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ABSTRACT

The system K2504:Cu2+ produces four sets of spectra and

the previously uninvestigated weak set was studied by electron
paramagnetic resonance methods.
The data were fitted to the spin Hamiltonian
H=S.g.H+ S$.A.I. +I.@.I
using an exact diagonalization process and a multi-dimen-
sional least sguares method. The paramétérs were found to be

{in crystallographic co-ordinates)

GXX gyy gzz
2.53%6+.0001 2.1296+ .0001 2.0920+.0001
gxXYy gzx gz¥y
0.1023+.0001 0.0347+.0001 0.0516+.0002
.Akx-10'4cm-l Ayy . Azz
1 205.3+0.9 19.8+ 5.6 38.5+4.0
Axy . Azx Azy
88.3+2.0 2.3+1.6 -36.9+4.5
Qx-10_4cm—l Qy
20.6+2 3.8+0.6

Diagonalization of g and A tensors show that they are highﬁj
non-coincident. This is due to a very low symmetry environment
of the paramagnetic impurity. Reasonable agreement with a pre-

viously suggested charge compensation moae was also found.
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CHAPTER I

INTRODUCTION AND PURPOSE OF |EXPERIMENT

!
2+

Although the initiazl objective had geen to study LiKZSo :Cu
obtaining samples proved ;o be difficult and K2SO4:Cu2+ was in-
vestigated instead.

The course of searching for a cryétal of LiK2So4 with suf-
ficient copper doping to pro&uce strong electron paramagnetié
resonance signals yiélded crystals of K2504 with extremely strong
signalé.

although the spectrum of K2504:Cu2+ had previcusly been
investigated by Abdulsabirovl and Freemanz, these investigations
left open the questioAS of non coincident g and A tensor and ‘
although Abdulsabirovl had evaluated three sets of spectra, the
charge compensation mechanism they suggested left open the possi-
bility of a fourth mechanism and a set of weak lines had not been
investigated by 1 or 2.

The purpose of the_pqyestigation was to evaluate the spectrum
of this weak set and to check agreement with both the charge
c0mpepsation mechanism suggested by 1 and the non-coincidences
repofted by 2. For this purpose crystals containing a single
isotope Cu63 were prepared thus yielding a greater resolution
since the relaxation times (spin-lattice) at 77°k were such that

&he Cu63 and Cu65 lines overlapped.
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CHAPTER II

THE CRYSTAL STRUCTURE OF KZSO4

X-ray studies 3 have shown that K,S0, is orthorhombic with
a=7.4563, b=10.08%, c=5.7768 and has space group Pnam‘(Dig).

Each unit cell contains 4 formula units and the SO4 groups
form groups of symmetry related tetraﬁédra.

A diagram of the crystal structure is shown in fig. II.1
with a box around the unit cell.‘ .

The crystals were grown from agueous solution by slow evap-

oration at room temperature and doped with Cu63 during growth..

%
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CHAPTER IIX

THEORY

A. Electron Paramagnetic Resonance

This phenomenon was first reported by Zavoyskiy4 in 1945
and refers to ‘the magnetic resonance of permanent magnetic- dipele

-

moments of electrons.

Paramagnetic centres may be produced in various ways, some

P
~

of which are,

1.) Radicals in solids

2.) Radiation damage centres

3.)m Molecule-like complexgs in a solid matrix

4.) Paramagnetic impurities

In our case, 4}, the paramagnetic impurity is a copper dopant -
'Cu2+.

If we consider the case of a single paramagnetic ion which
is not interacting. with cther impurity ions via dipole~dipole
interaétions and hag a single unpaired_electron in an § state
with a "‘spin-—only" magnetic dipole moment of mégsp (ms=l/2,

ﬁ is the.Bohr magneton, ¢ = 9 free electron), then in a‘magnetic
field the spin degeneracy is resolved and the dipole may orient
irself -parallel or antiparallel %o the external magnetic Ifield

.with corresponding energies t%ﬁsjh and this is the familiar

Zeeman effect.



~
Considering an ensemble of such ions we may observe magnetic -

dipole transitions induced between these two levels by applyving a
high frequency magnetic field polarized perpendicularly to H which
satisfies the resonance condition.
ho =g§FH .
Resonance aksorpticon will then be observed corresponding to
dipoles being ghipped from parallel to to antiparellel toFi.
Emissicn wi%i also be induced although when the gystem remains
in thermal equilibrium thé population of/a(iipole varallel to H will
exceed that or/ﬁ dipole antiparallel to E, and a net absorption
will oceur. -
Zeeman separationsat 10K(G are typ:ically 0.0lcm-l and KT

-1 . . . . ‘ . .
—~ 200 cm and since it is the slight difference in populations

room

which gives rise to observable transitions the absorption is
enhanced at lower temperatures. Another ad;antage of lower temp-
eratures is that & major source of E.P.R. line broddening is spin-
lattice relaxation andlSince spin-lattice relaxation time generally
increases at lower temperatures the line width 1s reduced.

Cther effects which cause line broadening arE spin-spin inter-

actions and exchange effects, neither of which are\{mportant in

our case.

The spectra discussed here were all recorded at liguid nitro-

’

gen.temperature (77° ®).
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Consider an ion having an orbitally non degenerate gropnd
state with spin S. «The "spin-only" interaction with an external
magnetic field will be

=a3§.§

If # is parallel to %;then the t?rm splits into (2SH) equally
spaced levels with energies 2PHM5 and a separation %sH between
adjacent levels. )

Magnetic dipole transitions will have intensities proportionai

to

. ) 2
PE=1<¢Plnal l‘(LE *Ss Se)‘¢1nitial>l

as a conseguence of ggrmifs Golden Rule. The subscript € denotes

N

the component along the direction of the magnetic vector of the
incident radiation. With P, as above we have, (ﬁ=ﬁz)
PK=Py=5(s+l)-MS(MS+l)
for the transiticn lsns>-9fsms+i> and Px=Py=Pz=0 tor all
other transiticns. So we have the selection ruleJAM5=tl- In
practice this simple scheme is cgmpllcated by crystal field etfects,
spin-orbit coupling and hyperfine interactions. Hyperfine inter-
action between the electron and the magnetic moment of the nucleus .

results in a é:glher splitting of each Mg level into (2I+1) levels.

B. The divalent Copper Ion

The ground state of the copper atom has the electronic con-
figuration

1522522p6352}963d104s

Thus giving azs term, the divalent copper ion has a configuration

6 6449

1s22522p%35%3p%3¢

»

¥



Resulting in a20 term, L=2, s=1/2. This can conveniently
be treated as a hole in a closed 3d shell in tne c¢omplementary

scheme.
C. The Complete Hamiltonian

The complete hamiltonian coperator for a paramagnetic ion
a crystalline fielda and zero magnetic field is

=T +V_+V + VvV, +V
c s X

o + vS + WQ (IIXI.1}

ss I

where; .
32
T o= (pk/2M )
is the total KE of the k&R electron with momentum Pg and mass M
and the sum extends over all the electons for the ion.

The Coulomb term Vc consists of

v, =2z’ + 1 T &8
i¥]
The first term is the Coulomb attraction between the k&0
electron and the nucleus and the second term is the Coulomb
interaction between electrons summed cver all electrons in the
ion. The factor of 1/2 eliminates double counting.
The Vso term is the contribution due to spin-orbit coupling
[}
and can be written as
. -
v = . . .
S0 28 7\:.3 1 . $3
13
Where 1 and j are summed over all electrons in the ion.

With Russell-Saunders coupling this becomes

Zi:-ii =-|:andzl§i §



And so Vso becomes
b
Voo =AL . 8
where is the spin-orbit coupling constant and depends on
some radial integral.
Vx represents the interaction between the paramagnetic ion

and the crystal £field potential
v = —Z - 8

VSS represents the magnetic dipole-dipole interaction bé&tween
electrons and in our case can be set egqual to zero since we are
dealing with a dilute impurity with a single hole.

VSI represents the magnetic interaction between unpaired
electrons and the nuglear moménts Qi both central ion and ligands.
In our case no superhyperfine interaction was observed.

A full relativastic treatment of the interaction between an
electron and the nuclear magnetic moment of the nucleus (see
Griffith§ 5.5.3) shows that the interaction adds a term

= 2¥pa I {f(r‘31'-r'3é‘ + 3r73(3.8)2)
-2

where £ = 1- E+eA_, and is close to unityv.

It
After a lot of heavy algebra and with the use ¢f the re-

placement theorem of egquivalent operators this can be written as

. . LS
(within a term):

H_ - p{i’-’f-lc(é'.f) + gﬁ,(ul)g."-

with,

3L.5) t.D) - 3E.D ('f..é’)]}
2 -



P = A, (=770
X'aepends on the nucleus in guestion andeN is the nuclear
_magneton,

and,

\g = 2 +1-4S
" S(21-1}) (21 +3) (2L-1)

within a a® configuration there should not be a Fermi contri-
bution of the form 3.T but configuration interaction means that
there is always an unpaired spin density at the nucleus from s
wave contributions which are mixed in by configuration inter-
action. This warrants the term K(2.T) but unfortunately there
is no accurate way of calculating XK.

Vg represents the guadrupcle interaction between the nuclear
and electronic quadrupole moments and can be written as the
egquivalent operator:

1.2.7

Since in practice this is a small contribution, only diagonal
elements are considered and application of _V.:'E‘=p gives the extra
condition that Tr(Q) = 0. If only.AMI = 0 transitions are con-
sidered then Tr (@) 1s in any case indeterminate sinceg it onlv adds

1l
a2 constant 3Tr (@) I(I+l) to the Hamilitonian.
S

BR. The spin Hamiltonian

‘The complete Hamjiltonian as written in III.l is too cumber-
some to work with and in our Jase Vx is unknown.
For the fitting of the recorded spectra we make use of an =

equivalent Hamiltonian of the form:



H = g.g.ﬁ + AT+ Tl

.The first term is the electronic Zeeman term and the g
"tensor" reflects anisotropy in the spectrum due t¢ spin-orbit
and crystal field effects. The § here is not the actual spin
of the system but is an effective spin, often called "ficticicus
spin". (2S+l) is egual to the number ot electronic levels in the
ground state of the ion.

The second term describes thé magnetic hyperfine interaction
discussed earlier. The A "tensor" describes both the magnetic
interaction and the Fermi contact interaction.

The third term is an eguivalent operator form for the inter-
action between the electronic and nuclear guadrupole moments as
discussed earlier. The restriction Tr(@ = 0 reduces the number
of empirical factors needed to fit the spectrum since Tr (R) only
adds a constant %Tr (@ I(I+l) to H if AMI = 0 only tragsitions
are considered. It's inclusion is warranted by the fact.that at
certain orientationsAMI = +1 "forbidden" transitions are easily
seen. This is because this non linear term in I means MI is no
longer a good guantum number.

If we choose a frame of referenfe which diagonalizes the g
"tensor" then .the Zeeman term c¢an be itten as

H = (Sx/Sy,Sz) . {940 © - [Hy

¢ g, © H,,
00g, H
(9 SxBy * 9yS Hy * 955,K,)
Simjilarly for the A "tensor"

H= (Ag Sy Iy + Ayasy'lyﬁ + A5, I,)
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Although for low symmetries it may not be possible to

diagonalize ¢ and A simultaneously as we shall see.

A



CHAPTER IV

INSTRUMENTATION

A. K-Band Spectrometer
L-3

The K-band spectrometer used was of balanced bridge design,
using a circulator, with the microwave frequency stabilized against
the sample cavity. A block diagram is shown.in fig. IV.l. The
microwave power was supplied by a Varian model VASBE reflex

klystron producing 30mW of power.

(1) Klystron Stabilizer

The klystron tregquency was stabilized to the cavity resonant
frequency using a Teltronic mode; KSLP Klystron Stabilizer. The
stabilizer works on the principle or automatic frequency control
(A.F.C.). A sine wave modulation of approximately 70 KHz was
impressed on the retlector voltage thus causing a small amount
of freguency modulation. If the Klystron frequency is tuned at
or near the cavity rescnant frequency, the output detected by
the A.F.C. signal is amplified and then applied to the phase
sensitive detector (P.s.D.) built into the stabilizer, which
compares the signal with the original modulation signal. The
result is a D.C. error voltage with a polarity and magnitude
proporticnal to the difference between the klystron'cscillator
frequency and the resonant frequency of the cavity. The error
voltage is applied to the reflector of klystron in such a manner

that the klvstron frequency is pulled back tq the freguency

12
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of the cavity; thus stabilizing the klystron on the resonant

frequency of the cavity.

(2) Microwave Circuit

Microwaves are prevented from re-entering the klystron by
use of an isolator, which is a two terminal pair microwave ferrite
device which makes use of the Faraday effect to permit trans-
mission of microwaves in one direction and prevents theil trans-
mission in another direction. A tuneable cylindrical cavity is
used as a wavemeter, and an attenuator is used to control the
power ;eaching the sample cavity which may be necessary in cases
of saturation.

A three port circulator is used to allow transmission of
klystron power to the cavity and power reflected at resonance
from the cavity ta the detecter, without power going directly_
to the detector or any reflected power returning to the klystron
arm, The cavity arm can be matched to the klystron arm by means
of a slide-screw tuner. Any E.P.R. absorption in the cavity '
then causes a mismatch, so that power is reflected from the
cavity into the detector arm. In practice the cavity is slightly
mismatched in order to allow sufficient power to bias tbe
detector c¢rystal.

Fig. IV.3 shows a diagram of the position of the diodes
D, and D, in the detector waveguide and the transformer circuit.
The lines show the distribution of E intensity.and 1t can be

seen that El and E2 are in antiphase so that the signals from

-~



" 15

FROM RESONANT CAVITY

o I =
T )

——— FROM KLYSTRON




16

Dl ‘and D2 are alsc in antiphase. D

-

1 and Dzitransmit the signal

to the 100 KEz amplitier thfough a transformer with twc oppositely
directed windings and since noise at D, and D, ls.random it will
tend to cancel half the time, thus resulting in reduced noise.

The rescnant signal is preamplified and then fed into the.
Princeton Applied Research (P.A.R.) model J.B.-6 lock-in Ampli—
fier, which compare the phase and freguency of the resonant
signal with the original 100 KHz modulation signal in the same
"manner as the P.S.D. of tﬂe A.F.C. circuit. The result is a
derivative signal proportional to the resonant signal, which can
be displayed on the oscilloscope'or chart recorder as a function
of magnetic field. To‘facilitate display on the oscilloscope
the magnetic field is modulated at 60 Hz with a "Variac", in
'addition to the 100 KHz modulation. The horizontal sweep of the
oscilloscope is connected to a 60 Hz source and synchronised with
the modulation using a phase shifter. The method of oscilloscppe
display allbws one to observe E.P.R. signals as both the magnetic
fiéld aﬁd crystal orientation are varied.

This provides a convenient and rapid means of studving angular
variations.

The cylindrical cavity used was made of glass with an internal
surface sputtered with gold. Operating in the TE0Qll mode the
cavity has begn employed sucéessfully in this laboratory on ﬁfevipus~_
occasions. In conjunction with the cavity is a rotating mechanish
previously developed in this laboratorys. It facilitates rotation
about a horizontal axis which combined with rotation of the magnet
about the vertical axis allows an orbitrary vrientation of magnetic

field.
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{3) External Magnetic Field and Modulation e

The external magnetic field is produced by a 1lZ inch Varian
electromagnet with a 3.5 inch gap and a rotating base. The magnét
is stabilized by a FieldiaL model V-FR 2503 (Varian) control
unit, which keeps the field value constant to within one Gauss
for several hours. It is possible to achieve a linear sweep of
up to 20 KGauss. | |

'Magnetic field modulation at 100 KHz is generated by.an os-
cillator budilt into the P.A.R. lock in amplifief. This signal is
amplified externally and applied to two Helmholtz coils c¢onnected

in series and mounted on either side of the cavity.

B. Proton Magnetometer

Measurménts of magnetic field strength are obtained by means
of a proton magnetic¢ resonance oscillator, tuning circuit and
amplifier, together with a wide band amplifier and electronic
counter, Hewlett-Packard No. 5253. Seweral complementary probes
using rubber as a pfoton source were constructed previocufly in
this laboratory'to cover a wide frequency range and one probe

proved sufficient for all measurements.

L3

1%



CHAPTER V
EXPERIMENTAL PROCEDURE
.(i)‘C;QstAl,Orienta£QM1

Because the crystalé grow preferentially along the b-axis

Viéual:examination wlthlthe aid of a binocular microscope enabled
v )

mounting of the crystals. within + 5°. The crystals were attached

to thé quartz capillaries with epoxy resin and this facilitated

placing a’thermocouple'(coéper—constantan) in the capillary in

good thermal centact witp thé crystal for studies of the temper-

ature dependence of the spectra.

Using the orientation of the magnetic field about a vertical
axis and the crystal about a horizontal axis with orbitrary zero
the orientations of the ﬁagnetic field relative to the crystal
were piotted 6ﬁ,a stereogram. The accuracy of orientation was
checked by recording spectra on a chart recordér at a point where
the spectra coincided and then recording the spectra for the
magnetic field in the reQerse direction; for perfect alignment
the spectra should have been identical, in practice deviations
of less than :0.5O were observed. Hence the size of the error
bars in the following diagrams. .

Diagrams of the spectra in the three crystallographic direc-

.tions are shown in figs. IV.1-3.

18
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The spectra displayed three mutually orthogonal axes
coincident with the crystallographic axes at which the three
sets of strong lines coincided to form a single set of four
lines.

In the planes defined by these axes each set of four lines
splits up into two sets of four lines consistent with the unit
sell of Z=4 with four sets of crystallographically ineguivalent
centres for an arb:trary orientation of magnetic field. ¥ -

'The angular variation of the set of weak lines is shown
in figs. IV 4-6 in the ab, Ec, ca planes, the gaps cccur where
_the variation was obscured by the set of strong lines. ®

The orientation of the crystallographic'axes was con-
firmed by x-~ray analysis (see appendix 2).

Measurements were taken with a crystal doped with a single
isotope Cu63 and measurements of resonant fields were recorded
for 38 orientations, and the directions of magnetic £ield for
a right-handed svstem of co-ordinates were calculated directly
from a plot of all 38 orientations on a stereogram. This
allowed for convenient elimination of gystematic errors and
corrections for misalignment mentioned earlier..

The measurements were taken at orientations a few degrées
apart wherever all four lines were not obscured by the stronger
ones.

.For a batch of crystals grown with Cu63 ions, many crystals

turned out to be twinned, resulting in a complicated addition

of spectra ané were of no use for this work.
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To check-that the spectra were in fact due tc twinning one
crystal was removed from the spectromeﬁer and carefully sliced
into two and one half discarded.. The spectrum resulting from
half the original crystal showed a change of relative intensity
of the extra lines with respect to the known set thus confirming
their origin as a twinned region of crystal.

The results are tabulated in appendix 1.
{3} Measurement cf Magnetic Field

A set of probes covering the freguency range 30 MHz to 53 MHz

hadppreviously been constructed in this labbfatory and a single
probe proved sufficient for all of cur measurements.

A satisfactory signal intensity was achieved by using a
grounded brass ftube shielding two stiff wires which carried
curreﬁélto the inductor and which were separated from each other
and the shielding by gpacers set at intervals along the tube
(see £ig. V.7).

Actual measurements were made using a double-beam oscillo-
scope. The crystal rotator and magnet scale were set at the
required orientation. Each E.P.R. line in turn was centred on‘
one of the oscillescope beams, using the second beam the P.M.R.
liﬂe was tuned to the E.P.R. line. The frequency of oscillation
of the P.M.R. signal was then read from the digital output of
the electronic counter. This can be converted to a magnetic

field strength using the relation

ho = QPPNH

H= h .
% P
or H(KGauss) = 0.2348690(MHZ)

J
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where;
H is magnetic field strength

h is Planck's constant

-y

gF iS thg proton g-value ‘ -l

F& is the nuclear magneton e

d is the frequency of osciflatioh

Typical C.R.O. display is shown in fig V.8.

Since_ihe 60 Hz modulétion was only 20 Gauss the error
in reading C.R.0. scale could not have excéeﬁed 2 Gauss and was

thus of no concern as a major source of error.
(4) Measurement of Microwave Freguency

A small amount of the free radical D.P.P.H. (diphenyl picryl
hydrazyl) was attached to thé sample with glycerine and acted as

a marker to measure the microwave freguency using the relation

W = Grppu Hppes
o =3pp -Hy
where; '
J = microwave frequency

9p= D.P.P.H. g value = 2.0036

Hy = field value at D.P.P.H. resonancew

The D.P.P.H. E.P.R. line is éxtremely exchange narrowed

I
-

and gives a very_.parrow temperature independent line.

Sr,
-’



CHAPTER VI

DEVELOPMENT OF COMPUTER PROGRAM FOR FITTING OF DATA

A. The method

A method of parameter fitting using multi-dimensional
Newton-Raphson Least-Sguares minimization developed by Dr. W. E.
Baylis was used so that the program could be generalized. -This
enabled it to accept data at any orientation ané to fit a curve
using data from different orientations r;ther than different
frequencies.

The one dimensional Newton-Raphson Method7 is obtained
analytically from the foilowing condition on the Tayloxr series

expansion

E(X +h) = £(f) + nagh k) # r_}}_f”(y(n) s =0

where'xn is an approximation of the root of the equation.

This can be written in partial derivative form as

(D e rmr=d s+ d by + =0
, fm fn dFn

THe problem of fitting the experimental data can be over-
come in the following way. The. Hamiltonian can be.expressed as
a functicnof a number of fftting paraméters py(i = l,2..Imax)l
the experimentally measured magnetic field values Bl and othef
experimental parameters necessary such as orientation X or
temperature T. B is a functionof 6rientation so that the
resonant fields oécur as {(N-1) values for each of M orientations:

29.
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‘where N will represent the degeneracy of the ground state. So
the Hamiltonian can be expressed as

H = H(B),P,,...D; BT, .0 L CoyI.l

max : .

The Hamiltonian is represented in an n-dimensional basis

. The matrix elements for the Hamiltonian and its first
and second derivatives with respect to the parameters must be
known or able to be calculated. i

< a2 ~ . V1.2

<°(lgv£./bpil[37 Ny VI.3

<°"‘§27‘H[3piapj|(5> ‘ ' vI.4

The matsix elements of V1.2 and VI.3 for our Hamiltonian
are easily calculated knowing the matrix elements of I = 3,2
and § = 1/2 within the manifold of{]§> @li?]hs the parame‘;ers
occur'linearly in the Haﬁiltonian with no cross products the
elements of VI.4 will be zero.

For each set of external parameteré (B,K,T,...), (in this
case for M(N-1) resonant field values), the Hamiltonian is
diagonalized using the subroutine iS»baéically an extension of
the Jacobi method to Hermitean matrices 8.9 and isvaouble pre-
cision, complex. -

A new set of basis vectors {{i)l,(in terms of the original
set {1471 iy =ZIP<HIiY) is then obtained in which the Hamil-
tonian is diagon:i

(ilulsy = &8, : ' V1.5

"The difference between one.adjacent pair‘of’éigenenergies

(Ek —Ek ) will correspond to the transiticon energy experimentally
1 2 : .
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determined from measurement of the microwave frequency bkﬁ ;The
correspondence petween the pair of eigenenergies chosen and the
resonant field repreeenting that transition must be‘knownl In
this case the correspondence was determlned and the prpgramming
simplified by taking all measurements at orientations above the

resonant 1ines were clear observed.

A least squares sum 1s formed from:

2 . o
(E, ~Ey ) ~ VI.6
{{ 1. kz 4 - ~ . .
- f&. -E ) - R V1.7
Xy k2 IpD DE e |
gS

where the gransition energy in Vg 7 is erpressed in units
of Gauss and is determined from the resonant field of DPPH(HD).
The value of the least squares sum £ is then determined bv
summing over the total number of transitions neasured (N-1)4 and
dividing bY the. number of degreeé of freedom (8 free =+ nunber ©f
rransitions -~ number of oarameters)

The multl dimensional Newton-Raphson method f£inds the value
cf P ='(pl,pz;...,pi), representing a rector in i—dimensional
space where i is the nunber of parameters. such that 3; (p) = 0-
by solving jteratively the egquation for the displacemen%

- £5) )f(o) 2 32 b3 =0
aP £ G | J P3P R

i3
the solution is:

"EM 3 L VI.8 -
3 ap ' !
2
where (Mi-) is the inve Y se of | 3 f(g))
J ———
Bpiap-

)

and



32

ZMlj f(p) = S..,
SPJSP:.’ ~ t

The inversion is carried out by the subroutine DMINV'(see
appendix 5). The value-of Si is thern added to pi to give the
new estimate of the parameter. |

The first and second derivatives of the least squares sum

£ reguired in the calculation are determined using perturbation

theory. ’
g
dq o= ) %ﬁgki-EkJ - 22 D3
api 3P T Nffree.
B E E (E E,_ ) g
= 230 3%, _ k), ] A DHH“Di
'k T35, 3, Niree ¥ VI.9
and .
Y2 = 2 3fL - y:kz)( &y - éEkz)
3P; P4 ki{dp; Py 3P 3P /
1 2 _ - 9"
- (BEkl _ 3%k, {Ekl "k, 9g §
yl"iapj }pi-}pj Nfree - I.10
where

-

3Bk = 1im{Ek(g +&in - Ep (B E
3p; §20 S

Where i is a unlt rector in i - dimensional parameter space

and where E (B + S 1) is the elgenenergv corresponding to
Ek(B) of the Hamiltonian H(p + S 1), to first order in S

H(p + Sig)‘:xa(g) + QHERIS



Using perturbation theory the ‘eigenenergy can also be

expressed to first order in Si

A
E (p+8,1) = E (p) +&|dE 1xD§,
k 1w kB <|E Sl

and conseguently

— }E <kla-H k> Iv.1ll
¥P; 30
similarly g
2 N A A A A
YE = lim - E(p + Si 3 +3j§,) - E(g +§;1) .- E(p + Sjg) + E(p)
dpide) §6§>0 - 8485

S

Now to second order in Q's

A A > ;
Hip = Si%+ S]y = H(g) + 88 §; * XH Sisj
opi 3pidp]

+JH 83 + 1/ S:. gh Sj2>
Bp: (391 F

= H(p) + Vv

where V may be considered a small perturbation. As the
parameters appear lindarly in the Hamiltonian the Jast item goes

to zero. By second order perturbation, the eigenenergies are

shifted to .
E(p = Slg +gj§) = e(p) + klvix> +2(Klv[1><'1lle> o
] T+x E ~E,
Thus
= el Fule> + 3R Z(k[éﬁﬂ)(llénlk)
Bolbpj 2F1dp) Jk__%pi <0 o]

E, -E;
where -the matrix elements <k|M|l> written in terms of the

0ld basis are .
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Crlmity =Z‘<kl&><¢llnlﬁ>><‘5| 15 vI.12

dq&

The similarity transformation is carried out by the sub-

routine STCM (see appendix 5)

Probable errors are calculated as follows, since f may

have a probable error given by Ar zf/Nfree the corresponding

Tiin pi is given by

Afa) 3IMij v-icr-:f/u
3 13

free

The wvalues oftle are calculated from inversion of the

above giving,

T2
1

-1

= 2M45 (£/N )

free

B, The flow chart

From the flow chart (see fig. VI.l) the steps in the compu-

tational process can be followed.

1.

The data is read in inclﬁdfng all external paramenters,
initial estimates of‘the crystal parameters and the
matrix elements of operators regquired in the equivalent
Hamiltonian. The input data after conversion is priﬁted
Qut.

The matrix- elements that are independent of the field
are calculated. . | |
The remaining field dependent matrix elements a&e calcu-~
latéd using the compénents of the measured field values’
in addition to data utilised in 2. (see appendix’ b6

for RTNI)



Read all éata
# Orientations {LM),
# Iterations (ITM),.
size, Spin Value,
# Parameters QOrientation
( ,%), DPPH Field,
Magnetic Field value
(INDEX) ,” Conversion
factors, Values of Tensor
Operator Equivalents

Matrix

1 Initial values of Parameters

Correct and convert field
values .

’IPrint Input Data

Y

Initialize matrics, A,B,
g. DH, Calculate field
independent matrix elements

IT = IT + 1 4’

35

Initialize DIF, D2F
Calculate Experimental
ENERGY DIFFERENCE

el

Calculate Field Components
Compute remaining elements
h(IAB): DH(IAB.I)

v

CALL CEIGEN
Diagonalize Complex Matrix

INDEX +

H
‘LINDEX =

Obtain Eigenvalues,

Eigenvectors, Energy

differences.

DEVIATION = Theoretical -
Exptl.

v

Transform DE to new basis |

v

Call RTN 1
-

i

Calculate parameter
Values in required units

current variables

IT = iteration &

L = orientation &
INDEX = Field value #'

I = Parameter #

J = Parameter &

IAB =.Matrix element &

{compact storage)

Fig. VI.l.

L=L+1

I=1+1
COMPUTE DE(I), DIF, D2F,DIE
J=J+1 Derivative Matrices in new
] basis
- -
CALL DMINV
INVERT D2F
-

CALCULATE Parmeter
correction D9I)

D(I) - -D2F-l1. DIF (I)

Calculate new value for

parameter P, - P. - .
‘ i i i

‘Standaré deviation i

and new mean sguare

deviation

4

t—————{ print Results . ]

FLOW CHART FOR COMPUTER ?ROGRAMME
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The Hamiltonian matrix form‘in 2 and 3 is then aiagonj
alized eiactly using the sgbroutine CEIGEN (see appendix
7) which returns eigenener;ies and eigenvectors. Thé
difference between the adjacent eigenvalues provides .
the basis of the least squares sum while the eigenvectors
are used in the similarity transformation in the next
step. The value of DEVIATION printed ocut is a méasure

cf the fit.

The derivative matrix 1is then transformed to the new
basis in which the Hemiltonian is diagonal, see (VI.1l2).
This then allows calculation of DE(I), the derivative

of the energy with reﬁggct to each parameter, see (VI.1ll).
From thesé the first.aﬁd_second derivatives of the least
sguares fit are formed, D1F (I), see VI.9, and D2F(I),

see VI.1l0.

Step 5 is repeated for each parameter in the I = I + 1
loop, while the computation of the second derivative is
-repeated for all parameters J, with each parameter I in
the J = J + 1 loop.

Steps 3 - 5 are then repeated for each of the (N - 1)
resonant fields at a given orientation during the INDEX =
INDEX + 1 loop, which itself is repeated for all of the
orientations in the L = L + 1 loop.

As D2F involves summation of both I & J simultanecously

as well as a summation over all of the resonant fields,
it is not completed until the end of step 5. D2F is

then inverted using DMINV (see appendix 7). The para-

meter connection D(I) can then be calculated see VI.8,
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,

the new estimate of the parameters is then determined
P(I) = P(I) + D(I)

The standard deviation for each parameter is then

e
-

calcu}ated together with an estimate of what the méan “
square deviation will be, using the new parameter values.

7. The results are printed and control returned to the
maih program where séeps 2 to 7 are repeated for the
number of iterations specified.

é. The parameters are converted to whatever units are
required and any auxiliary c;lculations with the para-
meters may also be carried éut here.

As a check on the inversion process and the
reliability of the parameter values, the D2F and (D2F)7 métrices
are multiplied using the subroutine DGMPRO (see appendix 8),
based on IBM routine GMPROD)10 to see that the product is the

unit matrix. (see VI.8)

C. Rate of Convergence
To indicate the rate of convergence a sample run is shown

in table VI.l giving the mean square deviation in KGauss.

TABLE VI.1

Iteration ‘Mean Square 2
Number Deviation (KGauss)

1 0.9190

2 0.0220

3 0.05590

4 0.0022

5 | . 0.0200

6 ; 0.0006



Even though the values oscillates it can be seen that

convergence is gquite rapid.

38



CHAPTER VII

DISCUSSION AND CONCLUSION

In total thirty eight orientations were used to collect
data: with orientations.in a}l three planes included. For the
fitting of parameters in ghe'spin Hawiltonian nineteen were
rejected because tﬁe? gave for larger deviations from the trial
energy levels than the remaining twenty nine. In excess of a
dozen iterations were needed before an acceptable fit was
obtained and from then on the gquality deteriorated.

The best fit parameters are tabulated in table VII.I. The
results are presented in the co-ordinate system discussed pre-
viously.

These results will be discussed in the light of previocus
reports, Abdulsabirovl had investigated the three strong sets
of lines and had fitted data ta an orthothom Bic spin Hamilton-
ian,

H = H-5-5 + §.2-1

in which the g and A “tensor" shared common principal axes.
They found that the orientations of these three sets axes were
comvletely different and correlated these orientations w1th the -

o

crvystallography with the help of X-ray analysis.
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'TABLE VII.1l !
q values
 gxx qvy. -7 gzz
2.5396 * 0001 2.1296't ;0602 2.0920 + .0001
gxy gzx gzy
0.1023 + .0061 0.0347 + .0001 0.0516 + .0002
A valies (x10™% em™1)
AxXXx Ayy - Azz
205.3 + 0.9 19.9 + 5.6 38.5 + 4.0
Axy | Azx - Azy
88.3 + 2.0 2.3 + 1.6 -36.9 + 4.5
Q values (x10™% en™t)
Qx Qy
20.6 + 2.0 3.8.+ 0.6

"N

N.B.: Above expressed in crystallographic coordinate system
described earlier. . \

2+

' Since Cu is doubly charged, it substitutes for Kl+ in the

lattic of KZSO4 overall electrical neutrality can only be per-

served if some kind of charge compensation occurs. AbdulsabirOVl
* proposed that~this compensation occurs via a vacancy on an adje-
cent Kl+ site. A diagram of the crystal structure of Kzso4 pro-—
jected along the c-axis is shown-in fig. VII.1. The Ky and K,

" sites differ. in environment but the four of which occur in each
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unit cell are related by‘tﬁe symmetry of the crystal. If the
Cuzf impority éubstitutes for a Kl+\§§ proposed by Abdulsabirovl
then a.vécancy on an adjacent Kl+ sitéfwill strongly.influence
the g tensor and will rotate on principal axis towards the:
direction joining the Cu2+ impority and the wvacancy. 2abdulsa-
birovl found that the above is consistent with Cu2+ substituting
for Kl+ on a K2 type site with a vacancy on an adjacent Kl type
. Site. They-found that the principal axis of the g tensor (ie. -
largest principal value) for the three centre tvpes was within
a2 few degrees of the line joining the Kl and K2 type positioné.
These K2+ - Kl+ directions are marked 1,2,3 on fig. VII.l.
They also mention the fourth weak §et of lines investigated
here and suggest that they may be due to a centre producgd when -
charge compensation occurs on the fourth adjacent Kl+ site.
The line jeining K2+ to this fourth édjacent site drawn and
label}ed 4 in fig. VII.l. The directions of the principal
values of the g tensor observed by Abdulsabirovl are inconsis-
tent with Cu2+ substituting on a‘Kl type site and charge com-
pensation occuring on a KZ type site as can easily be verified.
Why substitution should' occur on K2 and not Kl type sites is
not known but it can be noted that 51 type sites have an oxygen
much closer than K2 type sites.

Our results are-in fair agreement with the above as fol-
lows. The fitted parameters in table VII.l indicate that the

s

g "tensor" can be adequately fitted by a symmetric tensqr and

the A "tensor" not so adequately although as can be seen any

observed asymmetry in A is slight.

/
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Stereogram  of

.wirh

respect

to

principal  axes
crystallographic

FIG MI.2

.ol

g and A

axes ,

tensors
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It is generally agreed that g is Symmetric in the absence
of an external electric field. If we’assume that the:g and A
"tensor" ean be adequately fitted by symmetric sets of‘parame—
ters then g and A can be diagonalized (see appendix 10 for
" method) to yield the principal axes. These are éhown on a
stereogram in fig. V;I.2 and the principal values tabulated
in table VII.2 below. On the stereogram the principal direc-
tions of the g aﬁd A "tensors) are displayed as points joined
. by lines of 90°. The sterecgraphic axes are those of the

crystal and the line labelléd 4 in fig. VII.l is shown in the

ab plane.

TABLE VII.Z2

g, 2.122 ' A

1 55.3
5, 2.052 A, -32.9
gy 2.407 Ay 241.3
(x10_4 cm"l)

-

As pointed out by Abragam and Bleaneyll g and A are not
time second rank tensors, rather ég and AA, however since we
are'taking both g and A to be symmetric diagonalizaing g nec-
essarily diégonalizes gg etc., and so the principal axes and

values are unchanged.
N .

As can be seen from the stereogram clear non coincedences
in g and A principal axes are observed particularly for g3 and

Ai' Fair corroboration of Abdulsavirovl can be seen with an

angle of 22° between direction K2+ - Kl+ : 4 and 95 Even

more significant is the fact that 9q is within 9° of the nor-,
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- .
mal to the rectang}e_formed by the remaining Kl ligands nearest
the vacancy. This is labelled N on the stereogram.

Freeman and Dilbrow2 have also investigated KZSO :Cu2+ and.

4
isostrucéural Rb2504:Cu2+ and have reported not only nonFoiﬁci-
- dences in g and A principal axes of 8° but also asymmetrics in
A. They also cite five other recently repcrted cases of low
symmetry. They only concentrated on centre type 1 as defined
by Abdulsabirovl (direction 1 and fig.'VII-l) and omitted a
guadrupole term. However for our set of weak lines M=+l
transitions varies greatlf with &irection.

Non-coincidence of g and A tensor is allowed whenever
the point symﬁetry at a paramagnetic ion is monoclinic or tri-
clinic but not for higher symmetrics. As fig. VIIL.2 shows we
are clearly déaling here-with a case of triclinic symmetry,

since non-coincidences in excess of 12O for all axes =are

clearly demonstrated and there is no common principal axis
12

which would result from monoclinic (Cé) or higher symmetry

As discussed by Belford et allz, for sesh low symmetry
the A tensor need not be symmetric but the limitation with
orieﬁtation:dependent measurements on single crystals is_that
Ay AY and A, (XYZ being the principa} axis system of the A
tensor) along with two Euler angles parameterizing the dispo-
sitioﬂ of gg and AA cén be measured, but A has nine indepen-
dent components sco that A cannot be completely characterized.
In practical terms this means that even if A is genuinely

asymmetric it may not be possible to detect asymmetrics.
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Oon a molecular_level.the problem of the ground state may
be very crudely approached by 1lst order perturbation theory.
It can be shown that a cubic environment with a tetragorial

elorigation produces the energy level ~scheme showﬁ'below in

fig. VII.3.

_ + ;;l) : lyz}) 1zx>

122) )
A, 4, A,
- iO) H 1322— r2>
} Y 125) 5 }x? - 42)

.  fig. VII.3

S

Spin orbit coupling cannot mix ‘322 - ;2> and 1x2 - y2)

but mixes in some of the ‘zx) and lxy) to give an axial g tensor

L
2 - 8\ | .

911 T E-O
9, T 2- 2A
N .
L L. 1322 - oD .

This is in contrast to 2 l32 - ¥ grbund state which

gives \
-7

> 11 = 2

91

This shows tﬁat we are déaling with a predomihantly square-
planor ground'étate ie. ixz - y2> in the plane formed by the
- four coordgnatihg Klf sites with the normal N.2 low symme%ry
crystal field howev;r_may mix ixz - yz} with'1322 - r2> and

L]
*

-

*a
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the g values observed can be fitted to a lst order pertorbation

expression to give a ground state.

la) = d(lxz - y2) 4—{3‘322 - rz) ) {:
withf = 0.065 | - - '\“\/
In other words the effect of the vacancy is to mix in 1322- T
r2>‘with z pointing towarés-the vacancy.

ﬁ}esﬁmably-tﬁis centre occurs less frequently for emergetié
reasons and since the signal is proportional to the concentra-
tion of paramagnetic centres this allows a rought estimate of
the relative occurence of the different centre types. This
vields an ‘occurence rate 0.3% that of the other centres which =
have signals of roughly equal strength.

At any rate thé concluding remarks to be made from tﬁis
investigation are to tentatively confirm the hypothesis of
Abdulsabirovl anéd to report a case of Cu2+ occupying a low

symmetry site resulting in non-coincidences in excess of 127 in

3 and AR principal axes.

-
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APPENDIX 1

RESULTS

a right-handed coordinate system was chosen which coin&ided
with the crystallographic axes for tabultation of results and
input into the parameter fitting érogram. Polar Eoo}dinates
were employed énd the correspondence is:shown below:

95 azimutal angle

B8 polar angle

B 45 8 crystallographic axis
0° 0° b
0° 90° ‘ c
90° 90° a

Computer printoﬁt of results is shown overleaf and the

format is as follows

\

columns 1-4: qb

columns 5-8: P

columns 9-14: mDPPH MHZ

columns 15-~20: transitiocon IF = 1 %o JF( = 8 MHZ
columns 21-26: transition IF = 2 ﬁo Jf = 7 MEZ
columng 27-32: +transition IF = 3 to JF = 6 MHZ
columns 33-38: transition IF = 4 to JF = 5 MHZ
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IDENTI?ICAT;ON'OF CRYSTALLOGRAPHIC AXES

X-ray measurements were performed by Dr. M. Khan wich

the g;é*mf hig four ciréle diffractometer =uabling identifi-

~_J

cation of crystallograpnic axes. The Aiffractometer usedé the

scattening sSpots Dro-

b

Syntex svystem. & PHotograph of forwa

H

duceé oy the sample crystal is shown below.




CC 29 K=1,.11
II=IF(K)

52

APPENDIX 3
Iv G LEVEL z! - MAIN DATE = 81181 . 1?7/50/7C01
v -
C HAMF
C HAMF
IMPLICIT FEAL#E(A—H.C—Z) : HAMF
CCMPLEX#*#16 DCONJG . .OF({IE514),0HT (36, 14),EVECT(64 ). N(36 Y.IMAG.ZERC
1,CA(36),00RP({36).B{36)
DINMENSICN  A(6) +DIF(13)D2F(1S6),02FINV(196).EN( 8).
1 ALPHA(S0),BETA(S501.D(14)s SIGVMA(14) .HO(SO).XF(!lJ.JF(ll) F(lZ).
2 GNAME(2),0E(14),FDP({S0).,HEADER(7).P(14).HB{(50,11)
c CATA Cl.C2/*GAUSS? 4"10-aCM=-1"'/+ IFAG/(0+D04+14D0)/02 EPDIIO.DO 0. DD)/HAGF
HAMF
C INPUT FCORMAT STATEMENTS HAMF
C HAMF

100 FORMAT (212+F6.11) HA MF
101 FORMAT(2FSs 1+3F10.7:2F1C.3) )

102 FCRMAT(I2.FS.1,12/748,2A8) HAMF

103 FCRMAT(EF10.5)

108 FORMAT(14F5.1)} HAMF
10€- FCRMAT (BF10.7) ..
1C7 FCRMAT (3F10.7)
1¢8 FCRMAT (SF10.5)

110 FORMAT(A(RF10.6/)+7F104€/+2(SF10.6/),2F10.6) HAMF

11 FCRMAT(1X,.,12G10.3) ~

C to : HAMF
C DUTPUT FORMAT STATEMENTS HAMF
C HAMF

150 FCRMAT(1IHL ./ /25X.7A8.,24A8) HAMF

‘152 FCORMAT(///71%X . *NUMABER CF CRIENTATICNS t.12, 5X.'NUMBER OF TTERATION SHAMF
=*,12.2X."TEMPERATURE (C) = .F6.1) HAMF

1€4 FCRMAT(/1X,*SIZE OF MATRIX=*,[2,5X,*SRPIN VALUE 'eFG6e1+S5Xy *NUMBER HAMF
10F PARAMETERS=*,12) HAMF

156 FORMAT (/1 X, "DPOH(MHZ)*,12F9.4) HAMF

1S8 FORMATI[ /I X *THETAZI *+2X.12(F7.14,2X)) HAMF

160 FCRMAT (/1 X, *PHIT TV L 2X S 12(FTal42X)) ' HAMF

1€2 FORMAT(//45X "%k SPECTRA{MHZ) *®x%x1') HAMF

164 FCRMAT (/10X 412(2XF7.4)) HA MF
166 FORMAT(// 41X +*PROTCN MHZ TO GAUSS=' ,F7.3,15X:sT0PPH G VALUE=' ,F 8.6 +HAMF

1/+1X.,"FREE ELECTRLN G VALUES! ,FB8.56) HAMF
1€8 FORMAT { 1HL +//50X,*ITERATION #'.[l/l/) HAMF

169 FOFRMAT (148X "GX* o 10X *GY ' 510X 'GZ 510X "GXY* 909X, *GIX*«IX,*GIY*)

170 FOFMAT(!&X"AX'.10X.'AY'-IOX-‘AZ'-IOX.'AXY'.QX TCAZXT 29X s YAZY ')

171 FORMAT (14 Xe"AX* 210X+ CY ' 210X "OZt,10X,%0XY*,9X,QZX"+9X,*0Q2ZY")

172 FCRMAT( 1CX. 6(2x.F10.S¥/) N

176 FORMAT(////+SXs'THEETAS' sFé.l,SXs*PHI=",FO.1, /7)) HMAMF

176 FGFMAT(EJX.'TRANSITIOA'.Gx.'DEV[AT ON(GAUSS)') HAMF

178 FORMAT( 20X [2 47 /2% 32X st ==",2X .12, /2*,10X%X.G10.3) HAMF

180 FORMAT( //S0X,. "PREDICTED DISPLACEMENTS*/,6X,"D(1)*46Xs*D(2)*,6X, 'O(HAMF

21t ,6X. "D{8) X *L(S) . EXL'D( (B} 46X DT -6X4"D(8)*+0Xs"N(9)°* HA MF
36X ,*'D(10Y*eSX,"D{11)"+5Xs°D(12))
LEL FCFMAT(z +12F10.5) HAMF
182 FCAMAT{EX 40D {131 ,EX,"C(18)",6X,'0(15}",6X,'D(16)"46X,*D{17)"6X, "HAUF
1C(18)°*)

184 FCRMAT(//50X,"NEw VALUES FOR PARAMETERS')

B6 FORMAT(//S0X,'STANDCARD CEVIATIAN FCR EACH PARAMETER®) HA MF
188 .FORMAT (10X, *VALUE OF°*,12,°"TH PARAMETER 1S NOT CONVERGENT®) HAME
160 FORMAT(//SX»"'RMS DEVIATICN="3FS41e' GAUSS*, 10X+ "NEW RMS DEVIATION=HAMF

1'.F8.1, " GAUSS'.IOX.'NUNEER OF LINES=",13) HAMF
C HAMF
C READ INPUT DATA CARDS HAE
HAMF
1000 CCAT[NLE
READ 1Q0C+LMITM,TENP HAAF
READ 102«NeSPINLIMAX, HEACER. GNAME A MFE
READ 1Q08:PMHG,GOP.GFE HA MF
READ I1C&E{P(I),I=1,€)
READ 10€+(P(1)s1=7,IMaX)
READ 1CC, NCORE
REAND 1011+ (IF(K), JF{X),k=1,11)
1011 FCRYAT(12(1X.,211))
PRINTY 1£2
IN=0
10 IN=IN+1 ,
CC 199 K=1,12 2
169 Fi{K}=C.C
READ 1020, ALPHA(IN).BETA(IV)oHD(IN)-(F(K).K:l-lO)
1C30 FCRMAT(6X+2F4.1 +12F6.4)
IF(MO{IN)EC.D.)G0CTC2AO

a0
130
140

160
200
210
220
230

240
250

280 ¢

290
300
310
320
330
340
350
3

370
380
360
400
410
420
430
A50

39Q
300
S10
520
S30

5S40

580

S60
S70
530
590
660
670
6AR0

599
700
760



vV G LEVEL

z0

23S

20
C
C
c
C
C
C
C
C
C
C
¢
c
C
-C

~ PRINY

aQ2

4C6

aca

C 135S5% SHFS TERM 35353%

403

430

21
JI=JF(K)

HE{ INLKI=F(X) ®PNHG

MAIN

FOPCIN)=HC( IN)=PM+C*GDF /GFE

PRINT P00S.INJALPHA(IN)LBETALIN)HO{
FCRMAT ("01+42X 13.,2F6.1+F7.48.2Xs 1221

GO TO 1C
LM=IN—-1

PRINT INPUT DATA

PRINT 1S0,.,HEADER.GMNAME
PRINT 1S2,LM, 1TV, TEMP
PRINT 154 .N.5PInN, IMAX
PRINT 166.P%HG, GOP.GFE

OEF INITICNS

DR2=DSCFT(2.D0)
IMAX2=TMAX®EIMAX
=(N+1)sN/2

DATE = 81181

N)o{ IF{K) s JF(K)LFIK)+sK=1.8)

v 1 X F7.8))

CCRARECT ANLC CONVERY FIELC VALUES

ITERATICNS LOCP €TARTS HERE
CC 207a& 1T=

NL=0

1.1TM™

INITIALIZATICON

XLSF=0.00C

DC 207 [J'EI.NP\

g 207 J=1,.,IvAX
orila.J)=2ERD

207 OHT(IJ,J)=ZERD

DO 206 IJ=1.,IMAX2
2C& C2F(1J)=0.00

FRINT 1€9

PRINT 170

+DC 208 T1=1.,IMaAX

1726({PLL)el=106)

PRINY 172.(P(I}Y.1=T+12) Q\

PRINT 171

PRINT 172.(P{I).I=12,14)
Ces 32222 QUADRUPCLE TERM s¥xx3*x%
DC 402 LL=1.2

ML=12+LL0

A(LLYSF (ML)
CALL QUAD(E,A
OC 404 LL=1,2
DC 406 LO=1.2

A{(LCY=0.00
A(LLY=1.0D0

CALL QUADI(CA,.A

NX=12+LL

0C 403 hNA=1.36

CUNTINUE

aCa CH{NA,NXI=DA(NAY

DC 403 LL=1.6

ML=6+LL

A(LL)Y=PIML)
CALL SHFE{DA,A
DO 430 LL=!.,36

B{LL}=B(LL)+DA(LL)

NO 405 LL=1.6

DC a07 LC=
407 A{LO)=0.D0O
A{LL)=1.D0

1.6

CALL SkrFS(Da,A

pC 409
NX=H+LL

NAT=1 4 386

53

17750701

HAMF 790
HAMF 300
HAMF 510
HAMF 920
HAMF 330
HAMF 3840

HAMFE 920
HAMF %30
HAME 940
HAME 950
HAMF 960
HAMF 970
HAMF 980
HAMF 99
HAMF 1000
HAMF1100

HAMF 116
HAMF 117D

HAMF1130
HAMF 1190
HAMF L1200
HAMFL 210
HAMF 1280
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ANN

LEViL 21 ALK . YATS = 41171 2wraires
299 DA JRX)EVA(NA) [5
aC3 CCONTINUL
. . FESRT= |
SUTTINA UR FISL™ (90T 379l 7 CoRAIWTS ir IAT 41X LT AENT MV
AR W TAT) AND FIRLY TSI I360 T AT 1% Sl v enT 3 OF D=0 AT, «\ °F 1

SET=0Jn T-iF a=MaTETX

-AAFY
TRANSLITICNS LCOA STARTYS riE ° % HAAMF ]
v A AF 1L
CALCULATE ENEPGY DIFFE2E~NCE FOUY EXOLTIVENTAL FPEQUENCY HaMF 1
CALCULATE ClIaYONENTS °F [0 vaLuTs . =AME L
[IEEE
Do 222 L=1.0M ’ S F T
THEETAY = P8TA(L) %.0174531% : :
FHIM= ALDHMA(L)I*.0174537 .
SINTH=DRSIN(THETAM) : ~+a 4F t
COSTH=DCOS(THET AM) HAMF L
SINPH=DSIN{ 1) ) HAME L
COSPH=RC]R(OuW]) a4
X=C)SPHEINTH - ar RFEL
Y=SINOHEGTINT Y -SRI
I=COSTH EEWIN}
PRINT 174, 3ETA[L)ALDHA(L)
- PRINT 175 . : HA AF L
301 NY=0 -
D7 222 INDEX=1.11 .
[C(HR L L INDTYY . L7.24) CE 77 24un
=X SRR, INDTX)EX
HYSSR (L, INDE L) *Y
HIEER(L ,IMYIX) %]
NL =ML+ " . AR
AR
SETYTING UD FISLE DFOMNOEAT MaATRIX YLEMENTS 07 4 (1AT) EENI
. . '4A AF ]
Y A3 L=l .n -
A1 a(LLYy=RP(LL)
CALL "HA (A, A, AX kY, =7 N
D7 ana LTl L05
497 F{LL)=SACLLY+B0LL)Y ' v o, N
SET=UP THE JZ7IvaTIVCS CF THE 5-%aT2I K .
DT &4l2 LL=L1l,"
OC ala LOT=1.0
41 A(LOYYI=GLDD
AtLL)-1.30
CALLMHANIA MY H X =Y aHZ)
DT oals hid=1 4 34
415 DH(MH LLY=TA(NH)
412 CONTINUCT
ty 2
CALL CE1GEN NIAGONALIZT CCHRLEX 4ATIX HOIAT TR Eoh
CATAIN Z1G0N VALYUES < DT AGAONALLY T 4(!") v e
CITALN SIGENYTCTORS S TRWECT(LD) ray e
ey 4
"RAY FORQAT(C{2Y 31 7.5))
My=9 . FENE ]
C\LL COISEMN (HyEVECT N ¥V HA AR
NC 2736 KSl.N i P L
[Aaf=K&[K+1}/2
~3A ORISR AR) /2,00229 : ‘ e NED2
. s 1F(INNEX)
NEJF L ITNTFEX)
JOLTAS IO {NK) = IN (M) ) =0T (1)
M=TF(INCEX)
K=JFIr2DEX)
TOINT 173, kW DELTA AR
y it
TEANBFOD a7 Wrw TAGTS [N
(RN
T ovwE )
20 249 I=1, TAX
3C 431 =1, 3
231 A TTYI=0=T 2, 1) )
CTALL STCULO 37 M SVEN T N WK v )
e ann (=, T
28 DHTLIT L 1Y=EDY2T)
Da) JonTINLY -
LAY L ST (TTLT AT x D) ® e
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Iv G LEVEL

DNNN

aYalal

'alalal

lac
2313

2209

J

21 ' Ma T

-
KEaS (KU enihe i) /0
KW=M K® (NKe L) /T
oN 240 I=1,[00aX

. SETTING UD C1E/CF( D)

CECTIZORTIRad T )=D=T K1)

SETTINS 0P “F(*\uwiol)

JIF(I)=DLIFRIT I« 2«DELTA=TRE 1))

CRNTTSUr
CCNTINUE

SETTING UP NR2F/TP{1)0R(J})

3C 2350 I=l.laax

D750 J=t.l4ax
TF(MA{L,INITC) dLE «3aD)
Tdsl+(J=1)a]"ax
CReE=0.00

o0 292 ID=1.+N .
[F(ID.LT.KW) GO TC 25F
IF(ID.EC.KW)Y GO Ta 254
KIN=K i+ {(IDx[D=1D) /2
CHTI=OCOCNISG(DHTILTN.ZT))
IETI=SNHTIKID, J)
IF{IN.FR.AKY 57 T7 2680
IF(IDWLTaNK) GC TG 258

KIDAENK+( IM*1D-1D)/2

DHTIA=DCCRIGINHT(KIDA,T})

DHTJAZDHT(KIDA, J)

GC T~ 262 -
KIDSTI 4 (a8 4=k i) /s2
CHTI=DHT(KIN, )

CHTISICONIG(THT (KTIT. 1))

KIDASID+(AKENK=AK )} /2
OHTIA=NET(KIDAL D)

ceC

OHTJA=DCINIS(THT(KINA L J) )

G0 TO 2€2

KIDASIO+ (AWK =0) /2
DRTIA=DRT (K 1A, 1)

CHTJA=CCINIG(DHT (DA, 2)) .
D?E=ﬁ?f+2.07fDHTIJ*DHTJA/(;J

G Tn 252 .

DOE=N2E=2.00%NHTI #CHT I/ LEMIKY ) -EN{TI D))

GC TO 2¢2

CRC=D2F+2.20%DHTIA3DHY JA/(EN(NC) —E

LER (L )=EXN0T1D))
CCNTTIUF

COMTINIVE
CONTINUF
NFPEF=NL=-IYAX
XLSF=XL SF/NFREE

DO 263 I=l.T4AX
DIF(IY=DLIF{ 1)/ FRFI
TCO268 J=l.1%ax
1J=1 ¢ J=
NCF(TA)=

1
J2FL lJ)/JF -EF
N2FINVITIY=D

F{1J}

IJ

nn
——
.
£
A
LR
ac
)
o)
.
-
c
<

™r
-

[ e

)
»

IE O I )}
.
k4 o I
NP R | e I

U 10N G
—_

T R LU L e

e R | |

»

.
4
“r} e

ER S

3~-:ﬁ3:'V=F TNV Ay BT

ACE RIRVE G OFD IR B R

)
[E)

SATE

(1) =80 1))

P4

LT J)aTd=1, 1 VAKX DY)

TE AND FEINT PREONICTED
H
(1) I=1,

DLIPLACT ALNTS

AACCTIISIAF( I ) #{ 2.0t E Y ENT( J))+ = m ST

sllr

NEIZ))=2.20% 00T s " HT )/

S

55

2375

XY
[FRY
I
g
|"‘
al
-a
Y
A
RS
ey
PRy
HAMF 2
. A
A
< yaE D
HAAF 2

B .
T B T T Lt T T B (R
s deeivlvidintdioiileiy

o

oo
mh
'\:'In)

RN
AR 2
HAME 2
EAMED
HAMF 2
N ‘r-'j
10 AF 5
AV AFE T
14 1 2
HAF 3
-HAF 3
HAMF
HAMFE T

“AUE D
-A AR
“tAE D
HAAFR D
HAME S
SIARE R
AR 3
1N\ F2
PACE Y

LTS ;
'{\*F1
HAWE 2
433
a4 32
1A 3
VA AF T

1
PR
A AR
IR
S
HA AR
RN
B RS
AN R
A
“+ N A
LY
a0 F

AR
QLIRS €7 R 3 Y I

LRV &

Hl

s
L)
LY
A

%

S mma
PRI B

T |

- A

RS
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APPENDIX 5

56

e T MATN NATES = 81176 c2731/7 %A .
Tl NA W X)ISDACNA)
CONTIANLE - - B - e e e - . N .
' HAMF 1310
SETTING UP FILLE INOIPENIENT COMPONENTS OF MATRIX ELEMENT SHAMF 1320
OF H{laz) ann FISLW quf—txutmr MATHI X SLoMENTS 0OF OM{I1AD .H4AMF1330
ch_.n THE A=MBATRIX
=AMF 1340
TaaAN L ITILRS LULF STARTS FERLD . ~AMF1710
HAMF 1720
CALCULATGC CAEKGY DIFFERENCE .TRUM EXPEAIALNTAL ruLQJLNCY HAMF 1733
CALCULATC CCMPLAENTS DF FIESELD VALUES HAMF 1740
HAMF 1750
CC Q22 L=l.LM HAYF 1780
THFTaw = ﬂFTA(L) *,0174%33 . ~
TR T ALTRA(LI®LDL1T745252 ' {
1T DEIN{THET AMY 4a4F 1300
CCeTH=UCRS(THET AN) HAAF 1810
LINIM=C ol N{PHIA)D - - —eeae e = . e - - AAMF 1320
CCSPH=DCaS{PHIM) ' HAMF 1830
YL LGP eS INTH HAMF 1340
YoCTHOHEISIATH ‘ HAMF 1850
7ECNSTH ~“AME 1360
IF (17 .51 «4Twy G2 TC 3IC3
DEINT 174, 2072 (LYLALPRA(L) —
SERIY 17 - HAAF 1900
NnY=O . . R
of 222 INDEX=1,.1 1
1+ L +INDEX) . LE-O.) GC TO 248
Fr=3(LITADITX Y EX
EysHACL L TAREY) Y
FrEzeAlLLINDEX) =2
ANy SHhL+ 1 HAMF 1930
H&AMF 1370
SETTING UP FIELL DESTNDENT MATRIX ELEMENTS UF HllAL) - HAME 1500
- . . HANF 1950
CC 417 LL=1l.6
afLuy=2(LLy -
CALL HHAM{A DALY kY 2} i . - .
B4 LLE1,. 00
FlLLYsCa(LL)+4 (L)
SLT-133 THD OTLIVATIVESG (F THI -NMATRIX
o wid Li=let = - -
Of 414 LLY=1,6
ALLUTI=0.00
AlLL)=1.0D0
tALLuqau(A.Dﬂ.Hx.HY.HZ)
A TR e 10 N
ety =T aln) . -
ConTrNur ’ ! .
, . HAME 2340
CALL CnICE IAGCHALIZV'CLMFLFX MATRIX H{1lAa3) HAF 2350
R CFETATN :IGﬁN VALUES STOFED DJ1AaGUNALLY IN H(IAZ2) A AF 23060
SATATN EICFNVECTARS STIREC IN EVELTCOIE) HAMFE 2370
HAMF 2380
S RMAT(FlZRe 31T L0Y)) .
My=0 HAAFE 2390
carlL 2D I3LN (MG EVETCTshsMv) HAME 2300
Ce wdb K=l . . h——— e © e B e HAAFEL430
u_-K¥(k+1)/2
TNIRISF(IAE) /2.00229 =HAMF24a40
KJ=1F(!NDEKO
A= e { IrNEX) . > T
ATLTARLEN{NK) =ERN(KA))-FLF (L)
vz IF (TN %) *
rEJr CILNAEX) .
1i (1T elielTid GL IO 304 - - - - mme e m— 1 e s e o
COIRT 1 7., W DELTA - 'HAMFZSbO
} HAMF 2560
TLARIEACSM oH{TAR,T) T KNCw 28E15 mAAE 2570
MAME 2550
L7 i | -
. oy 1=1. TraXx
s 4ol dreale WG
Al I=r=-(19.1) .
TALL STC (L DA ZVICTar oKW HEE)
427 T '=le ¢
CETOL 0, T IEY YD)
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hYalka!
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247

Dam
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81170

21 WATN DATE = 227217358
COMNTINLE . .
KL BFSXLSFH{0ELTARDL ) —cm e e e e e e e s AR50
- HAMF2T60
SETYING UP DL (TADEX, 1) T HAMF27TO
HAMF 27890
ey ={ry 2k WeKn) /2 HAMF2400
LN S A 0L B B HAMF2205
L St = leli4AX res : : HAMFE 24910
GE{L)I=DFTIKwR 1 )=DRT(FKRI) HIMF2820
. HAMF2B830
SETTING UR CIF/LPC1) HAMF 2840
- : HAMF 2950
LCIFCIYSCLF (1 + {2 2ELTASCLL(]I)) -HAAE 2HE0
CLATINLE : HAMF2370
CIOINTINGE HAMF288(0
. HAMF 2890
SETTING UP D2F/CF(1IDP( ) HAMF 2900
\ HAMF 2510
D290 I=ll.1MMAX HA4F 2920
0ro 250 =1, I MAY HAMF 293D

VAT L L IRDTA) G LS W ed) CGC TD 222

11+ 0I=1)%1714x HAAF 2950
~cIT=n.0C . . HAMF 2G60
Do 232 1T=1lein : .- - e e e een e em e - AAHE 2670
1IF(ID.LT.KR) GC TC 256 HAMF 2980
1IF{ID.NC.KW} GC TL 254 HAMF 2930
FI0=&w+ (ID*1N-12)/2 HAMF 3000
CeT1=NC CRNJC{IHTI(KTIC,1Y)) =HAME3010
DT o= 2T K] Ve d) MAYMFE 32220
IF (Yo« CahK)}Y GU YL 260 HAMF 3030
IFLI).LTNK) GO TC 284 HAMF 3040
sILASNR{ICc3I0=-10)re - R - - HAMF 3050
CETIASICONJIGIDHT(XKIDAL.I)) HAMF 3260
THTJA=SDET(KIDA. J) HAMF 3970
GC TH- 2¢2 . - . HAF 3080
IR BEALEREAT T et 5 o T - .- : T = e sromm s e = e e S HAMF309C
CETIEDRT(RIDGT) . HAMF 3130
TEISVICCNISIOIRT NI« S)) HAMF 2110
FIoAS] L eI IK=NK) /2 HAVF 2120
CHTIASURT (K ] 3Ae d ) AAME 3130
nUTJA=Cc:hJG(DHT(KIDA.J)) HAMF 3140
S0 Ty Fel MAMF 5150
RICASTIDH{NKENK=AK) /2 . HAYF 2160
o DNET( 10, 1) HAMF3170
R =NCINJSILHT(ARI oA HAMF 3180
Cof T A a3 IFIM T ACSHT IAZ(ENINLR)=EN(TD)) HAMF 2190
€L 7., [EF : HAMF 3200
LieZ 20 ~2 aDu» uHTltuhTJ/(“N(KH)—Lh(lD)) HAMF 3210
GL T ez HAMF 3220
EE?=ﬁ°f+?..,ﬂDlehrﬁhTJA/(fu(NK)—GA(!E))—A DO=DIRT I xDHT I/ =AMF 32390
(FN(L )= L\(IDJ) HAa4F 3240
CERTINUE HAMF 22390
TP LTOIRTIVL IO H(ELDONE () mOL(J))HCOERDELTA -4 4F 3260
CLnTloue mAAE 2270
SLATINUE HAMF 33280
N R =NL=- 144K HAMF 3290
XLEFaXLSF /NI REE HAMF 3300
D0 Zué I=1,IMAX HAMF 3310
C1F{1)=C1F(1)/NFREL HAMF 3320
ne 246 - J=1, 144X HAMF 33230
1J=1+(J=11a] 48X HMA4F 3340
NOE(TAI=N2F {1 2) ANEREY HAMF 2352
SIEFIVLI OISR T HAMF 23N
ConTimbLE 4 - - HAMF3370
HAMF 2380
AALTILATGE AnND FBRINT ORCIICTED HAMF 54390
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CISPLACLMENTS D(I)

HAF 2400
HLMF 5410

FHAMFE 3420
~HAMF 3430
HAMF 2440
HAMF 3450
HAMF 2350
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SU13SNL 1) =u25 TVITIJIRCIF (J) > AAMF 3470
EalT 185 - . - - e . ——— e e e e e et s e o LA A 344 B0
FRIRT 1F1.,(0(1)+1=1.12) . HAMF 3490
FRINT 182
BEIAT 1R LIZ(IYI=12.,1N8Y)} .
) . ) HAHEIS 00
CALT JLATL Alw FRINT &YW VALULS FUk PARAMETLRS 2(1) HA4F 3510
HAMF 2520
C0 2w 1=1leIMax HAYMF 3530
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0 70 I=lelMaX . . HAMF 2600
11=1141NMAXS] HAMF 3610
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Ld=Ii-144 HAMFLODLD
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ARSI WECBURT XL ERNEW ¥ : coe R . - =HAME 2920
DRINT 186 . . HAFE 3330
FRINT 1<
PRINT 172.(SIGYMA(I).1=1.5)
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FRINT LoD NS e MEIne b - - HA IF 31450
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APPENDIX 6 ' 60

>

Suhroutine: CEIGEXN

Purpose: Compute eigenvalues and eigenvectors of a Hermitean:

-~

matrix - (double brecision:cohplex).
‘Usage: CALL CEIGEN (A,R,N,MV)

Déscriptién of parameters:

A - (COMPLEX * '16) .original Hermitean matrix, destroyed during
computation. Upon return, A is the ‘diagonalized matrix
with storage is ues; fhe upper right side of the matrix
actually stores: the (I,J) element is the I + (J *J - J)/2
element of A for I J/J For T J the (I,J) element is the
comp}ex conjugate of the (J.I) element, i.e. of the J +
(I * I - I)/2 member of A.

R - (COMPLEX * 16) the unitary transformaticn which diagon-
alizes A. The colums of R are eigenvectors of 2 ordered
as are the eigenvalues.

N - the order (dimension) J?—A and R

MV -- input code:
0 compute eigenvalues and eigenvectors
I compute eigenvalues only. (R need not
be dimensioned but must still appear in
~ calling sequence.)

Method: an extension of the 5écobi method to Hermitean matrices
as given, for example in C.-E Froberg, Introduction to
Numerical Analysis (Addison-Wesley, 1965)“p. 1lll. The
coding parallels that for EIGEN (see publication 360A-

oM, p. 165). ‘

Programmed b¥: Wm. E. Bavlis,
'Physics Department,
University of Windsor.
Execution time: 0.5 sec CPU on the I3M 360 Model 50 of Univer-
) sity of Windsor for N = 4. The time will vary
rouchly as N4 but will be less if some off-dia-

gonal elements of A are initially = 0.
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200 FORMAT(® ERROR. ATTEMPT TO DIMENSION CEIGEN BY N>*.I6.°

AnQ

Y o YaY s

0

_5,RAhGEf= 1.0D-12

25\ ANGRM = 0.0D0 "

APPENDIX

LIST XXXXXXXXXX UNWIN

CCMPUTES DLJBLE PRECISICH EIGENVALUES ANDW

EIGENVECTGRS '0OF THE EHERMITEAN MATIX CA OF DIMENSION N
THE JACGCE! METHLD 1IS. us&a. :

JHE CALLING PARAMETERS AHE .

Ca, = THE HERMITEAN MATRIX TC EE DIAGONALIZED.

USEDe
UPON RETURN, CA
MV «NE. 1, CR CUNAINS

CA MATRIX.
SAME SECGUENCE A%

N — THE DIMENSICN COF THE MATRIX TO 8E DIAGONALIZED. ~
MV — IF EQJAL TC 1. UNLY EIGENVALUES AND NOTY EIGENVECTORS ARE
CCMPUTED. ' .

6

" We Eo BAYLIS, PHYSICS, Us wINDSCks

WINDSOR

IMPLICIT REALXSB (A.D Gs0=2)s COCMPLEX¥16{C)

COMPLE Xx16 ONE/(1.000-0-000)/'ZERO/(0 0D0.0.0D0)/

CCMPLEX*15 DCCNJG
. REAL=*B CDABS
REAL*S CCSP.COSP2
1 ME RS ION Ch*l}oCR(l)»CSINP(ZJ

CHECK DIMENSICN

T (NSL )1 424§ = T
1 PRINT 200,N

«XECUTICNe')  ~
5TOP

2 IF(MV +EC. 1) GO TC 4
'CR{1) = CNE

. 4, RETURN

R ey =t s

GENERATE [DENTXTY MATRIX

1IF(MV 4ECe 1) GG TGO ab'

1Q = =A
00 20 J=1.N \r
1@ = 1C + N

«EQ. J) CRI1J) = ONE

cgnpure INITIAL ANU FINAL NIKMS
, .

Y = 0.000

I1Jd =0

Do 35 J—I.N

DO 35 l—lrJ

IJ =14 + d

CA(IJ)*DCLNJG(CA(IJ))

NCRW = ‘ANGRM + X

Iﬁil\.EQ; 4} GC TO 35 ' T
—-\Y\i-X v .

v a@ccmuue .

ANORP—“ 1.481400%DSQRT (CANORM)

e At it ——

i - - ——— e AT W o w— -

ANRKMX ANCPM*FANG“/UFLDAT(NJ
1F (Y mLE. ANRNMY) GU TO 165
C . '
C INITIALIZE INDICATCFRS AND CCMPUTE THRESHULD, ITHREI
C o .
IND = O
THR = ANQOHM
45 THR = THR/ZLUFLODAT (N)
53 L=1 - -
SS w=(+1
LQ = (L*L=L)/72
LL = LG + L

UNLESS MV=1.

CUMPAZT S5TORAGE IS
NAMELY THE (IsJ)T+ ELEMENT OF THE UPPER RIGHT HALF OF
THE HEFRMITE AN MATRIX IS LCLEMENT 14(J4*J—=J)s2 OF CA. .

IS CIACGLNALIZED WITH THE EIGENVALUES IN

: ASCENDING ORDEfR ON TrHE DIJIAGONAL . ,

CR - THE INPUT Vv ALUES JF THIS MATRIX ARE NCT USED.

ONTARIO. .F

6l

00004300

AL SO CPMPLE XQQD04400 °

00004500
00004600
00004700
00004800
00004900
c0005000
00005100
00005200
0000S300

UPON RETUWRN, YFO00005400
FE CUMPLEX EIGENVECTGOGRS OF THE INPUT
THE EIGENVECLTLURS ARE STORED COLUMNWISE
THE ElSENVALUES.

‘00005500
0C005600
00005700

00005800

00005900
00006800
00006100
00006200
00006300
00006400
00006500
00006600

00006700
00006800
00006900
00007000
00007100

00007200

00007300
EOCO0O07400
00007500
00007600
00007700
00007800
00007900

00008000

00008140
00008200

00008300,

00008400
c0008500
00008600
000087900
oc0008800
00008900
00009000
0600900
£0009200
0009300
00009400
00009500
0009600
00009700
00009800

006089900, .

00010000
00010100
00010200
0001 0300
D001040Q

0001 0500 ~

00010600

0010700,

02010800
00010900
00011000
00011100

[T A
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COMPUTE ELEHENTS OF 4X2 kGTATIOh MATRIX 1F OFF-DIiEEy{L SLEMENT S

LG = Ae(L=1) - e e . . .- e e
Ml = . { MeM=M) /2
LALLM = Lo+ MQ e

“ LARGER THAN TrAR .

X
(=]

85
120

90
1.05
110

112
115

150

160

nﬁ"'nﬁf'“z""c\r"“""z""““o'*

A1 YAl nd o XAR B L

GANM = CDABS(CA(LV})

IF{GAM LT, THR) GO TO 130

MM = MO + M ) :

1M = KN®2{M=1)

1 . . . e e et

(LM} ) .

L7« 0.0D0) GAM = —GAM

AlLL) = CA{MV)I/2.000

N/DSOPT(x:x+GAthAMJ .

L Q.0D0) ¥ = =Y. e .

/DSQRth DO*LI 0DO + zSORTtl.ODO Y*Y)))

I NP*S NP ,

ODO —~ SINPZ2 N e
{cosP2) ° - e

AMES INP/CA(LM) .

COUNJGICSING(L) ),

DO xGAMXS INPTXCOSP

n

il 3 F A fed ll;ll

|0bﬂ'>

NI X
T

vyoeUUX
j%rL

—»E=~ro N Yol
B

- ONnNN
wunoo=-
Z2Z2
NDD
N Q

U'l 000-1

-
m
)
r‘

AND RDvS L AND M

V]

-
~ 0

115990;‘ . ~

9 - - ot v e b s e M R A 8 Negmeeiek i} Ay A T e e cap e s

ez W= D=1l

+»115.,105

Or-TMTnxTo00 P
n ~o0

(o]
[ SR SR & |

SINP(MCINJ) . )
SINP(3-LCUNI) .
LCZNJ) GC TO 112
L)®CC3P + LCCRIG(CX)
M

L

M

PrRLXOrOxT0
]

— o~

}RCLHP = LCOGNJIGICY)

‘LCSP * Cx W e imma s et mE w e e Saruss ae [
*«CCSP — CY e
o TU 125

=

Trerm AT N Z2ZNH0ZH~HZI
LS S

nNhhext-nzlr-o
-

L oremm~
T
[ adand

CLS + CR{L¥RI*CSIMNP(1)
MEPRCUSP — CR{IL=I®XCSINP(2)
. -

LY®3INP2 + CA(AA)IRCDRS - GSINZP
CA(MM)*¢2N92 + CA(LL)*Ccspz + GSINZP
x .

ZERQ ~
M «Ede N) GUL TC 140

NONXOONNAR =000
ODRITXICMPro

U] l"'l'l

T
L <EQ. N-13} GC TO 152
T
i

55

DO «EQ. 0% GO TO 1&D \
2o =

IF{THK «GT. ANFMX) GL TO 45

S0ORT EéFENVALUES ANl EICINVELTCRS

62

‘600L2000

0CC12100
00012200
Q0012300
00012400
00C12500
00012600
0012700
00012800
Q0012900
00013000
00013100
Q0013200
00013300
00013400
00013500
00013600
00013700
00013800
00013900
00014000
00014100
00014200
00014300
00014400
00014500
00014600
00014700
00014800
00014900
00015000
00015100
00015200
00015300
00015400
00015500
00015600
00015700
00015800
00015900

00016000

00016100
00016200
0016300
00016400
00016500
00016600
00016700
00016800
00016900
00017000
00017100
00017200
00017300
00017400
00017500

00017600

00LTFT700
0017800
0017900
0

00018300
00018400
00018500
00018600
00018700
00018800
00018900
0C013000
Q019100
00019200
00019300
00C15400
019500
019600
019700
019800
1

o0
00
o)
00
00019900

el
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DD 1B5 J=I.N 00020000
Ja = Jg + N . 00020100
MM = {[J%3e3)/2 ; e 00020200

= CA(MM) . 00020300
IF{X «LE. Y) GC TC 1&5 C 00020400
calLL) = v 00020500
CA({MM) = X ‘ ) ) 00020600
X =Y - : ‘000207060
[FILMV _EQ. 1) GG TG 185 . 00020800
DU 183 K=1l.N . ‘ 00020900
ILR = 10 + K . ) ) A - . 00021000
IMH = JQ + K ‘ Q0021100
Cx = CRILR) 00021200
CRUILR) = CR(IMR) : 00021300
CRIIMR) = CX . _ ' e ' " 00021400
CONTINUE ‘ : 00021500
RETURN . : 00021600
END . 00021700
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APFENDIX F

- $J08 LIST XXXXXXXXXX UNwIN

1. SUBROUTINE DGMPRL{A«B+ReyNe ML}
2 IMPLICIT REAL{A~H+0~-2)
3 DIMENSION Al144)+E[144).R(144)
4 IR=0.0D
S ] K==W
<) DD 10 K=l1.L
7 IK=I K+ W~
8 DO 10 J=1+N
9 IR=]R+1
10 Sl=Jd=N
11 iB=IxK
12 R{IR)=0.DD
13 DO 10 I=1+M
14 JI=JI+N
15 3=1B+1
16 10 RIIR)I=R(IR)+ALJIYxB(IB) T
17 - RETURN
18 END ’
. . e e e
’/
rZ4 e J0B (Ul02005538) » CLASS=SW
raa JCB (U102005538) « CLASS =W
)
—.

P R N oo h .

Joa 787
Jue 787

e e e —




APPENDIX 8

DIAGONALIZATION OF ¢ and A TENSCORS
The computer program used to evaluate the principal
axes and values of the g and A tensors is shown overleaf. The

program forms a traceless tensor and them employs three vota-

tions to diagonalize this tensor.
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