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* Abstract

The elecﬁron paramagnetic rgsonancg.of Mhz+ impurities in
natural crystals of blodite, Z(NazMg(SO4)2.4H20), and newberyite,
8(MgHPO4.3H20), was studied in the 9.2 GH microwave frequency range
and at room temperature. In each minéral, two différently oriented,
but othexwise equivalent, magnetic complexes of Mn2+ were found.

The complexes were related to each other by two-fold symmetry about

the crystallographic b axis. The resonance line positions were fitted
to a spin Hamiltonian of rhombic symmetry. For blodite, the following
parameters were determined: g = 1.9993 (5), b2° = 334.0 (1.5),

b,? = 260.0 (1.5), b,° = 1.2 (.2), A=89.0 (1.0) and B = 86.4 (.5).
For newberyite, the parameters were: g = 1.9995 (5), bz° = 253.5 (1.5),
b22 = 252.0 (1.5), b4° = -0.79 (.10), A= 89.7 (1.5) and B = 88.2 (1.5).
The values of bmn, A and B are in units of 10 ‘en”l The possible
sighificance of tﬁé size of the A and B hyperfine parameters is
discussed. The EPR results for newberyite are compared to those
obtained for struvite, which is a mineral that can decompose into
newberyite. In addition, the optical absorption of %" in blodite was
studied at room temperature. The line positions were fitted to crystal

field matrices of interaction and the crystal field parameters.determined.
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Chapter I

Introduction

The effect of a crystalline environment on the energy levels
of a paramagnetic ion can be studied by employing the techniques of
~ electron paramagnetic resonance (EPR) and optical absorption. EPR
gives an accurate description of the ground state of fhe ion while
optical absorption gives information about the higher energy levels.
The study is of particular interést for the case of Mn2+ impurities
since the divalent manganese ion is found quite frequently in many
naturalbminerals. Hence, by obtaining data for Mn2+ impurities in
different crystals;one is'able to correlate the results and to
ascertain some aspects of the behaviour of the minerals. The manganese
impurities often exist in érystal sites which are coordinated by
distorted octahedrons of negatively charged ions. These ions interact
with the paramagnetic impurity and cause the energy levels of the

impurity to split.

While‘many EPR and optical absorption studies have been
reborted for Mn®* jons coordinated by ligands of 6.0%" or by 6.H,0,

we have studiéd the manganese ions coordinated by mixed ligands of




oxygens and waters. The natural minerals studied are blodite,
Z(NazMg(SO4)2.4H20) and newberyite, 8(MgHP04.3H20). These crysfals
have Mn2* impurities on sites with coordinated ligands of (20%~ + 4H,0)
and (302' + 3H,0), respectively. EPR studies were performed on both

of the crystals, but only blodite was of sufficient quality to permit

optical absorption studies.

The Mn2+ free ion has a ground state described by Sds, 685/2,
and so this state is six-fold degenerate with respect to the magnetic
ﬁuantum number M., with values of M, = £5/2, £3/2, *1/2. In an
octahedral crystalline electric field the ground state is described
by the term (tzg)s(eg)z. 6A1g. The upper levels are either quartets
or doublets. The effect of fhe crystalline electric field is to remove
the degeneracy either wholly or in part. This effect, commonly known

as zero field splitting, is present in all experiments published to

date.

To theoretically calculate the zero field splitting the energies
of the higher quartets must be found b} optical methods. However;.
optical absorption siganals due to a 3d5 electron configuration are
weak since they are both spin forbidden and direct electric dipole

forbidden (Burnsl). They are spin forbidden because the ground state




is a sextet and the higher energy levels are either quartets or
doublets. But, by various small interactions, such as spin-orbit
coupling, the states become mixed and the spin forbidden condition
is relaxed. They are direct electric dipole forbidden because all
the energy levels are of even parity, and an electric dipole
transition requires a change of parity. But through vibronic effects,
Koide and Pryce2 have shown that electric dipole transitions can
occur with the excitation of one quantum (or an odd number) of an
odd vibration. Other possible mechanisms for transitions are
magnetic dipole, electric'quadruéole and ion-phonon interactions.
Koide and Pryce2 also point out the effects of covalency on the
optical spectra by considering the overlap of the eg orbitals of the

paramagnetic ion with the ligand ¢ orbitals.

'

Several studiés have been reported which attempt to correlate
bonding in the coordinated manganese complexes using the parameters
derived from EPR measurements. 0wen3 considered the influence of
covalent bonding on the paramagnetic resonance of the hydrated ion
group. Manganese has a (tzg)s(ég)2 configuration and, according tp
Owen, the tZg electrons form molecular w-bonds with the 2Pr electrons

of adjacent oxygen ions while the (eg}2 electrons form o-bonds with

the 2Po and 2s electrons of the oxygen ions. The effect of such
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bonding is similar to the effect produced by increasing the crystal

field strength (and hence the cubic field splitting).

An empirical relation exists (Van Wieringen4) between the
amount of covalent bonding and the magnitude of the hyperfine splitting.
The dependence is such that an increase in covalent bonding
corresponds to a decrease in the hyperfine splitting. Matumura5
plotted percent ionicity.against the hyperfine splitting parameter,
A, for various host lattices. It is possible to use his curve to
obtain an estimate of'the amount of covalency of Mn?‘+ in a particular
crystal. Further reports by Henning6 and Simanek and Muller7 have
been published relating the covalency, according to Pauling's8
‘definition, to the hyperfine splitting. Pauling's parameter is
based on the electronegativity property, which is the power of an
atom in a molecule to attract electrons to itself. Phillips9 pointed
out that fhere is no exact theory for bonding, and so Pauling's
definitions rest on some assumptions which make the results only
approximate. Nevertheless they do provide a useful method for
correlating the parameter A to the bonding at the paramagnetic site.
Phillips also showed that spin-orbit splittings may serve as a

measure of ionicity but the accuracy of such an approach is in doubt.




EPR measurements were obtained for blodite and newberyite
using a commercial X-band spectrometer operating at the 9.2 GHQ
microwave frequency range. All measurements were done at room
temperature. The resonance line positions in both crystals were
fitted to a spin Hamiltonian with rhombic symmetry. Using the values
of the constants found for the Hamiltonians, and with the aid of a
computer, it was possible to plot the energy levels as a function of
the externally applied magnetic field. The magnitudes of the hyper-
fine parameters obtained were used to correlate the covalencies of
~ the occupied sites in the two crystals with the types of ligands
surrounding the paramagnetic ion. The crystal field parameters were
calculated using the optical data and an estimate of the covalency
was again determined and discussed. The lack of precision in the
published theoretical predictions of S-state splifting did not allow
use of the optical data obtained to calculate the ground state
splitting. However, it was possible to do a point charge calculation
of the potential at the Mn2+ site in blodite since the positions of
the atoms in the unit cell of blodite are accurately known. From
such potential information, one can,caiculate an estimate of the-
zero field splitting parameters D and E using an appropriate

theoretical model and then compare these parameters to the values

obtained from the EPR calculations.




Chapter II

Crystallography

A. Blodite

Blodite (also called astrakhanite) has the formula
: . . . - A5
2(NazMg(SO4)2.4H20). It is monoclinic with space group Pgl/a = C2h'
The first notation indicates a primitive lattice with glide planes
parallel to (010) combined with screw diad axes parallel to the

crystallographic y axis.

Schoenflies' notation yields similar information, the 2 referring to
the two-fold rotation axis and the h to a horizontal plane of
symmetry perpendicular to this axis; the superscript 5 means it is the

fifth available monoclinic space group.

The crystallography of Zn-blodite, where Zn has replaced Mg,
has been done by Gigliolo. A refined X-ray study of blodite was
done by Rumanova and Malitskayall; these authors called the mineral

astrakhanite. The unit cell dimensions are given as a = 11.03,




(b)

Figure 1. Unit cell of blodite showing a) projection on the (010) plane,
and b) projection on the (100) plane, with the projection parallel

to c. Za and Zb represent the two choices for the orientation of a

+
Z magnetic axis of n2¥, i
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b= 8.14, ¢ = 5.49 R ana B = 100° 40'. ‘The unit cell is shown
in Figure 1, based on the data given by Rumanova and Malitskaya.
Figure 1 is similar to the one produced by Giglio but the atom
positions differ somewhat for astrakhanite. The Mn2+ ion substitutes
for Mg2+ in an octahedral environment of four water molecules and two
oxgyen . There are two magnesium sites per unit cell related by

two-fold symmetry about the b-axis.

B. Newberyite

Newberyite is an interesting mineral in that it is found in
both geological and biological deposits. In the first case, it is
found as a constituent of bat guano; and in the second case as a
constituent of urinary and bladder calculi. In all instances,
nevberyite has been found as a product of .the decomposition of
struvite (also called guanite). There is a possibility that newberyite
can form independently from struvite, but no evidence to this effect

has yet been found. It is informative in this work to discuss struvite

whenever newberyite is discussed since EPR data is available for

struvite.

Newberyite has the formula MgHPO4.3H20 and has eight molecules

per unit cell. It belongs to the orthorhombic ‘space group Pbca.




The symbols a, b and ¢ refer to glide planes and denote the direction
of the glide component. The crystal structure of newberyite has been
analyzed by Sutor12 and the cell dimensions are given as a = 10.215,

o
b = 10.681 and c = 10.014 A.

Struvite has the formula MgNH4PO4.6H20 with two molecules per
unit cell, and it may be related to newberyite by the following
chemical formu1a13:

MgNH4P04.6H20 = MgHPO4.3H20 + NH3 + 3H20

Struvite is also orthorhombic belonging to the space group Pmn21. The
two m's in this notation indicate mirror planes perpendicular to the
a and b crystallographic directions and 21 indicates a screw diad
perpendicular to the ¢ direction. The crystal structure of struvite

14,15

was determined by Whitaker and Jeffrey » and the cell dimensions

: o
are given as a = 6,941, b = 6.137 and ¢ = 11.199 A.

In both newberyite and struvite the paramagnetic ion an+
substitutes as an impurity in the magnesium sites. Both sites are
coordinated with atoms or molecules forming a distorted octahedron.
The Mn2+ ions in newberyite are surrounded by three oxygens and
three water molcules while in struvite by six water molecules. The

crystal structure of newberyite projected on the (010) plane is
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shown in Figure 2. The bonding picture of struvite is complicated

by the strong bonding of some of the manganese coordinated watérs

to other atoms in the unit cell. In both newberyite and struvite there
are two inequivalent magnesium sites in the unit cell. In Figure 2,
for newberyite, the sites are marked MgI and MgII' The magnesium

sites in newberyite are related by two-fold symmetry about the

crystallographic b direction.

C. Quality of the Crystals

The blodite crystals origin#ted from the Soda Lake region of
California. They were of good quality and had dimensions of about
1" x 1" x 3/8". A chip with dimensions of about (1/8")3 was used for
the EPR studies. Slices of approximate;y 1/16" thick were used for
optical absorption studies. The newberyite crystals originated from
the Skipton caves, Victoria, Australia. They were of fair quality
and had well-defined faces. A.typical crystal had dimensions of
5/16" x 1/4" x 3/16". While no EPR measurements were done on
struvite, an+ resonance lines were obéerved in this crystal. Th;s
crystal also originated from the Skipton caves. It was white and

had well-defined faces. The dimensions were approximately'(1/4")3.
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Chapter III

Theory

A. Crystal Field Theory

Crystal field theory rests on the assumption that the para-
magnetic ion resides in an electric field due to point charges or
point dipoles lying wholly outside the paramagnetic ion. The inter-
action energy between the neighbouring charges and the paramagnetic
ion is added to the Hamiltonian of the free ion in order to calculate
the new energy levels. The crystalline potential, or field, has the
symmefry of the neighbouring charges, and this symmetry fixes the

properties of the ionic energy states.

Mn2+ has a 3ds electron configuration. The d orbitals are

yz’ dxz’ d

designated by dxy’ d xz i yz , and dzz, and each orbital
has four lobes at right angles. The d 2 orbital is a combination
2 .
of two other orbitals d 2 2 and d 2 216. The sign of the
2" -y 2" - x

wave function for lobes in opposite quadrants is identical but

opposite to that of lobes in adjacent quadrants. The five d orbitals
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are divided into two groups on the basis of their angular distributions.

Three of the orbitals, dxy’ dyz and dxz’ have lobes projecting'

between the cartesian axes, and they are denoted by group theory as

t, . In this notation t refers to the three-fold degeneracy, the

2g
subscript 2 indicates that the wave function does not change sign on
rotation about the axes diagonal to the cartesian axes, and the sub-
script g refers to the fact that the wave function does not change
sign upon inversion (even parity! symmetric wave functions). The
two other orbitals, d 2. 2 and d 29 have lobes directed along the
cartesian axes. Theyxare gesignat:d eg, where e stands for two-fold
degeneracy. In an octahedral crystal field, the two groups are split
by an amount 10 Dq, where Dq is defined as the constant in the cubic

field potential. This'information is summarized in Figure 3 (Pratt

and Coe1h017).

. ) + .
The free ion states of an include a ground state sextet,

4. 4, 4

6S, and nearest to it are several upper quartet levels, G, P, D

and 4F. The energy values for the quartets are.usually given in

18

terms of Racah parameters B and C*~. The parameters B and C represent

the electrostatic interactions between the d-electrons. They are
defined by Racah as B = Fz - SF4 and C = 35F4, where the F's are the

Slater integralslg. The definitions for B and C are more convenient
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Figure 3. Splitting of the d-orbitals by a cubic crystals fiéld (taken
from Pratt and Coelhb17). '
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to use than are the Slater integrals because the coefficients of
these parameters are integers in the expressions for the energ&
levels arising from the an configuration. Table I gives the energy
of the quartets based on a value of zero for the ground state

(Heidt, Koster and Johnsonzo).

When the M’nz+ ion is placed in a crystal field, the potential
of this field splits the free ion states to produce various crystal
field states. In a pure octahedral environment, the ground state
is split into a four-fold level and a two-fold level. A reduction
of the field symmetry to orthorhombic. splits the ground state into
three doublets' known as Kramer's doublets. 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.

Low 2! described how this degeneracy is related to the invariance of

" the system under time reversal.

The upper quartet states are split by the crystal field to a
very much greater extent than is the ground state. Table II gives
the energy states of the ion which are derived from the free ion

states and their relative energies in a cubic crystal field.
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+
Table I: Electron Energies of Some States of the Mn2 Free Ion

State Energy in terms of
Racah parameters

% 0

4 108 + 5C
4p | 7B + 7C
4p ' ' 178 + 5¢

4e 228 + 7C
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Table II: Electronic Energy Levels of Mn2+ in a Crystalline Field

of Cubic Symmetry

Level of free ion Level of ion in field Energy
6 6
S Al g
4 4 4 _»
G Tlg < ng ‘
4 4 .
T2g <G ‘
4 4 i
E ~ TG :
g - ‘
4 A N 4G
lg
4 4 4
P T, g > P
4 4 4
4 .4
E. ~ D
g =
4 4 -4
F 2g ~ F
4 4
lg > F
4 > 4T

TZg ' . 1g
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The symbols used to describe the energy levels of the ion
produced in the crystal field are analogous to those used to déscribe
the d-orbitals: the superscript refers to the spin multiplicity, T
indicates three-fold spacial degeneracy, E indicates two-fold
degeneracy, and A indicates non-degeneracy. The subscripts 2 and g
have the same meaning as in the d-orbital group theory notation and
the subscript 1 refers to mirror planes parallel to a symmetry axis.
The three levels marked T, interact with each other as do the three

1g

levels marked T., and the two marked E . The levels 4A and 4A
2g g 1g 2

g ;
do not interact with any of the other levels or each other. The ;
values of the new energy levels, E, are obtained by calculating the
interaction between levels of the same symmetry in the presence of

the octahedral field. Interaction matrices can be constructed and

the energies E found from the roots of the secular determinant.

These matrices have been given by Tanabe and Sugano22 and are given

here for the levels with Tlg’ ng, and Eg symmetries:

-10Dq + 10B + 6C - E  -3V2 B. c
‘r  Cp, %R, 46) -3/2 B 19B + 7C - E -3/2B =0
c -3/2B  10Dq + 10B + 6C - E

eees(1)
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-10Dq + 18B + 6C - E /6 B 4B + C
4T2g(4F, 4G, 4D) /6 B 13B + 5C - E -/6'B =0
4B + C -v6 B 10Dq + 18B *+ 6C - E
2 0 00 (2)
13B + 5C - E -2/3 B !
% %, Yo -0 1
g : -2/3B - 14B + 5C - E i
ceee(3)
The levels 6A 4A 4A and 4E do not depend on the
1g> “1g* “2g g

strength of the crystal field, Dq; mathematically, they have no matrix
elements within themselves nor between 6ther multiplets and themselves.
The Racah parameters B and C can be found from the roots of equation
(3), which are 10B + Sé and 17B + 5C. It can be noted that the

lowest 4E level is accidently degenerate with the 4A1g level.

Equations (1), (2) and (3) represent the so-called strong field

scheme in that the crystal field acting on each electron is considered
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to be of cubic symmetry. This neglects non-cubic components of the
field and also the spin-dependent forces which tend to further lift
the degeneracy of the levels. The effect of spin-orbit and spin-spin

interactions is to cause splitting of the order of 102 to 101 cm-1

, but
these effects will not be considered here. However, we shall take into
account the effects of covalency after the scheme of Koide and Prycez.

They considered only the bonding of the eg d-orbitals to o ligands orbitals
and defined a covalency parameter e such that the amplitude of each eg
eigenfunction is diminished by the factor (1 - e)i. Stout23 added the
first order effect due to covaleﬂcy to the strong field matrices of

Tanabe and Sugano and obtained the matrices as given in Table III. The
parameters Bo and Co are the Racah parameters for the free Mn2+ ion.
They may be determined frbm the relation that IOB° + SCo n 27,000 cm'1
for the free Mn2+ ion, and also the constraint that the ratio Co/Bo be
equal to the ratio C/B for the Racah parameters in the crystalline
environment. Only half the matrix elements are listed since the
matrices are symmetric. The factor 10Dq' in equations (7) and (8) is
equal to 10Dq.- 4Abe, where Ab is another Racah ‘parameter. The fitting
of equations (1) through (8) tb the experimental data allows one to

»

estimate C, B, Co’ Bo’ €, 10Dq' and 10D g




Table III:
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Energy Matrices in the Strong Field Representation

including the Effects of Covalency

4

4
A, ('6) .

- +
IOB° 4'SCO e(lOBo SCO)

4

L
26C'P)

+ - +
.228° 7Co E(SSBO 11Co)

4. 4
E
g

p, ‘o)

eeee(4)

eess(5)

4
13B° 5Co

- (4B, * 2C,)

2/3B - ¢ 2/3 B
(o] [+]

... (6)

4
Tlg

14B_ +5C, - €(22B, + 7C )

4

4, 4
(P, F, G)

108o

- '
+6C, - 10D

- e(lSBg;+ Cgl

3v/2 B, - e(3v2/2) B,

C - ¢C

198o + 7C° - e(4B° +2C°)

+ +
108, + 6C,* 10Dq'

- e(10C)

cees(7)
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Table III: Energy Matrices in the Strong Field Representation
including the Effects of Covalency

--con't.

4

4 4. 4
ng (F, G, D)

- - +
188 + 6C_ - 10Dq' Y6 B, - €(/6/2) B, 4B + C

- €(26B, * C) - €(4B, + C))

+ - +
133o 5Co €(4Bo 2Co)

+ 6C + !
188 + 6C_+ 10Dq

- 5(880 - 10C°)

eeee(8)
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B. EPR Theory

a) Zeeman Interaction

An external magnetic field will interact with any unpaired
electron by virtue of the electron orbital and spin magnetic moments.

The moments for a valence electron are:

<> e >
Mo = oo P.Q, s Where P.Q, = HYe(e+ 1)

and

=¥
1

->
2 —= P, where P, = A /5(s +1) .

s - 2me

In these formulae, the orbital magnetic moment, 3&, and the
spin magnetic moment, 3;, are defined in terms of the orbital angular
momentum, ;z’ and the spin angular momentum, ;s’ respectively. The
other quantities are e for the electron charge, m the electron mass,
and ¢ the velocity of light. In iron group elements, the electrons
have their spin and orbital parts coupled by what is known as
Russell-Sanders coupling. In this case, total angular momentum is

defined as the vector sum of the orbital and spin angular momenta.

The magnetic moment of the coupled system is defined as:

> e > > ‘s
A Pj , where Pj = AV i(G + 1)

where g is the spectroscopic splitting factor.
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If the electron spin were absolutely free and had no coupling to any
orbital motion, the g-factor would equal the Landé g-factor for a

free electron which is 2 (or, more ekéctly, 2.0023 with the relativistic
correction). In practice the g-value varies slightly from this value
for iron group elements. The orbital part of the magnetic moment is
dependent on the crystal field and thus its magnitude is different for
different orientations of the magnetic field H, and shows an angular

variation which has the symmetry of the crystal field.

The interaction energy of the total magnetic moment ﬁs for

several unpaired electrons with the external magnetic field is:

e— e H - -> >
Zeeman - 4 °
e > >
e + >
.:- g zmc nJ . H oo..(g)
The quantity B8 = eh is the Bohr magneton and so equation (9) can
2me '
be written as:
. +> >
H g8 J.H ....(10)
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This interaction gives rise to the fine structure of the EPR
spectrum. There is also a direct interaction between the magnétic
field and the nuclear magnetic moment but its magnitude is very
small compared with the electronic interaction. ;The Zeeman inter-
action for Mn2+ results in five electronic envrgy levels being

observed.

b) Hyperfine Structure

Since divalent mangahese has an S ground state, one would not
expect to observe any hyperfine structure. But all the spectra of
manganese exhibit a very large hyperfine splitting. It has been
supposed by Abragam and Pryce24 that such splitting Qould result from
an intefaction between configurations of the type 3s 3d" 4s and the

3d" ground state; only a relatively small admixture would be necessary

to account for the observed splitting.

The unpaired s electrons contribute to the hyperfine splitting

| through the Fermi contact term given by:
[ _ T 8_1[ 3> >
Byp = 2v8 8 i = §(xr,) .skif ) .ee.(11)

where G(rk) is the Dirac é§ function, y is the nuclear gryomagnetic
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ratio, B is the Bohr magneton, Bn is the nuclear magneton, T is
the distance between the nucleus and the k'th unpaired s electron,

and the summation is over the electrons.

In addition to this; Simanek and Muller’ said that the origin
of the manganese hyﬁerfine splitting is due to exchange polarization
of the inner 1ls, 2s and 3s orbitals. This exchange interaction sets
up an attractive potential between electrons of parallél spin of the
3d and inner shell cores resulting in a net antiparallel polarization
at the nucleus. The degree of éxchange polarization is proportional

to the 3d sbin of the atom and therefore reflects 3d convalency.

The dipole-dipolé interaction between the nucleus and the
orbital motion of the electrons will in general also contribute to the
hyperfine splitting. In the case of S-state ions, however, the matrix

‘of this interaction is traceless and so the effect will average out

to zero.

It is also realized that the hyperfine coupling is slightly
‘temferature dependent because of fhonon motion contributions.
Orbach and Simanek25 have calculated zero-point phonon coniripution

to the hyperfine splitting of Mn2+ in MgO and SrO with a cubic
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crystalline environment and have shown it to be 0.97% and 1.70%,

respectively, for these hosts.

The-magnetic field produced at the nucleus due to the contact
term quantizes the nuclear magnetic moment into 2I + 1 different
orientations. Since-Mn2+ has a nuclear spin of 5/2, the resulting
perturbation of the electronic system of the ion splits eacﬁ of the
five electronic energy levels into 2I + 1 = 6 lines. These six
lines are in general unequally spaced and the spacing can be predicted

from perturbation theory involving the second order approximation.

It is apﬁarent that the hyperfine interaction involves
electrons and hence its magnitude would be dependent on the electron
density near the nucleus. This density is to an extent controlled
by the bonding of the paramagnetic ion to the ligands and thus one
might expect a relationsﬁip between the magnitude of the hyperfine
splitting and the covaleﬁcy, or ionicity, of the bond between the ion
and the surrounding ligands. An appfoximaxe linear relation between
the hyperfine splitting and amount of covalency (or ionicity) haé,been
reporﬁed by'MatumuraS, Henning6, and Simanek‘and Muller7. The

bonding parameter is based on Pauling's8 definition of electro-

negativity. The empirical plots indicate that there is an increase
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in hyperfine splitting when the covalency decreases7 This is
explained by the fact that the electrons sbend more time near the
paramagnetic ion than near the ligands for the condition of low
covalency. This increases the interaction betwgpn the ion electrons
and the nucleus and gives a corresponding increase to the hyperfine

sblitting.

c) The Spin Hamiltonian

If it was necessary‘to mathematically take into account all
the interactions which affect the ground state of the paramagnetic
ion when describing EPR spectra, the resulting Hamiltonian would be
very complicated. Included would be the Coulomb interaction, the
crystal field interaction, spin-orbit coupling, spin-spin inter-
actions, and various magnetic interactions. Fortunately, the EPR
spectra can be described by a simplified Hamiltonian which accounts
for the ground state energy ievels between which EPR transitions
occur. The formulation is called the spin Hamiltonian method. It
was initially introduced by Pryce26, and Abragam and Pryce24. These
- authors first transformed the various terms in the general
Hamiltonian to a form involving appropriate angular momentum

operators J, L and S. The ground state was then described by an

effective electron spin S'. Hence, the complicated behaviour of the
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lowest energy level of the baramagnetic ion could be described in a
relatively simble way involving a relatively few number of bara-
meters., Transitions between 2S' + 1 levels are observed in EPR
exberiments. The effective moment of the dipole with effective
spin S' is not given by the classical Landé g-factor but by a g-
factor which may differ considerably from it. In some cases, e.g8.,
in the'6SS/2 state, the fictitious spin is identical to the free
sbin ground state and therefore the g-value is close to the free
sﬁin g-value. Use of a particular spin Hamiltonian involves the
determination by EPR studies of the symmetry of the crystal field

which is operative.

The interaction terms describing the paramagnetic resonance
sfectra of Mn2+ in the spin Hamiltonian are as follows:

i) The Zeeman interaction. The Zeeman term given in
equation (10) can be written for the case of an orbital singlet for
measurements along the principal axis of the g tensor as

> >

BS.g.H

HZeeman

+ + '
ngSxHx BgySyHy BgZSZHZ
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ii) The hyperfine interaction. Following Abragam and
Pryce24, the hyberfine interaction given by equation (11) can be

written as

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

an orthorhombic crystalline electric field, we can write

H

H.F. = AIzSz + BIysy + CIxSx

iii) The crystalline electric field interaction. The spin

R s T T U

Hamiltonian for a crystalline electrib field of orthorhombic

symmetry is given by Vinokurov et 3127, as being

0.0 2 2 0.0
Hb;F. = 1/3 b2 02 + 1/3 b2 _02 + 1/60 b4 04
. 2 2 4 4
+ 1/60 b, 04. +1/60 b, 0,
The form of these operators is given by Orbachzs:
o _ 2

02 SSz - S(S+1)

- 2 2 2

0, = 12 (s° +5°)

0,° = :',ss;2 - [30s(s + 1) - 25] sz'2 - eSS+ 1) + 385 + 12
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' 2
042 =1/4 {[7s2 - ss+1) S1 (2 + s+ (s, +852)
A + - + -
[1s? - ss+1) -5}
4 _ 4 4
0, =1/2[ s +s] ]
where
S, = S +is
s = Sx - 1Sy

The matrix elements for these operators in various manifolds are

_given by Low21. The matrix elements of 02° and 04o are diagonal

while those of 022, 042 and 044 are off-diagonal. Their values in

the S =5/2 manifold are:

]
1
o

0,°:  (21/2 ] 0,° £1/2)
(£3/2 | 0,°] £3/2) = -2

( £5/2 | 02°| 'ts'/z) = 10

V2

0.2  (=x3/2 | 0, 1/2)

(572 | oézl +1/2) = /10




0,°:  (x£1/2 [0,°] :1/2) = 120
(£3/2 [0,°] :3/2) = -180
(£5/2 ]0,°| 15/2) = 60
0% (32 [0% z1/2) = -15,2
4 * 4 =
(1572 [0,%] :1/2) = 9/10
o s (s5/2 [0% 72 = 120

d) EPR Transitions for Mn2+ in Blodite and Newberyite

The combined spin Hamiltonian for Zeeman, crystal field and

hyperfine interactions is

0.0 2. 2
= + + + :
H Bg, S, H BgySyHy Bg,S,H, 1/3 b, 0,” +1/3b,°0,

0.0, : 2 .2 4 4
+ + + :
| 1/60 b4 04 1/60 b4 O4 _1/60 b4 O4 + AIz$z + BIySy

+ CIxSx .

The matrix elements of the above Hamiltonian, when the magnetic field

is along the z axis, are given in the appendix. The matrix is
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diagonalized to the second order of perturbation theory to obtain the

energy eigenvalues. Using the selection rules; AMs = *], AmI =0,
for allowed transitions, the magnetic field positions of the hyperfine

-

lines along the z-axis are then given by:

2.2 -
H = H 74.°3:4°+2 bz )
5,1 = ToT 2 Ty Ty 9
( #5/2, m =+ +3/2, m) °
2,2 bz 2 !
1 &) 2 by |
- - |
20 . 4 H ;
o] (o] !
02 L A2 i
- Ap. - B *C [I(I+ 1) - m?] !
4H i
e (12) i
H, - H'%°+%°-§-%%2
'4,2 ot %2 =% 5
: [o]
( £3/2, m + +1/2, m) ' 2,2 4.2 2.2
> ’ -9—. (‘b4) ) 1_ (b4) ) b2b4
80 20
H . H 2H
2, 2 '
-am-BEC [I(I+1)-m2];:—c-'m.
4H° . (4}

t;ff(13)
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2.2 2.2 .
g 1,7 q B,
Hs - HO - '9— + 17.—

" H H
(1/2, m + -1/2, m) 2. 3 o °

2b.% b 2., .2

+ 2 4 - Am - B *C
H, _4H

[I(I+1) - n?]

-e.-(14)

The magnetic field ﬁositions for the EPR lines along the x
and y-axes can be obtained by using the transformations of Vinokurov27 et.al.

as listed in Table IV. The value of A is obtained by taking the

i
|
;
!
!
i
i
!

average of the hyperfine line spacings along the z-axis; parameters

B and C are similarly obtained for the y and x-axes.:

Knowing A, B, :and C, and choosing transitions with a known m,

equations (12), (13) and (14) can then be used to evaluate the

g-values and the parameters b2°, bzz, and b4°. The values obtained for

b42 and b44 cannot be considered precise as they only have a small
effect when employing second-order perturbation theory for measurements

along the magnetic axis.
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Table IV: Relationship between the Parameters of the Spin Hamiltonian

for different orientations of the magnetic field H.

Hlz H || HTY
b,° -1/20,° - b,%) -1/2,° + b,?)
b,? 1/2(3b,° + b,%) 123, - b,%)
b,° 1/8(3b,° - b42 + b44) 1/8(3,° + b42 + b44)
b2 -1/208,° - b7 - b,Y) -1/2(,° * by = by
b, 1/8(3S.b 40 + 7 42 +b,4 1{3(35b4° - 7b42 +b,")
A B c
B A A

T TR e AT WA S
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e) S-state Zero Field Splitting-;-

Zero field sblitting is observed for the ground S-staté which
has zero orbital angular momentum and should not be directly affected
by any crystalline electric field or by spin-orbit coupling interactions.
Group-theoretical calculations by Bethe29 indicate that in a crystal
field of predominantly cubic symmetry the six-fold level will be split
into one four-fold degenerate level and one two-fold degenerate level.
The deviations from cubic symmetry cause a further splitting of the
four-fold level into two two-fold degenerate levels. Hence, there
exists three two-fold degenerafé levels for the ground state zero
field splitting.' The mechanism by which such a splitting can occur
has been discussed in many pépers, but as yet no completely satisfying

theory has been developed.

Van Vleck and Penney30 supposed that the S-state was not pure,
but had a small admixture of higher multiplets and configurations.
Thus it could be split through higher order effects of the.

crystalline electric field, V, and spin-orbit coupling, WLS’

Abragam and Pryce24 suggested a mechanism; of second order, which

might be responsible for the splittirg of the 685/2 level, involving

the spin-spin interaction, "és’ between the 3d5 electrons of the

NIRRT ey
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paramagnetic ionf The mechanism whereby such sﬁlitting takes place can
be dgscribed‘as follows. In each of tﬂe substates Ms = t5/2, *3/2,
t172; which corresbond to the various orientations of the total spin S,
the spins of the individual 3d5 electrons are also differently
oriented. The diﬁole-dibole interaction between spin magnetic moments
of the electrons debends 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 cubic symmetry,
the resultant energy is independent of orientation, and this

mechanism would be in0perative.' But if the symmetry is lowered,

the different Ms levels will not longer have the same energy.'
Reversing all the spins does not alter the magnetic interacticn so

the states st and -Ms remain degenerate and the Hamiltonian can be
written as the sum of the squares of the spin components Sx, Sy, and
Sz' This is a lower order interaction than that of Van Vleck and
Penney, and may dominate it. The results from both arguments do not,"

however,satisfactorily account for the observed splitting.

The first detailed analysis of the ground state splittiﬁg

was done by Watanabe>'. He examined the effect of the higher order

multiplets in perturbing the ground state. He maintained that the

crystal field potential affected the ground state in even powers only

BUREE N 3 35 25 1 3N S - T SRR
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and, in fact, for any configurafion just half-filled with electrons,
there exists no effect of odd powers with regard to any of the
bhysical quantities of the electron; There are also, however,
configurations of other types allowed, such as 3&445, and these can
involve the potential V to the first power. The magnitude of this
effect is very small because of the extremely large energy separation
between states of such a configuration and the ground stétef
Watanabe goes on to calculate the combined effects of V, W, g and Wes
on the ground staté sﬁlittipg considering processes of order as high
as six. But the anaiysis is not in complete agreement with the

experimental data.

Gabriel, Johnston, and Powell32 then proceeded to criticize
Watanabe's results and they performed another detailed analysis

including contributions from odd powers of the potential.

- Watanabe was further criticized by Leushin33 for his g-value
results. If the ground state was a pure S-staée, it would have a
g-value equal to that of the free épin (2.0023). Experimental data
indicates otherwise and Watanabe attempted to accéunt for Fhis by

considering the admixture of 4P-derived wave functions to be ground

AT AT RS TR RS
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state through WLS' He obtained an ekﬁresSion for g giving a
negative departure from the'free'Sbin value:' The results were
obtained in an abproiimation involving the intermediate crystal
fieldf On tﬁe other hand, Leushin considered the crystal field on
the ions to be of the same order of magnitude as the electrostatic
interaction of their electrons, and he found not only the 4P states
but also 4F and 4G states are admixed to the 685/2 state. This, he
suggested, would also permit a positive departure for g as is found

. 3+ . .
in Fe3 , which also has a 3d5 electron configuration, and therefore a

6
Ss/2

departure and attributed it to covalent bonding.

TITITIC T

ground state. Watanabe34 also developed a theory of positive

AFTSIFITILT

Another mechanism which has been proposed to explain the

S-state splitting involves relativistic effects. Van Heuvelen>® ' é

discusses the crystal field splitting for Mn2+ in tetragonal and

cubic environments based on the theory of Wybourne36. His calculations
give a-tetrégonél splitting which is one-half the observed value but
does have the correct sign. The theory also p;edicts a cubic field
splitting which is only of second order but is smaller by as much-as a_

factor of one hundred than is observed for Mn2+..
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Blume and Orbach®’ considered the axial field splitting of
S-state ions in a deformed cubic host. They broﬁosed a mechanism
involving the sfin-orbit admiituré of the excited 4P state into the-
~ ground 6S state and the first-order matrix element of the axial and
rhombic fields. Normally such terms would vanish but in this case

a nonzero result is obtained because of mixing of the excited

quartet states by the cubic crystalline field.

An attempt to correlate some of the more important contributions

LR Y GV Y Nauneesanatiny

to the zero field splitting has been made by Sharma, Das and Orbachss.

They constructed models based on a boint-multipole scheme and a

L AFANIFLNAL A

covalency and overlap scheme. We shall use the point-multipole model

here and attempt to compute the theoretical zero field splitting for

Mn" in blodite. The splitting is calculated in terms of the

parameters D and E which represent the axial and rhombic distortions
of the crystal field respectively. These parameters are related to

the coeffici_ents'bmn in the operator equivalent form of the crystal-

line potential in that D = bzo and E = 1/3 bzz.

The first mechanism to consider is that of Watanabe. The i

contribution to the axial field splitting from this mechanism is
1 ';2 <r2>'2 0.2
Dw = - %‘ ) (Bz ‘

4 ps
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where z is the one-electron spin-orbit coupling constant and taken

1 2 2 9

to be 300 cm , <r°> = 1.5482 a © (a = 5.292 x 10 cm), Ans

and APS are the energy differences between the free ion 4D and

6 4 6 0

S states,resfectively.' The parameter B2
38 a)

S states and the P and

is defined according to Sharma et al as a coefficient in the

spherical harmonic form of the axial field potential. All contri-
butions to D and E which will be considered will be expressed in
terms of these an coefficients. These coefficients are not the

same as the bmn coefficients though they can be related to them.

In a cubic field, there is an additional contribution to D

through the Watanabe mechanism. This is because the 4 state will

not be pure but will contain admixtures from the 4F and 6G states.

Thus, we get

2 " -
R 2.2 .. 0.2 4, (2
Dic = - 70 Bs X7 (B, )° | P+ 2Pl
) ?...(16)
where
3 .
P = z o 2 /A

ac  jel 1 i

L ARVREUY AN
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and

aiBi /Ai

-
]
n M .

af

i=1

-

The a,, B;, and A, are listed in Table V for 10Dq = 10,000 cm”

4

and ADS is the energy seﬁaration between the D and 6S states.

4

The as, Bi express the degree of admixture of the 4P and F

states in forming the crystal field states, which are separated from
the 6S state by 4;. Although the 4; values should be taken from the
experimental data for a particular crystal, we will use the values
in Table V from Sharma et a138 rather than have to recalculate the
admixture factors. It turns out, in anticipation of the optical
results, that such a choice is not unreasonable. Upon putting the

appropriate values of the constants into equation (16), we find

~ 2
Dy * -1.7417 (32°) | oo (7).

where B, ° is expressed in the units e2/2a°3 and D in cm”t, 1In

2 WC
general, the coefficients an will be expressed in the natural

units of e2/2aom 1 and the contributions to D and E in wavenumbers.

1

’

AN HBNY HEmavaNT
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Values of @, Bi’ Yso and Ai for the Mn2+'ion.

at 10Dq = 10,000 cm™l.

ul Bi
00637 -00135
0.751 0.334

0.176 -0.933

-

Y. A, (em™ D
i i 6
measured from S
0.759 18,546
-0.570 36,001
-0.314 45,138

LAV AIRITT BRIV
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The nekt mechanism considered is that of Blume and Orbach.

This yields -
D, = (8,°" [/5/36] <«*> [P (22 - -P )]
BO 4 oy ao aB
s o0 0 (18)
and '
By, = -B,2 (/2/6) <x"s[;°P (2P -P )]  ....(19)
BO 4 : ay oo af :
where <r4> = 5.5126 ao4 for Mn2+ and
3

where Y3 is the admixture factor for the 4G level. The values

e MV&QI'\ 2HINEN T

necessary to calculate Pay are found in Table V. The coefficient

(B4°)' represents the unbalanced axial field and the coefficient B42
}
represents the four-order rhombic field. Equations (18) and (19)

reduce to

Dy, = 4.3404 (B4°)' | cer (20)
and

Byy = -16.47275 3,5 ... (21)

There is also a contribution due to configurational mixing,
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known as the Orbach, Das and Sharma mechanism. Calculations show

it to be
- 0.2 )
DODS = 2.1044 (82 ) .f.,(22)
There is no contribution to E because it is found that such a
contribution is about equal, though opposite in sign, to a contri-

bution to E from the Watanabe mechanism. Thus, both are neglected

as they would cancel each other out.

j

The last mechanism to consider is the spin-spin mechanism ;

of Pryce. This gives _ ;
Dgg = -0.07306 B’ e (23) g

and :
Egg = -0.09269 B’ _ e

In order to evaluate the various contributions to D and E, the
coefficients an must be computed. Consider external point charges :{

qj|e| situated at (Rj’ gj, ¢j) with respect to an origin taken at the

site of the paramagnetic ion, then we get:

o 2 3
= , - . eoos (25
B, ? a; (3 cos 53 1)/RJ (25)
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2 . 2. 3
B = J/3/2 ¢ . sin” £. cos 2¢./R. N ¢4
2. : 95 EJ @J/J . .. (26)
-2 ' . 2 2 ' 5
B = 1/2/10 . (s . I JR.
4 / ;: qJ (sin E;J) (7 cos gJ 1) cos 2¢J,RJ
vee.(27)
N 4, 2 5
(B4 )c = 1/4 ? qj (35 cos gj‘ 30 cos Ej + 3)/Rj
00'00(28) }z
d
4 $-35.1 4 4 5 :
- i z o . AL
(84 )c = (32) 3 qj sin Ej cos <bJ./Rj .eee(29) 2.
) -
o -4 4
o = B/BY, .. (30) :
o _ T 4 _ 2 S ”
(B4 )nc = 1/4 3 q; (35 cos ‘Ej 30 cos gj + 3)/Rj . fﬁ
veen(31)
(B 4) = 1/8/ 70 E q. sin? E. COS 40 /R eee.(32)
4 “nc j ] J J ] ,
@B - 8" - (33)
4 4 ‘nc 4 ‘nc . treT

where ¢ stands for the cubic environment and nc designates the non-

cubic environment. If, in blodite, we consider the thirty nearest
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lattice points to the an+ site assuming two units of positive
charge on the Mn2+ and two units of negative charge on all the
lattice points, we can evaluate the crystal field botential combonents
an; The values are listed in Table VI. .

Using the values of an in equations (15), (17), (20}, (21),
(22), (23), and (24), we can combute the various contributions to D
and E. These are listed in Table VII. We have anticipated the EPR
results and listed the expefimental values for D and E. The agree-
ment is not accurate, as would be expected from some of the
assumptions we have made. The fheoretical value for E is considerably
closer to its experimental value than that for D. This could be in
part due to the imprecision in the value of Bzo as compared to the
value of B42, which contributes greatly to E. B42 converges much
more rapidly that-Bzo. More elaborate lattice summation schemes

need to be used to obtain the best values for the an.

In any case, we can see the relative magnitudes of the various
contributions to D and E from different mechanisms. The sign of D
for its expérimental value is not known and the theory would lead us

to believe that it should be negative.

p—
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Table VI: Crystal Field Potential Comﬁonents an
(in units of e2/2aom + 1)
B,° : 0.09622
2 '
B2 _ 0.12680
o2
B4 -0.00126

(8,”)" -0.00189

o AMWEGET MAHNYR
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_Table VII: Contributions to D and E from various mechanisms

Gn 10 @}y

-124.

Dy
Dyc -161.
Dw -82.'
Dops 195. E
2
Dgg -71. &
.
E‘.
Epo 207. 3
3,
Egg -118.
TOTAL D THEORY -242.
TOTAL D EXP. (334, |
TOTAL E THEORY 90.

TOTAL E EXP. | 87.]
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Chapter IV

Equipment

The Spectrometer used was of commercial design and was
manufactured by Hilger and Watts Ltd. It employed an eight inch

Newport magnet. The spectrometer was operated at X-band (9.2 GHzZ)

and room temperature. A rectangular cavity operating in the TEO12

mode was used in the experiments. The magnetic field was modulated

at 100 kﬂz-

L AMUHSIT HRNYATT

A. Operating Principles of X-band Spectrometer

The microwave source, which is a reflex klystron, supplies
about 35 mW of power, the frequency of which was locked to a reference
cavity by means of an automatig frequency control (AFC) unit. The
power from the klystron is split equally by a hydrid-tee junction
into two side arms, one going to the sample cavity and the other carrying
. components which reflect back a reference wave, adjustable in phése
and amplitude. The two signals are balanced so that zero or low
power nceded to bias the crystals detector, is detected in the fourth

arm of the tee. The AFC unit operates such that a correction voltage
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pioportional to the frequency difference.between the reference
transmission cavity and the klystron is applied to the klystron,
locking it to one frequency. The block diagram of this section of
the spectrometer is shown in Figure 4. . |
‘The microwave signal then goes to a hybrid tee junction such
that the signal is split between the cavity containing the sémple and
a balance arm. When the magnet;c field is such that the resonance
condition is satisfied, the complex magnetic susceptibility of the
sample is altered. This causes the reflection coefficient of the
‘cavity to be altered and the hybrid tee bridge becomes unbalanced.
In actual practice, however, the bridge is set off-balance to begin
with since tﬁe best signal-toggégéé rafio for the crystal detector
is obtained by working higher up the slope of the crystal charac-
teristic. This preliminary unbalancing reflects back a small signal
so that when the EPR signal is obtained, the crystal is working at
the optimum slope of its characteristic. Also, if the bridge is
completely balanced at first, then one will detect changes in both
the real and imaginary parts of the complex susceptibility. By
off-balancing the bridge, one can distinguish between the components
suéh.that off?balancing in amplitude alone allows one to detect

the imaginary part of the susceptibility, a change in which gives
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rise to pure absorption, while off-balancing in phase allows one to
only detect the real part of the susceptibility, which signifies a

change’ in the dispersion.

The out-of-balance signal passes through a low-noise pre-
amplifier and a narrow band amplifier to a phase sensitive detector
(PSD). The PSD is also fed with a reference signal from the 100 kHz
oscillator. The 100 kHz oscillator also modulates the magnetic field.
The phase sensitive detection system works as follows. The reference
signal is used to lock a tuned amplifier to the signal frequency and phase
‘thereby permitting a narrow band pass and hence eliminating noise.

In the balanced mixer part of the PSD, the input of signal plus noise
beats against the reference signal. This mixing results in an output
signal described by the expression fo(t)_ = f£(t) cos §, where £(t)

is the input and 6 is the phase angle between the input and the
reference. Thus the output is maximum when the phase angle is zero
and minimum when it is 90°. When the signal and reference are in
phase, a large portion of the total noise will be removed by the
cosine factor. The output may now by filtered to smooth out additional
noise, and amplified in the D.C. amplifier if necessary. The
important point to note is that the output voltage of the PSD is

directly proportional to the amplitude of the input signal. If the

: Ltdr&.Eﬁ HINR T
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modulation amplitude is keptAsméllhenough so as not to distort the
output, then the output will be a true representation of the first

derivative of the absorption line.

The magnet produces fields up to 15 kg and the stability is
achieved by current regulation. The magnet sweep was fairly linear in

the experimental range.

The block diagram for the spectrometer is shown in Figure 5.

B. X-band cavity

The cavity (Figure 6) was a rectangular reflection type
operating in the TEO12 mode. Thé cavity had a Q-factor of abput

3,000. The sample was glued to a perspex pin and was positioned in

the cavity in a region of maximum miqrowave r.f. magnetic'field so
as to maximize the signal-to-noise ratio of the resonance signals.
‘This ratio is proportional to the square of the.r.f. field signal.
At the same time, the sample is placed in a position of minimum

electric field so as to minimize the dielectric power loss, which '

reduces the signal-to-noise ratio.

R
;
[
H

B
é{
14

1

e vyt e




a—-’a

AN
-~
sy

N\,
.
-

*
]
t
]
]
]
]
]
]
'
'
'

Figure 6. X-band cavity a) iris, b) modulationAcoil, c) sample,

d) perspex.pin e) lower pulley, f) string.
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Thgimagnetic field modulation was achieved by placing a half
turn of wire in the shape of a hairpin at the center of the cavity,
surrounding the crystal. The coil was connected to the 100 kHz. -
oscillator. The sample pin was fastened to a pulley arrangement
and so the sample could be rotated about a horizontal axis. The lower
pulley contained the shaft for the sample pin and the upper pulley

consisted of a calibrated dial so that the angle about the horizontal -

//

axis could be ascertainedf" Since the magnetic field could be rotated

about a vertical axis, this arrangement allowed one to point the 3
magnetié field in any direction in the crystal. The principal g
magnetic axes, which can be detgrmined by suitable adjustments of %‘
both angles, are defined as positions of maximum separation of the ﬁf

resonance lines. The axes are then plotted on a stereogram.

The sample is mounted in the cavity on a pin with a reference

mark. The reference mark allows one to relate the magnetic axes and

{.
[

the crystallographic axes. Thé sample can be transferred to an X-ray
goniometer‘to‘determine the positions of the crystallographic axes.
The cbrrelation between the two sets of axes can be done in a simple
an& unambigous way if the coordinate angles of the steoreogram are
éorrect]y labelled. The labelling is determined by the way in which

the crystal is aligned in the cavity and on the X-ray goniometer,

i ]
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by virtue of the alignment markings on the crystal pin. The process~

has been described by Manoogiansg.

C. Magnetic Field Measurements .

The magnetic field was measured by proton nuclear magnetic
resonance (NMR). The proton soﬁrce was a vial of water which was
doped with copper sulfate. The magnetic field was modulated at 60 Hz
for observation of the pfoton resonance, and the signal was monitored
on an osciiloscope, To affect thé monitoring, the horizontal input of
the oscilloscope was connected to a 60 Hz source and phase shifter.
The frequency at which proton resonance occurred was measured by a

frequency counter. The strength of the magnetic field is obtained

from the expression.
v (Miz2)

. -H (k gauss) = ——————
4,.25759

where v is the proton resonance, and the quantity 4.25759 is the

frequency for proton resomance in a 1 kgauss magnetic field.
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D. Optical Spectrometer

A block diagram of the optical equipment is shown in Figure 7.
The source is a tungsten filament. Light comes from the source
through a slit arrangement into a Bausch and Lomb monochromator.
The monochromator has an automatic drive for continuous change of
wavelength. The monochromator light emerges from the monochromator
and goes through another slit arrangement and into a black box. A
lens in the box focuses the light on the sample. The traﬁsmitted

light is detected in a 6255S phototube which is powered by a Keithley

o A AR AR

‘regulated high voltage supply. The output from the phototube is

recorded on a chart recorder. The resolution of the spectrometer is

F 723 A

o 0 .
about 10 A and the wavelength is accurate to about 25 A, both conditions
being well within the limits for observation of optical transitions of interest
here.

E. Optical Measurements

i

g.
1
1

With the sample in the black box, a recording is taken of the
transmitted intensity, I, as a function of wavelength. The experiment
is repeated without the sample to obtain a recording of the incident
intensity Io' The absorbance is calculated from the formula

I
A = log, —I-‘-’-
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A graph of absorbance versus wavelength is then plotted. The graph
may be redrawn to a straight base line by estimating an appropriate

exponential base line for the original absorbance spectrum. .
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Chafter'v

Experimental Procedure and Results

AT EPR of Blodite

Two identical, but differently oriented, magnetic complexes

of Mm2+ were found in blodite. The magnetic complexes exhibit .

VY PYRNY

rhombic symmetry, with the two z axes making an angle of 100° to each

other. The complexes are related by a two-fold symmetry about the

.
X
:
s
§
i

crystallographic b axis, but none of the magnetic axes are constrained
along the b direction. The angular relationship between the magnetic
and crystallographic axes are given in the stereogram of Figure 8.

From the stereogram , one can obtain the angles between the axes, and

‘these are given in Table VIII.

The magnetic a;es are defined when the five groups of six
hyperfine lines of manganese in a given complex show extrema in their
séparations as a function of the magnetic field strength. This océurs
when the external magnetic field is directed along the three perpen-

dicular axes of the crystal field tensor. The z axis is defined as
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01360’

Figure 8. Stereogram showing the relationship between the Mn2+ magnetic
axis and the crystalline axis for blodite. '




Table VIII:

Axes
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Angular Relationships between the Magnetic and

Crystallographic Axes of Mm2+ in Blodite (accuracy iz°)

a b c xz
50°
40°
92°

130° 40° 88° 80°
92° 85° 10°
4° . s0° 100°

170

88

85

170°

140

S5

80

100
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the direction of greatest separation of the hyperfine groups of lines.
The y axis is 90° to the z-axis and the groubs of linés have a

smaller separation in this direction. The x axis is mutually ferﬁen;
dicular to the y and z axes and the groufs show an even smaller
sebaration in this direction. A tyfical sfectrum obtained on a chart
recorder for the magnetic field along the z axis of one of the
complexes is given in Figure 9. The angular variation of the lines

for one compler, between the z and y magnetic axes, is given in

Figure 10. In Figure 9, one can see that the central groups of six
hyperfine lines is mixed with the lines of the other manganese complex,
andvhence there is some difficulty in obtaining accurate magnetic field
measurements for the central six lines. The mixture of lines of a
given complex also occurs when tﬂe magnetic field direction is displaced
from fhe mégnetic axes as shown in Figure 10. Hence, it was impossible
to identify the lines of a given complex when the magnet was displaced
from the z or y axes by more than 30°. fhis was further complicated by
the appearance of forbidden lines. As seen in Figure 9, forbidden
tr;nsitions appear with the second and fourth groups of hyperfine lines.
These fbrbidden lines grow in intensity when the magnetic field is
rotatgd from the magnetic axis. They show excellent resolution, but
unfortunately it is not feasible to study their angular variation in

intensity or position since the forbidden lines become mixed together
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Figure 10. Angular variation in position of an hyperfine lines in blodite
as magnet is rotated from a z to a y magnetic axis.
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in the two complexes near the y axis. This is because the y axis of

the two comblexes are only 10° abart.

Magnetic field measurements were made for allowed lines
along the z and y magnetic akes. No measurements could be made along
the i axis since the lines are all mixed together and the various
transitions cannot be distinguished. The magnetic field positions for

the lowest line of each hyperfine group are given in Table IX.

The results were fitted to a spin Hamiltonian of orthorhombic

symmetry. The spin Hamiltonian parameters were obtained from

AL BAdan & K4 shsunia

equations (12), (13) and (14) using the information in Table IX.

" These are listed in Table X. The matrix of the spin Hamiltonian was

constructed using the determined values of the parameters and then
dlagonallzed to give the energy levels as a function of magnetic field
strength. Energy level diagrams fbr the z, y, and predicted x magnetic
axes were drawn and are given in-Figures 11, 12, and 13. The transitions
for X-band are shown in.the diagrams for the centers of gravity of the
groups of hyperfine lines. The reason that no measurements could be
made along the x axis is shown by the closeness of the transitions'in

Figure 13. The complete energy level diagfam including the hyperfine

effects for a z direction at low field is shown in Figure 14.




Table IX: Magnetic Field Positions of the Lowest EPR Lines

for each of the Hyperfine Groups of Mn2+in Blodite

(in gauss) v = 9,57 GHz -
Z axis Y axis

1,740 . 1,833

2,453 2,446

3,162 3,042

3,881 ' " 3,682

4,631 4,364




4+
Table X: Spin Hamiltonian Parameters of %" in Blodite

Parameter
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Value

1.993 0.000S

334.0 + 1.5 x 10°% cn!

260.0 £ 1.5 x 10”4 cn}

-1

I+

1.2+ 0.2 x 1074 cm

1

89.0 + 1.0 x 10~% cn”

I+

86.4 + 0.5 x 10~% cm’}

3
b}
'
!
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ENERGY (kgauss)

!
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O 1 2 3 4 5
MAGNETIC FIELD (kgauss) ‘
Figure; 11. Energy‘ level diagrém of Mn2+ in blodite along a magnetic axis i
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, Figure 12.

1 2 3 4
MAGNETIC FIELD (kgauss)

Enervy level diagram of Mn2+ in blodite along a magnetic y axis.
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(kgauss )

ENERGY

p
_8_ '
3 cm.
- ’
| ] ] 1
0] 2 3 4
MAGNETIC FIELD (kgauss)

Figure 13. Energy level diagram of Mn2+'in blodite .along a magnetic x axis.
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B. EPR of Newberyite

+ . . . .
The results of Mhz in newberyite were obtained in an
. + . .
analogous way to those obtained for an in blodite. A typical
2+ . . s s s .
spectrum of Mn® in newberyite along a z magnetic axis is given in
Figure 15. For comparison purposes, we have given in Figure 16 a
chart recording of the spectral lines for a z magnetic axis of Mn2+

in struvite.

In'newberyite, two identical, but d{fférently oriented,
magnetic complexes of Mn2+ were found. The complexes exhibit rhombic
symmetry, with the two z axes making an angle of 120° fo each other,
The complexes are related to each other by two-fold symmetry with
respect to the crystallographic b axis. These results are given in
the stereogram of Figure 17. From the Stereogram we obtained the

angles between the axes, and these are given in Table XI.

Magnetic field measurements were made along the y and z magnetic
directions and, as in blodite, the x axis transitions were again too
close to séﬁarate and identify. The magnetic field'positioﬁs for the

lowest line of each hyﬁerfine group are given in Table XII.
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36d]
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Figure 17. Stereogram showing relationship between the anf magnetic axes

and the crystallographic axes for newberyite
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Table XI: Angular Relationships between the Magnetic and

Crystallographic axes of Mn2+ in Newberyite (accuracy +2%)

Axes - a ‘b c xz Y2 Z2
a : 48° 110° 13}:"
b 43° 62° 60°
c 95° 35° 125°
X, 132° 43° 8s° 86°

Y, 70° 62° 145° | i 124°

z 50° 60° 55° , 120°
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Table XII: Magnetic Field Positions of the lowest EPR lines

for each of the Hyperfine Groups of M92+ in Newberyite

. (in gauss) v = 9,27 GHz
Z axis Y axis

Hy 1995 2028

H, 2490 2518

H, 3027 3027 - .
;

H, 3508 3590

H 4187 4165




Table XIII:
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Spin Hamiltonian Parameters

and Struvite

Newberyite

e ——————

1.9995 = 0.0005

253.5 +
252.0 +
-0.79%

89.7 =

+

88.2

1.5 x 1074 cm

1.5 x 104 en

0.10 x 1074 e

1.5 x 1074 cm

1.5 x 10°4 cn

+
of an in Newberyite

-1

-1

-1

-1

-1

. Sfruvite39

2.0004

289.0 x 10°4 cm”?!

87.6 x 10™4 cm’!

2.9 x 1074 en!

88.3 x 10”4 cn’!

88.5 x 10~ cn”!

87.5 x 10°4 en”!
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Figure 18. Energy level diagram of Mn2+ in newberyite along a magnetic z axis
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‘The results were fitted to a sbin Hamiltonian of rhombic -
symmetry. The spin Hamiltonian parameters were obtained from equations
(21), (13), and (14). They are listed in Table XIII along with the .
barameters for struvite as determined by Vinokurov and Tukhvatullin4o.
Energy level diagrams were drawn for the z and y magnetic axes and
are'given as Figures 18 and 19. The centers of gravity of the

hyferfine groups of lines are also shown in the diagrams.

. Nama e et

C. Optical Absorption of Blodite

Using the apparatus shown in Figure 7, the optical absorption
spectrum of blodite was obtained. The sample used was about 1/16"
thick and it was ground and polished to produce a flat surface. The ;
slice was almost completely transparent except for miﬁor inciusions ;
of unknown origin or composition. The light was focused on an area

as free as possible from such inclusions. Upon obtaining the trans-

mitted and incident light recordings, the absorbance was calculated
and the spectrum drawn. It is reproduced in Figure 20, but redrawn to
an exponential baseline. The peaks of importance for d-d transitions

in Mn2+ are lettered from a to £. The remaining peaks are unidentified.
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The experiment was repeated and the peaks a to f apbeared as before
but some of the other beaks did not. Because of the bossibility of
dirt in the samble; some of these unassigned'beaks may be legitimate
transitions of the d-d type or possibly of some other tyﬁe. - One
reason for the relatively boor quality of the spectrum is that an+
is present only as an imburity and, as mentioned previously, line
intensities tend to be weak due to various forbidden transition
conditions for the 3d5 ion. The line positions of the a to f Mn2+
peaks are given in Table XIV. Thg notation used is the same as that

discussed in the theory section with the addition that when labelling

a crystal field state the parent free ion state is usually placed

behind it in brackets.

’ +
The choice of the peaks a to f for an was done with regard

4 1g4Eg(4G) is a

characteristic marking point, as mentioned by several authors. It is

+ cps
to previous an optical spectra. The transition to A

often very sharp or split into its two levels by a small amount. Thus

this transition was assigned to the peak marked c.

Using the eigenvalues obtained from equat{on (3) for the

two 4Eg levels, and the exberimental values 6f éeaks ¢ and e, one
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Table XIV: Optical Absorption Peaks of Mn2+ in Blodite

Label Transitions from the
6 6
Alg( S) state to

a 4T1g(4G)

b i1, (')

c *a gt o)
d *1,,C'D)

e o 4Eg(4D)

4 4
f . Tlg( P) .

Value

(cm™

18,520

22,730

26,000

28,990

30,300

32,520

)
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1

1 and € = 3,968 cm .

obtains values for the Racah barameters as B = 616 cm~
This is well within the range found by other authors and will be
discussed later. Using theSg values of B and C it is then bossible to
solve the equations (1) and (2) for the other energy levels as a
function of the crystal field sﬁlitting barameter 10Dq. These results
are shown in Figure 21. The dotted vertical line indicates the value
of 10Dq which gives the best fit to the exﬁerimentally observed

transitions. The comparison between theory and experiment is quite

good, expect for the 4Tlg(4P) level, as indicated in Table XV.

The value of 10Dq is accurate to 500 cm-l. To include the
effects of covalency, the following procedure was used. The values of :

B and C obtained previously give a C/B ratio of 6.44. Using this

ratio as being equal to Co/Bo’ and the fact that 1013o + 5Co ~ 27,000 cm-l,

computations give B = 640 cn! and C, = 4,120 em 2, Using these

values, and equations (4) and (6), we can compute the eigenvalues ;

corresponding to the 4A1g 4Eg (4G) level as a function of the covalency

parameter €. This is given in Figure 22. If we draw horizontal lines

on this graph corresponding to the energy peak c, which is actually a
doublet with energies 26,144 and 25,974 cm—l, we obtain a value for ¢
of approximately 0.04. This graﬁh helﬁs confirm the choice of ¢ as

the 4Alg 4E (4G) transition. Theory predicts a splitting of about ”
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Figure 21. Crystal field diagram of Mn

in blodite
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Table XV: Predicted and Observed Energy Level Values of

Mn2+ in Blodite

state predicted (cm-l) observed (cm-l)
(at Dg = 1000 cn™ 1)

4T1g(4G) 18,990 18,520
*1,,C'0) 22,360 22,730
4, 4 4

26,000
A B (') 26,000 | ,
4t p) 28,440 28,990

2g

*e, (‘0 30,310 30,300

4Tlg(4P) 37,120 32,520
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150 cn”! at an energy of 26,000 cm™! for ¢ = 0.039. Experimentally,
we find the sblitting to equal 170 Cm-I; Now; having obtained values
for Bo’ Co and e; we can solve equations (4) through (8) as a
function of 10Dq' and we obtain the results blottéd in Figure 23.

The best fit to exberiment now occurs at 10Dq' = 11,000 cm-l. The

Comparison between experimental and calculated line positions is

shown in Table XVI.

The fit is quite good except again for the 4-'Iflg-(41>-) levelf

Several authors have also noted this discrepancy in their studies of

Mn2t,
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Table XVI: Comparison of Calculated and Observed Line Positions

in the Optical Spectrum of Mn2+ in Blodite at

IODQ'=

11,000 cm”

observed (cm'l)

1 and

€

0.04

calculated (cm'l)

. e 18,520 18,570
1g
4T2g(4G) 22,?30 22,050
4A1g(4G) 25,970 25,930
4Eg(4G) 26,140 26,020
4T1g(4D) 28,990 29,000
4Eg(4D) 30,300 30,330
4T18(4pj 32,520 37,910
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Chaﬁter'VI

Conclusions -

A. EPR of Blodite and Newberyite '

In both blodite and newberyite, the EPR results are in accord

2+

with other Mn"  EPR studies done to date. The g-values exhibit a

negative departure from the free sbin value as predicted by Watanabe31

and found for several other manganeous compounds as listed in Table XVII.

Some of the compounds in Table XVII do not have isotropic

g-values and in those cases an average g-value has been listed.

The parameters b2°.and bz2 are a measure of the axial and
rhombic distortion of the paramagnetic ion site, and the calculations
for both blodite and newberyite indicate a strong rhombic distortion.
In newberyite the rhombic parameter b22 is approximately equal to ‘the
axial parameter b2°. In struvitg, the rhombic diéfortion is reported

as being smaller than béo .. —_— -
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Table XVII: Some G-Values for Mn2+ in various Compounds

Compound

Blodite
(NazMg(SO4)2.4HéO)

Neﬁberyite

(MgHPO, . 3H,0)

Struvite

(MgNH,PO, . 6H,0)

Manganese Fluosilicate
(Mn81F6.6H20)

Tutton Salt
(Mn(NH4)2(SO4)2.6H2)

Mg0
CaF

2

Morinite

(Ca4NazA14(F,0H)10(PO4)4

Monticellite

(MgCasi0,)

G-value (s)

Reference

1.9993
1.9995
2.0004
2.0000

1.9980
2.0015

2.0013
.3H20) 2.0015

1.9930

this work

this work

Vinokurov et.al.39

Bleaney and Abragam41

Bleaney and Abragam41

Low42

Low42

Manoogian and Hsu43

Danilov and Manoogian42
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Table XVII: Some G-Values for Mn2+ in various Compounds

Diopside

(CaMgSi,0,) 2.0016 * Vinokurov et.al.2?
Tremolite

. .45
(H2C32M35(5103)8) 1.9960 Manoogian
CaSo, 1.9960 Takeda®®
Brucite ] 47
(Mg(OH)z) 2.0003 Pieczonka et.al.
Zn(C10,),,.6H,0 1.9990 Fritz and Yarmus“o

"\
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. ' . .. +
It is not possible to tell which of the two Mn? magnetic
complexes belongs to the two inequivalent magnesium sites in the
crystals. In Figure 1, the two possible z axis directions are

indicated for blodite.

The magnitudes of the h&perfine splitting constants A and B
are a measure of the amount of covalent bonding between the bara-
magnetic ion and the surrounding ligands, as established by Van
Wieringen4, Henning6, Maturumas, and Simanek and Muller7. The

results indicate that an increase in the hyperfine splitting corres-

ponds to a decrease in covalency. The covalency of a complex is

defined by Pauling's8 covalency parameter ¢, and when this is
divided by the number of ligands n, we get the average covalency per
bond. Several plots of the hyperfine splitting versus the quantity

c/n have been produced5’6’7. For the purposes of this paper we will
7

use the monotonic part of Simanek and Muller's’ plot, which is

reprodﬁced as Figure 24. Table XVIII gives a list of hyperfine
parameters for Mn2+ in various environments. An average is made of

the values of A and B whenever available, because the graph in
Figurev24 is itself plotted through average valuesaof A for a particular

series of cryétals. The idea is to use Figure 24 to account for the

: . + )
variation in hyperfine parameters for Mn? in complicated systems
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Figure 24. Monotomic plot of the hyperfine interaction constant A of Mn2+ versus
the covalency parameter c divided into the number of ligand n

(taken from Simanek and Mu11eg7)

a - coordination of 602

b - coordination of 6H20 ,
¢ - coordinatian of 4H20.20
dj- coordination of 6F

e - coordination of 3H 0.302
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Comparison of hyperfine parameters for Mn2'

Table XVIII: in some
Crystals (in units of 10%cm™ly.
Crystal Coordinated A B - _lal+ 8] References
Ligands 2
Blodite 4H,0 , 20 89.0 86.4 87.7 this work
Newberyite 3H20 s 30 89,7 88.2 89.0 this work
Struvite 6H,0 88.3 88.5 88.1 Ref. 40
(C = 87.5)
Morinite 34,07 3F ? 91.8 93.2 92,5 Ref. 43
Tutton Salt 6H,0 91.9 - 91.1 Ref. 41
Fluosilicate 6H20 96.1 93.3 94.7 Ref. 41
Perchlorate 6H20 89.5 89.8 89.6 Ref. 48
Monticellite 602 79.9  79.9 79.9 Ref. 44
Diopside 603- & 78.9  78.9 78.9 Ref. 27
(2 sites) 80 85.4 85.7 85.5 ;
MgO 602 81.0 - 81.0 Ref. 42
CaF, 8F” 95.5 - 95.5 Ref. 42
Brucite 60H" 85.7 84.9 85.4 Ref. 47
Apatite ) 2" 49
(Cas(P04)3(F,C1,0H) 90 86.4 88.1 87.2 Vinokurov et.al.
Forsterite 2” 50
(MgZSiO4) 60 84.1 - 84.1 Chaletaine § Weeks
GASH 51
87.5 - 87.5 Milsch § Windsch

(C(NH,) ,A1(S0,),.6H,) 6H,0

s
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with coordinated ligands of mixed tybes‘such as in blodite and

newberyite.

For a coordination of 602- about Mn2+, we see a variation of
the hyﬁerfine parameter in Figure 24 with the type of crystal.
To obtain a value of (|A] + [B})/2 for a tyfical 2" - 60%" complex,
we averaged the values for monticellite, forsterite and MgO. This

4

gives a value of 81.7 x 10~ cm-l, which, from Figure 24, corresponds

to a covalency value of ¢/n = 11.2%. In a similar manner, an
average of the (|A| +|B]|)/2 values for tutton salt, fluosilicate,
struvite, GASH, and perchlorate gives a value of 90,1 x 1074 et for

the Mn2+ - 6H20 complex. From Figure 24, this gives a covalency of

C/n = 700%.

In the case of blodite, the manganese ion is coordinated by
four water molecules and two oxygens, and an average covalency may be
computed as (4 x 7.0 + 2 x 11.2)/6 = 8.4%. From Figure 24, this
corresponds to an average hyperfine parameter of 87.0 x 1074 cm-l,
which is close to the (A| + |[B|Y2 value found experimentally for M2t

in blodite, which is 87.7 x 10™% cm™l. In newberyite, the coordinated

ligands are three waters and three oxygens, and the computation gives
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an average covalency of (3 x 11.2 + 3 k 7.0)/6 = 9.1%, thus

corresponding to a(JA| + |B[Y2 value of 86.0 x 10™% cm™l. The

ekperimental value of (JA| + |B|Y2 in newberyite is 89.0 + 1.5 x 10-4 cm-1
The agreement here is not as good as in the case-of blodite which

could indicate a more comblicated bonding involving other atoms in

the unit cell. In any case, the agreement is good enough in both

minerals to verify the relationship between the magnitude of the

hyperfine splitting for various coordinated ligands and the covalency.

B. Optical Absorption of Blodite

The line positions of the optical transitions for blodite can
+ . .
be compared favourably with other optical studies of an in various

compounds. This comparison is summarized in Table XIX. It appears

that the energy of the 4A1g4Eg(4G) level found for blodite is slightly

greater than that reported for some other crystals. This might
indicate the peak before ¢ on Figure 20.is the correct level. This
was discounted by us because of the good fit obtained theoretically,

with the 4A1g4Eg(4G) level being fundamental to this fit. Also, the

doublet structure has the froﬁer se?aration as predicted by Figure 22,
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Because -of the high value for this level, the ratio of the Racah
parameters‘is also high; the value being C/B = 6.44. Most authors
quote a value of about 4 to 5 for this ratio; Table XX coméares
crystal field barameters for blodite and several.other minerals.

There appears to be no consistent battern between the nature of

the ligands and the ratio C/B. Orgel52 pointed out that 10Dq should
increase in the coordination sequence of C1~ to F~ to HéO, and this is

verified in Table XX.

Thé value of the covalenéy parameter fbr blodite, ¢ = 0.04,
is lower than the covalency predicted by the EPR hyperfine splitting
of 0.084. The reason for this discrepancy may be in the site .
symmetry. The spin Hamiltonian parameters b2° and b22 obtained for
blodite indicate distortions from cubic symmetry in the crystal ,
field. The crystal field matrices used in the optical studies
involve only cubic symmetry. For example, Koide and Pryce2 have shown
that a rhombic distortion will depress one of the 4Eg levels of the
4A1g4_lig(4G) group. The crystal field matrices are also approximate
in that they only include first order effects of an‘electrostatic,
nature and the covalency, neglecting the comblications of spin-orbit,

spin-sp:n, and vibronic interactions. In Stout's23 work of Man,

his covalency works out to 0.0645. From Simanek and Muller's7 plot
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Table XX: Comparison of Crystal Field Parameters in Various Crystals

(in cm-l)
' -
Crystal B C 10DQ Bo Co . 10Dq € C/B = Co/Bo
Blodite 616 3968 10000 640 4120 11000 0.04 6.44
MnF223 - - - 950 - 3280 7800  0.0645  3.45
+
Mn® 20
in water 671 3710 8480 786  379- - - 5.53
2t . |
in water - - - 860 3850 12300 - 4.48
+
Mn 52
in water - - 7900 - - - - -
2
M vater S - - - 7800 - - - - -
MnoL’ 786 3210 9790 - - - - 4.08
2457
KC1:Mn 760 2955 5900 - - - - 3.89
ZnSe>> 660 2970 5000 - - - - 4.50
KMnF356 - - 7311 917 3271 - 0.0649  3.57
RmeF356 . - 7304 917 3271 - 0.0645  3.57
- 0.0653  3.57

CsMnF356 - - 7865 917 3271
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of hyperfine sblitting versus Pauling's covalency, we get a value
of 0.0633 for the covalency of MgFé. The good agreement is as
ekbected since the.Mng baramagnetic ion site is much less distorted
than the blodite site>?, -

In sﬁmmary, the EPR of Mn2+in blodite and newberyite has
been investigated and the results combared with other reported EPR
~work on Mn2+. A simble method is given to determine the covalency
of a complex consisting of mixed types of ligands. The optical
absorption of Mn2+ in blodite wag investigated and the resulting
crystal field parameters were compared with other optical studies
of Mn2+. The covélency of the Mn2+ site in blodite was also

determined from optical studies and the results compared with the

value obtained by EPR studies.
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Abpendiﬁ

The Matrix Elements of the Sbin Hamiltonian with S = 5/2 and I = 5/2.

The matrix elements are defined by < Ms’ MI[ Ms’ MI> where

MS - +S’ +S-1, cecsesessy -s
and
MI - +I, +I-1, eecsceocny "I

Since the matrix is symmetric, only the upper triangle is
considered; the lower triangle can be obtained from this information.

Any elements of the upper triangle not listed are zero. The para-

meters are as defined previously.

Also included is the FORTRAN IV computer program for the
diagonalizatibn of the 36 x 36 matrix of the ground state, the
program for obtaining the crystal field states, and the program used
to theoretically calculate the ground state zero field sblitting.
The diagonalization f:ogram; EIGEN; is an IBM-subblied staﬁdard

library sub-program.

T N A W S bt S 1 b
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Diagonal Elements of Hamiltonian Matrix

<5/2, £5/2 | 5/2, +5/2> = X & 25/4R

< 5/2, £33 | 5/2, £3/2> = X 1 15/4 A

<5/2, £1/2[5/2, +1/2> = X, £5/4 A

<3/2, £5/2 | 3/2, +5/2> = X,+15/4A

<32, £3/2|3/2,£3/2> = X,:+9/4 A

< 1/2, +5/2 | 1/2, = 5/? > = Xpx5/4 A

< 1/2, £ 3/2| 1/2, £ 3/2> = Xgx 3/4 A

<1/2, +1/2 | 1/2, £ 1/2 > = X;+1/4 A

<-1/2, + 5/2 |-1/2 +5/2 > = X4 F 5/4 A

<=1/2, + 3/2 [-1/2 £ 3/2> = X, 7 3/4 A |
<=1/2, + 3/2 [-1/2, + 3/2 5> = X, ¥ 3/4 A :
<-1/2, + 1/2 |-1/2, £ 1/2 > = X, 7 1/4 A |
<-3/2, 5/2'|-3/2, £5/25> = X 7 15/4 A |
<-3/2, + 3/2 |-3/2, + 3/2> = X ¥ 3/4 A ;
<-3/2, + 1/2 [-3/2, + 1/2 > = X 7 3/4 A

<-5/2, + 5/2 |-5/2, + 5/2 > = X, ¥ 25/4 A

<-5/2,  3/2 |-5/2, + 3/2> = X ¥ 15/4 A

<-5/2, + 1/2 |-5/2, + 1/2 > 6

1}
tal
+
0
~
. L
>




where
X, =5/2gBH +
X,=3/2g8H -
Xg = 1/2 g8 H -
X4 =-1/2 ng Hz:i
Xg =-3/2 g 8 H -
Xg =-5/2 g,B H +
Off-Diagonal Elements
<5/2, + 5/2 | 3/2, * 3/2>
<5/2, + 3/2 | 3/2, £ 1/2>
<5/2, + 1/2 | 5/2 % 1/2>

<s/2, My | 1/2, Mp'>= V10/3 b22 + 3/10/20 b

<s/2, M; | 3/2, My'>= /5/5 b,

+

<3/2, 3/2>

I+

5/2 | 1/2,
3/2 | 1/2,

4+

1/2>

+

<3/2,
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o
10/3 b2

2/3 b.°

8/2 b.°

8/2 b.°

2/2 b.°

0
10/3 b2

% 5/2,

4

<3/2,

<3/2,

+

+

+

+i

+

3/2 | 3/2,

<5/2, ¥1/2 | 3/2,
3/3/4 (B #C)

2
4
3/2 | 1/2,

1/2 v/ 1/2,

H

+l

+

+

5/2>=
' 3/2>=

for M

for M

5/2>

3/2>

5/4(B F C)
v/10/2 (B ¥ C)

I I

"
=

R
v/10/2 (C * B)
2(C ¥ B)




<3/2, + 1/2 | 172, 1/2>
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3/2/2 (C, ¥ B)

- = 2 2
<3/2, M; | -1/2, M '> = V2 b," - v2/4 b,

- - 4
<3/2, M; | -5/2, M '> = /5 /5 b, )
<1/2, £5/2 | -1/2, + 3/2> = <1/2, % 3/2 | -1/2, *
<1/2, £ 3/2 | -1/2, + 1/2> =<1/2, % 1/2 | -1/2, ¥
<1/2, + 1/2 | -1/2, ¥ 1/2> = 9/4 (C ¥ B)

- 2 2

<1/2, M; | -3/2, My > = vV2/2 b," - V2/4 b,
<-1/2, £ 5/2 | -3/2, + 3/2> = <-1/2, ¥ 3/2 | -3/2,
<-1/2, * 3/2 | -3/2, 7 1/2> = <-1/2, 7 1/2 | -3/2,
<-1/2, + 1/2 | -3/2, 5 1/2> = 3/2/2 (C 7 B)
<-1/2, M, | -5/2, M '> = <5/2, M; | 172, M, >
<-3/2, *+ 5/2 | -5/2, + 3/2> = <-3/2, F 3/2 | -5/2,
<-3/2, *+ 3/2 | -5/2, ¥ 1/2> = <-3/2, ¥ 1/2 | -5/2,

<'3/2:

+1/2 | -5/2, 7 1/2>

$3/5/4 (B*%0)

-\

for MI = MI'

for MI = MI'
5/2> = 3/5/4 (C ¥ B)
3/2> = 3/2/2 (C ¥ B)
for MI = MI'
¥ 5/2> = /10/2 (C * B)
¥ 3/2>=2(C 5 B)
for MI = MI'
F5/2>= 5/4 (B C)
7 3/2>= 3/10/2 (B 7 C)
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