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ABSTRACT

The paramagnetic resonance spectra of Fe™3 and Mn+2

im-
purity lons in natural crystals of spodumene, LiAl (8103)2,
and its varieties of kunzite and hiddenite,were studied at
room temperature and at k-band microwave frequencies., The
Spectra were fitted to an appropriate spin Hamiltonian for
S-gstate ions in crystalline electric fields of orthorhombic

symmetry., The spin Hamiltonian, including hyperfine structure,

is given by

w = @gxs,xHx+ @gySyHy+ ngSZHZ

220 + 1100 +1 b°0° +1 boo
272 " 3 Zo bh ),
IS, +B IS +CIS, .

+
The parameters for Fe 3 were determined as:

g, = 2.0047 & 10, g = 2.0047 + 10, g, = 2.0041 ¢ 5,
2

2
b3 = 1,430, b, = 280, by = 20, b = -82, and bﬁ = 202

2
The values of bg are in gauss, The parameters for the four
Mn+2 complexes are given in the text. The signs of bg were
determined by examining the relative intensities of the spec-
tra at M.ZOK. Using the values of the parameters, the energy
levels were plotted as a functioﬁ of the externally applied
magnetic field.

The crystals were thermally quenched from various elevat-
ed temperatures to room temperature and the EPR spectra of

2

both Fe+3 and Mn+ were re-examined., It was found that the

ii
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spectral lines due to the four Mn*2 complexes gradually de-

2

creased their intensities while spectral lines due to Mn*¢ in

a single complex formed and increased their intensities with
increasing temperature. Also, the line widths of ret3 increased.
The spin Hamiltonian parameters for the single Mn*2 spectrum
were calculated to be: g, = 1.9972 + 25, g, = 2.0012 % 10,

A = -89.2, B = -88.4, b3 = 577, b2 = 243, o) = -1.07, bi = 33,

bu = -Lli, The values of A, B and bﬁ are again in gauss, A pos=-

L

sible mechanism for the changed spectra of the thermally quench=-

Hl

ed samples 1s discussed in the text.

iii
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INTRODUCTION

The technlque of electron paramagnetic resonance (EPR)
permits an accurate description of the ground state and of
the effect of the crystalline environment on the energy levels
of a paramagnetic ion. Recently there has been an intensive
study of S-state ions, especially those of the first transi-
tion series, Fe*3 and Mn+2, which appear as impurities in
natural minerals. Their ground states, which are spin sextets
3d5 6S5/2 in the free ionic state, or (dt2)3 (de)2 6Al in
cubic symmetry, are very sensitive to the crystalline elec-
tric fields. The effect of a crystalline electric field on
the energy levels is to remove the degeneracy either whblly
or in part. This effect, commonly known as zero field split-
ting, is present in all experiments published to date,

A paramagnetic ion in the ground S-state has zero angu=-
lar momentum (L=0), hence it should not be directly affected
by any crystalline electric field or by spine-orbit coupling,

Bleaney and Ingraml

investigated the EPR spectrum of man-
ganese in Tutton salts and in manganese fluosilicate. They
show that the 685/2 state is split mainly by the small deviaf
tions from cubic symmetry in these crystals. The levels are
split into three doublets of separation 0.061 and 0.109 em™!

1
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between the M, = +1/2++3/2 and Mg = +3/2 = +5/2 levels, re-
spectively. The splitting by the predominantly cubic field is

small and approximately 0,002 em™ L,

Van Vleck and Penney2

first discussed the mechanism by
which such a splitting can be effected, and showed that a

small admixture to the 6 state of small amounts of higher

°5/2
miltiplets and configurations can cause a splitting by the crys-
talline electric field V and spin-orbit coupling W through
various higher order interactions., Since L=0, thergsis no first
order effect due to spin-orbit coupling, and no first order ef-
fect due to the crystal field on the sixfold spin degenerate
ground state, |

Abragam and Pryce3

suggested another mechanism, of second
order, which might be responsible for the splitting of the 685/2
level, involving the spin-spin interaction wSS between the

3d5 electrons of the paramagnetic ion. The mechanism whereby
such splitting takes place can be described as follows. In

each of the substates Mg = 5/2, 3/2 ... -5/2, which correspond
to the various orientations of the total spin S, the spins of
the individual 3d5 electrons are also differently oriented. The
dipole - dipole interaction between spin magnetic moments of the
electrons depends on the orientation, and the total interaction
energy is obtained by averaging this effect over the electron
cloud distribution., When the distribution has spherical or cubile
symmetry the resultant energy is independent of orientation, and

this mechanism would not be operative. But when this cloud is

distorted to a shape of lower symmetry, the different levels of

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



3

Mg will no longer have the same energy. Since the magnetic in-
teraction is not altered by reversing all the spins, the states
+MS and -MS remain degenerate, and the Hamiltonian can be written

as a sum of squares of the spin components Sx’ S_ and Sz. Hence

it corresponds to an interaction of lower order Zhan those con-
gidered by Van Vleck and Penny, and my outweigh them,
Wad:a.nabe)'L considered the problem of S-state splitting in
detall and concluded that any perturbation of the ground state
arising from higher order multiplets of the 365 configuration
involves the crystalline potential V to even powers only and

will first appear as V2

. Perturbations arising from different
configurations such as 3du s can involve V to the first power;
but for cubic crystalline electric fields this linear dependence
is generally expected to be less than one-tenth as effective be-
cause of the greater energy separations of the different config-
urations from the ground state., More recently, Gabriel, Johnson

and Powell5

criticized Watansbe's results and performed a detail-
ed calculation of the ground state splitting showing that contri-
butions to this splitting which are odd in V also arise from
higher order multiplets of the 3d5 configuretion,

The Fe+3 ion is commonly observed to have a small positive
departure of g from the free spin value (2,0023) while Mn*2 has
a negative departure, If the ground state of these ions was
pure 635/2 then the g - factor would be equal to the free spin
value. The theory of negative departure was developed by

Watanabeh who attributed it to the admixture of the MP- derived

wave function to the ground state through WLS' The calculation
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L

was carried out in an approximation involving the intermediate
crystal field. Leushiné, taking into account the fact that the
effect of the crystal field on the ions investigated is of the
same order of magnitude as the electrostatic interaction of
their electrons, found that not only LLP but also MF and uG
states are admixed to the 685/2 state. The resulting g - factor
can be greater than 2.0023. The theory of positive departure
was also developed by Watanabe7 who attributed it to covalent
bonding. Electron transfer processes through spin-orbit inter=-
action from the ligands to the S-state ions were found to give
rise to positive g shifts in cubic crystals,

Owen8.discussed the influence of covalent bonding on the
paramagnetic resonance spectra of the hydrated iron group. In
the case of manganese having a (dt2)3 (de)2 configuration he
showed that the dt2 electrons form molecular T - bonds with
the 2P, electrons of adjacent oxygen ions, while the de elec-
trons form O - bonds with the 2F, and 2s electrons of the
oxygen ions, The effect of M and O bonding is very similar
to an increase in the crystal field strength, resulting in the
increase of the cubic fileld splitting,

According to Van Wieringen9 there i3 an apparent corre-
lation between the amount of covalent bonding and the decrease
of the hyperfine splitting. That is, the greater the covalent
bonding the smaller is the hyperfine splitting. Matumuralo
plots percent ionicity against thé hyperfine splitting A for
various host lattices., Using this plot one can obtain an esti-

mate of the amount of covalency of Mn*2 in a particular crys-
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tal,

2

11
It has been shown by Watkins , for Mn*€ in NaCl, that

impurity ions substituting for ions of different valency at-
tract charge compensating defects in the lattice at tempera-
tures at which the ions become mobile., Other indications of

possible local charge compensation have come from ZPR studies

of chromium in TiO2 by Gerritsen12

Rubins and Low!3 and of iron in SrTiO3 by Kirkpatrick et allu.

The latter obtained a strong axial EPR spectrum for iron - doped

s, of nickel in SrTiO3 by

strontium titanate which is attributed to local charge compen=
sation taking place at a nearest oxygen site in the octahedron
surrounding the iron impurity.

Mn+2 impurity in diopside CaMg(SiOB)Z, a crystal having
spodumene structure, was investigated recently by Vinokurov

15

et al ~, They found that manganese enters both the Mg+2,and

Ca+2 gites in about the same proportion. The spectra show that
the manganese sites have moderately strong orthorhombic distor=-
tions from cubic symmetry.

Spodumene has been a subject of investigation by the nuc-
lear electric quadrupole method. The Li' and A1*3 fons of spod-
umene were studied by Volkoff, Petch and Smelliel® and by Petch,

Cranna and Volkoff17

, respectively. Their data can be used in
the interpretation of the orthorhombic parameters bg and bg
of the spin Familtonian.

The present work involves the EPR of Fe*3 and Mn*2 ions

which ocecur as impurities in natural crystals of spodumene,
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6
LiAl(SiOB)Z, and also in the kunzite and hiddenite varieties
of spodumene. All of these crystals contain Fe+3 and Mn"'2 ion
impurities in varying proportions. The spodumene crystals are
colorless, the kunzite crystals are pink, and the hiddenite
crystals are green.

The iron spectrum was analyzed in detall in a sample of
spodumene which contained a relatively small amount of man-
ganese so as not to mask the iron spectrum. The results ob-
tained here have been published by Manoogian et a118. The Kune
zite crystals contained mostly Mn*2 impurities with only a
3

trace of Fe' s, and so the manganese spectrum was analyzed in

detail in these crystals. The hiddenite crystals contained
mostly Fe+3 impurities with only a very small amount of Mn+%
The spectra of iron and manganese in hiddenite were similar
to those in the colorless spodumene and in the kunzite crys-
tals, and so were not analyzed in detail here.

The EPR of Fe’S in spodumene was studied at k-band fire-
quencies (24 kmc) because the large zero-field splitting due
to the crystalline electric field causes the transitions at
x-band frequencies (9 kmc) to fall at the crossing points of
the energy levels, while those at k-band fall in the linear
regions. The x-band results for Fe*3 were first obtained by
Carswelllg. He was unable to analyze the results satisfactor=-
ily because of the complexity of the spectrum. The spectrum
of Mn+2 was analyzed at k-band frequencies but was subsequent-
ly shown that it could equally well have been done at x~band.

This is because the crystalline electric field of manganese

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



in spodumene is considerably smaller than that of iron.,

A single reading was taken for each of the two ions at
liquid helium temperature (h.2°k), and at x-band, in order to
determine the order of the energy levels in the 655/2 state;
that is, to determine the sign of bg in the spin Hamiltonian.

The crystals were also heat-treated in order to determine
if the paramagnetic resonance spectra would change after the
crystal was heated to a sufficiently high temperature and then
quickly cooled. This is important in the case of manganese be-
cause in all the three varleties of spodumene studied there are
four complexes due to Mn+2 instead of one as would be expected
by crystal symmetry when this ion suhbstitutes into an available
cation site., The principal axes of the four complexes are dis-
placed only a few degrees from each other. Upon heat-treatment,

the spectral lines due to the four Mn+2

complexes gradually de~-
creased their intensities while spectral lines due to Mn*2 in
a single complex formed and increased their intensities with
increasing temperature. Moreover, with the restoration of the
single manganese spectrum, it was observed that the pink color
of the kunzite crystal disappeared and the crystal became color-
less, No color change was observed in the other two varieties
of spodumene.

The EPR spectrum of Fe’3 was also investigated in the heat-
treated samples of spodumene and hiddenite. It was found that
the line widths of the iron lines increased measurably.

The spectra of the iron and manganese ions were matched

to an appropriate spin Hamiltonian for S-state ions in crys-
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talline electric fields of orthorhombic symmetry. Using the
values of the constants found for the Hamiltonian, and with
the aid of a 1620 computer, it was possible to plot the energy

levels as a function of the externally applied magnetic field.
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II
CRYSTALLOGRAPHY

The structure of spodumene, LiAl(SiOB)Z, has been de~

scribed by Wyckoffzo

« It 13 a monoclinic pyroxene with diop-
side structure. The space group is given in the Schoenflies

notation by 06 in the International notation of 1935 by

2h’

C and in the 1952 International notation by B / . The
2/b

2/c’
fiﬁst notation indicates a two-fold rotation axis and a hori-
zontal plane of symmetry perpendicular to this axis., The index
6 means that it is the sixth available monoclinic space group,
as listed in conventional tables. The large C in the second no-
tation indicates that the crystal is monoclinic; the 2 indi-
cates that there is a two-fold rotation axis, and the small ¢
indicates the presence of a glide plane in the direction of the
c - axis with magnitude of translation equal to half the axial
length., The third notation gives the same information as the
second except that the glide plane is given as being along the
b-axis.

The pyroxenes have structures in which the silicon-oxyeen
tetrahedra, (5103)n’ form simple, indefinitely long chains as
shown in Figure 1. The silicon atom is at the center of a tetra-
hedron. In spodumene the chains are parallel to the crystallo-
graphic c-axis and are held together by Li% and Al+3 ions.

There are four formulae units per unit cell. The charges in

9
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'ig. 1. Pyroxene structure, (SijO3)n . The silicon
lon is at the center of a tetrahedron of
oxygen ions,
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11
a formula unit are Li+A1+3(Si+“03-2)2. The available cation
sites for the substitution of Fe*3 and Mn+2 impurities in
spodumene are those of Li% and Alt3, Table I gives some char-

acteristics of the lons in spodumene.

TARIE I Characteristics Of Ions In Spodumene
Atom Atomic TIons Number of Ground Ionic Rad.
Number Formed  Electrons Config. 21

In Ion Of Ion In K

Li 3 Lit 2 15° 0.60

0 8 0~ 10 1s%25%2p®  1.10

Al 13 a1*3 10 152252250 0.50

si 1} gt 10 1522322p6 041

Mn 25 Mn+2 23 (A)183d5 3 0.80

Fe 26 Fe*3 23 (A)183ds #* 0.64

18

3 (a) indicates the argon core: 1822822p63823p6.
From Table 1, one notes the rule that for an iscelectronic
series (a series of ions with the same number of electfons)
the size of the ion decreases with increase in atomic number.
Table 2 lists the chief isotopes of iron and manganese with
some of their characteristics.
The dimensions of the unit cell of spodumene are: a = 9.528,

b = 8.322, c = 5.252, and B = 69°u0'. Figure 2 shows the pro-
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12
TARLE 2. The Chief Isotopes Of Iron And Manganese With Some
Of Their Characterist10522

Isotope A Nuclear Magnetic Mom. Quad. Mom,

Abundance Spin I (nm) o 2
x10 cm

Shoe 5.9 0 0 0

56Fe 91.6 0 0 0

5Tpe 2.2 1/2 +0,05 0

rJ

N 0.33 0 0 0

55n 100 5 /2 #3681 +0.5

jection of a unit cell in the (010) plane. Figure 3 shows the
polyhedron of oxygen ions surrounding the Al+3 and Ti* sites.
There are four Al+3 and Lit sites per unit cell and each has
a twofold rotation axis passing through it parallel to the b-
axis. The c-axis is readily identified because of prominent
cleavage planes in the [001] direction. The b-axis, which is
perpendiculer to the c-axis, is along the bisector of the 9&0‘
angle between two cleavage planes. The a-axis is also perpendic-
ular to the b-axis and makes an angle‘of 69°40' with the c-axis,
Since the 9u° angle is too close to 900, and because the cleav-
age planes are not smooth, it was found desirable to identify
the lattice parameters by means of x-ray analysis,

The c-axis is found quite easily by means of the rotation
back-reflection x-ray method. In this method the crystal is ro-

tated about a direction near the c-axis and monochromatic x-
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rays from a copper target and nickel filter strike the crys-
tal almost perpendicular to the rotating axis. After align-
ment, when the x-rays are perpendicular to the axis, one ob-
serves a photograph as shown in Pigure L(a). The b-axis is
similarly found but requires more time because its direction
cannot initially be judged to better than 10°, Since the a=-
direction is also perpendicular to the b-direction, and makes
an angle of 69°40" to the c-direction, its position is easily
found by means of the stationary transmission Laue method,
White x-ray radiation is used in this method and, upon align-
ment, one obtains a photograph as shown in Figure L(b).

The lattice parameters can easily be calculated if one
measures the distance r between the photographic plate and
the crystal face, and the distance s between the n=0 to n=1,
for example, level of the photographic plate., Using the well
known formulae for x-ray diffraction: tan™ = r/s and n\ =
b cosX, the lattice paramsters can be found. Here, b is the
lattice parameter, and for a copper target with nickel filter
A

0
b = 8.16% compared to the correct values c = 5.2SX and b = 8,324,

1.5398. The parameters were calculated to be ¢ = S.IZX and

The a-parameter was not measured beyond confirming its position.
The spodumene sample used for studying the Fe*3 icn had di-
mensions of lmm x Lmm x 7Tmm, the long dimension being along the
c-axis, It was analyzed for impurity content by the National
Research Council, in Ottawa, Ontario, with the following re-

2

sults: 0.27 ro’> ana 0.05% Mn"<, by weight. The kunzite and

hiddenite samples had dimensions of 2mm x 2mm x lmm. They were
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(b)

Fig. L. X-ray photographs. (a) shows a back-reflection x-ray
photograph with x-rays lined perpendicular to a crys-
tallographic axis. (b) shows a transmission Laue pho-

tograph with x-rays lined parallel to a crystallogra-
phic axis. '
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THEORY

A, Crystal Field Theory

The crystal field theory assumes that the paramagnetic ion
resides in a crystalline electric field due to point charges or
point dipoles 1lying wholly outside the paramagnetic ion. The
interaction energy between the neighbouring charges and the para-
magnetic ion is added to the Hamiltonian of the free ion in order
to calculate the new energy states. The crystalline potential, or
field, has the symmetry of the neighbouring charges, and this
symmetry fixes the properties of the ionic energy states.

The ground state for the S-state ions Fe*3 and Mn*Z is
655/2, due to the 3dS electrons. In this state the ion has a
resultant orbital angular momentum givem by L=0 and a result-
ant spin given by S=5/2, For a cubic crystalline electric field,
Bethe23 has shown by group theoretical methods that the six-
fold degenerate 635/2 state is split into a quartez and a doublet,
In an orthorhombic crystalline electric field the 85/2 state
splits into three Kramer's doublets, which are further split
when a constant magnetic field is applied. Kramer's theorem
states that a purely electrostatic field acting on a system

of an odd number of electrons can never reduce the degeneracy

below two, Wigner  has shown that this degeneracy is related

18
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to the invariance of the system under time reversal, The the-
oretical considerations regarding Kramer's doublets do not
indicate which doublet lies lowest. To obtain this information
the paramagnetic resonance spectrum must be studied at liquid
helium temperatures where the effect of spin populations of
the levels is observable.

B. Zeeman Interaction

The Zeeman interaction between the external magnetic field
and a valence electron can be found using Russell-Saunders cou-

pling. For the uncoupled case we know

-t —
My = 8 B, where P, = Hh 2(0+1) = nQ, say, and

2me
— —
= € = =
Mg 2 - P_, where P ﬁ\ls(s+1) fs, say.

Here, }ji and /js are the orbital magnetic moment and spin mag-
netic moment of the ekectron in terms of the orbital angular
momentum f! and spin angular momentum'gs, respectively. Also,
e is the charge of the electron, m is its mass, and ¢ is the
velocity of light. For the case of Russell-Saunders coupling

we can, in general, write

}j'j = g E%E-;j’ where PJ =-nV JC3+1) =hj, say.

The quantity g is called the spectroscopic splitting factor.
If the electron spin were absolutely free and had no coupling
to any orbital motion, the g - factor would be 2{or 2.0023
with the relativistic correction). In practice it is found to

differ slightly from this value. Since the magnitude of the
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orbital part of the magnetic moment depends on the crystal
field, its magnitude is usually different for different direc-
tions of H, and shows an angular variation which has the

symmetry of the crystal field.

The interaction energy of the total magnetic moment ;IJ
for several unpaired electrons with the external magnetic
field H is

-
Zeeman }lJ'H
- e >
=g o PJ.H
= e T
—gmﬁJ.H (1)

The quantity @ = eh/2mc is the Bohr magneton and so equation

(1) can be written as

HZeeman = 8$J'H (2)

C. Hyperfine Structure

The divalent manganese ion is in an S ground state and
consequently no hyperfine structure would be expected. The fact
is that in manganese a very large hyperfine splitting is observed.
Abragam and Pryce3 explained this as arising from configurational
interaction with unpaired s electron states. Such an interaction
may mix in states of the type 333dnus to the 3dn ground state,
Only a relatively small admixture of such states would be neces-
sary to account for the observed splitting.

The unpaired s electrons contribute to the hyperfine struc-

ture splitting through the Fermi contact term given by
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HH.F. =2 ?%NZ( %1 (r)) gk'_f>- (3)

Here, E)(rk) is the Dirac & -function, ¥ is the nuclear gyro-
magnetic ratio, $ i1s the Bohr magneton, and ﬁlqiﬂ the nuclear
magneton, The quantity Ty is the distance bétween the nucleus
and the k'th unpaired s electron, and the summation is over the
electrons,

In general there is another contribution to the hyperfine
gtructure due to the dipole-dipole interaction between the nuc-
leus and the orbital motion of the electrons. However, for S-
state ions the matrix of this interaction term is traceless and
so its effect will average out to zero.

The magnetic field at the nucleus due to the contact term
quantizes the nuclear magnetic moment into 2I+1 different orien-
tations causing a perturbation on the electronic system of the
atom and splitting each of the five electronic energy levels
into 2I+1=6 lines., The six lines are in general unequally
spaced. The spacing can be predicted from perturbation theory
which involves the sécond order approximation.

D. The Spin Hamiltonian

The Hamiltonian for a paramagnetic ion in a crystalline

25

electric field is in general quite complicated. Pryce and

3

Abragam and Pryce~ have developed a very useful method for
carrying out the perturbation calculation, and have applied

it especially to the iron group. This calculation is based on
the fact that transitions between the lowest energy levels are

observed in the phenomenon of paramagnetic resonance., If tran-

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



22
sitions between 2S'+]1 levels are observed experimentally, then
S' can be defined as the fictitious spin of the system. In
some cases, e.g. in the 685/2 state, the fictitious spin is
identical to the free ion spin. Abragam and Pryce transform
the various terms in the original Hamiltonian into a form in-
volving appropriate angular momentum operators L,S and J. The
advantage of using a spin Hamiltonian is that the rather com-
plicated behaviour of the lowest energy levels of the paramag-
netic ion in a magnetic field can be described in a relatively
simple Way by specifying the effective spin, together with =a
small number of parameters which measure the magnitudes of
the various terms in the Hamiltonian. One must then find a model
of a crystal field which corresponds to the spin Hamiltonian
and which will explaln the observed parameters.

The interaction terms describing the paramagnetic reso=-
nance spectra of Fe*3 and Mn+2 ions in the spin Hamiltonlan
are as follows:

(1) Zeeman interaction. The Zeeman term given by equation

(2) can be written for the case of an orbital singlet as

:tZeeman

"

$5.g'H

%ngxHx + %gySyHy M %ngsz *
(ii) HOyperfine interaction., Following Abragam and Pryce%

the hyperfine interaction given by equation (3) can be written

> hyg ISy o

H.F, i3

a3

W
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The Aij principal axes are taken to be along the g tensor axes.

For an orthorhombic crystalline electric field we can write

(111) Crystalline electric field interaction. The spin

= + .
0.7, A;ZSz BIySy + CIxSx

Hamiltonian for a crystalline electric field of orthorhombic

symmetry is given by Vinokurov et alls as being

L oo 1.2 2 1l o0 1 .22 1. bb
HC.F. = 32% + 3020 * g0 *BPLOL T BoPuOh

26
The form of these operators are given by Orbach :

oZ = 3522 - 5(S+1)
02 =1 +s0)
oy = 35, - [ 308(s41) - 25]sy - 6s(5+1) + 352(5+1)°
oi = H’ [7s§ - s(s+1)-5]y (Si +s?)4(si+s?_)[7si - s(s+1)-5]
oﬁ = %[s& + S)i]
where

S =8 + 18
X

S =8_ - 1S .
x v

The matrix elements for these operators in various manifolds

27

are given by Stevens ', and by Jones, Baker and Pope , and
2

by Low 90

The matrix elements of Og and Oﬁ are diagonal while those of

2
Og, 0) and Oﬁ are off-diagonal. Their valuss in the S = 5/2

manifold are:
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2" (#1/2 | 0] |+1/2) = -8
(+3/2 | 05 | +3/2) = -2
(£¢5/2 | 03 |5/2) = 10

O::
(+3/2 | og | -1/2) = 32
(15/2 1 01 +1/2) = V1o
o
Ou_:
(/2 | o | #1/2) = 120
(+3/2 | OZ | +3/2) = =180
($5/2 | o) | #5/2) = 60
Oi:
(372 | Ogl -1/2) = 15\ 2
(572 1 o | 11/2) = 9\ 10
Ot:

(/21 of | 33/2) = 12\5

E. EPR Transitions For Fe*3 In Spodumene

The combined spin Hamiltonian for the Zeeman and crystal
field interaction is
H = %gxstx + @gySyHy + @stsz
1. 00 122 1 o0 1 .22 1 Lk
+ = b0 + = b _0_ + b, 0, + = b, 0 + = .
3‘22 3 22 60 L4 T g0 Lk 6ob)+O)+ (L)
For the magnetic field H along the z magnetic axis, the matrix
of equation (L) in the 5=5/2 manifold is given in Table 3. It
is noted that the 6x6 matrix can be written as two 3x3 matrices.
When the Zeeman interaction is larger than the crystal field

interaction the above matrix can be dilagonalized using ordinary

perturbation theory. The allowed EPR transition have the se-
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TABLE 3. Matrix Of The Spin Hamiltonian (eq.(L)) In The 8=5/2
Manifold.

'+
i+
(S T
+1
b W)

5 o o 2 2 L
2 56, B, +170b2+b“_ V10 b, + 3\10 b, \[;Ebu

1 2 2 , o] 0 2 2
:E \ 10 by + 3\ 10 bLL t% gz§HZ-% by*2b) \[éba- Vébu

3 L 2 2 o o
e ! f bu \I—EbZ'——Eﬁ bLL _ :%EZ§HZ--§b2-3bu

lection rule AMS = +1. In order to carry out an analysis of

the Fe+3

spectrum the matrix was diagonalized to an approxi-
mation that included third-order perturbation terms. The tran-

sitions for the Z-direction are given by the following equa-

tions: o
H H + Lbo + b =, 4
= +
5,1 o TPy T by T s
+5/2 > +3/2 -
(+5/2 > +3/2) B, (b,)
b C
_ B . c . bb{ B . 5
H. | + by be  2(3b° o ° 2
5,1 23, Hyy tbp (30, HS,l) (2b, # Hs’l)
- \VaBc 1 + 1 . (5)
+ 2 )
(82)% - H (b, + He 4)(3bg + H_ _)
2 5,1 2 = 5,1 2 2 Y5

147498
UNIVERSITY OF WINDSOR LIBRARY
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o] (o]
B, o TE, ;2,150 - A - B
0 (o]
(+3/2 = +1/2) B, o3P H ot 3b,
2b°¢ 5b°0H" b°B
¥ 2 ¥ LI’ 22 I )4-
H2 bo)z o 2 2 0 2
y,2 - B2) (By) -y 5 20305+ E )
+ 2\ ABC + \ ABC , (6)
S - m NS em ) (0 -
2 ¥ 2’2 2 o 2’ ~H,2
2BH 2cH lObob;CH
= Hy + 3 - 3 + L 3

0
(1/2 >21/2) e

2 0.2 2 0.2 o 2 2
H3-(3b2) H3-(b2) ((b2) - H3)

6 oo 8 o
b_b, BH b, VABCH
- 27473 - 2 C 3 , (7)
o2 22 0.2 2 0,2 .2
((30,) = Hy) (b)) = H3)((3b3) - H))
where
2 2 2 2
4.2 b 3b, |2 b b \2
A= ].wu), B=5( 2 + )d, c=12- ,II#N
20 3 20, ° T3
and the bg coefficients are in gauss. Equations 5-7 can be ap-
15

plied to the other two axes by substituting Vinokurov's

equivalents in place of bg, which are listed in Table L.
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TABLE L. Relationship Between The Parameters Of The Spin
Hamiltonian For Different Orientations Of The
Magnetic Field H.

HIlzZ HIIX Hily
o o 2 o 2
b, -% (b, = b, ) -% (b, + b5)
2 2 o 2
b2 1 (3b +b2) % (3b2 - b2)

o) o) 2 LL o 2 Ly
bu 1 (3b)+ bu u) % (Bbh + bh + bh)
2 2 4 o 2 L
b]_L -1 (5b = bLL - bh) -% (Sbh + bu - bu)
4 e O 2 N o 2 L

A B C
B A A
C B

F. EPR Transitions For Mn+2 In Kunzite

The combined spin Hamiltonian for Zeeman, crystal field

and hyperfine interaction is
H ﬁgxxx 68}/ 6%2 z‘z

o 22 0 2
+ 1 b202 1 b 0. +1 b 0° + 1 b O
3 3 22 o b4 BO LL BO

+ AI S +BI S_+ CI S_ .
27z vy X x
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The matrix elements of the hyperfine interaction term is add-
ed to the spin Hamiltonian matrix given in Table 3 and the
whole matrix is then diagonalized to the second order of per-
turbation theory. Using the selection rules:AMS= + l,AmI= 0,
for allowed transitions, one finds the magnetic field posi-
tions of the hyperfine lines along the z-axis to be given by

the following expressions:

b2 % b2
2 2°)
H =Hy g by ¢ by + 4 ((2)7 -1 (L)-
(+ 5/2,m5-’->1:‘ 3/2,m) > + N % g, 20 H, W

: 2
-AMm - 52+02 [I(I+1) - m ] T 2RC m . (8)

0N =N
H
lha o o b2 2 b2 2
(#3/2m =1+ 1/2;m) =H, 3 2by & 5b) - g (Hi) -8'90" ( go)
(bu)g b2b2
-1 - L - Am
20 ﬁo H,
- B +C I(I+l)-m];BCm. (9)
f T,
2 2 2 2
H , 2b b
3 =8 - 8(°2)% +1 (Cw)® + 2 L
(%’m-—> -%’m) g Ho H 5
- Am - B‘2+02[I (I+1) - mz:’ . (10)
iHC)

The magnetic field positions for the EPR lines along the x-and
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y-axes can be obtained using Vinokurov's equivalents,
The value of A is obtained by taking the average of all
the hyperfine line spacings along the z-axis (25 of them).
The second order terms will cancel out. Parameters B and C
are obtained in a similar manner for the y-and x-axes. The
signs of A, B and C can be obtained from the second order
effects of the hyperfine splitting as done by Bleaney and
L _

Ingram™,

G. EPR Line Widths

In paramagnetic resonance the two major causes of line
broadening are the interaction between the paramagnetic ions
and the lattice, and the interaction between the ions them-
selves, These interactions have often been treated as giving
relaxation effects, characterized by the spin-lattice relaxa-
tion time T and the spin-spin relaxation time.

(1) Spin-lattice interaction. The inverse of the spin-
lattice relaxation time is a measure of the rate at which a
spin exchanges a whole quantum of energy with the lattice.
The theory of this is mainly due to Van VleckBO. The mecha~
nism considered is one in which the thermal vibrations of the
lattice give a fluctﬁating crystalline electric field. The
spin-orbit coupling plays an essential role as the mechanism
by which the spin of the paramagnetic ion feels the effect of
the thermal vibrations. The development of the theory shows
that the spin-lattice relaxation timeT is strongly temperature
dependent, becoming longer as the temperature is reduced. The

theory also shows that T depends very markedly on the separa-
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tion between the ground state and the first excited state.
If this separation is large then T is long, and if the sepa-
ration is smallT is short.

(1i) Spin-spin interaction. The broadening due to this
process arises from the interaction between the paramagnetic
dipoles. There is no dependence on temperature due to this
broadening, and the effect can only be reduced by separating
the magnetic carriers. A picture of the broadening process
can be obtained as follows, The magnetic moment of each ion
is regarded as precessing sbout the external magnetic field
Ho’ and can be resolved into a component which is steady and
directed along H,, together with a rotating.component perpen-
dicular to H,. The steady component sets up a steady field at
neighbouring ion positions, and so the ions behave as if they
were in a magnetic field which is slightly different from the
external magnetic field. The rotating component sets up a ro-
tating magnetic field. If this rotating field has the same

. frequency as the other paramagnetic ions, then there will be
a couple acting on the steady component of the magnetic moment
of the latter ion, tending to change its direction. The first
process gives a broadening which is similar to that which
arises from using an inhomogeneous magnetic field, and the
second gives a resonance broadening because it tends to re-
duce the lifetime of an ion in a given state,

H. Comparison Of Spin Hamiltonian And Quadrupole Resonance

Parameters.

One can correlate the paramagnetic resonance data with
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quadrupole resonance data, if these are available. Following

31

Bersohn Wwe can write

¢' _ 3)(2 - ai
o Zej—f;—
) J

(D'zz = ZGJ,_L;_J ) (11)
J aJ .

mn = @l:cx'-@;ry ,
Dz

whereYl is the asymmetry parameter. Therefore:

@, - Je N

*1

The interaction energy between a paramagnetic ion and the

neighbouring ions in a crystal is given by

k
k
E e e E rik . ol z Y’; (X1Y42Z4) ¥ (ijjzj)* (12)
+

2k+1
wm= -k
where Ym are normalized spherical harmonics with phases speci-

32

fied by Condon and Shortly” ., A partial list of Yk is given
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by Ballhausen33. The index i above refers to the i th electron

of the paramagnetic ion and j refers to a neighbouring ion
whose charge is ej and whose distance is a3y from the origin.

In the orthorhombic case the impertant spherical harmonics are

2 2
°y* 3.7 %
R A
”* X - 1iY

: \’%\’é(iajj)

-2 % X + iy 2
(YZ)—\[_E%\E (aaj 1)

Substitute these into esquation (12). The orthorhombic part of

i

2

<
]

equation (L), (k=2), is

2 e 2
v =\’ 5 T ese: 4 321 T Y (Xyvazy)
ortho % ZE Qg i t:r V; a2 o \A31444
3 ]

X -1y 2 2 X +iy 2 -é

2 2
s 2 3Z - I
i

2J

2
X -1y 2 2 (x, +1Y) _
+\’3 (_J 1) Yo XiY.Zs) + I Yy oux,v,z ]
'Sej[ AN b A § a% > 1%1%1
23 J

(13)

When referred to the x, y and z magnetic axes, equation (13)
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becomes

2
2 3z - &,
Vortho = \’HEL ji_riei{% €y ( j% J) YZ (1)
i, :
2 2
X =Y 2 -2 3
+\I-éej(1 3)[Y2(i)+Y2 (1) ]}
a
: J

The required spherical harmonics in terms of the index i are

2 _ 2
¥9 (1) =\1 g 1% T T
oIm \Vk I‘Zi

7 (1) =\[~ V"(Xi”yie
- - iy, .2
Y22(. =__,r- H-—-( s iYi
+ 1Y o+ 1y, 2
2 (1) + 15 \’ \, ( )%+ (X i))
I g 2 2

] 1
2y
=25\[§(Xi 1) .
IS 2
Hence , we have 1
7 aZ 2 r2
E [19 I LG
ortho E 5 ]
a
J
2 2 2
-Y X, - ¥y |
+3e(X 3)( 1 i)]
g

23
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¢ 5 5
+N ¢zz (X - Yﬁ] (14)

where,
2 2
@' 2z, -8,
- oy 1,
J 2y
' 2 _ 4P
Wr\ <zszz =3 j{ °J (EQ“_B_E_)
] &3
e = e

e
{
Equation (13) can be put in terms of operator equivalents.
To do this we must put
X — Sx
Y — Sy
zZ —- 5,

r2 — S(S+1)

Hence,

oxtno = ¢ X (T )1 D, s,
' 2
+ ln@ (s2 - 55)
E Z X v
This can be compared with the ordinary spin Hamiltonian given by

= o 2 _ . 2 .2 2
bas —%bz (387 - S(s8+1)) +_}51o2 (s - sy)

- S(S+1))

Therefore

o2 = oo ()2 6,
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EQUIPMENT

A. K-Band Spectrometer

The k-band spectrometer operated at room temperature only.
It was of balanced bridge design with the microwave frequency
stabilized against the sample cavity. A block diagram of the
system is shown in Figure 5. The klystron was a Varian type
VA - 98E reflex klystron producing 30 milliwatts of power.

The external magnetic field was produced by a 12 inch Varian
electromagnet with rotating base, and it was stabilized by a
fieldial (Varian) which kept the field value constant to
within one gauss for several hours., It was possible to get a
linear field sweep up to 20 kgauss,

A phase sensitive detection system was employed when re-
cording signals on the strip-chart recorder, producing the de-
rivative of the absorption pattern. In this case the magnetic
field was modulated at 200 c¢/s. The signals could alternately
be observed directly on an oscilloscope. In this case, the
magnetic field was modulated at 60 c/s by means of a "Variac"
and the EPR signals were detected at the microwave bridge, am-
plified by an audio amplifier, and fed to the vertical input
of an oscilliscope. The horizontal input was connected to a
60 c¢/s source and phase shifter. Hence the absorption patterns

of the EPR lines appeared on the oscilloscope., The method of
36
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oscilloscope display allows one to observe the EPR signals
when both the directions ofthe magnetic field and the crys-
tal orientation are varied. This permits the direct and rap-
id observation of the angular variation of the EPR lines,

B. X-Band Spectrometer Used At Room Temperature

A block diagram of the x-band spectrometer used at room
temperature is shown in Figure 6. The spectrometer was of a
balanced bridge design with the microwave frequency stabilized
against the sample cavity. The microwave generator was a
Varian type VA - 203 klystron producing 30 milliwatts of power.
A 7 inch Newport magnet was used with this spectrometer. A
phase-sensitive detection system was employed when recording
the EPR signals on a chart recorder. In this case, the mag-
netic field was modulated at 100 kc/s. This modulation fre-
quency was applied to a single loop of copper wire inside the
cavity (see Figure 10). The EPR signals obtained on the chart
recorder were the derivatives of the absorption lines. For
oscilloscope observation, an additional 60 ¢/s modulation fre-
quency was applied to coils on the pole pieces. The EPR signal
was fed from the microwave bridge to the phase-sensitive de-
tector and then to the vertical input of an oscilliscope. The
horizontal input was connected to a 60 c¢/s source and phase
shifter. The signals on the oscilloscope showed the derivative
pattern of the absorption lines. For oscilloscope observation
the time constant on the phase-sensitive detector was 00,0003
seconds,

C. X-Band Spectrometer Used At Liquid Helium Temperatures
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At liquid helium temperatures a superheterodyne spectro=-
meter must be employed because of the low power levels neces-
sary. This is because at liquid helium temperatures the spin
lattice relaxation times of the ions in the crystals are longer
than at room temperature and one must deal with small power
levels so as not to saturate the EPR lines., A block diagram
of the spectrometer is shown in Figure 7. The intermediate
frequency was 30mc/s. Here again the signal klystron fre-
quency waé stabilized against the sample cavity. The local
oscillator klystron was stabilized at i+ 30 mc/s away from the
signal klystron frequency. The magnetic field was again modu-
lated at 100 ke/s for strip-chart recording and an additional
60 ¢/s was applied to the pole pieces for oscilloscope obser-
vation., A 12 inch magnet was used with this spectrometer.

A double dewar system was employed to hold the liquid he-
lium. Liquid air was placed in the outer dewar and the inner
dewar was evacuated to about 25 microns of mercury. The evap-
oration of helium was about 1% inches per hour in the dewai.
That is, if two liters of helium were used, one could work for
about 7 hours.

D, K-Rand Cavities

The two k-band cavities used are shown in Figures 8 and
9. With the cavity of Figure 8 one could orient the crystal
by x-ray methods prior to conducting EPR measurements., In the
x-ray work one fastens the goniometer (b), with attached crys-
tal, to the special base (a) which in turn is connected to the

x-ray equipment to find the crystallographic axes. The gonio-

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



4l

*seanyededuwe] wuniiey pinbil 3® sjuswiasadxe

*L *31d

NOYLSATH

HdH xo0J pesn Jejeuwod3oods esulpoasjeyaedns pueg~-¥ Jo wedadslp }oo1ld
-
NOILVINJOW t
s 09
“dINV
43A40D3Y
1HVHD S O
y
..}] LINOVIN_ 2l
11050 | | avis
[ SN Ol 0344
P ~ [M5so
aSd g3 s/7% 001 @
D 1 \AliAvD #
3 HOLINOW
130 9 —
did1s 41
dAY ]
sphwog | [SPWoE HOLVNNILLY mwn\,_n%w
, NOISIDINd  |NSalShy
A1ddns | HOIVINDYEID
yamodP 1=l 1 .N , 4¥37dNOD AP OL
050 2071 [N\ ﬂl . pu
“JU2SO D01 1 (N ( o B
NaviS / 4 \
| v
‘034 . L DIOVIN 4OLv 105!
]
— ™~ ? m.r\
TS0 dINV f.
S/oW Q¢ s/ow O¢ -

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



(d)
MAGNETIC FIELD

() LINES

(b)

(a)

Fig. 8. K-band cavity system with vertical crystal mount,
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Fig. 9. K-band cavity system with horizontal crystal mount.
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meter can also be connected to the bottom of the cavity (c)
for EPR work. The goniometer was designed so that the erys-
tal could be rotated independently in two perpendicular di-
rections,

The cavity (e¢) was‘cylindrical in shape, operating in
the TE,,; mode, Its dimensions can be calculated from the
formulaBu

A

L]
=
-

where X\ = 1.25 cm, a is the inside radius of the cavity, and
2h is the height. The optimum condition for best cavity opera-
tion occurs when a=h. This is calculated to be 0,656 inches.
The cavity was constructed from rexolite plastic and lined
with 0.001 inch thick commercial aluminum foil. The ends of
the foil were joined by silver paint. The skin depth of alu~
minum at k-band frequencies can be found from the formula
S==2.9 X IO'EV?;X , where ? is the resistivity of aluminum
(2.8 x 10'6 ohm - em), and A is the microwave wavelength in

air (1.25 cm). One finds : & = 2.1vx 10'5 inches. This figure

is small enough when compared with the thickness of 0,001 inches
of the commercial foil.

Besides the TEO mode, there also exists a TM mode of

11 111
identical frequency. The existence of the latter mode is un-
desirable since its presence lowers the overall ¢ of the cavi-

ty. The TMlll mode is suppressed to a considerable extent by
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a break in the electrical connection at the ends of the cavity.
The loaded Q of the cavity was about 1500,

Microwave power was fed into the cavity through a hole
in the diaphragm(d). The diaphragmwas made of bronze of thick-
ness 0,005 inches. The hole size in the diaphragm was adjusted
for each sample to give optimum spectrometer sensitivity. It
was found that a nominal hole size was nearly the same size
as the width of the waveguide. Matching was achieved by adjust=-
ing a screﬁ placed near the coupling hole (e).

The cavity system of Figure 9 allowed the crystal to move
about a horizontal axis by means of a worm gear arrangement.
Part (a) shows the cavity bottom plate, (b) the aluminum foil-
lined cavity with gear mount, (c) the diaphragm (d) the top

‘plate with worm gear and impedance matching screw, (e) the crys-
tal mount on the horizontal gear, and (f) shows a spring clamp
used to keep the gears in meslhi without slipping.

If one uses a magnetic fisld rotating about a vertical
axis with the cavity system of Figﬁre 9, then it is possible
to obtain all the principal magnetic axes without reorienting
the crystal. The positions of the principal axes can be plot-
ted on a stereographic projection het, as done below, This ar-
rangement is particularly useful if one has more than one mag-
netic complex in the crystal.-

E. X-Band Cavity

The x-band cavity was rectangular and operated 1ln the

TS mode. A diagram of this system is shown in Fipgure 10.

012
The sample is again mounted so that it can be rotated ahout
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Fig. 10. X~band cavity system with horizontal crystal mount,
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L7
a horizontal axis. The 100 kc/s magnetic field modulation
loop 1s provided by a single turn of copper wire placed at
the center of the cavity. The end of the loop is bent aside
in order to clear the crystal hole on the side of the cavity.
The crystal mount and the gear system is similar to that shown
in Figure 9.
F. Crystal Heating Equipment

Figure 11 shows the equipment used for heating and subse-
quent cooling of the crystals, The crystal to be heated under
vacuum is placed on a quartz holder inside a quartz tube.

The tube is connected to a pump system through a stopcock at
the top end, and the bottom is sealed by an'O-ring. With the
stopcock open, the region around the crystal is continuously
evacuated., The regicn around the crystal was surrounded by a
furnace housed in a steel contalner and wrapped by aluminum
foil to reduce heat loss due to radiation., Temperatures of

900° ¢ could easily be reached. The temperature was determined
by a chromel - alumel thermocouple,

The crystal could be cooled by shutting off the vacuum
pumps and opening the system to the atmosphere. This causes
the O-ring seal to break and the crystal with its holder to
fall into the water bath. The crystal could also be slowly
cooled under vacuum or in air if desired.

G. Magnetic Field Measurement

The magnetic field at which the EPR transitions occurred
was measured by proton resonance. The source of protons was

water with a small amount of copper sulphate added to it or,
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alternately, paraffin oil, The proton resonance was observed
on an oscilloscope. Here, the magnetic field was modulated at
€0 c/s, and the horizontal input of the oscilloscope was con-
nected to a 60 c/s source and phase shifter. To obtain a meas-
urement, the frequency of the proton oscillator was varied un-
til the proton resonance signal was observed on the oscillos=-
cope. The frequency at which proton resonance occurred was mea=-
sured with a Hewlett Packard No. 5253B frequency counter. Using

the formula

H (Kgauss) = \)(mcés)

one obtains the strength of the magnetic field in kgauss.
Here,'o is the proton resonance frequency in mc/s, and the
quantity 4.25759 is the frequency for proton resonance in a 1
kgauss magnetic field.

H. Microwave Frequency Measurement

The microwave frequency could be measured with sufficient
accuracy by using a small amount of DPPH as a reference marker.
The DPPH is placed on the crystal in the cavity and its single
line is recorded with the EPR lines arising from the crystal.
In principle, when making calculations, one needs only to know
the magnetic field position of the DPPH line since its g val-
ue is known to be 2.0036, However, if desired, the microwave
frequency can be found knowing the magnetic field of the DPPH
resonance, using the formula

hV = gd%Hd R
The quantity h is Planck's constant ( 6.62517 x 10~
is 2,0036 for DPPH,

27 erg sec),

\V is the required microwave frequency, 84
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@ is the Bohr magneton ( 0.,92731 x 10-21 erg / gauss ), and
Hd is the resonant magnetic field of the DPPH.
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EXPLRIMENTAL PROCEDURE AND RESULTS

A. Fe+3 In Spodumene

The EPR spectrum of Fe+3 was analyzed at room temperature
and at k-band frequencies, using the spectrometer system of
Figure 5, and the cavity system of Figure 8. Many samples of
spodumene were investigated and all contained iron and manga-
nese in varying proportions. The sample containing the least
amount of manganese was selected. Figure 12 shows the trace
of a spectrum obtained when the magnetic field was aligned
along the z-axis of Fe*3 in spodumene. In addition to the
five iron lines there is a "forbidden" iron line, as well as
others due to manganese.,

(i) Determination of the magnetic axes. The directions
of the magnetic axes of Fe*3 with respect to the crystallographic
axes were determined as follows. The crystal symmetry demands
that one magnetic axis be along the ( OlO] direction, and
the remaining two in the ( Ol0 ) plane, This investigation
located one axis in the ( 010 ) plane as being at 5° to the
c-axis and 65° to the a-axis. We define the magnetic z-axis
as the axis along which the spread of the five EPR lines is
greatest, and the y-axis as the axis being_in the plane nor-
mal to the z-axis and having the greatest spread of the five
EPR lines in this plane. The remaining x-axis 1is thus fixed.
It turned out that the y-axis was the one pointing along the

51
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[ OlO] direction and the remaining z- and x-axes were posi-
~ tioned in the (010) plane, with the z-axis at 5° to the c-
axis, Figure 13 and 1lli show the variation of the five Fet3
lines when the magnetic field was rotated in the planes per-
pendlcular to the spectral x- and z-axes, respectively. The
magnetic field values of each of the resonances along the
three principal magnetic axes were measured by proton reso-

nance and are listed in Table 5,

TABLE 5. Resonant Fields 0f Fe*3 EPR Lines In Spodumene Along

The Magnetic Axes

Transition H || 2z HI ¥y H ) =x
Hy 2,612 11,923 10,795
H2 . 5,635 9,93k 9,399
HB 8,388 8,183 7,978
H, 11,140 6,576 6,916
Hg 1h,19 5,466 6,693
DPPH 8,394 8,500 8,490

(ii) Comparison of Fet3 spectra at room and liquid heli-

um temperatures. In order to determine the order of the ener-

gy levels, that is, the sign of bg in the spin Hamiltonian,

3 at room and liquid heli-

one must compare the spectrum of Fe*
um temperatures. The basis of this procedure is the following

argument. The electron spin populations of the energy levels are
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determined by the Boltzman factor expfAE/k@é=l-AE/kT, where
AE=hV, k is the Boltzman constant and T is the absolute temp-
erature. The ground state is more populated even at room temp-
erature but the effect of populations becomes measurable at
liquid helium temperaturs,

Since the only low temperature spectrometer that was avail-
able operated at x-band frequencies it was necessary to obtain
the comparison of the spectra taken at the two temperatures in
this band.‘The spectra along the z magnetic axis for the two
temperatures are shown in Figure 15. Part (a) shows the room
temperature spectrum while part (b) shows the liquid helium
temperature spectrum. The ratio of the intehsity of the high
field line (2) to the low field line (1) is 1.5/1 at room temp-
erature, and 3/1 at liquid helium temperature. This indicates
that the high field line has increased its amplitude at low
temperature while the low field line has decreased. Hence, the
high field line is closer to the ground state than ié the low
field line, This means that the substates M,= +1/2 lie lowest
and so the sign of bg is positive when calculated from the spin
Hamiltonian.

(1ii) calculation of spin Hamiitonian parameters for ret3
in spodumené. The values of the parameters bg were found by a
self-consistent method. Rough values for bﬁ were first tried
in the equations for the x; y-and z-directions and this process
was repeated until a good fit was obtained. The iteration was

done using an IBM 1620 computer program and the following results
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were obtained:‘ Ex = 2.0047 + 10, gy = 2,0047 + 10, g, = 2.0041
+ 5, b3 = 1,430, b3
values are in gauss.

= 280, v? = 20, by = -82, bl = 202, The bT

To check the results, the matrix of Table 3 was diagonal-
ized for each resonant field using the above values of the con-
stants in a computer program, The transitions for the three mag-
netic axes were fitted to an accuracy of 10 gauss. The values
of the energy levels were also calculated at small intervals of
magnetic field and were plotted for the three magnetic axes as
shown in Figures 16, 17 and 18, Figure 16 also shows the observ-
ed x-band transitions. An analysis of the spectrum in this band
would be quite difficult, as is evident in this figure.

(iv) Heat-treatment of spodumene. The sample of spodumene
used in the analysis above was heated to about 600° ¢ in vacuum
and then quickly cooled in water. The Fe'3 spectrum did not
change due to this treatment other than the fact that the five
iron lines increased their line widths. A diagram of the spec-
trum along the z-axis of iron in heat-treated spodumene is
shown in Pigure 19,

(v) Line intensities of met3 in spodumene, The relative
intensities of the five iron lines along the z-axis, for equal
line widths, should be proportional to (S+M )(S-Mg+l). The in-
tensity ratios should therefore be 15/2_>3/2: 13/2_’1/2:

I jo>-1/2 Io1/2>-3/2t I.3/2-» -5/ = 5:8:9:8:5.
Since the lines did not have equal line widths it was found

desirable to measure their integrated intensities as well as

their 1line widths. This was done for the heated as well as
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Energy level diagram of Fe+3 with the magnetic field
along the z-axis. The vertical dashed lines indicate
forbidden transitions, while the solid lines indicate
allowed transitions., The transitions obtained at x-
band frequencies are also indicated,
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allowed transitions.
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allowed transitions.
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the unheated crystal of spodumene. The absorption line shapes
were photographed as displayed on an oscilloscope and the areas
were measured from the photographs, The results are given in

Table 6.

TABLE 6. Line Widths And Integrated Intensities Of The Five Iron

Lines In Spodumene Before And After Heat Treatment

Transition‘ Before Heat~Treatment After Heat-Treatment
Line Width Integrated Line Width Integrated

(gauss) Line (gauss) Line
Intensity Intensity
5/2 >3/2 77 1.7 + 0.5 125 2.0 + 0.5
3/2>1/2 50 4.5 77 IS
1/2—+-1/2 20 9 26 9
-1/2 =+ -3/2 53 4.5 70 .S
-3/2—>-5/2 75 1.7 145 2.0

+2
B. Mn In Kunzite

+2
The EPR spectrum of Mn in kunzite was analyzed at room
temperature and at k-band frequencies. In the unheated samples

the Mn+2

spectrum is split into four complexes with principal
magnetic axes only slightly diSpladed from each other. A typi-
cal spectrum is shown in Figure 20, From the k-band results

it was determined that the analysis could equally well have
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been done at x-band frequencies.
(1) Determination of the magnetic axes. Using the cavity

system of Figure 9, in conjunction with a stereographic plot,
it was possible to sort out the four complexes. The relative
positions of the complexes with respect to each other and to
the crystallographic axes are shown on the stereographic plots
of Pigures 21 and 22, In determining a magnetic axis the crys-
tal is rotated in steps on its horizontal mount and the mag-
netic field position is adjusted each time until a maximum
spacing of the EPR fine~structure lines is obtained., Two groups
of four magnetic axes were determined in this manner. The axes
in the group that showed the largest spacing of the fine - struc-
ture lines were designated the z-axes. Their positions were ap=-
proximately in the (010) plane, making an average angle of 2,°
to the c-axis and 46° to the a-axis., The axes in the second
group were designated the y-axes, Their positions were near
the [OlO] direction. A third group of four magnetic axes, desig-
nated the x-axes, were not well resolved and so no measurements
‘were made for these. However, the positions of the x-axes could
be predicted from the y-and z-axes on the stereographic plot.

The magnetic field positions of the m_ = + 5/2 EPR lines

I
for each of the four complexes along the y-and z-axes were meas-

ured by proton resonance and are listed in Table 7.
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2 0-2 LIGANDS OF Al*3

Fig. 21, Stereographic projection of the Mn+2 magnetic axes in
kunzite, along with the oxygen ligands surrounding an
Al*3 site. The quantities X1, J1s 21, etc. represent
axes due to unheated kunzite while x', y', z'represent
those due to the thermally quenched samples. Shaded
symbols represent points through the top hemisphers
while the unshaded ones represent points through the
bottom hemisphere.
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E 0-2 LIGANDS OF Li*

Fig. 22. Stereographic projection of the Mn+2 magnetic axes in
kunzite, along with the oxygen ligands surrounding an
Li* site. The quantities xj, y, 21, etc, represent
axes due to unheated kunzite while x', y', 2z represent
those due to the thermally quenched samples. Shaded
symbols represent points through the top hemisphere while
the unshaded ones represent points through the bottom
hemisphere.
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TABLE 7. Magnetic Field Positions For The my = + 5/2 Transi-
tions Of Each Group Of Hyperfine Lines In Each Of The Four

Complexes,

Site 1 Site 2 Site 3 Site U
z-axis
Hg 10,474 10,456 10,472 10,447
Mo 9,32 9,34 9,325 9,308
H, 8,165 8,163 8,156 8,163
H, 7,006 7,009 6,991 7,025
Hy 5,865 5,86l 5,857 5,894
DPPH 8,383 8380 8376 8381
y-axis
Hg - 6,401 6,393 6,585 6,568
Hy, 7,251 7,247 7,447 7,415
Hy 8,122 8,114 8,127 8,123
H, 9,018 9,026 8,85l 8,876
5, 9,981 9,975 9,787 9,82l
DPPH 8,390 8,382 8,392 8,393
2

(ii) Comparison of Mn* spectra at room and liquid helium

+2
temperatures. The sign of bg for Mn is determined in a simllar
manner to that of Fet3. Figure 23 shows a comparison of the x-
band spectra near the z-axes at room and liquid helium tempera-

tures. It is seen that the high field lines have increased their

intensities with respect to the low field lines at liquid helium
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ture and (b) liquid helium temperature.
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temperature. This means that the high field line is between
the ground state energy level and the next highest level. This
also means that the substates Mg = ¢ 1/2 1lie lowest and so the
sign of bg is positive when calculated from the spin Hamiltonian.,

(1ii) Ccalculation of spin Hamiltonian parameters for Mn*+2

m

in kunzite. The parameters by

A and B were found from the equa-
tions 8, 9, and 10 using the magnetic field positions for the

hyperfine lines given in Table 7. The results are in Table 8,

TABLE 8. The Spin Hamiltonian Parameters For The Four Magnetic

Complexes Of Mn+2 In Kunzite,

Site
1 2 3 L
Parameter
B2 10.0016 40,0010 40,0016  to.0010
g 2,003 2,003l 2.0038 2.0031
y +0,0025  £0,0025  +0.0025  +0,0025
A -89,2 -89.1 -88.9 -89.1
B -88.2 -89.1 -88.9 -88.8
b3 578 576 580 571
bg 311 316 191 22),
bo -1.1 -0.64 -1.9 - 0.46
bé 93 165 - 53 - 30
bt ~ 10k -168 -51 =35

The values of bg, A and B are in gauss,

Using the values of the constants for site 3 as a typical
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case, the matrix of the spin Hamiltonian was diagonalized
by employing an IBM 1620 computer program. Also, the energy
levels were calculated along the 2z y-and x-magnetic axes for
small intervals of the magnetic field. The results are plot-
ted in Figures 24, 25 and 26, respectively. The line intensities
for the manganese EPR lines have the approximate ratios of
1:3:9:3:1, The above remarks also apply to the remaining three
manganese sites.

(iv) Heat treatment of kunzite. The kunzite crystals were
heated in vacuum in steps of 50° ( and then quickly cooled in
water. After each step of heating and cooling the EPR spectrum
was recorded. It was observed that the spectral lines due to the
four Mn*2 complexes gradually decreased their intensities while

spectral lines due to Mn+2

in a single complex formed and increas-
ed their intensities with increasing temperature. At SOOo C the
spectrum is virtually that due to manganese in a single complex,
indicating that the twofold axis through a manganese site is re-
stored, This effect is shown in Figure 27 for the My = 5/2 = 3/2
group of hyperfine lines with the magnetic field direction along
the z-axis,

The study of the angular variation of the spectra revealed
that the y-axis pointed along the [010] direction and the x-and
z-axes were located in the (010) plane, the z-axis making an
angle of 26° with the c-axis and L4° with the a-axis. The posi-
tions of the axes are shown on the stereographic plot of Fig-

ure 21. Figure 28 (a), (b) and (c) shows the spectra of the

single manganese complex with the magnetic field directions
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Fig. 28. The spectra of Mn+2 in heat treated kunzite. Part (a)
shows the x-axis, (b) the y-axis, and (c) the z-axis.
Some low intensity Fet+3 lines also appear in the spectra.
The strong central line is due to DPPH.
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along the x, y-and z-axes, respectively., Some low intensity
FPet3 lines are also present, as these figures show. The ratiocs
of the intensities of the manganese TPR lines were measured to
be 3:5:9:5:3 along the z-axis.

'The magnetic field positions of the m_ = + 5/2 transitions

I
for the z-and y-axes are given in Table 9,

TABLE 9. Magnetic Field Positions For The m = + 5/2 Transi-

tions Of Each Group Of Hyperfine Lines In Heat-Treated Kunzite,

HS H_ Hl DPPH

z axis 10,515 9,371 8,209 7,056 5,915 8,427
y axis 6,625 7,395 8,189 9,026 9,927 8,442

2

The spin Hamiltonian parameters for Mn+ in the single complex

were calculated from equations 8,9 and 10 and found to be

g, = 2.0012 + 10, gy = 1.9972 t 25, A = -89.2, B =-88.L,
o - 2 = o _ 2 _ Lo
b2 - 577’ b2 - 2“—3’ b“— - -1007’ bh. - 35, bu. - "h.).lro The

values of bg are in gauss,

It was not possible to restore the four complex spectra
or the pinﬁ color of the kunzite crystal. Several attempts
were made. In one attempt, the crystal was heated to 600° ¢
and slowly cooled in vacuum over a period of one week. In an-
other attempt the cooling was done in a normal atmosphere.

The ratio of the amplitudes of the increasing one-complex
spectrum and the decreasing four-complex spectra (called nd/na)

is plotted versus the temperature in Figure 29.
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C. Analysis Of Hiddenlte Crystals

The hiddenite crystals contained a prominent amount of Fe+3

ions and only a very small amount of Mn+2

« The spectra of these
ions in hiddenite are identical to those in ordinary spodumene.
A typical spectrum with the magnetic field along the z-axis of
Fe™3 1s shown in Figure 29. Part (a) of the figure shows the
spectrum in unheated hiddenite and (b) shows the same spectrum
after the crystal had been heated to 600° C in vacuum and then
quenched in water. Here again the manganese spectrum in the
heat-treated crystal collapsed into one spectrum,

The line widths and integrated line intensities of Fe'3

in unheated and heat-treated hiddenite are listed in Table 10,

TABLE 10. Line Widths And Integrated Intensities Of The Five

Iron Lines In Hiddenite Before And After Heat Treatment.

Before Heat Treatment After Heat Treatment
Transition TIne WIdth Integrated Line Wldth Integrated

(gauss) Line (gauss) Line
Intensity Intensity
g__’% 70 2.4 + 0.5 90 2.7 + 0.5
1 42 5 5L 6
23 |
1 -1 28 9 31 9
2Tz
- - L3 5 51 6
778
"'3 "5 G0 2.1.]. 115 207
2™ 2
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VI
DISCUSSION AND CONCLUSIONS

The Hamiltonian given by equation (L) is not complete.
It only describes completely the quadratic or orthorhombic
parts. The cubic part, which has the coefficient bﬁ should
be replaced by terms of the formls.

4
bk o gl & n
b0 = b za“ (x 8%) o,

m=0
where a" (X @‘E ) are functions of the Euler angles which det-

I

ermine the cublc coordinates with respect to the orthorhombic
coordinates., These angles cannot be found in this experiment
and, therefore, very little can be said about the cubic coef-
ficient occurring in the spin Hamiltonian.
On the other hand, one can correlate the values of bS5 and
16

bg with electric quadrupole data. Volkoff et al and Petch et

al17 have investigated the electric quadrupole resonance spec-

7 27

tra of 'Li and Al in spodumene, Table 1l summarizes their re-
sults and the results of this investigation pertaining to the

2
orthorhombic parameters bg and b2. szz’ which occurs in an

’

: 35

expression for C, (see Volkoff”?), is related to our szz of
equation (1ll) by szz = QC;Z /(1-1&0), where O_, is the anti-
shielding factor,

By comparison of the Y| values obtained by EFR and quadrupole

resonance, one cannot arrive at any conclusion regarding the

81
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TABLE 11. Summary Of Data Obtained By Electric Quadrupole

Resonance In Spodumene And EPR Of Fe+3 And Mn+2 In Spodumens

And Heat-Treated Kunzite.

2
7Li sites 7Al sites
b
C, = eQQﬁ%z/h in mc/sec 0.076% 2.950
M 0.79 0.94
gb (e.s.u./cmB) 1.0 x 1013¢ 2.6 x 10M4P
EZ 13c 1
D ;. = @zz/(l ~¥)e.s.u./em? 1.3 x 10 7.2 x 103¢
c, for 57Fe (in mc/sec) 2.7d’e 15.1
Direction of principal axes of V-E tensor
pA 4,6.5° from ¢ towards a 3u° from ¢ gway
axis from a axis
Along b axis 56° from ¢ towards a
x 43.5° from ¢ away from a Along b axis
axis
+3
EPR of Fe in spodumene
T
z - magnetic axis 50 from ¢ towards a axis
y - magnetic axis along b axis
_ .2 ) by
N =15 /b, 0.20
EPR of Mn+2 in heat-treated kunzite
f
z - magnetic axis 26° from ¢ toward a axis
y - magnetic axis along b axis
bg f
n =2 0.42
°2
qyolkors et a1ll,

bPetch et a117.
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cAppr-opriat:e ®and Xoo as given by Bersohn31.

57

d
Q for Fe given by Burns36 .

° Xoo for Fet3 given by Burns et a137.

£ This investigation.

location of the iron and manganese impurities in spodumene.
From quadrupole resonance, the values of Y] for the lithium
and aluminum sites are 0.79 and 0.9l ,respectively. The
values obﬁained from EPR measurements for iron and manganese
are 0,20 and 0.42, respectively. Probably one cannot make an
exact comparison because the iron and manganese impurities
distort the sites considerably and the simple crystal field

38 also find that the

theory breaks down. Nicholson and Burns
Y values for Fe*3 in T;02, obtained by quadrupole resonance
and Mossbauer effect, do not correspond very closely. They
conclude that there 1s strong covalent bonding and the ioniec
model of crystal field theory is inadequate. Burn336 finds a
similar discrepency in CAlSH.

From the point of view of charge compensation, the Fe+3
ions is most likely to replace an A1+3 ion substitutionally
in spodumene. It is possible to account for the splitting of
the Mn+2 complex into four complexes if one assumes that the
Mn-’r2 ion also substitutes for an Al-’r3 ion. In This case there
will be a net negative charge at the manganese site. It is
possible that a single positively charged ion such as Li+ or

Na+ is trapped in an interstitial site near the manganese ion.

The crystal symmetry allows eight such sites (related in pairs
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by the inversion centers)., An interaction between compensating
charges and the Mn+2 ions could cause the observed splitting.

There are additional reasons for believing that this mech-
anism could be responsible for the splitting. One reason is
that the crystal heating caused the spectral lines due to the
four Mn+2 complexes to decrease their intensities gradusally
while spectral lines due to Mn+2 in a single complex formed and
increased their intensities with increasing temperature. This
would mean that the compensating charges which are associated
with the Mn.+2 impurity before heating gradually dissociate as
the temperature increases., Another reason for believing that
compensating charges cause the observed splitting is due to the
fact that the Fe*3 line widths increased after thermal quenching.
This is explained as follows. Before heating, the combination of
the net negative charge at the Mn.+2 site with the compensating
M* cation acts as a dipole. This dipole interacts with an Fe+3
ion with an interaction proportion to 1/r3, as illustrated in
Figure 31 (a). After heating, the Mt cation is removed from the
vicinity of the Mn+2 ion and hence has a larger monopole inter-
action varying as 1/r with the Fe*3 ion. This is illustrated in
Figure 31 (b).

It is possible to obtain an estimate of the dissociation
energy by applying the formula

ng =N exp[ (El'Ez)/kT]

as done by Watkinsll. Here, N is the total number of associated
pairs n, plus dissociated pairs Ny, i.e. N = n +n,, and El-E2

is the dissociation energy. This energy can conveniently be

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



85

*3utyousnb Tvwaeyz JIe3Je (q) pus Juryouenb Tsuwdaeyjz ed0Jeq S
(8) :seull ¥dd m+om oy3 Jo Fuiuepwodq JUTsned wsfusyoow oYy JUTFBIISNIIT SWeIBBId * ¢ Td

(9) (D)

X X X X X X X X X X X X
E)

m#ou m*. u
X X X || X X X X -F X X X

\\ \

/ \

\
\\ \
X X x X X X X X X // X X X
g \
\\m €4
\\ P w/,
X x /7 X X X X X X X X X X
\
\\ \
/ \ C
/ v 2N
\
X /X X X O X X x x XN X
\\ 2 Ui V
+

+WN Q «-)_Q
X X X X X X X X X X X X

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



86

written as

Ey-E, = [ 1n (nd/n&/ 1+nd/na ) ] 1/, (15)
Assuming that the ratio of the amplitude of growth of the sin-
gle complex spectrum to the amplitude of the decreased four-
complex spectra is proportional to nd/na, then the results of
Figure 29 can be used to plot equation (15). This is done in
Figure 32, with the slope of the line giving a value of Ey=Ey =

2 in alkali chlorides Watkinsll obtains ap-

0.068 e.v. For Mn"
proximately 0.03 e.v. His result is smaller because he observes
dissociation even at room temperature,

The integrated line intensities of Fe*3 in spodumene are
approximately 1.,7:4.5:9:4.5:1.7, before and after heat-treatment.
The theoretical intensity ratios are 5:8:9:8:5. The intensity ra-
tios for the Mn*Z lines before heating are: 1:3:9:3:1, and after
thermal quenching are 3:5:9:5:3. A similar discrepency from the
theoretical ratios is obtained for Fe*3 and Mn'2 in Mg0 by
Low39’uo. He finds the ratios to be approximately 1.4:3.8:9:3.8:1.k
and attributes thelr difference from the theoretical ratios to be
due to crystal defects.

The pink color of kunzite can be due to Mn+2 ions. Upon
thermal quenching the crystal becomes bleached. This effect
may be related to the interaction caused by the compensating
ions and the Mn*2 ions, with the thermal quenching causing a
shift of the pink color into the infrared region.

9 it is seen that the mag-

From the work of Van Wieringen
nitude of the hyperfine constant, A, depends on the amount of

covalent bonding in the crystal., That is, the greater the co-
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valent bonding, the smaller will be the hyperfine splitting.

10

Using Matumura's plot of percent ionicity versus the magni-

tude of the hyperfine structure constant A, we find that for

A = 89 gauss (or 83 x 1074 em™l), as is the case for Mn*2

in
kunzite, there is about 91% ionicity or 9% covalency.

The values of g and bg for Fe*3 found in this investiga-
tion can be compared to those found by Gesc‘.:hwind)+1 for Fe+3
in the tetrahedral sites of yttrium iron garnet. His results
are g = 2;00&7 and bg = 1,386 gauss. For the case of Mn*2
replacing Mg in diopside crystals, Vinokurov et al obtained gx=
2,0016, gy = 2,0016, g, = 2,0017, A = 84.y, B = 84.4, ¢ = 81.9,
b = 452,95, b2 = -308,5, bY = 0.3k, bf = -L.7l and bt = 15.88,

The values of A, B, C and b]) are in gauss,

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



REFERENCES
l. B, Bleaney and D.J.E. Ingram, Proc. Roy. Soc. A205,
336(1951).
2. J.H., Van Vleck and W.G. Penney, Phil, Mag. 17, 961(193}).

3. A, Abragem and M.H.L. Pryce, Proc. Roy. Soc. A205,
135(1951). —

L. H. Watanabe, Progr. Theoret. Phys. (Kyoto) 18, L05(1957).

5. J.R. Gabriel, D.F. Johnson and M.J.D. Powell, Proc. Roy.
Soc. A26L, 503 (1961).

6. A.M. Leushin, Soviet Phys. Solid State (English Transl.)
5, 2477 (196L). .

7. H. Watanabe, J. Phys. Chem. Solids 25, 1471 (196él).

8. J. Owen, Proc. Roy. Soc. A227, 183 (1955).

9. J.S. Van Wieringen, Disc. Faraday Soc. 19, 118 (1955).
10, 0. Matumura, J.Phys. Soc Japan 1L, 108 (1959).
11. G.D. Watkins, Phys, Rev. 113, 79 and 91 (1959).

12, H.J. Gerritsen, Paramagnetic Resonance Volume 1 p.3.
(Academic Press Inc., New York).

13, R.S. Rubins and W. Low, Paramagnetic Resonance Volume
1 p.59, (Academic Press Inc., New York).

1. E.S. Kirkpatrick, K.A. Muller and R.S. Rubins, Phys.Rev.
135, A86 (196L).

15. V.M. Vinokurov, M.M, Zaripov' and V.G. Stepanov, Soviet
Phys. Solid State (English Transl.) 6, 870 (1964).

16. G.M. Volkoff, H.E, Petch and D,W.L. Smellie, Can.J.Phys,.
30, 270 (1952).

17. BH.E. Petch, N.G. Cranna and G.M. Volkoff, Can. J. Phys.
31, 837 (1953).

18, A. Manoogian, F, Holuj and J.W. Carswell, Can. J. Phys.
43, 2262 (1965).

89

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



90
19. J«.W. Carswell, M. Sc., Thesis, Department Of Physics,
University Of Windsor, Windsor, Ontario, 1964
(unpublished).

20. R.W.G. Wykoff, Crystal Structures, Vol. III, (Inter-
science Publishers Inc., New York) 1960,

21, L. Pauling, The Nature Of The Chemical Bond (Cornell
University Press, Ithaca, New York) 1960,

22, R.B. Leighton, Principles Of Modern Physics, (McGraw-
Hi1l Book Co., New York) 1959.

23,  H. Bethe, Ann. Physik 3, 133 (1929).

2l Z. Wigner, Nachr. Akad, Wiss., Gottingen, Math. - physik
Kl. II a, 546 (1932).

25, M.E.L. Pryce, Proc. Phys. Soc. 463, 25 (1950).
26.  R. Orbach, Proc. Roy. Soc. A26lL, 458 (1961),
27 . K.W.H. Stevens, Proc. Phys. Soc. A65; 209 (1952).

28. D.A, Jones, J.M. Baker and D.F.D, Pope, Proc. Phys.
Soc. 74, 249 (1959).

29. W, Low, Paramagnetic Resonance In Solids (Academic
Press, New York) 1960,

30, J.H. Van Vleck, Phys. Rev. 57, L26 (1940).
31. R. Bersohn, J. Chem. Phys. 29, 326 (1958),

32. E. Condon and G.H. Shortly, The Theory Of Atomic Spectra
(Cambridge University Press, Cambridge) 1953,

33. C.J. Ballhausen, Introduction To Ligand Field Theory
(McGraw-Hill Book Co., New York)l962, p. 110,

34. Reference Data For Radio Engineers, p. 636. (Internation-
al Telephone and Telegraph Corp. New York),

35. G.M. Volkoff, Can. J. Phys. 31, 820 (1953).

36, G. Burns, Phys. Rev. 124, 524 (1961).

37. G. Burns and G.E., Wikner, Phys. Rev. 121, 155 (1961).
38, W.J. Nicholson and G. Burns, Phys. Rev. 129, 2L490(1%63).

-

39. W. Low, Proc. Phys. Soc. BLXIX, 1169 (1956).

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



40. W. Low, Phys, Rev. 105, 793 (1957).
L1. S. Geschwind, Phys. Rev. 121, 363 (1961).

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



VITA AUCTORIS

I was born in Galt, Ontario, on June 16, 1934, where I
received my early education. Upon comletion of high school
I worked for nearly three years as a draftsman in Galt, In
1955 I enrolled in the science course at McMaster University,
in Hamilton, Onfario, and in 1959 I received a B,A. degree
in science studies.

I have done graduate work at Fresno State College, in
™resno, California, where I received an M.S. degree in physics
in 1961, From there I went to McGill Univeréity, in Montreal,
Quebec, where I received an M.Sc., degree in physics in 1963,

I started my Ph.D studies at the University of Windsor in 196lL.
While at the University of Windsor‘I have received a Fellow-

ship from the Ontaric Government.,

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



	Paramagnetic resonance of iron(3+) and manganese(2+) ions in natural crystals of spodumene.
	Recommended Citation

	tmp.1506105730.pdf.t08lc

