This dissertation has been 64-7764
microfilmed rxactly as received

BRUMAGE, William Harry, 1923-
MAGNETIC SUSCEPTIBILITIES OF PARA~
MAGNETIC IONS IN HOST CRYSTALS,

The University of Oklahoma, Ph,D., 1964
Physics, solid state

University Microfilms, Inc., Ann Arbor, Michigan

e e e = e g e T e S L R, 4, FILATLITY, I F v, SR, o










i

THE UNIVERSITY OF OKLAHOMA
GRADUATE COLLEGE

MAGNETIC SUSCEPTIBILITIES OF PARAMAGNETIC
IONS IN HOST CRYSTALS

A DISSERTATION
SUBMITTED TO THE GRADUATE FACULTY
in partial fulfillment of the requirements for the
degree of

DOCTOR OF PHILOSOPHY

BY
WILLIAM HARRY BRUMAGE

Norman, Oklahoma

1964



MAGNETIC SUSCEPTIBILITIES OF PARAMAGNETIC
IONS IN HOST CRYSTALS

APPROVED BY

Wy C-

?v, @QJ 7)}%%9

ﬁV phert 2. ‘\)ﬂ//»

’Lt/iwam .7 %/1/1’

DISSERTATION COMMITTEE



ACKNOWLEDGEMENTS

The author wishes to express his sincere appreciation
to Profeésor Chun C. Lin for suggesting the regearch problems
consldered in this work and for his many enlightening discus-
sions on the éxperimental and theoretical aspects of the
problems,

It is also a pleasure to acknowledge Professor J. H.
Van Vleck for suggesting the garnet problem, Professor C. R.
Quade for his theoretical work oﬁ the wvanadium crystals, andA
“Mr. E. E. Sanmann for his wofk on the cobalt crystal.

Thanks are due Professor D. S. McClure for furnishing
the vanadium crystals; Dr. T. L. Estle, Dr. M. DeWit, and Dr.
H. A. Weakliem for supplying the cobalt and nickel crystals;
Professor R. V. Jones for supplying the garnet crystals; and
Mr. C. F. Dorﬁan, Mr. C. R. Yarger, and Mr. E. C. Segraves
for their assistance in the magnetic measurements and the
computer work. |

It is also desirable to express appreciation for the
constant encouragement received from my wife, Audrey, and

from Professor H. E. Ruff.

1i1




TABLE OF CONTENTS
Page

LI ST OF TABLES . . . . L] . . . . . . . . . . . . . . L] vi

LIST OF ILLUSTRATIONS . . . . . ¢ v v « v o o« o o » . .« vild
Chapter
I. INTRODUCTION . 4 v & v ¢ o ¢ o o o o o o o o s 1
II. THE FARADAY BALANCE . . ., . . « . + « « + . . 8
General Information
Operation
III. THE ANISOTROPY TORSION BALANCE . . . . . . . . 20
General Information
Operation
Iv. N12+ IN THE TETRAHEDRAL SITES OF CdS AND Zn0 . 27
Experiment

Theory and Analysis of Data
Point Charge Calculations
Discusslion

V., VSV INGORUNDUM . . . &+ .« v v o e e et 63

Experiment

Theory

Analysis of Data
Crystal Fleld Parameters
Discussion

VI. Co?t INZnO . . . ... e 83
Experiment
Theory

Analysis of Data
Discussion

iv



' Chapter . " Page
VII. YTTERBIUK GALLIUM GARNET . . . . . . . . . . . 97

Experiment

Theory

Analysis of Data

Discussion
CONCLUSIONS . . . & ¢« ¢ v v o o s o « o o o o o o « .. 115
AP PENDI CES L] * L] [ L[] ] . L ] L] L] 1] [ ] ’ L] . _l . L] L] L] . L] 1 l 8

LIST OF REFERENCES . . . . . . . . v ¢ v v o v v o 4 144



Table

10.

11.

12.

13.

14,

LIST OF TABLES

Page
Magnetig, Susceptibilities (Per Gram Sample) -
of Ni“*_Doped CdS Crystal Concentration:
o 8"‘ oooooo . . . . . ® & o e o s e 30
Magnetig Susceptibilities (Per Gram Sample)
of Nic+-Doped Zn0 Crystal. Concentration:
00076% [ ] ] . . . L[] . L] . . L] L] . L[] . L[] [ [ ] . [ 31
Spin-Orbit Wave Functions of 3Fand 32 ... .. 36
. 24 - -
Energy Matrix of H' for NI in the L-S
Representation . . . . . . . G 1
2t 3 (3
Proper Wavg Functions (Ni CdS) for °T ( F)
and 3T F) . .... e e e e e e e e e e 45
Matrix Elements of |L + 28| in the L-S
Representation . . . . . . . . . . . . b, .. i
Proper Wave Funftions (Ni 'ZnO) for 3T1(3F)
A=-=1TOcem™t) . . ... .. e .. .. 56
Magnetic Sgsceptibilities (Per Gm-Sample)
of the V>t-Doped Corundum . . ... . BT
Magnetic Anisotropy (Per Gm-Sample) of V3
Doped Corundum (Variable Field Measurements). 70

Megnetic Anisotropy (Per Gm-Sample) of V3t
Doped Corundum (Constant Field Measurements) . 71

Magnetic Suggeptibilities (Per Gm-Sample)
of the Co“"-Doped Zn0 . . . . . . . . +. « . . . 85

Magngtic Anisotropy (Per Gm-Sample) of the _
-Dope d Zno . . . . . . . . * & o 0 e s . 86

Magnetic Susceptibilities (Per Gm-Ion) of
the YbGaG Crystal . . . . . . . . « .+ .« ¢« .« . 99

+
(JM#) Wave Functions for Yb3 A 0
- vi



Table Page

15. Cubic Wave Functions for wt ... ... ... 108

16. Matrix Elements of IL + 28| for Yb3 in

the Cublc Representation . . . e e e e e e e 109
% '
; vii
;




LIST OF ILLUSTRATIONS
Figure Page
1. Diagram of the Faraday Balance . . . . . . . . . 9

2, Block Diagram of the Temperature
Measuring Apparatus . . « o ¢ ¢ « ¢ ¢ ¢ 5 o o 15

3., Diagram of the Anisotropy Torsion Balance . , . 21

2+
4, Energy Level Diagram of NI in a
Tetrahedral Fleld . , . . . + ¢« + ¢« o ¢« « « « 29

5. Magngtic Susceptibilities (Per Gm-Ion) of
. cds L] L] . L] * L] * . L d . L) L] L] . . . . L] * 52

6. Magnstic Susceptibilities (Per Gm-Ion) of
. Zno ¢ e e e L S R O O Y S B 55

7. Energy Ievels of V3 in a Trigonal Field . . . . 64

Megnetic Susceptib%lities (Per Gm-Sample)
of the (0.73%) V>+-Doped Corundum Crystal . . 72

9. Ma%aetic Anigotropy (Per Gm-Sample) of the

0.092%) -Doped Corundum Crystal
from 12-35°K . . . e e e e e e e e e e e T3
10. netic Ani tropy (Per Gm-Sample) of the
%O 092% -Doped Corundum Crystal
from "12 K » ¢ o 8 e o+ e » ¢ 8 ¢ & o e s 7“’
11, APlotof A Versus € . . . « + « v v « « +« . . . 80

2+
12, Energy lLevel Diasgram of Co in a
Tetrehedral Fleld . ... ... ... .... B8t

13. Magnetig . Susceptibilities (Per Gm-Sample)
Of CO : Zno * e e ° ® 0 & & 0 o & e v ¢ s o 89

14, Magneii; gnisotropy (Per Gm-Sample) of %
H n . L] L] [ [ [ ] * L] » L] [ ] L] L[] v . [ ] L[] . L]

viii



Figure : Page

15. Magnetic Susceptibilities (Per Gm-Ion)
OfoGaGfromQQ-IOOOK.......-.... 101

16. Magnetic Susceptibilities (Per Gm-Ion)
Of YbGaG from 77'1000 K LI I I 2 I B N I I O e 102

17. Energy Level Diagram of Yb3 in a Cubie v
Fie ld e L ] [ ] [ . * [ ] [ ] L] * [} L] * L] L] * [ ] . * [ ] [ ] lou

18. Magnetic Susceptibilities of YbGa@ from
200 300 K ¢ ¢ & e & 6 ¢ + e+ ¢ B T * s & s s . 112

ix




MAGNETIC SUSCEPTIBILITIES OF PARAMAGNETIC
IONS IN HOST CRYSTALS

By William Harry Brumage
Major Professor: Dr. Chun C. Lin

A Faraday balance and a torsion balance have been con-
structed to measure the magnetic susceptibilities and the mag-
netic anisotropy of host crystals which have been doped with
small amounts of paramagnetic ions. The magnetic suscepti-
bilities have been measured, a;ong and perpendicular to the
trigonal axis, over the temperature range from 5.7 to 1100°K
that is appropriate to each crystal.

Theoretical expressions for the magnetic suscepti-
bilities as functions of temperature are obtained by employ-
ing the crystal-field theory. By using the magnetic data of
V3+:A1203, in conjunction with the ESR and optical data, the

zero field splitting of the ground 3A level is found to be

2
8.4 em! while the trigonal field splitting of the ground
state 3T is 1100 cm'l. From the ratio of the slopes of the

1
graphs for ¥, it is found that g = 1,72, The spin-orbit

coupling constant is estimated to be about 95 em~l and the
two trigonal field parameters are also estimated and compared

with the point charge calculations.



The first two excited levels of N1Z*12n0 (160 and 260
em~l) and N12*:cds (230 and 240 em™l) are determined from the
Van Vleck temperature independent susceptibilities. The spin
orbit coupling constant for the nickel ion in both Zn0O and
GdS is reduced by about 50%. The two trigonal field param-
eters, as determined from experiment, are found to be in rea-
gonable asgreement with point charge calculations if small
displacements of the ilons are considered.

The magnetic data indicate a zero field sﬁlitting of
h +0.3 cm'1 for cobalt doped zinc oxi&e. Calculations of
the spin-orbit coupling constant show that it 1s reduced by
about 40% from the free ion value. Values of the trigonal
field parameters are estimated, Discrepancies between the
magnetic susceptibility_data and ESR date are discussed,

The paramagnetic susceptibility of ytterbium gallium
garnet (YbGa@) is utilized to determine the splittings of the
QF%/Q level. From the Van Vleck temperature independent
susceptibility it is inferred that the P8 level lies sbout
515 em™! above the T7 level. From these measurements it is
also estimated that the F6 level lies about 800 em™! above
the P7 level. High precision cannot be claimed for the r6
level as the analysis of the magnetic dgta is made on the

assumption of a perfectly cublc crystalline fleld.






MAGNETIC SUSCEPTIBILITIES OF PARAMAGNETIC
IONS IN HOST CRYSTALS

CHAPTER I
INTRODUCTION

In the study of transition elements in different host
crystals there are several experimental methods that can be
utilized to determine such quantities as energy levels, g-
factors, crystal field parameters, and spin-orbit coupling

1, when they can

constants. Electron Spin Resonance (ESR) data
be obtained, are most useful in the study of the lowést lying
levels and are particularly sulted for determination of the g-
factors and the energy level splittings of the ground state

in a magnetic field. Optical absorption spectra2 can be used
to determine the higher lying levels between about 2000 cm'1
and 30,000 cm'l. The cubic field parameter, the Slater-Condon
parameters, and in some cases the spin-orbit coupling con-
stants can be estimated quite well. Magnetic susceptibility3’a
studies in conjunction with ESR and optical data are useful in
energy level determinations intermediate between those ob-
tainable from ESR and optical techniques. 1In certaln cases

it is also possible to obtain such quantities as the ratio of

1



2

the g-factors, the trigonal field parameters, and the spin
orbit coupling constant. ’

_ The study of doped crystals increased repidly in the
1950's with the advent of many new techniques for growing
very.pure single crystals and for doping these crystals with
controlled amounts of impurities. While the major emphasis
has been on ESR studies of these impurities it has been found
advantageous to .make use of other data to arrive at a more
compiete description of the impurity ion in the ecrystal.
Magnetic susceptibility measurements along with optical stud-
les have proven to be one of the major tools in implementing
the knowledge gained through the use of the ESR data.

Crystal field theerya’u has been utilized in the in-
terpretation of many of the results and, while 1t does have
some deflciencies, it has proven to be a very useful model in
gilving a rather simple explanation of the experimental re-
sults. This theory along with the quantum mechanical treat-
ment of the magnetic susceptibility by Van Vleck3 is used in
these studies,

The approach that will be used corresponds to the so-
called weak-field approximation in which the electrostatic
energy between the electrons of the impurity lon is included
in the unperturbed Hamiltonian (Hy) of the free ion and in
which the interaction between different configurations has

2,4

. been neglected. The classical Hamiltonian H, is given by

n n
Ho= ), [@5/2m) - (2%/e)] + ) (P/myy) (1)
i=1 - i<y - . .
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where 51 1s the momentum of the ith electron, m the mass of
the electron, -e 1ts charge, r, 1ts distance from the nucleus,
Zé the charge of the nucleus, and T4y the distance from the
ith to the Jth electron.

The electron has a magnetic moment U which has a mag-
nitude Of:EEEE . ﬁ is found to be proportional to the spin

angular momentum S where
d=-(e/me) 8 .

Because of the relative motion of the electron and the nu-
cleus it 1s found that there is a coupling between the orbital
angular momentum 1 of the electron and its spin s given by

g (r) ii . ;i. For several electrons this is given byu

n

By = ) 5(r)gesy (1-2)
i=1

For Russell-Saunders coupling this expression can be written

approximately as

= AL-S
80

where the radial integration has already been inecluded in A,
For an ion in a crystal it will be assumed that the
potential energy of the ith electron can be decomposed into

2

two terms® corresponding to the cubic potential and trigonal

potential, 1.e.,

V(ry) = (V1)e + (Vi)ts (1-3)



4
where Vt is much smaller than Vb and Vc, as an operator, com-
mutes with the elements of the cubic group (Oh or Td). The
surrounding ions of the crystal are considered to be point
charges and, since the electrostatlic potential obeys Laplace's
equation, V(;i) can be expanded in terms of the generalized
Legendre polynomials which are solutions of the Laplace equa~

tionl, hence

-n
VE) =) ) ) An T YR (0y.%). (1-4)
n m=n k
For d electrons the triangle rule of spherical harmonics
rules out n > 4 and inversion symmetry rules out odd n. For
n = 0 the term is a constant and will shift all levels in a
given configuration by the same amount. Since only relative
energies are significant for the magnetic properties it will
be neglected. For the iron group only n = 2 and n = 4 need

be considered. This leads to
n y 3
v, =121 Aﬁri {YZ(ei,epi) + (1o/7)ﬁyi(ei,cpi) -y, (ei,cpi)]} (1-5)

and

n
02 o 0l _o
Vg = ;Zl [Bzri Y, (84,91) + Byry Y4(91,¢1)] (1-6)

with the z axis along the crystal C axis.
The magnetlc interaction of an external magnetic

field with the orbital and spin magnetic moments of the



electron is given by
Hp = -4 = po|1 + ggs| ¥ - (1-7)

and can be easlily obtained by writing the Hamiltonian in the

presence of a magnetic fleld asb'

n |
H=H + ) {(1/2m)(y + ek /0) = (1/2m)(B1)° + (e/me)3, ¥
i=1

+ (e/c)%(ri)-z’-1 x 3‘1'31} (1-8)

where H, = Hy + V, + V¢ + ALS.

Neglecting the last term Equation (I-8) becomes

n .
H=H + ) (e/me)hyBy + (e2/2me®) (By)° + (e/mo)i-3
i=1

since the div 4 = 0. Assuming the magnetic field ¥ is de-
scribed by the vector potential % ¥ x r and that u, = ﬁ'm—c)’

H becomes
n - -> - - 2
H=H + 2 (e/2me)¥ x ry-py + (e2/8mc2)lu x ril
i=1

+ (e/me )ﬁ -84

which upon collecting terms 1s now



-

H= Hl + HO(L + gSS)'I{

- 2
if the diamagnetic term z (e2/8mc2)|§-1 x P;|" 1s neglected.
i=1

The magnetic moment of an ion in the magnetic field is glven

by

W= - %% . (1-9)

The magnetic moment per gram lon is then obtained by averag-

ing over all states, weighted with the Boltzman factor, thusu

S
geXp(:_
and, therefore, the magnetic susceptibility 1s given by
NEui exp<-Ei)
—=H2,exp< L)

(1-10)

(1-11)

If it is assumed that E can be expanded as a power series in
# such that

Bow® suw® 2@, (1-12)
then the paramagnetic susceptibility is given quantum mechan-

ically by3

X = N z‘”n{[w(l)(n;n)]e/ki‘ - 2W(2)(n;n)} exp(wo(n;n)/kfr)

2 wp, exp(-W°(n;n)/kT) (I'.13)
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where w, 18 the degeneracy of the sfate n.

The wave functions of the free lon are taken as the
Clebsch-Gordan combinations of the one-electron orbitals and
the wave functions for the cublic field, trigonal field, and
1.3 representations are obtained by appropriate methods that
depend on the particular crystal and impurity.

5,6 18 very useful in determining how the

Group theory
different levels will split. In Appendix I the character
table for the 0 and Td groups is given along with the re-
ducible representations for L = 0 to L = 4, The characters
for the reducible representations were obtained by the use

of the formula6

sin(L + %)wc

sin 4w,

Xc(L) =

where w, 1s the rotation assoclated with the particular group

v =(5)

operation (Cp) and



CHAPTER II

THE FARADAY BALANCE

General Information

A schematic diagram of the Faraday balance7’8 de-

signed and constrycted for these studies of magnetic suscep-
tibilities is shown in Figure 1. The upper portion (a, B,
and C) is made of glass with two O-ring seals and one ground
glass seal placeq at several positions for easy assembly.
The lower segment (D) is constructed of stainless steel tub-
ing with a thick copper tube (E) at the very bottom to which
two copper-Constanan thermocouples are attached. The entire
system is usually evacuated and helium exchange gas admitted!
at a pressure of 2-4 cm of Hg. A small heater coil (G) is
placed around the copper tube and this in turn is surrounded
by a stainless steel jacket. A calibrated quartz spring (K)
is attached to a hook (L) at the top end and the sample is
attached to the lower end by means of a sample holder (J)
made of a thin quartz fiber. A measuring microscope (ﬁ) is
used to determine the extension of the spring. .

The non-homogeneous magnetic field is supplied by a
2700 gauss General Electric magnet assembly (F). The magnet

is moved past the sample in the vertical diféction by the use
8



Figure 1. Diagram of the Faraday Balance
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of a motor driven 1ift to which the base of the magnet has
been bolted, A reversing switch allows the magnet to move up
and down.

A specially designed helium Dewar was constructed for
low temperature work. The helium, liquid or cold helium gas,
is admitted through a side tube from a 15 or 25 liter storage
Dewar by means of a helium transfer tube. Liquid nitrogen 1s
used from T7-300°K. In order to obtain temperatures in the
range 300-1000°K, the bottom part of the balance is removed
and a heater is attached at one of the joints. Two different
heaters have been built. One, constructed of copper tubing
and wound with resistance wire, covers the range 300-500°K
and the other, built by Segraves, extends the range to 1000°K
and uses a platinum vs platinum +10% rhodium thermocouple.

The temperature is measured by the use of the thermo-
couples in coﬁjunction with a calibrated Leeds and Northrup
K-3 Potentiometer which utilizes a L & N D-C Null Detector
and a Weston standard cell. The thermocouple voltage gives
the temperature of the copper tube (E in Figure 1) which is
assumed to be at the same temperature as the crystal. That
the crystal and the copper tube are in thermal equilibrium
with each other has been demonstrated by Stout and Griffel in
a similar apparatus.9 As a further check of the accuracy of
the temperature measurements, the magnetic susceptibilities
of Cr3t:Mg0 over the range of 6°-293°K and of Cr,0,:A1,0

377273
from 293°-500°K have been measured. The furnace built by
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Segraves has been calibrated by the use of 06203. A plot of
X versus T‘1 gave g stralght line in each case,

In calibrating the magnetic field it was not neces-
sary to obtain ¥, but instead ¥ (d#/dz). A plece of pure
platinum (86.5 mg), 1 mm diameter and 5 mm long, was placed
horizontally on the balance in place of the sample. The de-
flection (d) of the spring was determined as the magnet swept
past at millimeter intervals. Using the ecuation

kd = mx# (a4/dz) (1x-1)

where k 1s the force constant of the spring, m the mass of

6 for the mass suscep-

the sample, and a value of 0,969 x 10~
tibility of the platinum,i® ¥(d#/dz) could be determined for
a sample of any length. To check the consistency of these
values the plece of platinum was placed in the balance in a
vertical position and the susceptibility measured. This was
also repeated with another plece of platinum. The results of
this measurement differed from the accepted value only 1n the
fourth place which is within the uncertalnty of the readings
of the spring deflection. Other known samples such as copper
sulfate and glycerin were tried and the susceptibilities were
determined to be withlin one percent of the accepted values.
For the standard spring the mass susceptibility of a sample
was glven by

Xg = (0.56)(dg/mg) x 107

for a one mm high sample with d8 in scale divisions and mg
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in grams.

In measuring the susceptibility of a singlé crystal
the sample was placed in the holder and then the apparatus
assembled. One of the magnetic axes of the crystal was lined
up parallel to the magnetic field. The magnet was then moved
vertically until a maximum deflection was observed.. The
fixed cross hair in the microscope was aligned with a fixed
mark on the sample holder. The magnet was then moved until
a maximum deflection was observed in the opposite direction.
The deflection was read from the scale of the microscope.
From the known values of k, d, m, and ¥(d#/dz) along with
Equation (1), the susceptibility at this temperature could be
determined. By varying the amount of heater current, the
flow of liquid, or the flow of the cooled gas, a new tempera-
ture was obtalned and the proecess repeated to measure the

susceptibility at that temperature.

Operation
Calibration Of Springs And Measurement Of Deflection

In the calibration of one of the quartz springs, which
were obtained from The Worden Company, it is picked up by the
hook (L) located inside the top section (A). Section (&) is
then ﬁléced on section (B) so that the spring is suspended
inside (B). A pilece of pure (99.999%) platinum is mounted
on the bottom end of a 45 em thin quartz fiber and is aligned
parallel to an axial reference fiber located near the top of

the holder, The holder is attached to the 1ower hook of the
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spring, and additional wéights are added at this point until
the sample is 95 em below the bottom of section (B). The
sample 1s then centered in the magnetic field. Section (C)
is clamped in position and, finally, the lower part (D and E)
is placed in position. Minor alignment of all the sections
is made to insure that the sample is not in contact with the
copper tube (E). The region inside the sections is evacuated
by a vacuum pump, and helium gas is then admitted until the
pressure rises to U4 cm of Hg. Section (A) is rotated until
the reference flber is parallel to the magnetic field., The
microscope is focused on the reference fiber. The reversing
switch, which controls the direction in which the magnet
moves, 1s placed in the up position and the magnet brought to
a position so that the deflection 1s close to a minimum value.
The fixed cross hair is moved to this pasition. By use of
the reversing switch the minimum value of the deflection is
located and the fixed cross hair placed at that position.
The reversing switch is then placed in the down position and
the magnet moved until a meximum deflection is ob%ained. The
movable cross hair is placed in this position. In this man-
ner the total deflection (dp) from maximum to minimum can be
measured. This should be repeated at least five times. The
same procedure 1s followed with the reference fiber at 45,
90, and 135 degrees with respect to the magnetic field. None
of the readings should differ from the average over sbout 10
scale divisions which i1s only twice the width of the cross
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hair., By the use of Equation (1) the mass susceptibility of

a sample can be found using this spring as

Xg = (83.8/dp)(dg/mg) x 107°

where mg 1s measured in mgs.

Temperature Measurement

The temperature is measured by the use of the copper-
Constanah and the platinum vs platinum +10% rhodium thermo-
couples in conjunction with a calibrated Leeds and Northrup
K-3 potentiometer. Figure (2) shows a block diagram of the
temperature measuring apparatus. The K-3 1s operated in ac-
cordance with the operating instructions contained in the
L. & N. Operation Manual 177016.

The ice bath, in which one jJunction of each thermo-
couple is placed, 1s a double walled Dewar contaiher filled
with&crushed ice. That the ice bath is at 0°C is established
by measuring the emf of a thermocouple which has one junction
in the ice bath and the other in a Trans-Sonics Equiphase
Cell (triple point cell). The difference in temperature be-
tween the triple point and the freezing point of water is
0.01°C.

Following the recommendation of Scott11 a chart, on
which emf versus temperature is plotted, was drawn using data

12 for the Ieeds

collected by Bunch, Powell, and Carruccinl
and Northrup éopper-Constantan thermocouple wire. A plot of

this data was considered to be a base line. For temperatures
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Figure 2. Temperature Measuring Apparatus
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above T7°K the:base line is more than adequate for suscep-
tibility purposes. This was, of course, checked by measuring
the magnetic susceptibility of substances such as cr3*:mgo
and then plotting deflection versus (1/T) to ascertain if the

equation

X = (C'/T) +a'

was satisfied. The error in the temperature measurement was
less than the error in the deflection measurement correspond-
ing to twice the width of the cross-hair of the measuring
microscope.

For temperatures less than T7°K an additional thermo-
couple has been constructed and the emf is measured for the
liquid nitrogen and the liquid helium boiling point. A de-
viation graph is constructed.assuming a uniform change be-
tween the two temperatures. The readings of the thermocou-
ples attached to the copper tube are assumed to follow this
same curve., Initially, this procedure was checked by using
Cr3+:ngo as a calibrating substance down to 6°K. ILater,
other substances such as Yb3+:YGG were also measured and the
procedure was found to give correct results within an error
of + 0.2°K.

In the case of the platinum vs platinum +10% rhodium
thermocouple the thermocouple is guaranteed to 1% buﬁ again
this was checked by using Gdp03 as the callbrating substance
and assuming that a Curie-Weiss law is followed with 8 =

18.4°, It was found that the accuracy of the calibration was
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11mited by_the deflection measurement and that the accuracy

of the temperature measurement was better than 1%.

Mounting Of Sample _

A holder is constructed for each sample from thin
fibers_of quartz., Each holder should be U5 em in length from
the top hook to the middle of the sample and for the single
crystals an axial reference fiber 1s placed about 3 cm from
the top. The bottom part of the holder is constructed to
hold the cfystals so that rotation of the holder about the
vertical direction will bring, first, one magnetic axis and
then the other into a position which is parallel to the mag;
netic field.

The holder is then attached to the spring and addi-
tional wéights added until the sample is 95 cm below the
bottom of Section (B). The sample is centered in the mag-
netic field and Seétion (C) is then clamped in position. For
a low temperature run the lower segment (D and E) is posi-
tioned and the Dewar system elevated into position. The
balance is evacuated and helium exchange gas is admiéted
through a stopcock until the pressure reaches 2-4 cm of Hg at
which time the system is closed off by another stopcock at
Section (B). For a high temperature run one of the furnaces
is raised into position and the vacuum pump is fun«

continuously.

Temperature Control

For the TT-300°K temperature range a copper tube was
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wound in the shape of a coil with one end connected by means
of_rubber tubing to a tank of nitrogen gas. A piece of
stainless steel tubing ﬁas connected to the other end and
bent so as to slip inside the side tube of the Dewar system.
The copper tubing is placed inside another nitrogen Dewar and
this is, in turn, filled with liquid nitrogen. The warm
nitrogen gas from the tank 1s forced through the copper tub-
ing where it is cooled and then through the special Dewar,
cooling the copper tube (E) in the process, and then out
through the exhaust tube. The temperature of the copper tube
is controlled by the rate of flow of the nitrogen gas through
the cooling apparatus. The temperature can be maintained to
within £ 0.2°K almost indefinitely. Nitrogen temperature is
attained by filling the Dewar with liquid nitrogen. The tem-
perature between 77 and about 90°K cannot be reached by this
method and i1t is necessary that liquid nitrogen be added by
small amounts to the Dewar system ralsing the ftemperature by
a few degrees at a time or by filling the bottom part of the
Dewar with 1liquid nitrogen and then forecing nitrogen gas
through the liquid. It is not possible to maintain the tem-
perature in this range for over about a minute or so. The
estimated uncertainty in this range is + 1°K,

Below T7°K it 1s necessary to make use of liquid
helium. The helium is transferred from a 15 or 25 liter
storage Dewar to the balance Dewar by means of a Hofman dou-

ble walled 1iquid helium transfer tube. The liquid helium 1is
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forced through the transfer tube by means of gaseous helium
at a pressure slightly in excess of atmospheric. This pres-
sure is variable but it can also be kept constant by a pres;
sure regulator. By careful adjustment of a manual control
and the pressure regulator the temperature of the tube (E)
can be kept constant for considerable lengths of time.
Rubber tubing connects the regulator to the liquid helium
storage Dewar and also to the tank of gaseous hellum.

In the temperature range 300-1000°K the temperature
of the furnace is controlled by means of a 15 ampere variable
auto transformer. By allowing different values of current to
flow through the glow bars of the furnace different tempera-
tures can be attained. The temperature can be maintained

within + 1°K almost indefinitely.



CHAPTER III
THE ANISOTROPY TORSION BALANCE

General Information

To measure the difference in susceptibility of a sam-
ple at low temperatﬁres, a torsion balance7 (shoﬂn in Figure
3) was constructed. The homogeneous magnetic fielid is sup-
plied by a rotating Varian 6 in. magnet (M) and its regulated
power supply. The gap is set at 2.85 in. to accommodate a
1iquid helium assembly used in ESR measurements. The helium
Dewar (B) and the nitrogen Dewar (A) are used as supplied,
but in'piace of the wave gulde assembly, a different unit 1is
used. It has the same dimensions as the wave guide assembly
but the rectangular waveguide itself 1s replaced by a round
tube. The upper portion (C) of the tube 1s made of stainless
steel while the bottom is a thick copper tube (D) to wﬁich a-
copper-constanan thermocouple and a gold-cobalﬁ iersus silver-
gold thermocouple are cemented directly opposite the sample.

A magnetically anisotropic sample in a homogeneous
fleld experiences a torque which is proportional to X = Xpe
Instead of finding this torque from the angle of torsional
rotation, a counter torque 1s applied to bring the crystal
back to the original orientation. The counter torque is

20
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supplied by a quadrant electrometer (E). The zero of the
electrometer can be changed by means of a ball and socket
joint (K) at the top of the bell jar (F) which is placed over
the electrometer. A telescope and scale are used to detect
the deflection of the vane. The bell Jar résts on a rubber
pad which, in turn, is supported by an aluminum plate (a).
Electrical leads to the electrometer pass through the alumi-
num plate from two different batteries. The sensitivity of
the balance can be varied by changing the potential of the
vane and batteries of 1.4, 6, 22, 45, 90, and 300 volts were
available for this purpose. Either a fixed or variable po-
tential difference could be applied to the gquadrants so that
it was possible to elther keep the voltage applied to the
quadrants constant and change the magnetic fieid to produce
zero deflection or to fix the magnetic field and vary the
voltage applied to the quadrants.

The aluminuﬁ plate 1s connected to the Dewar agssembly
by means of a glass tube (H) which has O-ring seals on both
ends, The glass tube also has an opening for evacuation pur-
poses and helium gas can be admitted at any desired pressure.
The sample (S) is supported by a very thin quartz holder.

The holder is connected to the bottom of a very long quartz
rod (2-mm diameter). The upper end of the quartz rod is, in
turn; cemented to the vane of the electrometer. The quartz
rod consists of two parts for ease of handling.

Bates gives the equation for the torque acting on a
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sample in a homogeneous magnet fleld asB

L = m(b% )42 sin 20, (11I-1)

whére 0 1s the angle between the principal crystalline axis
and the magnet field. If the voltages applied to the elec-
trometer are kept constant, then the counter torque should be
the same for each measurement. Since the sample is always
rotated to the same position, 8 is the same in each case,
Therefore, HQAX should be constant. A plot of current versus
¥ for the magnet gives a straight line, within the accuracy
of the gaussmeter, for the gap and magnetic fields used. It
follows that
(bxp /%y ) = (I2 /12 )
A | 2 Tg Tl
Using the value of A as measured by the Faraday balance at
a particular temperature, 4X can be determined for the other
temperatures.
‘ When the magnetic field 1s kept constant, the voltage
applied to the quadrants is varied until a zero deflection is
observed. The voltage is measured by a voltmeter. Since the
field and the angle ¢ in Equation (III-1) is kept constant
the counter torque is directly proportional to 4%. For an

electrometer
L=cVy (Vy - 2V,)

where Vq is the voltage applied to the quadrants, and V, is




24
the voltage-applied to the vane and ¢ 1s a constant. It

follows that

(6x)g /x)p = VoV = $gly Ng(¥y = 3gdy -

Operation

Assembly of Apparatus

The liquid helium assembly 1s mounted on the Varian
magnet (M) in accordance with the operating instructions of
Varian. The sample is placeq in the holder so that the crys-
tal can be rotated about the ‘vertical with, first, the mag-
netic z-axls being parallel to the magnet fleld and then
after a rotation of 90 degrees the x-axls would be parallel
to ﬁ. The holder, which 1s fastened on to part of the 2 mm
quartz support rod, and the support rod are then placed in-
side sections (C) and (D). The upper portion of the support
rod is fastened to the vane of the electrometer which is
resting on the rubber pad and the plate (@). The glass tube
(H) is clamped to plate (@). The magnet is moved to a posi-
tion so that the lower section of the support rod is almost
underneath the upper position; after which, the two were
fastened together. The magnet assembly is ralsed vertically
until section (C) makes contact with the tube (H). The two
are then clamped together. A thin copper ribbon is attached
to the vane and both are raised by a screw mechanism until

the vane is free to rotate inside the qugdrants. Leveling
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8crews located on the electrometer, on the support for the

aluminum plate (@), and on the magnet assembly are utilized
to center the sample inside the copper tube (D). The bell
jar (F) is placed over the electrometer. A ball and socket
joint (K) at the top of the bell jar was'devised so that on
rotating the Joint the zero of the electrometer could be
changed. This 1s done by a glass rod connecting the joint
and the zeroing mechanism of the electrometer.

The system is evacuated by a pump and He gas admitted
until a pressure of about 4 cm of Hg is reached at .which time
the system is closed off by the stopcock located on the glass
tube (H). The socket joint (K) 1s rotated until the elec-

trometer is zeroed.

Temperature Measurement And Cohtrol

The temperature of the copper tube (D) is determined
by a copper-Constanan thermocouple and a gold-cobalt versus
silver-gold thermocouple in conjunction with the K-3 Poten-
tiometer and the Null Detector. The same auxiliary equipment
is used as for the Faraday balance. A callbration chart was
gset up and the thermocouples calibrated at the N2 and He
bolling points as before.

The temperature is controlled (% 0.2°K) by adjusting
the flow of cold helium gas from a storage Dewar. Measure-
mentsiare also taken at the He point and, upon part of the
1liguid He bolling away, as the copper tube warms up. The

warm up of the copper tube is quite slow and the temperature



26

is considered to be accurate within * 0.2°K.

Fixed Voltage Measurements

Depending on the sensitivity desired a battery is
chosen and then connected to the electrometer terminals so
as to give the vane a certain potential. A difference of
potential is applied to the quadrants by means of anothér
battery. The magnetic field is then adjusted until a zero
deflection is observed by means of the telescope system. The
current through the magnet is determined by the meter on the
regulated power supply. Care should be taken that the elec-
trometer deflection is never allowed to exceed about 20 de-

grees and that it 1s properly zeroed.

Fixed Field Measurements

A battery is connected to the vane terminals of the
electrometer so as to give the electrometer the desirgd sen-
sitivity. The magnetiec fleld is set at a parfticular value
and is not changed during a set of measurements. The diffgr-
ence of potential applied to the quadrants is then varied
until the electrometer is brought back to the zero position. .
When the temperature is changed 1t is necessary to keep the

electrometer approximately zeroed in order to keep the elec-

trometer properly zeroed.



CHAPTER IV

N12+ IN THE TETRAHEDRAL SITES OF CdS AND ZnO

- 2
The electron configuration of the Ni-' ions is (3d)®
and this configuration in octgahedral fields has been studied

13,1515 1 was found that the orbital levels

extensively.
of the nickel ion (3F) are split so that the orbital singlet
18 lowest in a cuble field.

The atoms in the twe-molecule hexagonal unit of the

wurtzite arrangement are in the positionsl6

Rt 000 ; 1/3, 2/3, 1/2

(Iv-1)
X: 00wus 1/3, 2/3, u + % .

The axial rﬁtio of the CdS erystal with this type structure
is ¢/a = 1.62 and the parameter u is 0.375 while for ZnO the
axial ratiol7 ¢/a = 1.60 and u = 0.378. Under these condi-
tions each atom has about it a tetrahedron of atoms of the
opposite sort and the point symmetry is C3v' The cubic fleld
potential for an ion in tetrahedral symmetry is about (-4/9)
times the corresponding term for octahedral symmetry17 with
the same R-X distances. Since the sign of the cublc fileld
parameter for a tetrahedron is opposite that of an octa-

hedron it is expected that the level schemes would be

27



o 28

inverted for T, symmetry. This is indeed the case.in studies
of the optical spectra18’19 where it was found that the 3T1
level of 3F was lowest.

In the case of V3+:A1203 which h:; Zl(Bd)2 conf;gura-
tion in an octahedral field it was foynd ~ ~ that the Ty
.level was lowest and, in fact, through the cublec field split-
tings the level schemes for (3d)2 in octahedral and (3d)8 in
tetrahedral fields should be the same.

The spin orbit coupling constant for a free N12+ ion
is quite large (-340 cm-l) and it is only natural to take the
i-g splittings as being larger than the trigonal. This turns
out to be a good approximation in the case of the CdS crys-

18 where the trigonal splittings are quite small but in

tal
the case of the Zn0 crystal the trigonal matrix elements are
of the same order of magnitude as the spin-orbit elements.
The energy level diagram of the N12+ ions in a tetrshedral
site is shown in Figure (U4) assuming cubic 5£-§> trigonal

splittings.

Experiment
The crystals of N12+:Cds were furnished by Dr. T. L.
Estle of Texas Instruments, Inc., and the N12+:Zn0 by Dr.
H. A. Weakllem of the RCA Lahoratorles. The measurements of
the magnetic susceptibility were made by-means of the Faraday
balance. In Tables 1 and 2 are shown the magnetic suscep-

24

tibilities of Ni"":CdS and N12+:Zn0 crystals along and per-

pendicular to the trigonal axis over the temperature range
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TABLE 1

2+
MAGNETIC SUSCEPTIBILITIES (PER GRAM SAMPLE) OF N1 -

DOPED CdS CRYSTAL. CONCENTRATION: 0.84%

Cx) s ) CE) bign 1%
7.3 8.30 77.3 7.90-
ol T.75 86 7.60
108 7T.12 101 7.18
128 6.32 . 121 6.35
154 5.40 134 5.85
178 1.68 164 1,80
202 | 3.86 181 1.16
217 ' 3.51 203 3.72
232 3.11 219 3.48
255 2.63 249 .77
296 1.98 29l 1.98
391 0.90 389 0.80

489 0.21 448 0.37-
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TABLE 2

MAGNETIC SUSCEPTIBILITIES (PER GRAM SAMPLE) OF N12+ -

DOPED Zn0 CRYSTAL. CONCENTRATION: 0.076%

ex) Hen-sm Cx) gn 100
28.0 0.00 28.0 -1.85
7.3 -0.27 7.3 185
97 -0.53 107 21.85
108 -0.75 114 -1.95
130 -1.08 118 -2.00
140 -1.30 151 -2.10
203 -1.90 167 -2.13
253 -2.16 201 -2.35
273 -2.,22 250 -2,46
300 -2.33 300 -2.57
335 -2.42 330 -2.73
403 -2.66 4ol -2.86

501 -2.90 501 -2.90
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of 77-500°K. The concentration of the nickel ions in Zn0 and
CdS are 0.076% and 0.84%, respectively, as determined from
the analysis of the magnetic data. The accuracy of the meas-
ured susceptibility in 2n0 (% 4%) is somewhat lower than in
cds (i»a%)‘because of the smaller concentration of Ni2+ in

the former.

Theory And Analysis Of Data

The Hamiltonian for a N12+ ion 1is taken as

H=Hy+V, +ML:S + V, + Bo(L + ggS) ¥ . (1v-2)

The general procedure will be to take each term of the
Hamiltonian in order and dlagonalize the appropriate energy
matrix. In the case of HO the eigenfunctions can be obtalned

e2 or by the use of Clebsch-

by the use of step-down operators
Gordan eoefficient320’23 to combine the one electron wave
functions in the (1m) representation te form the (ILM) repre-
sentation. The energy matrix of H, in the (LM) representa-
tion, for the (3d)8 configuration only, is diagonal and is

24
split into the following levels for the free ilon

3
F=F, - 8F, - 9F

3 =F + TF, - 84F,
G = F, + 4F, + Fy (1v-3)
D = F, - 3F, + 36F,

(7]
]
&)

+ 1AF2 + 126F4 '

2
where the Fk's are the Slater-Condon-Shortley integrals. >
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These levels are easily obtainable using Table 16 of Refer-

ence (25). The eigenfunctions of H, are listed in Appendix
II.

The free lon levels are split by a cubie field in
the following manner (see¢ Appendix I)

3p - 3T1 .|..3f]}2 +3A2 Ip - 1E+1T2

3p 3'1‘1 19+ 1 (IV-4)
loo lp o lm o4 lo .1

¢~ ta +1n + 18+ In,

The cuble erystal potential term is taken as

Vo= ) vs i {15 (8,9,) +(10/7)% [Y'Z (0,9;) -Yf(einpi)] }
1=1,2 |

(1v-5)
and the cubic crystal field parameter is defined as

B = A (r'/14 /n (1v-6)

The matrix elements of Vc;in the (IM) representation are
1listed in Appendix III along with the eigenvalues., Upon
diagonalizing these matrices the eigenvectors for the cubie
representation can be obtained.20 These are listed in
Appendix IV,

Since V, has matrix elements connecting 3T1(3F) and
37, (3P) a trensformation -

3F 8y az\\
(Iv-T)

3p cao al//
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must be applied to these two states in order to diagonalize
Hy, + Vo. This results in a mixing of the F and P states.
.Spin orbit interaction gives further splittings into
components that are shown in Figure 4. For the triplet

states

3p - M +T  +E+ T,
3 .
Tp+ Ay +T) +E+ T . (1v-8)

3pp - Ty

The nine functions associated with the 3T1 (and 3T2) levels
must be re-grouped in such a way as to exhibit the decomposi-
tion shown in (IV-8). This can be done by diégonalizing the
(9 X 9) matrix of AL'S and then consider the new wave func-
tions assoclated with each energy level. It turns out that
the wave function of the singlet state (3\) transforms like
A, and the three assoclated with the triplet state (3 1)
transform like T,. The five functions associated with the
quintiplet state (- g-k) do not show explicitly the transfor-
mation properties of E and T2. It 1s found that 1f these
five funetions are treated formally the same as the five
basis functions in the (LM) representation with L = 2 and
‘M=2,1, 0, -1, -2, and then mixed in accordance with the
same sort of transformation as given in Appendix IV to form
the cubic functions, then two of the resulting wave functions
do transform like E and the other three like Ty. The matrix

elements of i-g in the cubic representation are obtained by
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the use of the formu1a826

(g TS dg) = wpmg

(MLMSIE-'éIML-l Mg+l) = HIL(L + 1) - M (M - 1)I[S(S + 1) -
Mg (Mg + 1)1}

.(MLMS\-I..'-S’IML-!-I Mg-1) = H{I[L(L + 1) - My (M, + 1)1[S(S + 1) -

Mg (Mg - 1)1}

for the (LM) representation. The matrix elements of Li-g in

21 -
the cubic representation are listed in Appendix V. = Tahle
3 contalins the wave functions for the L-S representation.

The Hamlltonian
H' = Hy + V, + AL'S (Iv-9)

is not completely dlagonal using the Eﬁg representation since
there are matrix elements of kirg connecting thekdifferent
levels. All the matrix elements of H' in the E-g representa-_
tion are listed 1n Table h‘which also'éontains the trigonal
elements.

When the trigonal field is introduced the T; level
splits into A, and E levels while To splits into an A; and
E level which are the correlated levels in 03v symm;try. The
trigonal poténtial terth 1s taken as

2{ Ty B, ¥ > (91°"1> + 1" 34 Ya (91@1)} (1v-10)
1=1,2
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TABLE 3 (continued)

v(3pir,mon) = 1Y (3P30)s ;) + 21 (3PS5 ) + ¥(3Prs )16

¥(prrE ) = [2¢ (°prs,) - Y(3P3T§S_l) - 1P 146

vCrdr g ) = [-2Y(3P3T£S_ - Y(3P3T;So) - Y(3P3Tgsl)]Af6

17272 1)

*The four subseripts describing the wave functions are as-
.socgated with the decomposition of the levels when Ho, Ves

xi-s, and V. are considered.
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TABLE IV (continued)

31,1, (3F) 38,7, (3F) 3r, T, (3p) 3r,E(3P)

35, 35 (v -7) Vi0 (-y+2r) -68-ILL_hr /6 (FL-ur)

0 (uy - 1) A5 (2v-u0) /6 (-3 -ur) -ep - LY
/5 (2 - ) £30 (—oy +4r) /3 (B + 4r) V2 (-3L-U4r)
‘fg (1ovy + 157) 2/2 ‘/—g (3vy + éw) J%- (3y + 8r)
22 (L10y - 157) VB (+3v + &r)
38 + % %1_55_ ;5—; (;3v-8¢) %9 (-3v - 8r)
| | 188 + 14y /2 (6y -30r) /3 (-4y + 207)
By - A + T1 ~-TV/6 T

Ap+)s

37,7, (3P)
/3 (3L +ar)

—-5%‘(—2— - Ur/2

-68 +£2 (-23y-2kr)

g (-3y - 8r)
/—%—9'(—3Y - 87)
’;25- (-3y - 8r)
/é (2y - 107)
+T7V3

-7 /2 T

ot



TABLE IV (continued)

Ay
31,4 (3F) 31,7, (3F) 3,1, (3F) 3a,T, (3F) 3r;a(3p) 3'1' 'I' (3P)
-9B +3x -TY V2 (-10Y-17) —'/—gg (lw--r') -__5_2/%- (v -27) —68--1% ‘ _—_5;\/2-87/2
Y M15 /15 (ny 1y - 2030 (y- o) BWE_ | es 1Y Br
MW - +3V+T F 3> (B T) 3 (v-2r) 2X=-8w2 68 - =3~ +3
=
3 - % 2 /2 \ 2(5 (3y-8r) [B (3y -8c)
-5-Y=-5"T “/'6_ 3y - o1 “/E 3y -oT
188 + 1bvy /3 (4y -201) /6 (-by+157)
Ap - 2) -14 fa T

Ap 4+ A+ 14T




TABLE IV (continued)

Ap
3T1T1F3F) 3T2A(3F) 31,7, (37)
9B+ o ATy -7 -Lg_‘l(zw-T) ‘.%—5—)\.-{%—2(47-7)
38 - x_+‘1%- 45—(—10Y - 157)
38 +%+13Y—

3 3
T, T, (°P)

. -68 -~ 3y - 87

- ¥30 (_3y - 8r)
3
- 735 (-3 - 8r)

Bp = X - 1hr

*In this table Y = - 2Dy and 7 = —-é%.Dg

ol
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where the trigonal field parameters are defined as

Dy = Bj ( ¥ )/14 /n
(Iv-11)
D, = B ( ° )/14 /m

The matrix elements of Vt in the (Im) representation are ob-
tained using Table 16 of Reference (23). It is then a rela-
tively easy task to calculate the matrix elements of Vt in
the L-8 representation and these are listed in Table 4, The
energy matrix (in the absence of an external magnetic field)
factorizes into hlocks corresponding to Ay, Ao, and E. For
magnetlc susceptiblilities below 500°K the contribution of the
highly excited states is insignificant and will be neglected
except for the mixing of the wave functions.

Up to this point the development is the same for CdS
and Zn0 crystals but because of the difference in magnitude

of the trigonal matrix elements each of the host erystals

will be considered separately. -

n12+:cas
The optical studies reported by Weakliem18 sugges?t
that the environment of the Ni°¥ ion in CdS 1s very nearly
cublc because of the apparent 1sotropy of the optieal spec-
trum. The same conclusion can also be reached from the small

observed magnetic anisotropy (Table 1). The Hamiltonian

H' = H, +V, +AL§ (1v-12)

will first be diagonalized and then Vt will be treated by
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first order perturbation. In order.to dlagonalize H' it 1s
necessary to assign numerical values to B and to Ap (3F - 3P
spacing). These values are obtainable from the optical spec-
tra18 and are taken as B = -257 cm~! and Ap = 8550 em~L.

This gives the F-P mixing coefficients as
a; = 0.991, a, = 0.138 (Iv-13)

The wave functions after considering this mixing can be

written as
Yo (3531 4)) = ay¥ CPT A) + 2ot (PP an),

ete. The proper wave functions which eliminate Xi-g matrix
elements between 3T1 and 3T2 can be expressed as a linear

combination of the functions listed in Table 3, e.g.,

Yf(3F3TlT1A2) cY°(3F3T1T1A2) + @°(3PT,TA,)

or
c[alY(3F3T1T1A2) + a2Y(3P3T1T1A2)]

+ dY(3F3T2T1A2)

Y'(3F3T1T1A2)

since one element connects at most two of the functions.
These wave functions are listed in Table 5 for the 3T1 and

§

3
T2 levels.

In order to calculate the magnetic susceptibility
using the standard formula of Van Vleck3 (Equation I-13) it
1s necessary to calculate the matrix elements of the

Hamiltonlian
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TABLE 5 (continued)

Y'(3F3T2EE2) = -qt°(3r3r EE,) - pY°(3F3T2EE2)

Y'(3F3T2T2Al) = Y°(3F3T1T2Al) - ut° (3P 1.0,

3:3 _ 0 /3:3 0(3p3
Y1 (°F T2T2E1) = nt° (°F TszEl) - mt%(°F T2T2E2)

Y}(3F3T2T2E2) = nt°(3Pn,LE,) - m® (P, TE, )

¢ =0.99
0.098

(=7
n

p = 0.981
0.194 , forX = -170 em

QQ
]

0.994

=
]

n=20.110



b7
Hm = “o(-f' + gsg)'u

The matrix elements of the components of the angular momentum

a7

T, can be calculated with the use of the equations
(IM|L,|1M) = Mn/om

(LM+1 o] nm)=3{(L-M(L+M+ 1)}%h/2n

(LM -1 (5| LmM) =3{(L+M)(L-N+ 1) En/en

in the (LM) representation. These matrix elements for the
orbital angular momentum.i and the spin angular momentum 3
are listed in Appendix VI for the 3P and the 3F levels in the
(IM) and the cubic representation. Matrix elements of

[i.+ 23| in the L-S representation are listed in Table 6.

To calculate the mixing coefficients for the proper
wave functions it 1s necessary to solve the two by two
matrices where the 3‘1'1 levels are connected to the 3T2
through li*%. This requires that a numerical value be given

1 were taken,

to-A. Values of A between -150 and —30039m’
The solution of the 2 X 2 matrices gave the elgenvalues and
the elgenvectors. The components of the eigenvectors, of
course, gave the mixing coefficients and the eigenvalues gave
the energy levels before the trigonal components are consid-
ered. The magnetic susceptibilities for a megnetic field
parallel to the trigonal axis (x“) and perpendicular (xl) to
it were calculated using Equation (I-13) for each value of A

aﬁd K = A + B which measured the trigonal splitting. Values



TABLE 6

MATRIX ELEMENTS OF |T. + 25| IN THE L-S REPRESENTATION

L, + 2s,|
3F
31T By 311 EE; 31y ToEp 31,1oE, ST EE; 311 Ep SapE;
1/4 76)212  7(3)%/3 (5)2/4 ~3o)E/m (15)Em
(22 -(30)%m ~(10)%/1
-1/4 (15)2/4 _(10)E/m  —(5)Em
5/ _(6)E/n (3)%/2 (2)®
-5(2)%/4 —2(6)%/3
5/ (6)2/3
2
3t a8y 31yTpa, 3ToToay  3apTAr
3.7 A, -7(6)%/6
3rpamp ~0)k2  —(6)t2  2(3)%s3
3ror 8, -(10)2/2 (5)%/2 -(3)%/2 —2(6)%/6

8t



TABLE 6 (continued)

3p
3p, 1 E, 31 EE; 31, T, E,
3/2 -(6)%/6 (3)%/6
| 3(2)%/2
-3/2
18 >r1 T8y
3T1T1A2 —(6)%/3 ’(3)%/3
le + 2S¢l
3p
37 a8, 3p,m 8, 3p,Tonq 3,18, 3r,EE, 31, TE,
3rimEy 3)¥/3  32in -(6)%12 (3)%/6 (6)%/6
3r,EE) o (3)%/6 " 3/2 (3)%/6 T " 32
3T1T2E2 —(6)%/12 -3(2 e/ (6)%/6 -3/2

R —
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TABLE 6 (continued)

3
T, ARy
3
T;T148
3
T1TohA

3
T2A2A2

3m -
T2T2Al

3
ToTy 8

3
AyAy

3
T1T1E2

3T EE

3
T1T2E1

3
T ToE,

3 _EE

3
ToT By

3
ApE,

3%
3p,7 B, 37EE,  3myToE, ST.ToE,  StoER;  3n,miE,  3a0E
7(3)%/6 (5)%/2
2)t/8 7(3)¥12 -7(6)E/2n -(10)E/8  (15)%/8 (30)%/8
~7(6)2/ 20  1/4 -2)%8 Go)k/ss  )Em  (10)iss
)22 (3)s ()23
—x0)ts 1s)Ea (3oytss s@)ts 3)Ea -(6)iss 1
(30)%/8 -(6)%/8 5/ -(3)%/3
1 )23 (3)E3 (2)%
7(3)212  7(e)E/12 (10)Es sy
7(3)%/12 am -(15)Em (5)%/4
7(6)2/12 1/ (5)%/8  _(10)3/1
(10)2/m  (15)2/ (3)2/4  _(6)E/m
~(15)% /1 ()2 (3)%m s/ (6)E/3
(5)2/8 -(10)2/8  -(6)%/n 2(3)%/3
~(6)2/3  2(3)%/3

05
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of A = =170 em™* and K = -20 cm™! were found to £it the mag-
netic data best and a graph of X versus (1/T) using these
parameters is shown in Figure 5.

At low temperatures both Xy and X; approach asymptotic
values which are determined by the Van Vlieck temperature in-
dependent part of the paramagnetic susceptibility. Since the
ground state 1s A; and since u, connects this state with only

the A, states then Xy at low temperatures 1s determined by

2Nu§ | (a1 | ey | A) 12

Xy = N ,
Ay ~ Ay
where, of course, matrix elements to levels outslde the
ground manifold are ignored since they are extremely small.
Similarly, py connects A; with only the TlE states and
2
|

2 .
g | (ag | ey | ;4E)
L =

ETE’EA

1 1

As the temperature is increased the higher levels
become populated which results in X belng temperature depend-
ent and enables one to obtain the trigonal splitting of the
Ty level.

An analysis of the magnetic data is, therefore, in-
strumental in determining certain of the crystal parameters.
First, the spin orbit coupling constant was determined to be
-170 em~! £ 10 em~! which is considerably less than the free
ion value of -340 em™l. With this value of A and the
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trigonal splittings the energy levels of the ground state can

be calculated. Since K= -20 em~! and since
K = 10Dy + (3/10)(5)%1)2 © (IV-15)

then Dy = -2 cm"1 if D, = 0 as appears to be the case from

the optiecal spectra.18

N12*:7n0

The optlcal studies of W’eakliem18 indicate that the
trigonal component of N12+ in Zn0 is conslderably larger
than in the case of Ni2+ in CdS. The magnetic data (Table 2)
show that this 1s indeed the case. The crystal structure
also indicates a larger trigonal component for the Zn0 crys-
tal. Preliminary estimates showed that the trigonal compo-
nent was of the same order of magnitude as the spin orbit
component and, therefore, the same type of scheme used in
solving the CdS energy matrix could not be used.

In setting up the energy matrix (excluding the mag-
netic field terms) the i-é representation is used but the 3P
gtates are'not included, primarily, because of the greater
| difficulty in setting up the computer program. Even in the
case of N12+ in CdS, where the mixing is larger, the contribu-
tion from the 3P~3F mixing to the magnetic susceptibility was
found to be extremely small. Also, the accuracy of the mag-
netic data for the Zn0 is not as great as for the CdS crystal
and the mixing of the ground levels through Vi 1s so great
that it completely overshadows the 3p-3F mixing.
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The complete computer program, which was set up and
run by Segraves, consisted of several smaller programs.
First, a program to calculate the elements of the energy ma-
trix, which was factorized into a (3 X 3), a (4 X 4), and two
(Tx 7) matrices, was set up; second, a program was used to
calculate the eigenvectors and the eigenvalues of the energy
matrix; third, an extremely long program was set up to cal-
culate My and M, which in the case of the E states contalned
49 terms; and, finally, a program was set up to calculate X
and X, for the temperatures between 20°K and 1000°K. The
program was designed so that A, K, and Do could be varied but
it was found that Do alone did not change the theoretical
calculations significantly as long as K was kept constant.
Do was kept at 6 em™l for these calculations. It was found
%hat A = =175 cm'1 and K = -225 em~1 gave the best fit to the
magnetic data and a graph of X versus (1/T) using these
parameters is shown in Figure 6. The proper wave functions
for the 3T1 levels are given in Table 7. The matrix ele-
ments and susceptibility equations are given in Appendix IX,.
As with the case of CdS it is found that Xy and X, approach
constant values for low temperatures and as the difference in
these values is quite large it is expected that the Tl level
is split considerably. For the above values of h and K it
turns out that the Tl splitting 1s about 100 em~! as compared
to 10 em™! for CdS. The error in A and K 1is estimated to be
about + 25 cm‘l. From the experimental value of K and its

definition in terms of Dy and D it 1s found that Dy= -23 om .
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TABLE 7

PROPER WAVE FUNCTIONS (Ni-¥:Zn0) FOR 3r,(3F) ( = -170 em™1)

¥ ' (3F3T1A141) = 0.99066¥ (3F3T a14,) + 0.13267¥ (3F3T,T,oA;) + 0.03086¥ (SF3T,ToA,) +
' ' ‘ 0.00588Y(3F3A2T2A1)
3.3
( ) . lmlAg} + 0.01550¥ (PF T, A,A,) + 0.11039Y(3F3T2T1A2)
Y'(3F3T1T1E1) = 0.96988¢ (3F3T,T,E,) + 0.19056¥ (3F3T,EE,) - 0.11377Y(3F3T1T2E2) +
... - . . - -3 . -
0.00304¥ (3F T T,E ) + 0.04375Y(3F3T2EE1) +
33 33
i | 0.09024¥ (°F T2T1E2) + 0.00478Y¥ (°F A2T2El)

¥ 1 (3P31,T,8,) = 0.96988¢ (PFT T Ep) + 0.19056¥ (3FT ER,) - 0.11377% (3F3T T B, ) +

¥ (3F3r 1 a,) = 0.99377¢ (3F3T

0.00304¥ (3F T T, E,) + 0.04375¢ (3F3T,EE,) +
0.09024¢ (3F3T,T.E;) + 0.00478Y (3F3A,TLE,)
?f(3F3T1EE1) = -0.08861¥ (3F31,T,E,) + 0.78518¢ (3F3T EE;) + 0.59115¢ (3F3T T E,) +
’ ' | 0.06616¥ (3F3T,T,E, ) + 0.1440u¥ (3F3TEE, ) -
0.03253Y(3F3T2T1E2) + 0.00220¥ (3F3a,T,E. )
¥ (’FPr,EE,) = -0.08861¢ (3FOT,T E)) + 0.78518¢ (3F3TEE,) + 0.59115¢ (3F3T

. v (3p3
0.06616Y (SF-T,T_E,

1ToB;) +
) + 0.14404Y(3F3T2EE2) -



TABLE 7 (continued)

¥ 1 (3F3T, T

Y'(3F3T

v 1 (3p3r

1T2A;)

121)

1ToEp)

= 3.3
0.03253¥ (3F3T 2 TyE,) + 0.00220¥ (°F A T,E,)

-0. 13555Y(3F3T 1A7A;) + 0.98268¢ (3F3T T,4;) + 0.12633¥ (3F3T,To4,) +

0.00096¥ (3F3a,T, 4, )

0.20493¢ (3F31, T, E,) - 0.55472¢¥ (3F3T EE, ) + 0.79078¥ (33T, ToE,) +
0.08589¢ (3F3T,T,E, ) - 0.12955¢¥ (3F3T,EE, ) +
0.02495¢ (3F3T,T 1E2) + 0.01354¥ (3F3A,T,E, )

0. 20493?(3F3T1T1E2) - 0. 55472Y(3F3T E,) + O. 79078Y(3F3T1T2E1) +
0.08589¢ (3F3T2T2E2) - 0.12955¥ (3F3T,EE,) +

3
o.oeugsv( F3 T,T, 1) + 0.01354¢ (3F AT, 2)

19
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Point Charge Calculations

If it is assumed that the surrounding ions of a
particular cation can be considered to be point charges then
it 1s quite a simple matter, in principle, to caleulate the
crystal fleld parameters Dq, Dy, and Dy for a single crystal
if the potential at a point (r, 68, ®) due to an ion located
at (R, a, B) is expressed as a series of spherical harmon-

cs,28 The potential at (r, 6, ®) is then obtained by sum-

i
ming over all ions. This leads to Equations (IV-7 and IV-11)

for Vt and Vc where

24, -1
3
1

B = qe(n/5)? ) 222
1 R

1 (2)%135 Cos® o 2
o ge(8n) {2 3(2)%(35 Cos” @y - 30 Cos“ &y + 3]
1

By .
2 16 R?
2 21 Cos a4 S4n3 oy }
1 8 RE
with
3
Dq = (-3/2)(1/1llfn)(r4)qe(an/81)% (-21/8) Cos &y Sin” @4
q ) Rg ,

Dy = Bﬂ <r4>/14 o,
and (Iv-16)

D, = Bg (ra)/lll Ja

2
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The summations have been carried out to 20 1 for Dq
and Dy and out to 30 & for D, is the case of Zn0 by C. F.
Dorman using a 1410 Computer. Unfortunately, using Watson's
H-F wave functions18 Weakliem found (rh) = 3,021 for nit |
which gives a value vwhich is much too low for Dq and Dy. If,
however, the ratlo of Du/Dq is calculated and the experimental
value of Dg is used then D4 can be determined from Equation
(IV-17). For D, it is necessary to use the value of (re) =
1.133 which was obtained using the H-F wave functions. This
is not expected to give quantitative agreement with
experiment.

For N1°¥12Zn0 1t 1s found that Dy = -41 cm™> and Dy =

1

-1.9 em ~ if all the ions out to 20 % are considered. By

moving the cation by +0.01 % along the trigonal axis Dy can

1 and movement in any direc-

be increased to only about -33 cm™
tion from this position decreases DH' If, however, the three
equivalent oxygen anions are moved towards the cation site
by 0.027 % relative to the unique anion on the trigonal axis,
Dy is reduced to -23 em~! which is the experimental value,
This contraction of the lattice had been suggested by
Weakliem18 for N12+=0ds to help explain its apparent optical
isotropy. For the above contraction Dy 1s calculated to be
ol cm~! as compared to 10 em~1 found experimentally. The
values of Dy, Dy, and Dq using all the ions within a certain

radius and no displacement of the cation, are
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Roex Dy (cm'l) D, (cm"l) Dy [cm’l)

2 4 -34 +11 555(r)
8 % -3 -113 534 %)
20 4 _i1 -2 533¢z™)
21 4 -2 -14 533<r4>
20 % _ip -7 533( ")
30 A -4
314 -11

The Dy calculations were not extended further than 22 } be-
cause of the convergence around -U41 em™ L, However, the
values of D2 are stlll varying considerably and the calcula-
tions were extended to 31 % but the convergence 1ig still poor
because of the R'3 dependence. To obtain Proper convergence
the calculations should be extended to at least 100 A which
would require a tremendous amount of computer time. In view
of the large uncertainty in the (rg) calculation, the calecu-
lation to 100 A is not justifiable.

If only the first layer of anlons 1s used for Ehe
N12+:Cds crystal then Dy is found to be -8 em! as compared

to the experimental value of -2 cm'l.

In this case a contrac-
tion of 0.017 % of the three nearest equivalent anions glves
Dy = -3 cm-l° D, 18 nearly zero both experimentally and as
calculated from the point charge model.

The contraction of a lattice when a substituent is
added has been studied by Title29 and by Kikuchl and

0
Azarbayejani3 in which a tentative model was proposed which



required a lattice expansion if the lonic radius of the sub-
§ stituent is greater than the host cation and a lattice con-

traction if it is less, The fact that the ionic radius of
2+

Ni2* (0.70 %) 1s less than that of 7n°t (0.74 %) and cd
(0.94 1) tends to substantiate the assumption of the contrac-

tion of the lattice for both Zn0 and CdS crystals.

Discussion

The rather large reduction of the spin orbit coupling
constant of Ni°t in both crystals (-170 and -175 em™1) from
the free ion value A, (-340 em™L) suggests that there is con-
siderable covalent bonding present. Using a simple molecular
orbital (MO) picture for the bonding between the nickel and
the oxygen or sulfur ions, Tinkham31 demonstrated that the
ratio of A/Ay was equal to the product of the normalization
constants of the LCAO of the unpaired electrons. A more
exact calculation 18 almost impossible without making specific
assumptions concerning the potential and the details of the

wave functions. Experimentally it is found that

G

0.50 } ’ cds

N2 = 0.52 7n0 .

From the optiecal spectral8 one can also determine B from the
value of Ap which is given by 15B where B is the Racah coef-

ficient defined byl8
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Taking the free lon value of B as By = 1020 cm™' and B for
the Zn0 crystal as T70 em~! (for CdS, B = 570) one finds the
ratio of B/B, a8 3

B/B, = 0.75 ¥12% 1200

B/B,, = 0.56 §12%:cas |

While a simple model would indicate that B should be reduced
by N4 it has been found experimentally that for most 3d group
elements, in octahedral symmetry at least, (B/B,) is actually
greater than (l/lo).33

Since detailed calculations are not feasible at this
time we can only conclude that there is covalent bonding
present but that, nevertheless, the crystal fleld theory is

able (using X as an adjustable parameter) to account reason-

ably well for the magnetlc data.



CHAPTER V
3+
V  IN CORUNDUM
Recent work on the optical absorption spectra and
the electron spin resonance experiments of the dilute crys-
talline salts of the transition elements has'provided much
information about the energy levels, the crystalline field,
and the possible distortion of the geometry of the crystals
34-38

due to impurity substitution. For instance, in the case
of the vanadium (V3+) doped corundum crystals, the crystal-
line structure is primarily cubic with a small trigonal dis-
tortion34’36 with electronic energy levels as shown in Figure
T. The 3Tl state in the cubic field is split by the trigonal
field into 3A2 and 3E 1levels with energy spacing Ap. The
spin orbit coupling further splits the ground 3A2 gtate into
two componenfs separated by 8, the zero-field splitting. The
two parameters Aq and 8 have been determined from the elec-
tron spin resonance abserption and from the optical spec-
tra.34-39 From the magnitudes of such crystal field param-
eters along with the intensities of the optical spectral
bands for several transition metal ions in corundum single
crystals, McClure was able to examine the validity of the
point charge model of the crystal field theory as well as

63
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the possibility of a slight shift of the sites of the im-

34 Howevef, in most of the experiments, Amq

purity cations.
and § are generally determined from the temﬁerature varia-
tions of the absorption intensity of the ESR and optical
spectra., The difficulty of intensity measurements has

~ greatly limited the accuracy of the values of these param-
eters. Thus Ap was given as 280 to 400 em™! from the ESR

data in contrast to the optical results of 960 to 1200 cm'l.

3+-doped corundum

The magnetic susceptibilities of the V
erystals have been measured from liquid helium temperature
to 500°K along and perpendicular to the trigonal axis, from
which Ap and 6 are evaluated. Also an estimate of the spin-
orbit coupling constant is obtained.

The magnetic properties of pure Vé°3 have been in-
vestigated by several authors. The pure vanadium sesquioxide

ko at about 168°K. The use

crystals become antiferromagnetic
of diluted crystals makes it possible to study the paramag-
netism at lower temperatures and provides more information
about the crystalline fileld.

The magnetlc susceptibility of vanadium alum has been
investigated by Siegert and by van der Handel and Siegert.u1
Their measurements were made only for the average suscepti-
bilities over the three crystalline axes. From the analysis
of magnetic data Siegert and van der Handel have obtained a
set of values for Ap and 6. Although the accuracy of the

two parameters reported by these authors is limited by the
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fact that all the susceptibility measurements were made below
300°K and that the mixing between the SF and SP states has
been neglected in Siegert's theory, their %esults do lead to
the significant conclusioﬁ that in vanadium alum the ground
state, which resulted from the trigonal field splitting, is
the 3a,.

Experiment
The crystals of the V3+-doped corundum were furnished
34

by Dr. D. S. McClure. Crystals of two different concentra-
tions (0.092% and 0.73%) have been measured. The suscepti-
bilities of both crystals have been measured for temperatures
above T7°K. At lower temperatures the susceptibilities be-
come 8o large that only the dilute sample was used.

The magnetic susceptibilities along the crystalline
axes were measured by the Faraday balance. At very low tem-
perature the magnetic anisotropy becomes so large that the
geometriéal configuration in which the trigonal axis of the
crystal lies parallel to the magnetic field, 1s unstable.
Thus X, has been measured from 500°K down to liquid helium
temperature, but measurements of Xy, are limited only to tem-
peratures above 12°K. The magnetic susceptibilities (per
gram sample) of V3+-doped corundum are given in Table 8 and
X4 versus (T + ei)'l is plotted in Figure 8 for the more con-
centrated éample for the 77-500°K temperature range where

8y = (8/3k) and 8, = (-6/6k) (v-1)

& was taken as 8 em-l for this graph.zl’ue
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TABLE 8

MAGNETIC SUSCEPTIBILITIES (PER GM. SAMPLE)
OF V3¥-DOPED CORUNDUM

Sample A. Concentration (0.73%)

™K Xy X 107 (cgs-emu) .k X, X 107 (cgs-emu)
77.3 k.70 77.3 L,o8
88.0 3.68 88.0 3.23
91.0 3.49 103 2,26
121 1.92 109 1.96
127 1.68 118 1.60
138 1.25 130 1.11
145 1.04 137 0.89
155 0.75 145 0.72
156 0.73 154 0.49
202 -0.26 174 0.15
272 -0.93 217 -0.46
290 -1.14 253 -0.84
296 -1.16 296 -1.17
470 -1.96 430 -1.68
50T 2,11 501 -1.88
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TABLE 8 (continued)

Sample B. Concentration (0.092%)

™K Xy X 107 (cgs-emu) ™K Xy X 107 (cgs-emu)
295 -3.25 96.0 -2.61

282 -3.23 77.3 -2.39

134 -2.88 12,2 1.23

Sample B. Concentration (0.092%)

™K X, X 107 (cgs-emu) ™K X, X 107 (cgs-emu)
295 -3.28 21.5 0.11

179 -3.12 18.6 0.80

125 -2.91 18.0 1.08

95 -2.70 16.0 - 1.50

77.3 -2.53 9.8 4,15

58 -2.32 8.25 6.70

56 -2.16 8.10 T.12

43.3 -1.65 6.70 8.72

35.9 -1.48 6.60 9.36

32.9

-0.95 5.4 12.00
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) For the low temperature range 4X was measured by
means of the anisotropy torsion balance. Tables 9 and 10
give the magnetic anisotropy (per gram sample) of the most
" dilute sample. In the first series of measurements the mag-
netic fleld was varied to produce a null effect. A plot of
A versus T for the temperature range 12-35°K is plotted in
Eigure 9. The magnetic anisotropy for the range 4-20°K was
also measured using the constant field method and is compiled

in Table 10 with the data plotted in Figure 10,

Theory

The detailed theoretical calculations for V3+:A1203

20,21

were performed by Quade. The energy level diagram for

v3t in a trigonal field is shown in Figure 7. The 3Tl'f3F)

level was found to be lowest and this level is split by ’v't

into 34, and 3E levels with 3A, being lowest. The 34, level
is then split in second order by E-E into Al and E levels

with A, being lowest. Quade's procedure was to take the

1
(30 X 30) matrix of the 3F and 3P levels and to first apply

é transformation

a a
3p - 2], 8y =0.959, 8 = 0.285  (v-2)

to eliminate the matrix elements of Vc between the 3F and 3P
3 1

levels. Values of Ap = 9.00 x 103 and B = 1.27 x 10° cm”
were used in the matrix. The first order trigonal splittingg

for the 3T1 gstates were found to be
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TABLE 9

3

MAGNETTC ANISOTROPY (PER GRAM SAMPLE) OF V°'-DOPED CORUNDUM

Sample B. Concentration (0@092%)

K by, x 108 T°K oy x 10°
4.2 1.300 16.4 .105
4.3 1.247 16.9 .083
8.1 .523 17.4 077
8.5 431 22.2 .037
8.65 .39 23.4 .028
9.2 .362 2b,5 .021
10.5 .248 25.3 .018
11.1 .233 26.3 .016
13.3 .161 27.1 .012
13.9 .137 29,4 .008

1,7 .120 35.0 -.001
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TABLE 10

3

-+ l .
MAGNETIC ANISOTROPY (PER GRAM SAMPLE) OF V™ -DOPED CORUNDUM

Sample B, Concentration (0.092%)

K ax x 10° K ax x 106
4.2 1.330 7.6 .533
4.5 1.165 8.1 57
4.7 1.091 8.9 405
4.9 1.058 9.2 .342
4.95 1.030 9.7 .304
5.2 .990 10.5 .257
5.3 i3 11.0 .250
5.45 .92k 11.2 .209
5.6 .861 13.5 .148
5.8 .840 14,1 .143
5.95 .790 14,5 112
6.5 715 16.2 .095
7.05 .615 17.6 .oTh
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3F: Ay = 8.3D, - 4.3Dp, v.3)
3p: 84 = 1.7D - 5.8D,.

43

Then a fourth order Van Vleck transformation ~ was applied to

9 remove the matrix elements of Vt, AL-S and.-ﬁ-ﬁ connecting

the 3A2 ground state with the upper states. The following

results were obtained21

2
g, =g - 22/bp - a'®/n, +02(0 - INB/ATF - aaBhB 8y

+ 2a3(a + 1)X3/A% ,

(v-4)
g =g - (2 +0)A2n2 _ B/, - e BBy .

The expressions for the susceptibility were found to be

2 2 2
Xy = 2NB uo (g, /kT) exp(-6/kT + 2NB u, {[20.'2/Ac

+ 2(a +2)2a212/A,%] +2[2a '2.71\c + (a +2)2a2x2/A$]exp(-6/kT)},

(V-5)
2,2 2. 2
X, = 2NB Uq(g,/8)(1 - exp(-8/kT)] + 2NB Mole' /by

+a(1 - 1ou212/A§)/AT1 + UNB uﬁ exp (-5 /xT){a 1%/b,
2
+o?1 - (32 + 20 - WnEgiazl,

where

B=[1+2 exp(-l’>/l\:T)]-1 .
8. denotes the energy spacing between the ground state and

t
v
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3T2(3F) and
- ¢ = (3/2)a§ - ag = 1.29,
a! = (5/2)%a§ = 1.52, (V-6)

[ ai - (3/2)a§ = 0,80 .

An expansion of the susceptibility equations in

powers of §/kT resulted in

- 2 '
X, = %-N ui {gf[k(T + 8/3k)] 1, é%i- + 4 + 2) o /A ]
and ; (v-7)
X, = % N u§ {gf[k(T - 6/6k)]'1 + 3a.'2/Ac

+ 320201 - (k2 4o - 202/3001/bg)

which are valid in the temperature range 77-500°K.

Analysis of Data

High Temperature Susceptibility
From an inspection of Equations (V-T) it is clear
that the susceptibilities should have a Curie-Welss behavior,
that is
-1 =
X=C(T+6) +Na

Therefore,

2
¢,/¢, = (g/8,)

and since the ratio of (.‘.“/C'L is found from Figure 8 to be
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1.235, then
g,/g, = 1.111 £0.003 .

Assuming g, = 1.915, which is consistent with the value ob-

tained from ESR measurements, g, 1s found to be
g = 1.725 .
The concentration can also be calculated using
¥ = (3k6,)/(2 w3 &)

which gives (0.092%) and (0.73%) for the dilute and the con-
centrated samples, respectively,
The difference in the extrapolated intercept of Xy

and X; at T = = can be used to estimate A where

(0% )p, = 3.9 % 107

1

from Figure 8 for the concentrated sample. If 8 = 8 cm™— and

(,/bp) = 0.08 are considered to be reasonable estimates, then

bp = 1200 % 200 cm™T |
The diamagnetic corrections due to the A1203 and the V3+ ions
are eliminated when AX is calculated. For temperatures above
300°K no deviation was discernable from the Curie-Weiss be-
havibr and this can be interpreted as evidence for a large

Ap since a low Ap would be expected to produce conslderable

deviation.
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Low Temperature Susceptibility
The magnetic anisotropy AX can be written according
to Equations (V-5) as
1
)

Ay =A[1- (1 +R/x) exp(-x-l)][l +2 exp(-x )1+ (&x)yy (V-8)

where

2 2
A=2Nu, g /8,

x = kT/6 ,

R= (811/34.)2

3

and (bx)yy is the difference in the Van Vleck terms.

A AQnade21 found that for 0.3 < x < 0.7 corresponding
to temperatures between 4 and 9°K that a plot of 1n(Ax) ver-
sus T was a straight line within about 3% and that in this

range of (x) that

= 1n() = (/s o) 400

where

ﬂd%um = 3.03,

and is independent of 6. Hence the slope is

QL;_:IMJTM = 3.03(k/6) .

In Figure 10 the 1n(AX) has been plotted versus T for
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§ = 8 and 8.5 em™! along with the experimental points. A

least squares analysis gives
5 =8.3%20.2 cm! .

In Figure 9 the theoretical curves of Ay versus T for

8§ = 8 and 8.5 cm'l have also been plotted along with the ex-

perimental data and § = 8.5 em™L

seems to give the best fit

in this range. However, there is some uncertainty in (Ax)vv
in this range and as the temperature measurements for T < 12°K
are not as accurate as for T > 12°K the value of & will be

1

% taken as 8.4 cm™" with a range of 8.2 to 8.5 em~t.

Crystal Field Parameters

From Equations (V-4) Quade found that

g /g, = 1 +ea? 462t - a3 - 2+ e3ed - (3/2)08 - 0"

+ a3] + (u'2k/2Ac)[-é +¢(20 - Uaz)]
and | (v-9)
| b =02 - 23e? - ated) - (3/2)0 B,
; where .

€ =}./AT .

From Figure 11, which shows A as a function of ¢ for

several values of g“/gl and 8, 1t is possible to estimate

A2 05 cm‘l

Ap % 1100 em™t




20
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If the trigonal splitting of the 3T1(3P) state found in the
optical spectrum is combinéd with this value of Ap it is
possible to determine the two trigonal fleld parameters as
. Dy = 115.5 em™!
Dy = 32.7 emt,
Discussion

As in the case for N12+, it 1s also found that the
spin orbit coupling constant A (95 em™1) is reduced from its
free ion value of A, (104 cm'l). This indicates that there
is some covalent bonding between the central ion and the sur-
rounding anions. The normalization constant;§quared is given
by :

¥ = (\ho) = 0.91

while

(B/BQ) = 0-75 .

The value of N° is larger in this case than for N12+

which indicates that the bonding of V3+

in A1203 is more
ionic than for N12+ in the semiconductors, Zn0 and CdS. The
corundum crystal is more ionic than either Zn0 or CdS with
A1203 (11.3 ev) having a much larger energy gap between the
valence band and the conduction band than Zn0 (3.3 ev) or
cds (2.5 ev).

— In éhis case we see that B 1s reduced by a factor

which 18 nearly N4 as the simple MO theory indicates (Chapter

4). The experimental results are in qualitative asreément
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with the idea that A, should be reduced by N2 and B, by Nu.

The point charge model has been used to calculate
Dy and D2.2l It was found necessary to displace the cation
along the trigonal axis by less than 0.1 4 in order to obtain
the experimental value of Dy where (ra) is calculated from
the experimental value of Dq and then this value used to cal-
culate Dy. The calculation of Dy suffers from the same
deficiencles as 1n the case of N12+. A displacement of the
cation was not sufficient to account for the experimental
value of D2. For V3+:A1203 the point charge model can

presumably account for Dj but not for D2.
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CHAPTER VI
002+ IN Zn0

Some recent work on the ESRuu and optical absorption

18,45

spectra of Co2+ has provided some information on the
energy levels and the crystalline field present when Co2+
ions are introduced into the Zn0 lattice. As hoted in Chap-
ter IV, Zn0 has a wurtzite structure with each atom having
about it a tetrahedron of atoms of the opposite sort. Cebalt
in ectahedral sitesl has been studied extensively and the 4F
level is found to be lowest as expected from Hund's rule.

b

With Vc considered next 1t is found that Tl lies lowest and

MAQ highest. It 18 expected that in tetrahedral symmetry

that the 4

A2 level will be lowest and this 1s found to be the
case.18 The 4A2 level will not split in first order due to
i-g but will in second order. Thé zero field splitting of
Coe+:ZnO has been reported as 5.5 * 0.3 et by Estle and
DeWituu from intensity measurements. The energy level dia-

gram for Co2+ in ‘a tetrahedral fleld is shown in Figure 12.

% Experiment
The 602%:Zn0 crystals were furnished by Dr. T. L.

Estle of Texas Instruments, Inc. The concentration of the

83
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Free Ion Cubic £.§ + Trigonal

Flgure 12. Energy Level Diagram of Cog+
in a Tetrahedral Field
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002+ in the Zn0 crystal is 0.037% as determined by the anal-

ysis of the magnetic data. The magnetic susceptibilities
along the trigonal axis and perpendicular to it have been
measured over the temperature ranges 9-300°K and 5.7-300°K,
respectively. Table 11 gives the results obtained for X; and

3+

X, - As in the case of the V :A1203, Xy could not be

TABLE 11

MAGNETIC SUSCEPTIBILITIES (PER GM SAMPLE)

OF THE CoZ'-DOPED Zn0

Cx) Bheroms) CE) L)
5.7 30.9 9.1 12.1
8.8 19.0 12.5 9.5
9.8 16.8 15.2 8.1
12.6 12.2 17.0 T.3
14.0 11.4 19.0 6.7
16.6 8.8 20.8 6.2
2l.2 T.1 77.3 1.8
24.8 ; 6.4 295.0 0.5
26.5 5.6
7.3 2.0
295.0 0.5

measured below about QPK because of the torque acting on the
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sample which caused the crystal to rotate out of alignment.
The magnetic anisotropy was measured on the torsion balance
over the temperature range of 4.2 to 17°K. Above this range
(Ax) is so small that no significant results could be ob-
tained. Table 12 gives the results obtained for (bx).

TABLE 12

MAGNETIC ANISOTROPY (PER GM-SAMPLE)
OF THE Co>T-DOPED ZnO

o Belky b Rl
b2 ok.2 7.3 9.3
4.6 20.5 7.7 8.9
4.8 19.9 7.9 8.1
5.9 18.4 8.8 6.4
5.2 16.9 10.0 5.0
5.5 15.3 13.0 3.4
5.8 13.7 18.0 1.9
6.2 12.4 23.0 1.3
6.8 10.8
Theory
The theoretical work for the cobalt in zine oxide
Le

crystal has been performed by Sanmann. The crystal field

theory is used as a sultable model where the crystalline field
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is primarily cubic with a small trigonal component as for the
other crystals. The Hamiltonian is also the .same as Equation
(Iv-2). The ground state configuration for Co?t 1g (3d)7
with multiplets *F, “p, 2a, 2H, 2p, 2D, and 2F in order of
increasing energy. For the quartet states the cubic field
(V,) splits the levels into

bp 4 M

4o b

by | b
P T1

Neither Xi-g noe Vt splits the ground state (4A2) in first
order but will in second, as shown in Figure 12.

Sanmann's procedure was to set up the (28 X 28) en-
ergy matrix in éhe cubic representation and apply a fourth
ordér Van Vleck transformation to reduce the matrix elements
between the ground state and the upper levels. The results

obtained by S.ianmannu6 for the magnetic susceptibilitles are

Xy = (N ug gﬁ/ukT)(B)[l +9 exp(-en/kT)]

and

X, = (N ug gf)(B)[(l/kT) + (3/2D){1 - exp(-2D/kT)}]

if (Vi-1)
(ho Fluglap D) = (4 2lu,la 33

and

(o Huzlag D) = (ap Huglto - D)7 .

Also
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2 2 %
2D = 8\“/(158)°[19(5)®D,/6 + 5D4/9] ,

g, =2 - (8/158) - 10(/158)2 + [152(5)%D,/9 -

760Dy/271 (1) (158 ) (VI-2)

and

g, =2 - (8/158) - 10(,/158)2 + [-76(5)2Dp/9 -
880Dy/271 (A )/ (158 )€2

where

8 = 2 Dg/3
-1, 18
which can be obtained from the optical spectra (Dg=390 cm ).

Analysis of Data

Using Estle and DeWit's values™ for gy (2.2404) and
g, (2.2790) to substitute inté the susceptibility equations
one~can plot X versus T for particular values of the zero
field splitting (2D). The magnetic data can be fitted best
_with a value of 4 cm™l. The theoretical curve using this
value has been plotted in Flgure 13 along with the experi-
mental data. The experimental data have been corrected for
the diamagnetism of the host ecrystal (xgno = 0.330 x 1070 per
gram). Upon considering the experimental errors involved,
the value for 2D is taken as 2D = 4 £ 0.3 em™! for this par-
ticular crystal (Texas Instruments - A-99).

The magnet anisotropy (AX) for this crystal has been

measured on the tbrsion balance and is plotted in Figure 14
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along with the theoretical values of 2D = 4 cm™ . 1In this
case the measurements are not too sensitive to changes in 2D
and from the AX measurements it ecan only be concluded that
2D = 4+ 1 cml. A value of 2D = 4 £ 0.3 em™! will be taken
as the most probable value of the zero field splitting of
this crystal. With this value of 2D, the experimental ESR
value of 0g, and the relation obtained from Equations (VI-2)
that 2D = -\ (8g), A was found to be -104 em™t, Dy and Do

calculated from the above equations are 286 cm'l and 77 cm'l,

respectively.

o Discussion o

‘The value of 2D (4 em1) obtained from the magnetic
data disagrees somewhat with the ESR value of 5.5'9@‘; ob-
tained by.Estle and DeWit. The magnetic data 1s subject to
certain errors which would tend to give a slightly lower
value of 2D. The orientation of the crystal was determined
by the X-ray lab at Texas Instruments and it is assumed that
this is not in error (% 1 degree). This was also checked by
Dr. Dick Van der Helm.at the University of Oklahoma. The
alignment of the crystal in the magnetic field could be off
by at most 5 degrees (more probably 1 degree) and, as the

apparent values of the susceptibllities are given by

A 2
Xy = (Cos® 8)xi + (Sin” 0)x,
and (Vvi-3)
Xﬁ_ = (Sin? 8)xL + (Cos® 8)x
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where 0 is the angle between the magnetic gield and the trig-
onal axis of the crystal, the alignment woﬁld have to be off
by as much as 20° which is clearly outside the experimental
error.

In doping the crystals it is possible that there
might bé pairs or clusters of higher order which are coupled
together by the exchange effect.48 However, this should be
quite small if the crystal i1s more or less doped throughout
but if the doping is primarily on the outer layer of the
crystal this would increase the number of coupled systems.
While the pairs would tend to cancel out (antiferromagnetic
coupling) at low temperatures, the triplets might make some
contribution and since this effect 1s primarily isotropic the
effect would be to decrease 2D.

In calculating the magnetic susceptibllity 1t was
assumed that

30y Blugl*ay ) = (', Bluyl's, 3)
If the ratio of these matrix elements is changed from 3 to
3.16, and the susceptibility recalculated, the magnetic data
can be fitted with‘?D = 5,2 cm'l. This would bring the ex-
perimental value of 2D as determined from the magnetic data
within the experimental error of the ESR value. A value of
u in Equation (VI-6) of 0.033 would give the ratio as 3.16

and while this is a rather large value it was found for (302+
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in cuble ZnS that u = -0,005.
According to Estle (private communication)uu the ESR

data were analyzed using the spin Hamiltonlan of the form

. ' ' 2
H = guohsSg + 8 Mo (HxSy + HySy) + D[S, - (1/3)8(8 + 1)] +

AS;I, + B(SxIx + Syly) . (VI-4)

A correction term of the form

2 5 _ 262 s1n2 0) uo %5 W,

2

2
3g, Sin 6 (gﬁ Cos
2

(VI-5)
o + lg° sin? )t D

8(g> Cos
appears in the expression for the energy of the Mg =+ 3
levels and was used by Estle anu DeWit in their calculations.
The value of g, obtained at 9149 Mc/s was 2.2790 and at
23,796 Mc/s, g, = 2.2789 using 2D = 5.5 cm™>. A value of 2D
was obtained using the temperature dependence of the inten-
sity of the cobalt resonance at 1.3°K and 4.2°K. According
to Estle this value was in agreement with the value obtained
using the correction term.

Estle also pointed out that a term
3 3

#o o+ S, % - (1/5)(3-8)(38(s + 1) - 11]

3
un {Sy ¥x + Sy ¥y + S,

(vi-6)

had been ignored and that the actual ‘g-values might be dif-
ferent from those g:lven.lW Also 002+:Cds could not be
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analyzed using the same correction term and high accuracy
cannot be claimed for the intensity measurement. Therefore,

1 for the zero field splitting could be

the value of 5.5 cm~
somewhat in error.

Sanmann has recently madé some calculations on the
uTl(uF) band which indicate that 2D is close to 5 em L. The
reason for the discrepancy between the ESR and the magnetic
data is not clear at the present time.

The values of A, Dy, and Dy which were calculated
using the ESR and the magnetic data are

ESR DATA MAGNETIC DATA
A -143 cm-l -104 em™!
Dy bl em”t 286 cm!
D, 76 cm™L 77 em™l

The experimentally determined value of A (-104 cm-l)
is decreased from its free ion value of Ao (-178 cm'l) which
is quite at variance with the apparent increase of A (-210
cm'l) as determined by the optical spectrum.18 It should be
pointed out, however, that in the analysis of the optical
data the effect of the trigonal field was not considered and
it may be that A was overestimated since the entire splitting
of the 4Tl(4F) band was tvaken as being due to the spln-orbit
splitting.' Calculations by Sanmann46 on this level indicate
that A is actually reduced if.Vt is eonsidered.

The ratio (A/A,) is found to be 0.59 which is in
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reasonably good agreement with the value obtained for
N12+:Zn0 (0.52). If the ESR value of A is used then (A/A,)
= 0.80 which is about the value obtained for Coe+ in the very
ionic host crystal, Mgo.45 The ratio of (B/B,) is 0.78 and
since the experimentally determined values of (A/A,) are ex-
pected to be less than (B/Bo) one might expect a lowér value
of \ than -140 cm™t,

Using the point charge model, Dy for Zn0O crystals was
calculated in Chapter IV where, for the undistorted crystals
and no displacement of the 002+ ion, Dy is found to be ~40
em™t 1f all lons out to 20 % are considered and where the
differences in Dq for the two catlions are taken into cpnsi-
deration. If one accepts the ESR value of 2D then Dy agrees
with experiment with practically no change in the lattice
parameters. This seems to be what one would expect upon
examining the lonic radil of coot (0.72 &) and Zn2+ (0.74 1).
Since the lonic radii of N12+ (0.70 4) is smaller than that
of Coz+ one would expect the contraction of the lattice to be

2t if the model of Kakuchi and

Azarbavejani is correct.so In the case of D, (286 cm-l)

less in the case of Co

calculated from the magnetic data the three equivalent anions
would have to collapse toward the cation by about 0.2 % more
than the unique anion. While the calculation of D, has not
proven very successful it is of interest to note that in the
case whefe there is very little contractlion, Do ~ 0, while

Dy = 200 em™} for a 0.2 4 contraction. This is to be compared
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with the experimental value of 76 em™L.

It would be desirable to measure X, and Xy all the
way down to 4.2°K and this should be possible by a new
Faraday balance being built by Yarger which is designed so
that the sample will not rotate out df position. The data
obtained at the lower temperatures for ¥, should be very use-
ful because of the large dependence on 2D in this range.

The quantifative agreement between the three sets of
data from the E.S.R., optical, and magnetic measurements
lacks something to be desired but by using more refined ex-
perimental techniques it may be that the agreement can be

improved.
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CHAPTER VII
YTTERBIUM GALLIUM GARNET

The energy levels assoclated with the crystalline
fleld splittings of the rare earth ion in ytterbium gallium

garnet have been studied in various laboratories by measure-

49-52

ments of magnetic susceptibilities and by optical spec-

tposcopy.53 As a first approximation the erystalline field
can be %taken as being cubic, and the ground manifold of Yb3+

(2F ) splits into three components, T7 (ground state), I'g,

125,53
and P6. The magnetic measurements made by Ball, Garton,

1
Leak, and Wolf5 at low temperatures indicate that the spaec-

ing, I'g - T7, between the ground and the first excited crys-

talline Stark level 1s 570 cm'l. Similar results were also

2
obtained by Ayant, Thomas, Cohen and Ducloz.5 More recently

from the study of the dependence of the intensity of the op-
54

tical transitions on temperature, Wood™ has reported two

1

low-1ying levels at 112 cm™t and 308 em ~ in addition to the

one at 570 em™l. The main feature of this present work is
that it extends to higher temperatures than previous inves-
tigations and so yields information on the location of the
P6 levels which do not combine magnetically with the ground

state, and 8o do nnt enter at low temperatures.

o7
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Experiment
The susceptibility measurements were made with the

Faraday balance and for temperatures above 300°X the furnace
built by Segraves, which 1s similar to that of Garber, Henry,
and Howe59, was utilized. The accuracy of the susceptibility
data is estimated to be about 1.5% for this sample. The
measurements of temperature are accurate to 0.6% at tempera-
tures below T50°K and to 3% for T greater than 750°K. Table
13 shows the experimental results above 29°K, Thé suscepti-
bilities given there have heen corrected for the dlamagnetism
of the crystals. The measurements obvliously do not extend to
low enough temperatures to reveal the anomalies at T ~ 0.2°K
which were reported by Ball et a1.51 The dlamagnetic contri-

bution was estimated by measuring the magnetic susceptibllity

of the pure yttrium gallium garnet which gives -85 x 10"6

cgs-emu per gm-ion of the yttrium ion. The diamagnetic sus-

3+

ceptibility of Yb™ , however, differs slightly from that of

55

vt (by 6 x 1070 cgs-emu per gm-ion). Thus the diamagnetic

correction of YbGaG is taken as -91 x 10'6 cgs-emu per gm-ion
+
of Yb3 . The results are displayed graphically in Figures 15

and 16.

Theory
The electronic configuration of the free ion Yb3+ is
(hd)lo(uf)13(58)2(5p)2 which has one electron missing from
the Uf shell. For a single hole in a 4f shell only a 2F

level is possible. The Hamlltonlan is assumed to be
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TABLE 13

++ '
MAGNETIC SUSCEPTIBILITIES (CGS-EMU/GM-ION OF Yb ) OF Yb@aG

X x 103 T X x 100
(°x) (cgs-emu) (°K) (cgs-emu)
29.3 4.1 218 8.70
38.6 32.2 252 T.94
bl 5 28.1 295 T.11
45.9 27.8 326 6.59
46.3 « 27.4 384 5.82
47.9 26.2 '452; 5.12
48,3 26.1 526 4,59
51.2 24,9 568 4,28
53.8 2k,1 611 4,10
57.2 23.0 639 3.92
68.7 19.6 658 3.81
69.8 19.3 684 3.67
70.8 19.2 724 3.50
7.3 18.1 776 3.28
89.0 16.4 814 3.15
102.5 14.6 866 2,98
111 13.7 907 2,86
113 13.5 928 2.83
129 12.5 967 2.69

141 11.8 998 2.60
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TABLE 13 (continued)

iy X x 103 T x x 105

(°K) (cgs-emu) (°K) (cgs-emu)
162 10.6 1038 2.50
181 9.92 1069 2.45
197 9.36 1109 2.37
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H=H, + AL:S + Ve + uo(i + gsg)-ﬁ
where, of course, Ho does not contaih an electrogtatlic inter-
gction term. Because of the very'large value of the spin- .
orbit coupling constant (2940 cm'l) the A8 splitting will
be considered first rathér than V, which was larger for the
iron group elements. The energy level scheme for Yb3+ in a
cublc field is shown in Figure 17. The 2F level will split

under AL-S into

and under a cubic field

2 2 L
Frr0” T + Ty + T

2 4
F5/2 2P7 + r8 .

The wave functions for the (J Nb) representation are
listed in Table 14 and are obtained using the Clebsch-Gordan

coefficients for the one electron orbital and spin wave

funetions.
The cuble potential53 will be taken as
0 b b 0 b -
V=V + (Vu + v4 ) + Ve + (vb +V, ). (VII-2)

53

Pappalardo and Wood”~ have worked out the matrix elements of

Vc in the (J MJ) representation and these are giveh in Ap-
pendix VII for the 2F

7/2
of Vc leads immediately to the eigenvalues and the eigenvec-

manifold. Solving the energy matrix

tors of the matrix and allows one to obtain the cublc wave
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Figure 17. Energy Level Diagram of Yb3 in a Cublc Field
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TABLE 14

3

WAVE FUNCTIONS FOR Yb * IN THE (J MJ) REPRESENTATION*

2p

T/2
Yrre,re) =¥

Y(7/e,5/2) = V7T ¥go +VI/T i

Y (7/2,3/2) = V7T 418 + V27T 4o

Yiase,uye) =TT Yo + 73T 48
¥(7/2,-1/2) = /37T ¥ 10 +/B/T ¥ B

Y(7/2,—3/2) =ve/T ¢_2a+/577 *_la

Y(7/2,-5/2) = V1T L 6/T ¥_o8

Yare,-172) = -3

, 2F5/2
Y(s/a,570) = = VT ¥t +V6/T Vg
Y(5/2,3/2) = ” /27T 410 +V5/T 408

Y5r2,12) = T /37T 42 +/B/T VB

Yoo ayp) = - T Ao + V37T 48

Y(5/2,-3/2) =~ /B/T ¥_ o +/2/T ¥_;B
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TABLE 14 (continued)

Y(s/2,572) = VT 45t + VLT P

*The wave functions are described by J, My, M;, and Mg where
-¥ . =
(3,M;5) a*mla + b¢M1+1B and o and B are defined as the

spin wave functions described by My = +} and My = -4,
respectively.
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functions.53 These are listed in Table 15. The elgenvalues

for the 2F7 /p level are
(r7) = -18P - T2R |
(Tg) = 2P + 96R (VII-3)
(Tg) = 14P - 120R

with

P=3< ><15X77>(r
and

<7o Ze Q-B

6
9 HT ><13x33xe3><r)

53 The matrix elements for |L + 28| are

according to Wood.
given in Appendix VIII for the (J Mj) representﬁtion and in
Table 16 for the cubic representation.

The magnetic susceptibility can now be calculated

using the standard expression of Van Vleck3 as

( 3.5374 + 2:2952
- AG-AS

x=B{'

4,084 .
0A89 +2 %64 + exp(-Ag/kT)

2 0849> + exp(-A /kT) < 1. 3333 3-—75—562?52 >} (VII-4)

where

-1

B™" =2 + 4 exp(-8g/kT) + 2 exp(-b¢/kT)

and 8g and Ag stand for the energy differences r8 - P7 and
T6 - r7 (in units of cm"l) respectively, énd k = 1/1.44,
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TABLE 15

-+
CUBIC WAVE FUNCTIONS FOR Yb3'

|

2
Fr/o(Ty)

(1)

Yr = VA3 Y s s5/0) < Y0, -3/2)
( " |
7

2) = 1/2[/3 ¥

]

(1/2,-5/2) ~ ¥ (7/2,3/2)’

2

(1? = (7/12) 5/T7 ¥

Y (1/2,172) '/7_ (7/2,-1/2)]

(2) _ Iy _
's . (7/ ) (7/ 2,-7/2) /5 Y(?/e,l/e)l

'3) '
= VR gy 570) Y3 Y (10, 3/0)]
(4)
Yo L = Vel sn 50y *V3 ¥ (7/0,3/2)]
2
F7/2(r6)
y(1) (5/12) +/TEY
6 (7/2 7/2) (7/2, -1/2)
(2) _ 3
Yo = B o ey *TTB Y s a0




MATRIX ELEMENTS OF |L + 28| FOR

3+ IN THE CUBIC REPRESENTATION

Yb
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TABLE 16

(1) (2)
27' | Y8
1277 873/7

4/7

(1) (1)
Yg Y6
hhso1  8/35/21

L/3

|L, + 2s,]

\¥

(2) (&)
v g
-12/7 -8/3/7

u/7
(2) (2)
T Y6
-i/21 -8/35/21

-4/3



TABLE 16 (continued)

i, + 28,1
| \r,gl) ‘1’,;2)_ Yél) ‘i’ée) YéB) Yéu) Yél) Yéa)
-12/7 12/7 L/3/7
-12/7 12/7  W/3/7
i2/7 20/21 -8/3/21 -4/35/21
12/7 20/21 -8/3/21 -4/35/21
4/3/7T  -8/3/21 12/7  4/3105/21
L/3/7 -8/3/21 . 12/7 4 /105/21
-4/35/21 4/105/21 4/3
-4 /35/21 4/105/21 4/3

01T
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Analysis of Data

,  From Figures 15 and 16 it is seen that below 150°K,
the magnetic susceptibilities fit very well to the equation

x = (C/T) +a

with ¢ = 1,083 and @ = 0,00397 which is in fairly good agree-
ment with Wolf's results’ of C = 1.116 and @ = 0.00358
(probably without diamagnetic correction) and the value of
¢ = 1.096 calculated from the g-factors of the ESR data.56
The discrepancies are more than likely caused by differing
amounts of chemicai purity.

As pointed out by Wolfsl, a is affected only by the
T8 levels but not by I'q. Using the experimentally determined
value of & and making use of Equation (VII-4) for low

temperatures
o= 4.0849/2A8

It 1s found that Tg - I = 515 en™" 1f 1t 1is assumed that the
field 1s completely cubic.

The magnetic data at high temperature may be used to
determine the position of the T6 level. However, calculations
show that X is not very sensitive to Iy - T7; a satisfactory
fit to the experimental data can be achieved by taking

-1

r6 - P7,= anywhere bgtween”700 and 900 cm The calculated

-1

susceptibilities obtained by using I'g - F7 = 800 cm™1 are

shown in Figures 15 and 16 (solid curve) while Figure 18 shows
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bg = 1200.cm'1

mg 56 = 600 cm'l
W bg = 800 cm™t
b
7 -
e
/-
1 1
6% I 5
71 x 103

Figure 18, Magnetic Susceptibilities of YbGaG from 200-300°K
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the susceptibilities over the temperature range of 200-300°K
for different values of F6 - T,
With the positions of P6 and T8 levels it 18 possible

to determine the two crystal field parameters as

P =25 e+

R= .08 em™
since F8 - T7 = 20P - 168R and F6 - F7 = 32P - U8R,

Discussion

From the magnitude of & and the linear behavior of ¥
versus (1/T) at low temperatures it may be concluded that
there are no crystalline Stark levels of Yb3+ below 515 em ..
The low-lying energy levels reported by Wood, therefore,
should be attributed presumably to such effects as vibrational
structure which have no appreclable effect on the magnetic
properties. This interpretation is also supported by the

fact that ‘I‘inkham57

has recently observed absorption at 111
em™’ for YbGaG and at 114 em ' for ErGa@ which are identified
as phonon transitions.

The position of the F6 level will change further if
one includes the effects of the crystalline fields of lower
symmetry in the susceptibility formula. Also I'g would be
split by a lower field. It is interesting to note that

53 1 and the effect

Wood”~ reported two levels at 478 and 550 cm~
of these two levels on & is the same as a single level at 512

cm'1 if both are components of the F8 level. However, in the




114 ‘
absence of detalled information concerning the/crystalline
field this point will not be pursued.
Point charge calculations have been performed for
this crysta158 and the ratio of P/R was found to be -T4.

1

This ratio requires Tg - Ty, = 925 cm -~ which certainly is
6 7

very close to the experimental value. The ratio of P to R
as calculated from the point-charge model is, therefore; in

qualitative agreement with the experimental results.



CONCLUSIONS

A Faraday balance has been constructed in order to
measure the magnetic susceptibllities of host crystals which
have been doped with small amounts of paramagnetié ions over
the temperature range of 5.7 to 1100°K. The accuracy of the
susceptibility measurements obtained from the balance is about
1.5% and that of the temperature measurement is about 0.6%.
For satisfactory performanée of the balance the following
conditions are to be met:

(1) The mass of the entire crystal is not to exceed
one gram"and the largest practical size is about 5 X 5 X 10
mm.

(11) The product of the susceptibility and the mess
of the sample is not to exceed 1.5 x 10'6 cgs-emu-gms. This
quantity varles, of course, depending on the choice of the
quartz spring. When the most sensitive spring is used, this
maximum value reduces to 1.5 x 1077,

(111) 1In the susceptibility experiments one is
mainly ihterésted in the varistion of the susceptiblility with
respect to temperature. The minimum change in mx shouid‘be
about 1.5 x 10'8 for the temperatﬁre range of 1ntérest.

For most of the crystals which are available

115
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commerclally or grown for the special purpdée of ESR and op-
tical studies, these conditions are generally well satisfied.

For anisotropic samples at low temperatures it is
necessary in some cases to use the torsion balance. The
range of (4x)(m) 1s from 1 x 1077 to 1.5x 1076 cgs-emu-gm.
The temperature can be varied from 4.2 to 300°K but in these
experiments only the temperatures from 4.2 to 35°K were
useful.

The magnetic susceptibility has been used to deter-
mine energy levels from 4 em ! to 1100 cm‘l, and found to be
quite effective for this purpose, particulariy for those
levels which could not be measured accurately by any other
means. Thus in this work the zero fleld splitting for
V3+:A1203 was determined to be 8.4 em™! and for 002+:Zn0 it
was found to be about 4 ecm™*. The Van Vleck temperature in-
dependent susceptibility was used to locate the low-1lying
energy levels of 230.and 240 cm'1 for N12+:Cds, 160 and 260
em ™t for N12*:200, and 515 em™! for YbGaG. The trigonal
splittings of the 3‘1'1 level of V3+:A1203 was found to be 1100
pm'l. The T'g level of YbGaG was found to be about 800 em™ L
above the ground state.

In most cases it was possiblé, using the splittings
associated with the trigonal field and ki-g, to calculate the
spin-orbit coupling constant and the trigonal field param-
eters. The spin-orbit coupling constant for the doped semi-

2+ -
conductors Ni~ :Zn0 (-175 em™l), n1%*:cas (-170 cm 1), and



T

1y ,
Coz+:_Zn0 (-104 cm™l) were found to be reduced to about 50-60%
of the free-ion values. The corresponding ratio of V3+:A1203
is about 90%. These results are ind#cative of 8 considerable
delocalization of the valence electrons of the transition
element ions in the semiconducting host crystals.

The trigonal field pérameters.gnab1e~one to test the
point charge model. The values of Dy for N12¥:cds (-2 em™}),
N12+:Zn0 (-23 em™1), CotT 1 7n0 (286 cm~l) and v3+:A1203 (116
cm'l) were found to be somewhat different-from the caleculated
values using the point charge model. Howéver, the differ-
ences can be explained by the assumption of a distortion of
the lattice or by a displacement of the substituent. The
available data do not allow one to calculate D2 with any
degree of accuracy. The results obtained for Dh suggested a
means of defermining the manner in which_a erystal will dis-

tort when a substituent 1s added.



APPENDIX I

CHARACTER TABLE FOR THE Tp AND O GROUPS

E 3¢, 6C, 6Cy,
Ay 1 1 1 1
A, 1 1 -1 -1
E 2 2 0 0
T 3 -1 -1 1
T, 3 -1 1 -1
r(L:O) 1 1 1 1
F(L=1) 3 -1 -1 1
(1=2) 5 1 1 -1
T (1=3) 7 -1 -1 -1
I‘(Lgu) 9 1 1 1
Ti=0) " M
M=) " M
r (L=2) “E+ 1T,
r(Lﬁ) =T+ Ty + A,

I‘(L”u)-".l‘l-l-":l'g-!-E-i-Al
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APPENDIX II

8
FREE ION WAVE FUNCTIONS* FOR (3d) AND (3d)2

L=24

HODRRCE:

= (1/2)E (4,9, +¥19,)

"(1,3)
= 3mbie + w/mEe + (315,

Y(n,2)

+ (3/7)%¢1¢0 + (3/7)%¢°¢1 + (1/14)%#_1m2

Y(u,l) = (1/14)‘%¢2cp_1

% % 1

Y(4,0) = (1/70)%,9_, + (8/35)%,0_; + (18/35)% @/

- + (8/35)%4!_1091 + (1/70)%¢_2¢2
Y(ll.,..l) = (1/14)%W1¢_2 + (3/’{')%*()@_1 + (3/7)%*—1¢0

| + (1/14)%¢_2¢1
Y(4,-2) = (3/14)%110@-2 + (3/7)%i_1¢_1 + (3/1)4)%*_2%
Y(y,-3) = (1/2)%(*-1¢-2 +¥ P )
Yy, = VP2

R e s
¥Yi3,3) = Fl/zfitaml - V%)
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APPENDIX II (continued)
1
¥ = 2 -
(3,2) (1/2)%(¥ 9, - ¥ 9,)

1 1 1
Y(3,1) = (3/10)34,9_; + (1/5)% 9, - (1/5)% o, - (3/10)% o,

Y0 = Wk, v st - b o)

2 -2 -1

- 10k,
¥i3,.1) = (3/10)%#1<p_2 + (1/5)'21"#()(9_1 - (1/5)%'¢_1°P0
- (3/10)%¢_2cp1
T(3,0) = (1% - V9 ) (B)E
g, g = (1% - 1 2 ) (3}
L =2
Y(o,2) = (2/7)%¢2q>o - (3/7)%$1q>1 + (2/7)%¢0®2
Y(p,1) = (3/7)%¢2m_1 - (1/14)%¢1¢° - (1/14)%vom1
+ (3/7)%¢_1cp2
Y(2,0) = (2/7)‘%#2@_2 + (1/14)%#1q>_1 - (2/7)%towo
+ (1/14)%\'_1691 + (2/7)%1'_2&92
Y(2,-1) = (3/7)‘5#1@_2 - (1/14)%ﬁo@_1 - (1/1u)%¢_1m°

+ (3/7)%*-2¢1

1
Y(o,2) = (/DA P, - (D7 o + (2/Dh_p
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APPENDIX II (continued)

L =1
¥ / 2 3 / %
(1,1) = (1/5)3,0_; - (3/10)% .9 + (3/10)% 9,

- (1/5)%¢_1m2

Y(1,0) = (2/5)%¢2¢_2 - (1/10)%¢1cp_1 + (1/10)%'¢_1cp1

- (2/5)% 9,

T(1,-1) = (W5)Ee_, - (31005 0 + (32008 o

=

- (1/5)% 9,
L=0

Yo o) = (1/5)%% wsitie .+ ws)kie - wsh e

(0,0) = T3 2% - 11 * ofo T WY 4

+ (1/5)%W_2€P2

n,m) = *oaVm®m




APPENDIX III

MATRIX ELEMENTS OF V; IN THE (LM) REPRESENTATION IN UNITS OF B

lg
M= 4(=4). . . 21(-1). = -2(2) M = 3 o . ... -=3.. ..
2 10(10)%/7 0 -3 -3(70)3/7 0
9/7 -10/7 18/7 3(10)2/7
-11/7 -3
Ep, = E(q) - 6F | B = Egy - 3
Eg = E(g) - 68/7 Er, = E(g) * 398/7
3F
M= 3 ) -3 M= |2(-2) -1(1)
-3 3(10)% 0 7 #2(5)%
-6 -3 (10')é -1

ecl



Ao
ET == E(F) - 3B
M- | 22) -1(1)
T20(2)2/7
-16/7

Ep = E(D) - 36B/7
ET2 = E(b? + 24 /7
. 3,

M= ‘ 1(0)(-1)
| o

ET1 = E(P)

E = E + OB
T, (F)
1p
_ M=.l...°...
o
15

XA
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%.S:- 9, . (&9 15(2)) = (i),
0 ::-.sﬁ@ ; (@) - (smag),
ﬂs\ma-d: - Adsﬁmz - (-aqq)

Iy
w?vm\ma (g, O iitﬁ = Am%}
mﬁovm\HAm-navymﬁuv - Ao,:vymhoﬁvm - (&) (L)) = Amacﬁvy
ﬂsm\ma-éy . :i% s ?éﬁtm-w _ Am%ﬁ;
ﬂ%\mﬁrms Ty (fang)
mﬁmv\ﬁﬁm-q:vy + Ama:vaw = Awaaﬂvy
mﬁmvm\mﬁm-q:vymApv . AﬂqummAbv . Aawavym-u - Awauﬁvy
(€571 Wiy - (0 4 (00 )y - (200,
f08/( Mgy 4 (T4 (W) 0y - (00,
@5/t M gon) - OV it + € Vggon - oo,

SNOIIONAA HAVM TVLIGHO CIHIA DIAND
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APPENDIX IV (continued)

") = ¥ 2,09

(¥, + @ 1/(3)

2,1) (2,-2)
4 .

Y oo
(‘prp)

Y(1s8,) = ¥(0,0)

3p

_f_(o)E 3 %
={ (2) Y(3,3) + (5) Y(3’o) + (2) Y(3’_3)}/3

| 1/(6)2

b
(CFap)

Y3 = Uis,e) - (5)%Y(3,-1)

%
Y(3F3TZ) ={¥15 5y Y(3,_3)}/(2)

%

- {(5)2
Y(3F3T§) =160 5 )+ 1(3’_2)}/(6)

: :
") T 0,0 7 T (g, )6

I TN PO SR V2 103

1(3,3) (3,0)

3 3
(3,1) * (5) Y(3,_2)}/(6)

3p

Y(3F3Tg) (3,-3)

* (3p3r;) = 1
Y3t = Y1)
T3e319) = Y (1,0)

T3y = (1,-)




APPENDIX V

ENERGY MATRIX FOR (3d)Z AND (3a)® 1IN cuBIC REPRESENTATION

A Levels
3F31¥s, 3r319s_ 3FTiS_1 3rrls, 3p1ds,
(3/2)% + A ~(3/21n 25)3 + R 3(5)A
B -(3/2)x 3(5)%
(3/2)% + A 1(5)A
8Dq - #x + C £\

8Dg - D

9¢ct



APPENDIX V (continued)

3:3m-
FoT,S_;

1(5)h
3(5)%

FPY

8Dq - A\ +C

-2A

18Dq + F

A Levels

3p3¢F
E ?15-1

68 + Dy -.;;(20)%132

(5)%1)4 - 4D,

AL+ @G - A

3p3¢°5
.1 o

8 8
68 +=D, -~ =
3 I 5(5)

%

D

2

3p3qm~
P Tlsl

1 2
68 +Du+-§(20) D,

Y
-(5)2D4 - uné

A+ G - A

let
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a - bag

A%Amv%

KWAMV

0 + Y& + bag

AmAmvn

¥+ 1. (9)%

=.2
w+8m&m

Y(es/€)-

o_T
S_Lode

STaA3T H

(penutjuod) A XIANHIAY



................................................

3?3?;35
_(5)5
1575

-R

2

8Dq + C

9/}

-2\
2A

18 Pq + F

E Levels
3p3m— 353m0
PSTIS 5 PoT9S,
68 +D) += %
B+ .4 +§<20). >
8 8

1
=
=] - D
6B-+3D4 5(5) >

-(5)%p, - up,

L
%(5)2% - 4D,
Ap + 6D + X + G

Ap + 6?)q - 2G

353mT
P Tlso

68 +Dy + %(20 )’%D2

2
(5) D4 - 4D2

O, + 6Dgq + G

=
n
\O
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APPENDIX V (continued)
A= (17/3)Dy + (5)2Dp/20
B = -(13/3)Dy - (5)%0,/5
C= (1/3)Dy + %(5)%1)2
D = -3D, + (5)%,
R = (5)3 (-4/3)Dy + (5)2D,/10]
5 = -(2/3)(5)%, + 20,
@ = 7(5)%D,/5

F = -14Dy/3



APPENDIX VI

MATRIX ELEMENTS OF L AND S (UNITS OF h/2m)

(LM) REPRESENTATION
3p
(M |, M) = M (=2, 1, 0, -1, -2)
(SMg|L,|sMg) = Mg

(3315,132) = 4(6)%
(32]5,131) = 3(10)2
(31]1,130) = 3(12)%
(30]L,13-1) = %(12)%
(3-1]1.13-2) = $(10)
(3-211¢13-3) = #(6)*

L
2

(s1ls.|s0) = 3(2)*

(s0l5,18-1) = 3(2)%

3P
(LM |1, |1Mp) = M. (=1, O, -1)
(sMgls,|sMg) = Mg (=1, 0, -1)

(11| |10) = 3(2)?
(10]51-1) = 3(2)?
(s1]5,150) = 3(2)%
131
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APPENDIX VI (continued)

(solsyls-1) = 3(2)%
CUBIC REPRESENTATION
|Ly + 8,1
3 ()
(T+51|T+sl) =1+g
(T*s,11¥8,) = 1
(T%s_; 1% ;) =1 -¢
(1951 117%8;) = &
(T°8,11°8,) = ©
(1°8_117°s ;) = -¢
(178, 17781) = -1 + g
(T785|T78,) = -1
(T7s_qlT™s_;)=-1-8
()

(T{sllTIsl) =3/2+¢g
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APPENDIX VII

+
MATRIX ELEMENTS OF V, IN THE (JM;) REPRESENTATION FOR Yb3

/e
My =) 7/2(-172) %3
TP + 6R (35)%(P - 18R)

9P - 30R

k M, = | 5/2(-5/2) -3/2(3/2)
-13P - 30R (3)3(52 + keR)

-3P + 54R

whereP=‘3<%)-><ze(JL )(15}[77)( )

andR'3<7°><zea ><13x33Xb3><r6)
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APPENDIX VIII

MATRIX ELEMENTS OF |L + 2sl IN THE (JM )
REPRESENTATION FOR YbS+

(1/217/2) =
(5/215/2) = 20/7
(3/213/2) = 12/7
(1/211/2) = 4/7

(1/215/2) = 4(7)3/7

(5/213/2) = 8(3)2/7

(3/211/2) = 2{15)%/7
(1/2]-1/2) = 16/7

F‘7/2
|z, + 28,1
' (-1/2]-1/2) = -4/7
(-3/2|-3/2) = -12/7
(-5/2|-5/2) = -20/7
(-7/2|-7/2) = -4
|Lye + 28]

(-1/2]-3/2) = 4(15)%/7
(-3/2]-5/2) = 8(3)%/7
(-5/2]-7/2) = 4(7)%/7
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APPENDIX IX

MATRIX ELEMENTS AND SUSCEPTIBILITY EQUATIONS

FOR NICKEL IN TETRAHEDRAL SITES

If the energy matrix of the (3F) states is solved
using A = -175 cm"1 and K = -225 cm'1 then the eigenvectors

for the 3T1 states are given by

(A7 | [ 0.9906 Ay | [0.9938
App | | 0.1327 Ao | = 0.0155
A3 | | 0.0309 Apg | | o0.120

| Agy | | 0-0059 |

(a5, | [0.9699° ayy | [o.0886]
Agp | | 0.2906 Ay | | o0.7852
Agg| | 0.1138 - hg | [0.5912
Agy | = 0-0030 Ay, | = | 0-0662
Ay | | 0.0438 Mys || 0.180
Ay | | 0-0902 Ay | |0.0325
Ay | | 0-0048 ;AIW | LO 0022
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APPENDIX IX (continued)

Ay | [0.1355 | ngy | [0.2049
Agp | | 0.9827 Ago 0.5547
Ag3 0.1263 Ag3 0.7908
Agy 0.0010 Ay | = 0.0859
- T T - Ags 0.1295
Agg 0.0250
Ag7 0.0135

I .

and the eigenvalues are given by

E(Ay) = -691.4 cul E(EE) = -29.6 cm ™t
E(T,A,) = -531.1 em™! E(T,A)) = 152.6 cn™!
E(T\E) = -431.9 em™> B(T,E) = 86.5 cn ™~ .

The components of the eigenvectors are labeled so that the
first index represents the particular state with which it is
assoclated and thevsecond represents the component. The
‘gtates Al’ T1A2, TlE, EE, T2A1, and T2E are represented by
the numbers 1, 2, 3, 4, 5, and 6, respectively.

If the (4;) and (T2A1) wave functions are represented
1E» (EE), and (ToE) by (), (1), and
(m); and (TyA;) by both (q) and (k) then the matrix elements

by both (1) and (p); T

of |T + 28] are
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APPENDIX IX (continued)
|z, + 28,]

(plL, + 28,lq) = ('-P%r-g)AplAél +(-3/10)Ap1Ag3 + (-T/8/3) Aol
+ (-H10)A8 5 + (3/5)Bphgg + (-H/5)Ap30
+ (<3308 5 + (2A/3)Asuhen - (4A6)R 4RG3

(11D, + 28,1m) = ($)A) Ay + (<T/2/6)A A, + (T/2/6)A)5A
+ (<1/2/6) Ay Ay + (-3/2)Ay3h o + (T/2/6)A 1A 4
+ (-H2)hphg + (B)A gy + (¥5)h 18,
+ (H15)8 3 + (-W30)Ap a5 + (-/10)A 3k
+ (B/15)Ap 006 + (-B/10)Apphe + (-/5)8 hyg
+ (W5)Ahy + (-3/30)Aghn + (W15)Ay6A
+ (-1/10)A ghyp + (H/15)Aguh 5 + (-1/20)A A s
+ (-W5)8 ghs + (5/H)Ap A + (-H/6)A gk
+ (W3)Aphn + V2)Aj A + (-1/6)A A

- (-5/2/%) Ay ghs + (-2 3) A ohs + (B3)Ay e

+ (-5/2/b)Ayghye + (5/4)Ayghng + (/6/3) A7
+ V2)Ayuhyy + (-8/3)Ayghyr + (76/3)A A

+ (2 )A17Am7



o
APPENDIX IX (continued)

|L¥ + 28|

(ily# +28,13) = (7/2/3)A Ay + (-T/W6)A A
+ (_/10/8)A13AJ1 + (%)AieAJa + (fifIS)ABAJz
+ (2/8)Ayph s+ (/30/8); ghy3 + (/30/8)A0hy,
+ {5f2/8)Ai3AJu + Ayyhgy + (M5)Agp0 5
+ (%f3)Ai3A35 + s + (3/5)8g1A44
+ (/10/8)A1p8 ¢ + (/6/8)A3 356 + (-1A/3)As 4y
+ Byghyp + (/2)A14AJ7

(klLy + 28 15) = (/2/8)yqAyq + (/30/8)Aqhyy + (T/W3) Ay Ayo
+ (W/5)yahyp + (-T/W6)A g3 + (#/5)hy 003
+ (/10/8)Ayghs5 + (V/10/8) Mgy Agy + (W30 M0k
+ (46/8)ghyy + (ﬁ/15)Ak1A35 + 6f6/8)Ak3A35
+ 6f30/8)AklAJ6 + (-5f2/8)Ak3AJ6
+ (F6/3)phs + (UA3IAA

(11Ly + 28, 1m) = (T/W3)A3p0 0 + (T/2/6)A 5k + (T/W3)A 1 Ao
+ (-B)yghyy + (T/276)h Ay + (B)Ajohng

. + («V 10)A, Apy + (’y15) 128 ¥ (‘V:LS)AllAm‘i
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APPENDIX IX (continued)

+ (W50 ghyg + (5)A 5k + ("l“/lo)Al3Am.6

+ (H10)8,8 0 + (H/15)Ay5hy + (-H15)ApA 5
+ (35)Agh o + (M/5)Ayghyg + (31008 ghrg
+ (/3)hshpy + (-3/6)A6hm + (¥/3)A0

+ (-5/4) A ghys + (-2Af6)A17Am5 + (-H6) Ay hng

+ (5/4)Aygh o + (LW/3)Ayrhne + (-2A76)A5hn

+ (24/3)A A

The matrix elements for the susceptibllity equations using

A = -175 and K = -225 em™L are

|1y + 25,1
(1]3) = 1.9582 (314) = 1.5335
(1]4) = -0.1353 (4]4) = -0.1923
(1]6) = 0.3792 (315) = -0.8676
(2]13) = 0.6152 (4|5) = 0.4612
(2]4) = 0.5279 (516) = -0.4876
(2]6) = -1.2040 (416) = 0.6957
(313) = 0.0929 (616) = 0.0912

(316) = 0.7567
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APPENDIX IX (continued)

|z, + 28,
(1]2) = -3.2778 (4]4) = -0.0772
(2|5) = -1.6202 (313) = -0.4490
(3]4) = -0.5836 (4]6) = -0.1728
(316) = 1.1726 (6]6) = 1.5441

The susceptibility equations are

o 2
X = 2NB [l(_lhi—z‘g._l_ exp(-Az/kT){_ _‘_.(.}_!%Elz_z_]._
8o : 2
| (211515)1° | (3lug13)12
LR} 2 amtan

| (3lu,]1)12 | (4lu,|4)|2
+ 5;3 W} + 2 exp(-by/kT) { T

4|uz|i | 2l 15)1
' 12!4 by - g J v emptesspen | —Q—Té_}

2 2
{l(6luz|6)\ y U 6|uz|1)| }]

+ 2 exp(-Bg/kT)
2kt 176 BB

2
= LNB [ Z-‘——”—ufli-‘—- + exp(-8o/kT) { ZL%H{E“%E‘—}
[ Lisliyl3) )12, |(3|ux|J)l-2-} |

+ exp( A3/kT) -
2kT 373 Aj - A3
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APPENDIX IX (continued)

| (g 4|2 | (8, ]2)12
exp (-Ay/ -__._EL____ —T
+ exp (-dy/kr) { J;u y }

+ exp —A5/kT {2 |(5\Ux‘:- }
by - 85

{ | (6luyl6)1° . l(slux-ls)\a}]

+ exp (-3g/kT) .
2kT
: J#6

5y - B

where

B-1 = 1 + exp(-B,/kT) + 2 exp(-A3/kT) + 2 exp(-Ay/kT)

+ exp(-b5/kT) + 2 exp(-bg/kT) ,

and

1i=3,4,6
J=1,2,3,’-’-,5‘,6

In the susceptiblllity equations the energy spacing between
the kth level and the ground level is represented by Ak and
the numbers 1, 2, 3, 4, 5, 6 represent the Ai, T, A 2,THE,EE,
T2A1, and thé T2E levels, respec?ively.
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