 . .
LI N ' ¢
B




POWER OUTPUT |MwW)

Fig. 5 Klystron mode with cavity frequenc

) + centered on mode
VAN ¢, .
‘ 2 I

Figurs shuy{a a datéiled'viau of the cavity arm of fha spsc~
tromster. Th arm':h.u besn dnaignéd for usa inside the cryastst
thus ths top flengs is lqalnd'off for svacustion purposes by means
of a mics shest end silieshe cement on the autgida. ‘ﬁha cavity arm

) . ‘
is svscusted so ss to reducs condansstiom.and thus pressrve tuning

N
of ths cavity st low tesmpsraturss.

]

»

Try davity , which is gold plated, is a rettangular vpl,' reso- A ,

neting in. ths TE,,, mods at & frequency of @bout 9,46 gHz to wavemeter
-seccurscy. Tha cavity is coupled to the -u&vupuidc by a 0,010 inch .

AN

<
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/«éold plated Efass shest with an irise in the c ter of 0:20 inch *
diameter. Ihé cavity is matched to the waveguide by a 0,030 1nch
1nductive pin. The pin is connected to 8 cam and rod which leade
tn tha uppar flange of - the cryostat. Th;‘arrangemant was necaasi- .
tatsd by the fact that the resonant freduency and the coupling of
thae cavity are. tamperature sensitive and one: muat be able to adjuat

sxtepnally at low temperatures. '~

The crystal detector demodulates the microwave power which is

then transferred by a cuakial cable %o tha Princatun4§ppliad Research

. model 122 lock-fh-amplifier.

The magnatic field H is produced bv a Varian - 3900 electro-

magnet which is capabla of. producing a field of 13 kG across a 3 inch
. magnet gap. Sweap ranges frum 0,25 to 10 kG with sweep times of 0,50
» N *

‘min ta 100 min can be selected.
r

hd

The liquid helium cryostat shown in fig. 7 uas used to nbtain
the specira et liquid nitrogen gzg/;iqurd helium temperaturss. The
tutally metal‘ c cangtruction 1 is similar to many commercialy avai-
‘ iabla mu&ela. "The changea allow fur aimultaneouu electron spin reso-

nance and Mos Luer éffect axparimente.

v

@« - N
N -

Ths innar tail (L) or sample. ragiun provides the environment 1n

which the exparimant is- perfurmed. Hali?m flows frnm the helium re- i

servoir (H) via & capillary tuba (N) to ths battom ofdfhe teil and
v
then is diffused by packad fibrs-glass. The rate of flow of helium

. is controlled by the throttle valvé\(gS. -Brass flanges with:ﬁélf.inch ’

w, B a o
,
<
. ‘ .
:
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\
holes were brazed to the tail to hold 0,020 inch thick beryllium

windaua which were sealed by indium D—ringa.
The outer tail (J) is again equipped with brass flanges and

beryllium windows spoxied to them. This outer tail is harmetically

sealed to the outer shell (F) by rubbaer O-rings. ?
The cryostat has twuo vacumm systems: &n oll_diffueion pump to
~ ' ' ! ‘.ﬁ'
svacuate the insulstion spsce (I) to.a pressure of no greatar than j?
lD'h mm a)‘marcury and 8 high spesd rotary pump to reduce thes vapodr g

préssure aof the helium gas to obtain temperatures below 4,2 K..

hY s ;:é

- \ LY

The temperaturs controller is an Artronix model 5301, capable K

of control gver a range of 1,0 K to 320 K. The eratura saet con- #

trul is asten turn dial uwhich providas continuous tamperature sat-
—
tings throughout each of the tublve ranges for sensors.

: ¢

The germanium resistor had heen-praeviously calibrated from ‘
1,61 H to 37,11 K énd the platinum resistor fram 29,96 K to lDthD K.
The serrars Lith raapact to tha calibration curve ere 0,95 percent =~ /}
for the germenium resistor and 0,75 percent for tha platinum resis-

tor. For temperatures higher than 102 40 K tha srror can bs as lar-

»
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+ . 3,3 Pfﬁductinn nf tha Béactra
Y . i

) Lo ,
We prasent hare the main steps af & typical expsrimant.
& . , .
The crystal to he investigated is mounted in the center of the
cavity, oﬁ the broad side of the cavity so that H can be rdtated in
' LY
the ZX plane; thgn the puvity arm is placed in the cryostat.

7 A

The insulation space ie then pumped un tq a prassura af no
greater than 10'“ mm. The sample region 8nd the hafzum reservolir are
« pyrged with hbllﬁm gas to prevent asir from freezing in the capillarv'
tube and in ‘the aémpla region of the cryostat. The nitrogen raaérvnir
s tpa filled resulting in a furtﬁar decrease of preesure in the

svacustion space and.pracuuligg‘gi the overall system,
\ ) w

. .’ \\\
The fTV!tjgn power supply is switched on and the klgatran fre-
quency’ ie tuned to the resonance frequency of the cavity with the
raflector voltage modulmted by 5~60 H;krinuauidalmaignal. The magqat,
modulation fleld, automatic frequency control and rbnk-in-amp}ifigr

N ~
ars switohed on and allowed one half hour to warmiup.

~After the cryostat hee bean allowsd to cool for four to fiva
houra the helium is tranaferred from a 25 litre capacity storage
oqntiinhr via a tranafer tubse to the helium resarvoir by applying

4

iquid in the reservoir the insulation vacuum decrsases rapidly th
g

a small pressure to the containaer. Onca the halium remains ss 8

better than 10°° mm of meroury. Once cryopumping hegine the

< ‘ -~
.

.

cryoatat
——— \\ ‘ /
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U

i e e s
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ia nlaeea off, from the oil diffusion pump.l 1
v )

After the transfer ie complets, the rnteryfvﬁcuum pump {8 tur-
ned on to slightly'ragﬁbq the‘prassura‘in he aamﬁlq regian and the
throttle v'ivé ie opened. The tamp;raturs Sontrol is first used to
monitar the cooling. At the deaired temperature the heater 1s turned
on and‘éha tegzsrqtura controlled manually. Mh§;°tha'tamparatur§
appears to be raaannablb\atable the contrnilar‘ie‘turned to tha
sutomatic mode. It ia important here that the etebllity is within
,01 R as small chenges in the temperature nauaé the tavity tuning rd

t

end frequency .to change, ) ' .~

The cavity is now tuned to the corraect Praquency and cripgtal -
leakage. The 60 Hz modulation is removed and the automatic Prequen~-

cy ocontrol ie connected into the circuit,

-

/

*

- The magnetic field is then ‘slowly Wncreased until s resonanca

'abaurptibn is Pound. ThB magnetic field is then set on a maximum of .

+ the derivative aof the abaarptlnn'uufva plotted on the X~-Y recordsr,

Tha fregquenocy nnd phase af the signal channsl of the‘;nok-inplmpli-‘

fier are tuned to 390 Hz, the frlquahcy of the eignal being reflec- v

. . Sl .
ted from tha cavity. The time conetant is adjusted far best signal

to ndlas'f!tin lnd‘sﬂnul idjuatmagta are mgdq to ths microwevs brid-4”"””"*{'v

"ye to obtain the beat rapresentation of the absorption signel.

.| .
‘ LN

' . . ' . ¢ .
&Jhe magnetic field 14 than suspt over ths range of intarest snd

. the=derivativa of the sbeorption curve plotted on tha X-Y racorder.

i
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This plot constituten the reprassntatior of ths EPR spectrum.

t
{

1
6.

3.4 Mersursmant of -tha Resonant Fisld Viluig

Thl nllnnunt filld vnlual umre ubtuinld bv means of a nuulaur
' magnltia rllananun praba nnntainlnn prntona, and suitable rur fislds -

of 1 kB to 8 kB.

N

—

.

Nuclaar maonntin rnaunannn is n wnll knawn principle nnd unm-

manly uaad to measure magnltin flnldu. The rasaonencs condition 1-

L

r

LY

wharey is the applieu\rruqhannv;'vil.tho maqnltugyric‘rntla oft the
~ hualeus containad in the probe and H is the spplisd filld. For pro-

tona- thil blnomll

H = 0,23487 #,

o
where H is given in gauss and v in Hz,.

, The instrument used to miks thuss messuremsnts wes s Varian F-8:
nupillr fluxmater and & Hewlatt Packard modsl 52&5 N frequency coun=

B { }
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Tu datarminn“thn magnetic field by this mathod, the fregusnoy
at rannnnnoo ie mlnaurld ror sach transition lins on tha apcotrum,
with H. plrullnl to the Z nxia, praduulng a acale for H in nthnr di-
ractiuna 1naida the ZX plans. The auuurnnv of this mauaurumlnt is

battar thun 1 part in 105. but tha dlrinitiun of the transition,

1.8, tha middlu bf paak-tn-pnak width, wes praoinn to only 1 pert
in 0%, . a )
“in . - o Cos : .




CHARTER IV

N4

DATA AND ANﬁfVEIB s »

ho™ At Room Temparature

The crystel was ;1rut mounted in the ZX plahn to study the
sngular veriation of the spectrum.
uwith H // 2, ;t & temperature Qr 295 K, only 3 linme of mech *
-llt of six pnsiibla 11nng are clearly ldgntariabln, fig. 8. The . ‘
\5 ~rnmg}n1ng 6 lines had to be extrapolatad from the anduluq variatiaon
©af the spactrum, Tig.'g. Figurs 10 shows the spectrum ohteined for

Z// X, - -

- i ‘ A sat of lines is oleerly twiuq\gg,&ﬁfnnan as tha othar, Cwe -

osll it set I {A mccordanos with Oanisls gnd Wessmeyaer ’g/?nnfirminu

that ane ant ie dus tn.-quibulnnt :itnn twice al,humlrnh s a third

* . non mquivalent site

The DFFH 1ina sppears at 3350 gauss indicating m fragusnoy of -
9,37 gHz for the microwsve radistion. :

5
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Angle betwssn H and Z (degras)
vgrigtion of H in th X plans, st room temperaturs
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Tebles II a,b\prasant sll ths psrtinent daﬁa far H // Z and H // X,

1Y

for sst I and sst II raspectively.

Iranlition '

1/26-1/2
=3/2 -1/2

1/2 & 3/2
< .

-3/2 & 1/2

Transition -

/26 -1/2
~3/26 -1/2
W24 32
-3/2 ©.1/2
-1/2 & 3/2

3/% & =3/2

-

Tabls II, &

" Data from set I, st room tsmperaturs

‘ Along Z mxis
Field Line width " Relative
. {gauss) , (gausse) amplitude |
3394 18 10,
2127 . 3,5
4663 3,1
106 ———
' ¢ /
2330 - / ——
1131 - Ldade L4
v
ol ‘
Tebla 1I, b

Dets from set II at room tempsraturs

Fisld
(gauss)

3394
1808
4978
906
2498
s

Along Z mxis
Linefuidth Relativa
’\(qal:n) amplitude
13 10
| 13 , 5,4
13 4,8

! (S

» .

-
- -
¢ .
-- - e e

Along X axis

Field
(geuss)

3260

4182

(2614,
1051
11au_4'
1933

.
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‘ i
For each site, ws used th',"‘f‘ |AH|- 1 lines, three for H along

.+ Z, and three for H along X, and s multananuslv) fitted them to pra-

«

duce the valuas of the parahat?a The values obtained ares given

in tebles III a,b, mlong ud.tﬁ hg valuss determined by Daniels ‘and

19

’

5

——r

Table IIE, a

¥

’ Unluas of parameters for aet I, at rocom temparature
Ours ‘ Danials ankd iﬂaaamayar
9,5 g +1,976 + ,003 1,975 + ,005
By ' 1,976 ¢ ,003 1,975 + ,005 ‘
D (ghz) ~1,754 + ,008 ° 1,727 + ,015
SMD (gHz?) ,0009 S )
S | J

Tabla III, b

N
Valuest of parameter® for set II, at room temperature

S S—
Ours Daniels and Wessmeyer
9,7 1,980 3 ,003 ' 1,975 ¢ ,005
Dyex 1,980 ¥ ,003 . . 1,975 + ,005
“ D (gHr) 2,196 + ,008 ' 2,188 + ,015
-, 2. T % .
8MD (gHz®) s ,0018 - ’ —————

Al |

-

i ' .
Qur valuss® agrse very well in magnitude with thoss of Danisls.

and wnlmlynig morlnvir the «corrsctness of the fit is 1ndicut|d by

LN

tha smell SMD' values. Thl_ negative sign for D has vnn:ndy besny

7w -
.
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- usad although the evidence for it will come only at liquid helium
temperature. The errors indigated are estimated maximal axparin/an-

ta},arrnra; they are tha~aame'for Qll temperaturea and sites.
// ) o \g' ¢

/ o !

' L d
We also did an angular variation of H in the XY-plane wich sho-

. wed that thers was no variation in the position of the linas as the

. extarmal magnetic.field was rotated; this indicates that‘gxx - gw;

.+ with tables III a,b showing that g9,, =4,,, w8 can thus conclude that

Ixx ™ Qyy = 9zz7. .
within 'ekparimantal errors, and that the g tensor has the same value

L]

for the two sites. .
oy | B

25k ) ) E 3/2 © .

20

15

-
o

1
(%24 Qg

-

Energy (gHz)

P4 .

g 1 2 3 4~ § § -~ Fiald (KG)

Fig. 1ll. Enegg! lavels due to aita‘I, at room .
temperaturs, with the magnetic field along Z.
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Figure 11 shows the varietions of the energy levels in the gase
rj\f of site I; at room temperature, as functions of the static megnetic -
AW field directed along the Z axis; similar diagrams could ba construc«

]

ted fﬁr ather sites and temperatures.

. 4.2 At Liquid Nitrogen Temperature -

-
9 4

IS » -
At thls temperature the crystal was studied dnly 1>\¢he ZX pla-

ne,

‘With H // Z, at e temperature of 78,4 K, again only 3 linss of
gach set are claarly idantifiabla, fig. 12. The angular variation,
fig. 13, discloses-the positions of thé other linss ape allows an
extrapolation of their positions for H // Z. Figure 14 aﬁoug the
spectrum obtained_for H // X. T
. e )
:J * , ’ ; -

The superposition of two sets of lines is egain evident.

%

- [}

Tha OPPH line eppears at 3355 gauaa indicating a Frequancy of

9,409 gHz for the microwave radiation N )
{ .
\ © ' [ ]
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. Tableg IV 8, b prasent the pertinent data for H // 2 and H // X,
for ast I an;\eat II respuctively,. ﬁ} ‘ (i < ,
C ' Table IV, a o
3 gg‘ . Data from sat I, at Liquid Nitrogen Tempsraturas
- "' Irsnattion ___Alang Z exia Along X axim
| Fleld Line width Relatiye Flald
Y ” : (gauma) - (gauss) ampliiﬁda (gauns)
 Yees-vz o4 1 10 3208
» l3/20-1/2 1585 b “ 7,7. 4297
I l/2er 3/2 . 5218 B “7,6 2835
' -3/26 /2 7el - S— 943,
/26 32 2610 L e — « 109

M2 «-3/2 . 1151 ) - m— - 1954 #

e B

5 : | ' Table IV, &' «
Data from mat II, at Liquid Nltragen Temparatura

o AT

Traneition —tiong E_nxtl Alngh‘x axin %
" Fimd Line Relative - Fiald !
(Qauem)  (quuss) amplitude - (gause) - |
Veea/z Moe w0 w0 ‘
-M2e-l/2 1063 8 . 39 4883
l/2& 32 5218 a rv.s | B} L
-3/2 ¢+ 1/2 781 - - c 93
SRS VA O LN e - 10%
o M2 w=3/2 1181 - -n- 1954
I . " . , { '
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For sach aite, us usnd the aix|AMim 1 lines, three for H alang
Z, and‘éhrnn for.H along X, and simultensously fitted them to pro-
duce tha valuss of the parama§lrn. The valuss obtained ars given
in TABLE V. ’ ;

N : . Tabla V
) ’ ©
Values of tha Paramataras, at Liquid Nitrogen Temperature

“8BET 1 BET II

R,z 1,976 Loy y

4 &
. axx \\\ 1'976 ! l,975
D (QHZ)Z s \\\ "2'512 -3'251

BMD (gHz) 000 ,0002

Tha axparimantal lrrurn.bllnq tha sams at all t-mpq\\turun. ue

lanln conclude at the 1nntrnpv af tha g tensor. o~

‘ S 4
- hed At Liquid Helium Tumeirlfﬁ;;—

Again at this tamphrature, the orystal wes atudiasd only in

-

iX plans,

YA //////,,/ ——
i

”"——m
.

. t
' 2
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&l , ‘With H // Z, at a tamperature of 1,61 K, at lemat 10 of the 12
possibla lines are clearly identifisbls, Pig. 15. The positions of
< ' only two linme have to ba extrapolated.from the angular variation of
H in the ZX plin-; Pig. 16. ~Tha spsctrum obtainad with H // X is shoun

on fig. 17. ! . d

I . y
\\ . -~

\

\
. b
\‘ Ead 7

A firat sat of-lines twice as intarse n‘“thé pther is again avi-

dant.

, . a
Tha DﬁFH line appears at 3293 gauss, revealing that the.frequan-

ey af the ﬁiurnuava radiation is 9,235 gHz. Tha rlaann‘uhv we had

i N thraa dlfrnrnnt mlorbuavn fraquanciea at the three difrlrant tumpa-

raturwa ia bmcauae the experimanta at theas rnnpantlvu tumparnturaa
42‘);?9 perfarmed nn a paripd of montha and we praferred not o try to |

reproduce m givan microumve fraquency. Moreover, the resgnant fgié

qunnéy changes aa the temparature ia lowered, aince tha dimensiona of

3

the cavity are functiona of the temperatura, p
o . ’ ; ¢

4

. i . 0 =
¢ Tablma VI m,b prasent the data taken from the mpsotra with H // 2
and H // X, far awt I and sst II reapectively,
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g Table VI, a™~"

* Dats from Bet I, st Ligquid Helium Temperaturs

Ignnjggggg ) ' Alang Z axis
o, Fiald Line width Relative
o ~ (gauas) (gausa) amplitude
1/2”‘;-3/2 sah - 15\ 10,. .
=3/2 e»-l/2 1391 , 18 - ;.7.
1/2 ¢ 3/2 5238 T 4 2,7
3/2ev W2 720 . 54 - Co2,b
-1/2°e» 32 2620 © 18 o 3,7
2 ev=3/2 107 | 20 1,9
, .
S : Table VI, b |

Data from 8at II, at Liguid Helium Temperature

e ,
Insition —e Blorg Z miin
e e uigen T Dt

1/2 @=1/2 & 3324 18 10,
W3/ ey-l/2  BID o s,
lees 32 %AWl 1Y 2,9
“3/R ey 1/ 423 .18 8,8
W/Res M2 2903 I (T . 2yb

32ep-3/2 1107 B T 1 I

Fleld
(gauas)

301
4271

k|

aueé
a79

.- 1918

+

Fleld .
(guuas)

2911
4536

v 2208 -
603
603
1918

"Along X axis

<

£
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As shoun by tha derivatives of the sbsorption curves, as dn\ggx/’”

_from room tempersture to liquid helium temperaturs, the intensities

of the high fisld linsa dscresass, uhsrs ss thoss of the lou fisld

linas incresss (relative to the high field ﬂnll) indicating & nspa-

5 ‘tive sign far D, S

- ‘ Fitting the triégition fisld valuse snd tha paramsters to the

Hemiltonien produces the values given in tabla -VII,

a

. .

Table VIX

Values aof thn,Paramnt;fa, at Ligquid Helium Temperaturs

SET I 8ET II
Q0 - 1,987 v 1,98
U 1,986 1,985
D (gH2) 2,677 -3,492
SMD (bnng PR | ,0009

»
At liquid helium temparatura ws can also g%tl the isatropy of
|§ the n tansar and its 1nnrl|||d valus with raspsct to the onss nhtni-

nld at rnom temparature and tiquid nltrnnnn temparaturs.




'Y '
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Finally the increasing trapd in the magnituds of D as the tem-

»
g perature is lowered that was firet detailed by Daniele and waaamayar3

is maintainied down to 1,61 K. . .

1

~




CHAPTER V

CONCLUSION
* - — 4
J‘ <
v - . o
- An X-band EPR study of Er3+n1n GASH at room temperature, 1i-

quid nitrogen and liguid helium temperature hes been praeantéd. The

D and SMD heve been obtained at 295K, 78,4 K

xx!
and 1,61 K, for each of the two sites,

values of 9., 8

."A negative sign for the D pafamatar has been deduced and its

increase in magnitude with decreesing temperature hes been verified

[

down to 1,61 K.

2

‘ The isotropy of the g-tensor.at the threes temperatures has been

—~
found, with an ipcreases in magnitude at ‘}quid helium temperature.
’ "

b \ :
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" " ‘ APPENDIX

PROGRAM LSFEPR (INPUI‘OUTPUT.TAPES'!NPUTOTAPEGIOUTPUTﬂYAPEBO)

CR3¢ IN GASH

AT THREE DIFFERENT TEMPERATURES

ROOMs LIQUID NITROGENs LIQUID HELIUM L

“

-~

NO =THE NOe OF FIRST MAG FIELD IN DATA INCLUDED IN FITTING

M =NQe. OF PARAMETERS:
L4, =sNOes OF ITERATIONS ALLOWED

Q1 aMIN. VALUE OF SUM OW-SQUARES FOR FITS( CHI=SQUARE TOLERANCE)
Z41)=MAGNETIC FIELD VALUES FOR FITS

B =PARAMETER MATRIX

G(J) ARE THE INITIAL VALUES OF THE PARAMETERS B

ALL G=PARAMETERS EXCEPT THE FIRST TWO(G=VALUES) SHOULDZ

BE IN UNITS OF GIGAHERTZ

2Z(JeK) ARE THE MAGNETIC FIELD VALUES ALONG Z-AXIS(DECREASING)AND

ALONG X=AXIS (INCREASING) o

HN IS THE ENERGY OF (EM) FIELD
B0 IS BOHR MAGNETON
‘Ql =N/10

Q2 =TOLERANCE ON GRAD(CHI#®#2) =ApPpPROX .01

1

FM(I) = MEASURED VALUES ~

FC{I) = CALCULATED VALUES

-

. "N ®=NOe OF DATA POINTS USED INILEAST-SQARES FITTING
J2 = THE NOw OF LINES IN EAEH DIRECTION IN EACH CASE

-

ERR(I)= STANDARD DEVIATION ON FM(I) = snartrﬁ?l:)

N *
I'4

DIHENS!ONS OF AsB8 IN EXAM AND MATINV SUBROUTINES SHOULD BE THE
SAME AS THOSE OF B2+8B1 RESPECYIVELY IN THE MAIN PROOGRAM AND IN

CURFIT

)

DIMENSIONS OF QeV IN JACOBI1 SHOULD BE THE SAME AS THOSE OF

Bl.82 RESPECTI!ELY IN CURFIT

NUMBERSINDEX THAT CHANGES WITH EACH NEW CASE
NCASES=NO. OF CASES CONSIDERED. ITS VALUE SHOULD BE ENTERED.

SPECTRUM DUE TO SITE

CASE 1 =

€ASE 2 = SPECTRUM DUE TO SITE

CASE 3 = SPECTRUM DUE TO SITE

CASE 4 = SPECTRUM DUE TO SITE.

CASE S = SPECTRUM DUE 70 SITE
|

CASE 6 = SPECTRUM. DUE TO SITE

2%
te)

(1)

(2)

(1)

(2)

‘LINES DUE TO SITE (1) ARE TWICE AS INTENSE AS THOSE OF SITE (2)

AT ROOM TEMPERATURE
AT ROOM TEMPERATURE

AT LIQUID NITROGEN TEMPERATURE_

AT LIQUID NITROGEN TEMPERATURE

‘AT LIQUID HELIUM TEMPERATURE
AT LIQUID HELIUN;TEMPERATURE
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DIHENS!ON Z(ZO)-FM!ZO)OFC(ZO)ODFIZD)vERR(b)oB(3)OBl!§)082(363)|

}
DIMENSION Z2(6+6)

DC(500) »ABC(2)rY (&)

'HHOPPH (6) S

[

DIMENSION G(J3+6)6G(346) ‘ i
DIMENSION SMD(25) .
COMMON/QOATAL/ZABCs»Y -

COMMQN/DATA2/DC

. EQUIV LENCE(Z!DC)o(FMoDC(le) (FC+DC (41109 (DFs0CIE1) ) {ERR»0DC(81))
10(8006(101))0(BluDCblak))o(BZvDC(lS?))o!NoDC(ZBl))o(LQoDC(ie 3

3(B0O+0C(AS0) J» (HNeDC (LS 1)) e (J20DC(452))
EQUIVALENCE\ (SMD+0C(460) )+ {SSMDsDC(455)) .

QATALG(Jyl)ed = 193)/71e97691.9T769=5i5848/
DATALG(Je2) 9J = 143)/1e9760149760447317/
DATAIG(Jed) sJ ] 1903) /71975919759 ~:8372/

laa

"137
136

! 140

128°

Y
. 238

o
'

DATA(G(Jevb)sd = 1.3»/1.975.{.975.;1.0801 o £
DATA(G(JeS) sd = 133)/1.986, g

a(QloDCQZBJ)t:jﬂa'uctaak))c(HcDC(?BS!)o(!GoDC(ZB&))c(LlDC(i

986 ~.8922/

DATA(GlU»6) 9d = le)IloQBleo986ow1 166/

DATA(Z2Z U 1) 04
DATA(ZL(Je2) 0d
‘DATA(ZZ(JeI) 0 J
DATAIZZJsR) v -
DATA(ZZ(UsS)sd
DATA(2ZtJs6)vd

.QATA(Q?DPPH(J)‘J

106) 74666303394, 021270 2775+.3298¢.4019/

196374978+ 88394+418084s261%+4032400.4182/

116) 7:45218¢03404+415851425350¢32080.4297/
1060 /75758403404 +01043+423261430599.4553/
106) /2:52389¢33249413911024614003101044271/
116) /¢5841143324+440810102205+429119445364.

2))
o

= 196)7/033500433501¢335514335514329344329Y/

DATA (ABC=2HNO 2 JHYES) 9 (Y=lr 9 1HCo 1H®y 1HM) Lot

FORMAT (1K1} -

8 FFORMAT{1X94HAL = JE13.515X+6H02 a 0513-5'

FORMAT AIR9I29SXIE16.6/)
ORMAT(10Xel9H INITIAL PARANETERS/ISIOlHJOlOXJlHD(J)II)

9 FORMAT(2X»4H HN=

»1" Irx}JS’FORNAT(lXollH PARAMETERS//3X91HJ e 10X94HB(J) »2TX96HERRORS//)

1 1Y Y) .

FORMAT(IX+I2¢SKIEL6e6o 1SRIELG6/) - 3
FORMAT(SXs14H CASE NUMBER =+12//) .

FORMAT(10Xe6H SMD =eEL1J45/77)

NCASES=é
NUMBER = )
Mwu) .
Jes 3
NO = ]
N=g¢g -

Le = 20
Q1 =l E-0
Q2 =l.E~40

WRITE (4+188
CONTINUVE '
00-210 LLulsd

ncLL)-otLL-Nunqtnz

FORMAT (15X¢S(E13.5:8X07)

;o S - AN
BO=92.732/6.6258 : |

-

WRITE (6:138) NUWBER = - ° "

WRITE (69136)

- WRITE (Ge137) (JoQ(J)QJ!l.M’

WRITE (69180)

. : . A
R .

WRITE(G41S1) (ZZ(JINUMBER) oy &' 1|N)
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; 150 FORMAT (15X +26H vauues OF MAGNETIC FIELD//) N
151 ranuartzsx.rQ.sz» . . . \\\<
D0 3 IJK = 146 - : : “
a 3 20IJK) = ZZ(IJKeNUMBER) -
HOPPH = HHOPPH (NUMHER) - : ) ' .
WRITE(6:8)Q1002 | ]
:u-;g?:u-aooa.ooav
- ' WRI +9) HN , . n
: ! DO 201 IX = le6 - ’ “37 - -
- ERR(IX) = 1.0 ' .
. 201 FMUIX) = HN 3
CALL CURFIT
SMD (NUMBER) = SSMD  + . "
WRITE (s 188) o . '
WRITE (641235) A .
00 220 Li=le3 . ~ ~
{3 220 GG (LLINUMBER) =-8(LL) o '
O uatr:ta.xao»(J.atJ).aL(J).J-x.M» - \
- F © WRITE(Gs188) ‘ :
- F CALL PLOTB(NOWNeFCIFM) d -
| WRITE (6sl88) . o ‘
NUMBER = NUMBER ¢ | ] //

IF ( NUMBER = NCASES) lels2
2 CONTINUE S ,
DO 230 LLw=lsNCASES oy PN
WRITE (6+138) LL - : y
- WRITE (G6slél) SMDILL) - ‘ . )
@30 WNITE (6,235) (GG!LNoLL)oLM-le) 4 SR
STOP ) : }
END . ML
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SUBROUTINE CURFIT

EXAM HANDLES ALL MATRICES OF utucnstous UPTO THE DIMS(MM OF A9B1C |
THAT IS M IS LESS THAN OR EQUAL TO MM (SAME IS TRUE OF MATINV AND
Jacaal) {
B [
FORTRAN &
DIWENSION Z(20) +FM(20) 1A (20) +DF {20) +ERR(20) +8(3) 481 () 48R (I03) s
l oc‘soo)oaactz).vca».xtao).aaaoca:-ox«a:.oa«a.a» 83(3»3)
DIMENSION SMD(¢25)
COMMON/DATAL/ZABC Y “ ,
COMMON/DATA2/0C ?
v EQUIVALENCE (240C)» (FM!DC(&I)io(FC.DC(Q!))t(bPoDC(Ql)lQQERRODC(BI);
s 1 ca.octlox))otat.oct12~»)Jﬂaa-occ137)z.cN'octaat»)o(LQooctaeaaa. :
- 24a@1v0C1283)) 1 (Q2,0C (284) ) » (MsOC(285) ) » (1G2DC (2861 )+ (L oDCL2BT) ) 0~
3({GRAD» C(lOﬁ))c(01006(468))9(02006(300))v(BOnDClQSO))u(ﬂNtDC(QSl));
4y (J2¢DC(A52)) k
EQUIVALENCE (SMDsDC(460) ) + (SSMDDC(455))
o:ra«aac-auno-anvasa (Y-lﬂ VIHCoLH® Y AHM) ¢
Ll = 0
SA = 0.0
~- 00 1000 JG = 143
81¢JG) = 0.0 : ,
00 1000 Kalsd b \ ‘\5

000000 |

S i an

1000 B2L{JGsK) = 0.0.

R .

| 00 100 MG=. ly & . -

IG a MG .

XtMO)m ERR(MG) %ep

CALL FUNC(2) ' N

OF (MG)=FM (MO) = FC!MG) N :

00 101 JG = 13

81¢JG) = 8l(JG) = !2.0 * or (NG) * 014G IR ING) -

00 101 Kmls) . ;
)

. 101 BRIJGIK) = BRIJGIK) = (2.0 * (OFtMG) @ othév5) - 0140} i

* DIIK))IZRMNGD _ 3

100 SA = SA o DF(MO)O'IIX(NGl . f

GMO0n0+0 g

: 00 102 JO = 10) . i

‘ 102 GMOD=GMOD+B) (JQ) vep ' :

: WRITE(OGs243)SAGMOD

20 FORMAT (L1XeRGH®INITIAL VALUE SUM or so.-cxaqsaaoxoxruﬁso MOO OF GR{

T /L 1AD -3E13.8) ]
WRITE(G+2TSY)

1731 FORMATL1AHO0 DERIVATIVES=) o
WRITE(G9240) (B1(JA)9JG & 1oM) PN y
240 FORMAT (18XeSL(EL13 S8R0 2) N , :
IF . (SA = Q1) 1104 110y 200
110 \E = ) , R
G0 Y0 400 .
200 3 = 0,0 ' . '
GM00 = 0.0 . ,
8MQ0 = 0.0 ( ‘ _ '
PRGD = 0.0 - N . '
ARmABC(L) -
Q0 210 Ja= 14 3 ‘ '
8llJoi= Q.0 ( , /




]

- 00 210 K = 1o 3 '\\
210 82tJaWK)a 0,0 : )
La)}
00 220 MG= 1+ 6
IG = MO : .
CALL FUNC(R) P
OF (MG)® FMIMG)= FC(MG) .
00 220 Ja= 19 3 ¢
81¢JG) = Bl(JG) = (2.0 * OF(MG) * D1(J0))2ZAIMG)
00 220 K= 1¢ J
220 RR(JGIK) = BRCJOIK) = (R0 * (DF(MG) ® DR(JAIK) = OXQJGl .
MLIKI ) I /X (MGD
.00 230 JG=» 1lv¢ 3 ‘
230 GRADtJG)= 81 (JG6)
Ll a Ll 1]
CALL EXAM (B2+v8)leMoLF)
IF (LF) @50¢ 250+ 2305 . ’
250 D0 231 Il=lsd . ’
D0 231 JJalvd
| €31 B3I« )mbR2 LT vud)
CALL JACOBIL1(MeBIs )l NRER)
00 235 MG = 1]
235 Bl(MG) = I MG IME)
: A2mABC(2)
00 260 Ja= 1y 3
260 D1(JG)= 0.0
00 270 JG= 1y
00 RTO K = 1y 3 ~
‘ 270 DI(K) = QLK) + B2CJG sX) * GRAD(JG) "
‘ Q0 278 J€= 1y 3
‘ IF (81tJ4G)) 280, 290, 20%
- - — 80 Al e) s - 81 tue)y — .
. 283 01(JG)*» D1(JGBI /81 (UG) ‘ .
30 Y0 2738 : - ’
290 D1 tJa)a 0,0 -

# RS CONTINUE

00 398 Jow 1e 3 ‘ !
298 81tJAaI= 0.0 . . : ‘
00 300 JGm )» 13 ‘o . ,j
00 300 X a1y 2 )
300 B1¢JG) = AL(JO) © BRLJGIK) *-DItK) : i
30! 00 310 48 = 183 A -
GMOD = GMOD QRADQJG)"!
GNOD = BMOD ¢ 8l (J0) %R
310 PROD = PROD * GRADCJG) * BltuM)
IF (GMOD = 0!)’ 31‘0 318 J20 .
A \E =2 .
HR!TEC‘!!?.\) QNQO
l?tl FORMA‘::lOVN GMOD =+K12:3¢4)

e ¥
380\ CaPROD/3CRT (AMGD*ON0D)
¥ (C) 338y JI8e 400
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' DO 410 JG» 1y 3
410 GRAD(JG)= B(JUG)= UICJG)

Led
| 430 D0 420 Ma= )y &
[ , 10 = MG
T CALL FUNC (1)
! OF (MB) = FM(MG)= FCIMA)
" 420 S a § ¢ DF(NG) /R (MG)
)

- 1P (SA = 8) 423, 500s 3500 \
8 LD = LD ‘
430 DOAAD JGm 1 3

8l{Jo)a B1(J0)/2.0 o
440 GRAD(JG)m B(JG)= AltJa) -

$ = 050 .
‘ W ade]

IF (L3 = 256) ABOs 460s 480
40 LE = §
a0 To 600
00 IF (LD} 505¢ 305, 506
306 LD = 0 -
a0 YO 430 ,
805 00 810 Jo= 1+ 3
210 8140)e GRADLIO) -

s
IF (3A = Q1) 307, 507+ %30
S07 LK = )
60 Yo 600 -
- 530 IF (L&) 2004 2004 900
900 WRITE(64920)L1vA2LI18+GMODY (B (JG) s J0 ® L4M) 5
~ 920 FORMAT(//+15H ITERATION NOJmIS+10x+43H  TRANSFORMATION MADE YO PR &
" 1INCIPAL AXES m AAv10Xs 1AW BINARY_CHOP USED®I3i6H TIMES/AXeRTH W

QEIOHTED SUM OF SQUARES = E1447+25X9J2H  SQUARE MODULUS OF ORADIEN
AV & ElAT/720H PARAMETERS BtJUB)=/(&ELT )2 !
- IF (L]l = L&) 2000 9100 W0 .
N0 LE =6 , . R ‘ . !
: 60 70 600 , 4
/600 0O 710 Jg = 103 .
81tJG)= 0.0 ’ -
DO 710 Kaled . A .
710 BR(JOsKI® 040 IR

(K 2 o
00 TRO MO= ) & X : .

16 = MG : ’
CALL FUNCt . ~ A
oF tNQ) FN(NGO- rctuo) - 3
00 TRO Jyo=m 1+ ) ‘ "
'%‘333 : II:JG) - tl.o * orQuoz . ol(JO))lXQNO) , i
» ]
T80 BR(JGHK) = BRLUGIK) = ta.o ' (oFtng) » OIQJO|K) - 0ltya) ¢

*01 K ) /7R tMQ)
cALL NA?!NV(!lvnollol|0(TtRN) o J




N 2 -

00 730 JO = 143 - .
IF (B2(JGeJ0)) 2001+2001+2002
2001 B1lJ6) = =SQRT(=B2(J0yJG)
94 FORMAT (10H 81140} RiE16+6/)
WRITE (69998) 81 tJ0)
60. 70 730 .
2002 Bl(JO) = SQRTIBZ(JGIJG)) SR
730 CONTINUE ~ .
DO 740 Jo = 143
00 740 KwleQ
740 BR(JOIK) = BRIJGIK)I/(BLLJG) * B (K)) -
WRITE(6+551)LEVSA
!SlngRNAT\IIoIJH EXIT NUMBER=[3125X125H WEIOHTED SUM OF SQUARES=ELS.S
SSHD = SA :
RETURN - : .
END




SUBROUTINE FUNCILX)

SUBROUTINE FUNC % . :

OTIMENSION DC(500)4B(292) ¢D1(3)10RCI43) oFCLRO) 2 Z2(R0) 9QCA) v8 L0y
1) sR(AI4) 1STONLLIA) o8P LAY ¢

COMMON/DATAR/Z0C

CQUIVALENCE  (210C) + (FCYOCIAL)) 4 {B9OC1002 2+ (DL +0C (288D ) ¢ (ORIDCIIOC]
112 # (M00CRES) )+ (L4UC(RBT) ) + (1610 (RA6) 'y (BOIDC(480) ) o (HNYOGLASL) )
. v 8

2 (URH0CASR) )
OATA(SP(Jel) 0unle4) /] SeeBr=eBew) 82 ! . R
DATA(SP(Jod) 0dnlod)/ Je o= o=y e/ \
RE=SART(R,0) :

RInSGRT (3.0)

RB=SQRT (5.0)

RTRSQRT {7:0)

SPtled) = RI

SP(Rw) = RY

SPtas)) = SP(L)

SP(AR) = SP(244)

Ir t2t10)) 1821418

CONTINUE - F

IFLI0 = J2) 19119420

CONTINVE - =

00 100 1X=led

00 100 JXuled
SCIXoJR) = Q40 .
REIRJR) = 040
PRB=A(}iL) *80%2¢10)
$Clel) = )¢S * pRR
S(2e2) = 8 ¢ PRA =

- $43e3) uw o8 * PAR =
StAsd) aule8 * PRB

207 CONTINVE

_GALL JACORZ CAs84 14NRIR)

- {9ml@ ¢} :

FCLI0) = ABSI(3(16:10) = S(19+19))
SIGNIIG) = (StI0+10) ~ $S(I9+19))/FCtLI0)
60 70 7

20 CONT?

Qt3) u = (RtIIL) )Ry
QtA) 'n »(3:® BEIoL))/R
00 101 IX=lsé
00 101 JXaled
StIXWJR) = 040

RUIRWJA) w000
g
al(BsL.) 200%2 (100
)} uw le8 * Pl
«8 * pap
an oF ¢ pRp
anle8 * PAR
) = SORTI3,0)
wh) » St
307 Ix = b
T IR e b SN
(IR = R} 30443064308

3.3
3*8
3 * 5630)
I * a3

£

Al

o T
ik &1 1

L3
Q)
Qtd)
et

*
-
L
L
*

*
]
*
»
Y

(LY

588223222

3
3




308 S{IXeuk) ® SCIRIER)
306 CONTINUE N
307 CONTINUE
CALL \MCOBHQOSOIQNRHN
j6=m}j0=-2
17w 10 =)
FCNM u ABSIS(ITeIT) = uu.un
SIONCIO) = (SLIT7+IT7) = S(16010))/FCLIO)
@0 To |7 P ‘
CONTINUE \ '
FC(1G) = KN :
SIONCIQ) = 1. *
CONTINUE
IF (WX = }) uo.uo.uo
CONTINVE
00 RIS [2Zmly)
D1(XZ) = 0.0
00 238 JZmled
ORITZu2) m0e0
TEMP)L = 0y
IF CZLIC)) Al8.21704l0
CONT INVE
00 RJ6 1IT=alb
IF (10 = J2) 401,401+402
¢ N"NUE
I8 =m0 ¢ )
RRL = (RUIT+I0) ® R(ITe10) = RIITeI8) ¢ nm.xm ® SIGNtION
60 TO 403
CONTINUE
ILnl@ = )
ILAmEL*)
RRImCRCITAILI®O®R = nm‘duu-amlumm
CONT INUE
Coltl) = SP!!'l’oN'RRl'BO'NlM‘DHI\)
DI(R). = Q, -
01t3) = SPLITHI)*RRI ODHN
00 837 H‘Ihl

I1R WiV o
reze = JlNO'hQO'hQOO ~
CONTINWK

lL‘lC -3

lLamiL )

RREBB L IRLITHIILIORUITRIIL) = R(l‘hll.l"lﬂ“hll-ﬂH‘!ON“N‘R!
TENPL = RRR ¢ TEMR]

CONTINUK ' - v

CONTINWKE
IFLIG = JR) R1I7R17220

CONTINUE

0i(R) =020}

Ol1(l) =00

NP =01 tN)

Ol(3) & = (TEMPI/ZRe = 1.8 * TEMP)
P TNUE
TINVE
URN
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SUBROUT INE EXAM(A+8oMILF)
c SUBROUT INE EXAM
c FORTRAN &
. DIMENSION A(393)9B8(3)+CLI)
00 80 JuloM ,
80 cti=Aatird) -
IFtALLed)) 609200+70
60 Allesl) =u=SQRT(=At1lsl))
60 T0 300
70 Atled) wSGRTCAC(Ls1)) X
60 T0 100
100 1rm-uaoouoomo
110 00 118 KaRoM
118 AlLiK)mAtleK) 2 (AL 1))
00 120 JudM
Jinj=}
. SaAtJeJd) .
DO 128 Laledd - -
128 SaS=RtL.iJ)poR
IF (S) 504200040
S0 AtJed) w=SQRT(=§)
, G0 YO 00
A0 AtJeiJ) a=SQRTES)
60 10 - 130
130 IF(J=M) 13514001400
138 Jiwgel
‘ 00 120 KmJ2oM
SeAlJeK)
00 148 Lalidd
A8 ‘Su3=A (L oJ) *A tL oK)
\ 120 AtJoK) uS/AtIe )
- © 400 BLLIRBLLIZALLNY)
o IF(M=1 ) 4R00420+403
A0S 00 010 JeRiM
- S=Bld) .
83‘:3 Lol ’ ’
nie
MS Sal=AtLiJ)*BELYL S
410 BtJing/ZAtard)
AR0 B(M) BB (M) ZA tMeM)

Jaj=)
M8 IF(J)N80:4500428
N A28 Ss=BtJ)
N Jisge}
00 430 LaJRoM
430 Suf=AtJol)®B L)
R TS Y7 e

-

A0 LFal
200 LFs

Y00 LPae) oo
440 00 A8 JuloM N
Atdvdd =G iy ©

IF(JeMLATOIAT TS
470 JIIJ‘&

00 A48 Ku)ReM
M8 M#&:!IMKN)

“"55-; N T \




SUBROUTINE MATINV (AN oh sMsOETERM)

MATRIX INVERSION MITH ACCOMPANYING OLUTION or LIN!AR CQUATIONS
DIMENSION ZIPIVOTCI)2ACI03) 0B(I301) oINDEX (J02) 2PLIVOT(I)
EQUIVALENCE (IROWeJROW) » (2COLUMS JCOLUM) o (AMAR ST oSNAN
DETERM=1,0 .
00 20 J=leN
IPIVOTIJI =0 o
00 S50 ImleN
AMAR® Q.0
00 108 JmlN
IF(IPIVOT CUI=1)600105 ¢80
60 DO 100 Kml N
IF(IPIVOT(K)=1)80+100+740
80 IFtABS(AMAX)=ABS CA(JeX)))8501000100
838 IROW=JY
1COL UMK : SRR
AMAX=A L))
100 CONTINUE
105 CONTINUE
lPWOTHCOLUM)-!PWOTHCOLUMH!
IF CIROW=XCOLUM) 140:2600140
140 DETERMu=DETERM
00 200 Lm) N
SWAP=A(IROW L)
ACIRONWL) mA (ICOLUMIL)
200 ACICOLUMsL ) mSHAP
IFIM) 2009200+210
210 00 250 L=) oM
SHAP=E (IROWL)
SLIROWIL) =B (1COLUMIL)
250 HBIICOLUMIL ) =BNAP
260 INOEX (1] ) =]IROW .
INDEX t1+2) m1COLUM
PIVOT (1) =A (2COLUM ICOLUM)
OETERMEDETERMN*PIVOT(I)
A(ICOLUNY ICOLUM) =] .0 .
00 350 Lu]loN
QSD ALICOLUMIL ) mALTCOL UML) /PIVOTLY)
IF M) 28093804360
360 DO 370 LeloeM
10 B(ICOLUNIL) =BLICOLUMILI/ZPIVOTID)
380 00 850 LimleN
N IF (L1=1C0LUNIADOD 8505400
400 TeA(LloICOLUM)
MthCGL\MllOoO

00 AS0 L=)eN \
430 MLI !UUACLIOH-A (lCOLUN'U'T
IFMIBB30+:8800400
460 00 800 L=loM
s00 “th.)lﬂQLIOLI‘Q(!COLUN!L)'T
230 CONTINUE .

00 710 l=leN
LaNe]l=]
INRND(NLOI)'INOEX(LOI)M!h?lhtao
JROWEEINOEX CL o))

. JCOLUMRINDEXR (L1 2) .
20 708 XuloN ™ -




I

A (Ko JROW) A (Ks JCOLUN) y N
. A(KeJCOLUM) =SWAP / _
705 CONTINUE _ N
10 CONTINUE ‘
A0 RETURN - o
END ~ - | )
- ‘7 *
. p i \
o . e

VN e ey o,
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SUBROUTINE PLOTB (NOsN»AA+BB) o
¢ SUBROUTINE PLOT B -

S A= LARGEST OF FC ANU FMs B= SMALLEST
DIMENSION X(116)sAA(20) 9BB(20) oY (4) sABC
COMMON/DATAL/ZABCeY .
DATAC(ABC=2HNOYINYES) 9 (YmIH o 1HC 1 H®y 1 HM) e
g-aaclz L : T

=A .

DO 900 I=1sN S

| IF (AA (1) =A1 90519051910 Ve .

910 ‘A=AAL]) .

905 IF(BBLI)=A)9151915:920
920 A=BB(I) . :
: 915 IF(AA(I)=B)930:9259925
|, 930 BmAALY) ~ 4
| 925 IF(BB(1)=B)93519000900 , ..
~ 935 B=BB(I) x .
900 CONTINUE ‘ . .
FAC‘OR = l.n . ' [
520 IF (A=B=1000.0) 500y 510y $10 ~ =~ =
S00 A = 2.0%A ‘ : . ]
'8 = 2,098 - . o S
FACIOR .= 2.09FACTOR
GO TO 520
S10 KD = (A=B)/112.0 ¢ 1,0
* KS » IFIX(B) = 2eKD

WRITE (&s)) . |
‘ e | FORH&T(I!’HO!QQO.o-.-o.o.%t.oo-oo-.ZoooooclQ.?OQQQ.Q!OQQlQ.OOO..O

150cs000000600tesseccTasacsesceBiscncnnrePossecceeclloccnssnsll .
DO 100 I=mleN- L ' ‘ : seeedlees)
DO 110 Kslsll6 . |
110 X(K)=Y()) A .
K = AACI)®FACTOR . ,
K = (K=XS)/KD ~ )
X{K) = ¥Y(2) ' NN
‘ . L = BB(I)*FACTOR , Ses e
L = (L=KS)/KD 5
IFL=K)1200130y]20 ’ »” . .
130 So o 108 | ~
120 XtL)=Y(4) ) , . ' '/’
108 INO=]I*NO=]) ' s
100 WRITE (6+90) INOyX \

: 90 FORMAT{1%13+116A1)

X . WRIT tr.x) h

- RETU
END
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SUQROUTL?E JACOBI (NOQ!JVEC!H'V’
SUBPROGRAM FOR DIAGONALIZATION OF MATRIX O BY SUCCESSIVE RDTAT!ON#

DIMENSION Q(494) oV (Goh) s X(4)oIH(S)
NEXT 8 STATEMENTS FOR SETTING INITIAL VALUES OF MATRIX V

IF (JVEC) 104150410 ‘
D0 14 IslsN ~

00 14 Js=lsN

IF(I=J) 12s11012 . : . ,
VIIsJd)=1,0 | : :
GO TO 14 . . . -9
VIIsJi=0, ’ . - 3
CONTINVE . 4 q *

}

“.o '(’
NEXT 8 STATEMENTS SCAN FOR LARGEST OFF DIAG. ELEM. IN EACH ROW ¢
X(I) CONTAINS LARGEST ELEMENT IN ITH ROW: £
IH(I) HOLDS SECOND SURSCRIPT DEFINING POSITION OF ELEMENT

MIuN=]1 - \

DO 30 I-loMl ¢

X({I)=0,. ‘

MJu]le] -

00 30 J-MJvN

IF (X(I)=ABS (Q(IesJd))) ZO-ZO-:D

X(I)=ABS (Q(I»J))

IHtI)=d

CONTINUE

NEXT 7 STATEMENTS FIND FOR MAXIMUM OF X(I)S FOR PIVOT -ELEMENT
D0 70 lmlsMI .

IF(I=1) 60160945

IF (XMAX=X(I)) eo.?ﬂ'%o

XMAX®X (1) .
IP=] ) ‘ : L ‘

CONTINUE
NEXT 2 STATEHENTS TEST FOR XHAXv!F LESS THAN 10"-8'60 T0 1000

EPSI=1.E-B ’ '
IF (XMAX=EPSI)- 100010000148 . . :

M=uMe )
NEXT 11 STATEMENTS FOR COMPU'iNG TlNGoS!NEoCOSNoO(Iol)ob(JoJl

L
IF (QUIPIP)=Q(UPvJP)) 15001510151 !
TANG -'Eo'QGIF!JP!I(ABS(GCIP|IP)-0(JP0JP))OSORT((G(IPOIP)'G(JPOJP)Q

1)982444%Q(1P2JP) #e2))

GO To 160

‘151 TANG -oa.cotrp.up:z«Aa5¢ocxp.tp)-o¢JP.ap;:osoarccdxxp.xp:-ntap.ap:
1196204420 (IPvJP) 992) )

160 COSN=1.0/SQRT (1,0eTANG®2) -
SINE=TANG#COSN _ »
QIl= Q(IPsIP) ~ , _ &

QCIPyIP)m COSN®®26(QT]+TANG® (2,90 (IPyJP) *TANG®Q (JP+JP)) ) ) o
Q{UPeJP)m COSN®®24 (Q(JPIJP) =TANG® (2, *Q(IP¢JP) =TANG¥QLI)) =

+




O0O0DOO

amon

154
155

170

Q(IPsJP) R0,

NEXT 4 STATEMENTS FOR'PSEUDO RANK OF THE E1GENVALUES
IF (QUIP+IP)=Q(JUPsJP)) 1521534153 [ 4
TEMP=Q (TP IP)

QCIPyIP)=Q{JPeJUP)
Q(JP+JP)STEMP

NEXT 6 STATEMENTS ADJUST 'SIN+COS .FOR COMPUTATION OF QUK eV (IsK)

.

IF (SINE) 15441559155

TEMP=+COSN A

- GO 70 170 .

TEMPa=COSN
COSN=ABS (SINE)
SINE=TEMP

-

- NEXT 10 STATEMENTS FOR INSPECTING THE I"S BETWEEN I+l AND N=~1 TO

153
200
210

230
240

300
J20
350

DETERMINE WHETHER A NEW MAXIMUM: VALUE SHOULD BE COMPUTED SINCE

"THE PRESENT MAXIMUM IS IN THE I OR J ROH -

DO 350 I=m)iMI ' #//_

IF (I;IP) 21003504200 -

IF (I=JP) 21003504210 : i S
IF (IH(1)=IP) 230:240,230

IF (IH(I)<JP) 35002404350 - *,

Ke IH(I) . .

TEMP=Q (1K) ’ . . _
Q(IsKI=0, ) : .
MJslel : o
X(I)=0.

NEXT 5 STATEMENTS SEARCH IN DEPLETED .ROW FOR NEW “MAXIMUM
00 320 JuMJeN . )

IF (X(I)=ABS(Q(1eJ))) 300'300-320

X(I)=ABS(Q(1eJ))

IH(I =y \

CONTINUE , . . {

QIsK)STEMP . ’ ' P
CONTINUE _ ' : oot )

XtIP)wmO, - ‘ Lo -
X(JP) =0, . —




-0

oOon

R

c

-
_.'  QUIPvd)SCOSN*TEMP+SINE®Q(JPI )

SRR TRV, ARSI ALt 5

.-
> - 63 -
‘ .

o .

. * ’

N\

© DO $30 I=loN . =

IF- (1=IP) 3701530,420

370- TEMP=Q(1IP)
O(loIP)-COSN'YENPOSINE‘Q(loJP) .
IF (X{11=ABS(GLTIIP))) 38013901390 J

380 'X(I)=ABS(Q(I+1P)) , S
IH¢D) =1P

390 Q(I1+JP)a=SINETEMP*COSN®Q (1 vJP)

F (Xt1)=ABS(QLI4JP))) 40045304530 :

(1) =AUS(Q(14JP)) : W

TH(I) =JP ' L

' GO T0,530%

420 IF (I=JP) "430+530.480 . - , v .’ﬂygﬂ
430 TEMP =QUIPI) .- T
Q(!POI)ICOSN'TEMP'SINE'QQIvJP’
J1F (X{IP)=ABSLQCIFI))) 44014504450

400

- N \’K.’ ) '
NEXT 30 STATEMENTS FOR CHANGING .THE OTHER -ELEMENTS OF @

440’ X(IP)=ABSLQIIPYI))
G {IEY

~

. 450 0(!OJP)I-SINE‘TEMP*COSN'Q!IGJPl

-~

I

IF (X(1)=ABS(QUIsJP))) 4U0+5304530
NBO TEMPRO(IPL) . - ) B N
' IR(XLIP)=ABS (Q(IPY1))) 49015004500

A0 X(IR)=ABS(Q(IPe1)) L .
-IH(IP) =l '

500 Q(JPel1)n=SINEPTEMP+COSN®Q (JPYI) .

IF (X(JP)=ABS(Q(JPII)) 510'5300530 ; N
sio Xt P)OABS(Q(JPOI)) ' ‘

IHtJP) =]
530 . CONTINUE-

NEXT 6 srareﬂauts TEST FOR connu1atxon or :xnenvectoas
‘ér (JVEC) 5400404500 o . -

' 540 60 350 laleN . L . i
TEMPaV (] 1P) 1 - £
VIIIP)m cosn-tauhostE-Vtt.gP)

850 V(!oJPO--Sth'TENP0COSN'V1!tJP) :
60 Y0-40 & .

1000 RETURN - . R .
tno _ L

>. . v\i) : | ‘g‘ ’
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SUBROUTINE JACOUI1(N+QvJVEC MV} i

C SUBPROGRAM\ FOR DIAGONALIZATION OF MATRIX Q BY SUCCESSIVE ROTATION:
OIMENSION Qoﬁ)tvtb'b)o&iﬁlolﬂ(b) :

13 FORMAT (2E1S. '

NEXT 8 STATEMENTS FOR SETTING INITIAL VALUES OF MATRIX V.

s

IF(JVEC;KIO|l5010
10 PO 14 Im)sN

D0 14 J=m)N
; IF{I=J) 12+10012 . .
/ 11 V(IsJd)=]1,0 .
} i0 TO 14 ' ", . . ) .
X 12 V(IyJ) =0, . ’ LY ' o
14 CONTINUVE . ‘

1S M=0.  »
NEKT 8 STATEMENTS SCAN FOR LARGEST OFF DIAG. ELEMs IN EACH ROW
X(I) CONTAINS LARGEST ELEMENT IN ITH ROW
IH(I) HOLDS SECOND SUBSCRIPT DEFINING POSITION OF ELEMENT

| ' MlaNe]

£\ 00 30 IwlsMl

. X(I)=04 ‘
\ : MJulel v

00 30 JasMJWN .
(X(I)=ABS (Q(IeJ))) 20420430
20 XV )wABS (QL1sJ)) : , e

. IH() =g ;
30 CONTINUE Lo

_ NEXT 7 STATEMENTS FIND FOR MAXIMUM OF Xt1IS FOR PIVOT ELgyeur
R 40 .00 70 IalNI | “
Jd IF(I=1) 60160145 A .
- 45 IF (XMAX=X(1)) 60470470 ‘ ‘ ‘ -
‘ 60 XMAXaX () T | :
IPa] : + //

' JPaIH(I)

70 CONTINVE

NEXT 2 STATEMENTS TEST FOR XMAX:IF LESS THAN 10%9-84G0 TO 1000

EPSIale/(t10s)00)6) . \
trvm\x-zpsn 1000+11000+148 \ 7

IQI MupMe )
: NEXT 11 STATENENYS FOR CONPUTING tANGcSINEoCOSN-Qt!ol)cO(JoJl

IF QO(lPolP)-QCJPnJP)I 1501830180 ” F 3
130 TANG "l.'ﬂ(!PoJPlI(ABS(O‘RPongrO(JP‘JP!"SDRT!QQCIPthi-ﬁ(JPQJP)&
1) #0244 %0 (IR vUP) #eR)) a
G0 Y0 160 .
‘1851 TANG ‘*!G‘Q(!PQJP,'(ABS(Q(lP!lp“Q(JPQJP‘“SQ“‘(Q“"‘F"Q'J’!J?’? '
11902444 %Q(IPvJP) #02)) :
160 COSN=l1.0/8QRT (1,00 TANG®*R)
SINE=TANG®*COSN
OLl= QLIPHIP)
QIR 1P COSN"I'(Qt!"ANO'(Eo‘Q(XPtJP)‘1AN6‘QQJPOJP)’\
QtJPeJPYa COSN®R® (QIUPYJIP)=TANGS (24 *Q (TP JP) =TANGSQL D)

o
. ‘ ‘
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.
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,
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e I 1 o St

fnn

(972

Do

)

152

154

1535
170

153

210
230
240

300
azo
3s0

. X(JP)iO. ;

O OO0

avo
e
390

. 400

" SINEmTENP

TF (TR =UP) 35042404350

IF (KU =ABSIOLTVIPI 1) 4004830830 L 3

J

FESTRR WS A P e KRG M Y =

- 65 -

QUIP+JPI =0, « R

NEXT & STATEMENTS FOR PSEUDO RANK OF THE :xdeuvuLuas

IF (QUIPYIPI=QLIPIJPI) 152+153,15)

TENP=Q (1P 1P}

QUIPsIP)=QtIPYIP) _

Q(JPyJP) =TENP

NEXT 6 STATEMENTS ADJUST SIN'COS FOR COMPUTATION OF n(t.&).vt:.x»

IF (SINE) 15401954155

TENP=¢COSN :

60 YO 170 - - , |
TEMPa=COSN | , v
COSN=ABS (SINE) ~ )

.
r .
© 35
8
&
i
2
ko,
&,
<4
2
o
é
i
o8
o3
/'éi

NEXT 10 STATEMENTS FOR INSPECTING TAE THS BETWEEN I+l AND N+l YO

DETERMINE WHETHER A NEWw MAXIMUM VALUE SHOULD BE COMPUTED SINCE
THE PRESENT MAXIMUM IS IN THE 1 OR J ROW e |
& %

N
DO IS0 I=]Ml
IF (I=IP) 210+150+200 -
IF (1=JP) 210+350+210 :
IF (TH(DI=1F) 23032404230

Ka IHLI)
TEMP=uQ (X K) °
QlleK)=0,
MJmlel :
A1) =0 ) . ,

v

NEXT S'STATG.'NTS SEARCH 1IN DEPLETED ROwW FOR NEW NAR!NUN

PR P N Tr R, v VI T P

00 320 JuMJsN '
IF (X(1)=ABSLOCIoN)) aoo.aoo‘aao ‘ — &l

XCI)=AUS(Q(TvJ))

Intlia) y .
CONTINUVE ‘ . 3
QLI oK)InTENP ’ . , \ A
CONTINVE | i oo

R{1p) =l . ' . o Cy

Vo

NEXT- 30 sttcuents FOR CHANGING TWE otucn ELENENTS OF Q
00 330 laleN ~ - ‘ §

IF (1=1P) 37048304420 :

TENP=Q{T 1M * =
QLI IP)uCOSNOTEMP*SINE®QLTVUR) ‘" ‘
IF (RUII=ARSLQLTZIPI D) J80+I900390

XTI mAUS QLT IP))

INtT)alp

OQIQJP)‘-SINE'YENP'COSN‘QQlvJP)

VTt b AT e

RED)=AUS(QLTIIP) )
lN!%)lJﬂ *
0 %0 : N -




420 IF (1=JP) A30e5304440
. 30 TEMP=QLIPWI)
QLIP1])nCOSNOTEMP*SINE®Q L] s uP)
- IF (XUIP)=ARSIQIIPYI) ) 44014304480
440 XLIP)wABStALIPI))
INtIPIn]
450 QLYo JP)u=SINECTENPCOSN®Q LT JR)
TF (R(II=ARSLOLINUP))) 400+830+830

TEMPRQLIPVE)
QUIP+ 1)1 uCOSN® VENPSINE*Q P T)

IF 1 (1) =ABS(LIBALI1) 490+300,500

XLIP1=ABS(QLIPI D))

IN(IP) &L

QUJPy 1) 8=SINESTENPSCOSN®Q LURs 1)

IF (X(JP)=ABSQEJPID)) 51045304530 \

XtJP)RABS LQLJPIT))

IHtJpIal \ | 1/
CONTINUE ;oo 2

NEAT 6 STATEMENTS TEST FOR COMPUTATION OF E1GENVECTORS

IF (JVEC) s«o.«o.sso )
00 SS0 I=)wN ‘
TENBuY (1+1P) :
VEZoIP)m COSNOTEMPR+SINE®V (] vJP)

850 V(IsJPIueSINEOTEMP*COSNOV {19 JP)

. 80 YO 40
* 1000 AAN®FLOAT M)

© WRITE (61)) EPSIcAAM

RETURN

N
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