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ABSTRACT

The electron paramagnetic resonance spectrum of
Pe’' impurity which enters substitutionally for the AL in
a single crystal of cordleriet Alz Mg, (815 A1) 0,g » has
been examined at X-band frequency at room tehperature.
There are three sites of Al, two of them being crystallo-
graphically equivalent, the nelghbourhood of which forms

| very distortéd tetrahedra. Fes* speefra from these two
equlvalent sites are observed. Because of high crystal
field splitting (large value of D) the usual Zeeman tran-
sitions are not observed, and oniy the low field doublets
are present.

The spectrometer used is a simple bridge type
spectrometér using a circulator in place of ordinary maglic-
T. The spectrum has been fitted to the spin-Hamiltonian
H = gBHS + D{Szz - 38(s + 1)} + B(S,2 - 5,°). Energy
level diagréms have beén plo%ted for all the levels and albng
all the three magnetic axes. The observed and predicted
positions of the transitions agree very closely in all
cases. The parameter E/D and D have been obtained and are

E/D = 0.103 £ .003, D = 15 & 5Ke.

iy
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CHAPTER I
INTRODUCTION

A. History of EER

Electron spin resonance or so called paramagnetic
resonance was first discovered by Y.K. Zavoyskiy (1944).
Zavoyskly's discovery was preceded by some theoretical
assumptions on the nature of the expected effect. Following
the Stern~Gerlach experiments on the spatial quantization,-
Einstein and Ehrenfest advanced a number of arguments
concerning quantum iransitions between magnetic sublevels
of atoms under the influence of equilibrium radlation. On
the basls of these considerations , Dorfman suggested 1in
1923 the possibility of resonance absorptlon of electro-
magnetic waves by‘paramagnetic substances naming the
phenomeﬁon 'the paramagnetic effect'. The fundamentél work
by I.Waller—in 1932, containing a qﬁantum theory of para-
maghetic relaxation in solids, served as a basis of the
fufther development of the theory of dynamlc phenomena in
paramagnetic substances, in particular, of paramagnetic

resonance.

Gorter(1936-1942), using frequencies.of 106-3x107
¢/s tried to observe the heat liberated by the paramagnetic
substance. His experiments were unsuccessful because of

-1
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Insufficient sensitivity and very low frequency.

In 1945, Zavoyskly developed new and highly
sensitive ﬁethods for the study of paramagnetic resonance.
Instead of determining the amount of heat liberated, as
did Gorter, he began to measure the weakening of the
energy of the high frequency fileld as a result of absorp=-

vtion. In his first series of experiments, he used a 25-
meter ﬁavelength to observe absorption as a functlon of
magnetic field in substances whose line widths were 50
gauss or larger, and a resonance line was scarcely
discernible =zt sﬁch low frequencies, whilch correspond to
a resonance peak of about 4 gauss. In the second series
of his experiments, he found a maximﬁm for Cu++ ion at
47.6 zauss, using a frequency of 133 Mc/s. Subsequently
Zavoyskly conducted experiments in the microwave reglon -
and observed clearly resolved resonance lines of 200 to
300 gauss in wildth in fields of about one kilogauss. In
the U.S.A, Cummerow and Halliday (1946) observed clearly
resolved resonance lines of Mn++ in MnSO#,4H20. They
used a micrbwave resonance cavity excited at 2930 Mc/s.
At the Clarendon laboratory, Bagguley and Griffiths (1947)

3+ ion in a

observed the resonances of the paramagnetlc Cr
carome alum crystal at 3.18cm.wavelength. The experimental
techniques and apparatus were perfected by.the Oxford
group, headed by Bleaney and Griffiths, whlle the work of

Pryce, Stevens and others advanced the theoretical
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understanding of the subject. Since then much work has
been done in EPR, and the literature in the present day is
extenslve,.
A number of review articles and books relating

to EPR have been written, and these contaln references to

- earlier work which give a full development of the subject.
They are Bleaney and Stevens (1953), Bowers and Owen (1957),
Orton (1959), Wertz (1955), Ingram (1955-1958), Bagguley
and Owen (1957), Low (1960), Singer (1959), Pake (1962),
Al'tshuler and Kozyrev (1964), Varian assoclates (1961).

B, Paramggnetic Resonance

Paramagnetic resonance 1s a very useful method
for investligating many substances in the solid, liquid and
gaseous states. In the so0lid state the experiments provide
data on the forces between‘atoms of the solids. Paramagnetic
resonance gives the most direct and accurate description
of the groﬁnd state and of the effect of the crystaliine
environment on the energy levels of paramagnetic ion. The
precision with which the paramagnetic resonance spectra
can be measured enables one to determine the significént
Yerystal-field' parameters in the theories of solld state

interactions.

Electron spin resonance refers to the magnetic
resonance of permanent magnetic dipole moments of electrons.
If a paramagnetic substance having a total angular momentum

..)
J is placed 1n a uniform magnetic field H,, then each of
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1ts constituent paramagnets will have a ladder of 2J+1
accessible levels. Using a high freguency oscillatéry
electromagnetic fleld, transitions can be induced among
these 2J+1 levels. This phenomenon of inducing transitions
is termed as 'spin resonance'. This 1s termed as ‘resonance'
since absorption occurs only’at'the frequency corresponding
to the‘energy level difference.

Paramagnetism cccurs whenever a system has a
resultant angular momentum. If this is of electronic’ origin,
one speaks of electironic parémagnetism. Such paramagnétism
is found:

1. In all atoms having an odd number of electrons;
for example, in atomic nitrogen or hydrogen.

2. In lons having bartly filled inner electron
shells as 1in fhe transition groups.

3. In molecules having odd number of electroas,
such as NO,

4, In a small number of molecules with an even
aumber of electrons bhut ha#ing a resultant angular momentum,
as in Op.

5. In free radicals, as in CHz. Such radicals
are chemlical compounds possessing unpaired electrons. They
can often be produced in solutions or solids by nuclear

radliation.

6. In color centers. These involve, in the maln,

electrons or holes trapped in various regions of the
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lattice in a crystal.
7. In metals and semiconductors caused by

conduction eiectrons.

C. Resonance Condition

For a free lon the total electronic angular momentum
- = -
is given byiﬁé L+S, where.f and S are the orbital and spin
electronic angular momentum respectively. If such a free
ion is placed in a magnetic field H, the enérgy levels are
given by |
W

gpHM , 1.1
where g is the Lande' g factor glven by

J(J+1) + S(S+1) = L(L+1)

2J(J+1)

and P = eh/4 me is the Bohr magneton, where e and m are
the charge and mass of the electron, c 1Is the velocity of
light, h is Planck's constant, and M is the projection of
the electronic angﬁlar momentun ?.along the magnetic field
direction. If an alternating field of frequency » 1is
applied at right angles to H, magnetlic dipole transitions
are induced according to the selection rule AM = ¥ 1., The
fundamental equation for these transitlons is hv = Wi=- Wp,
where Wy and Wo are the energles of two consecutive energy

levels. Hence, the condition for resonance in the isotropic

case with no nuclear spin is

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



6

hV= gpH. (1.3
Energy 1s absorbed at resonance i1f the spin of the electron
is flipped from a directlion parallel to the magnetic field
to that of antiparallel direction. When the converse
occurs, one speaks of induced emission. The probablilities
for emission and absorption are equal. However, for a
system in thermal equilibrium, Boltzmannfé statistics
predict a greater population in the lowef state, and
consequently there 1s a greater absorption than emission
of energy.

When the paramagnetlic ilon 1s placed in a crystal,
the crysﬁalline electric field removes most of the orbital
degeneracy of the energy levels. Spine orbit coupling also
helps to remove some of the degeneracy; In many cases a
single lower level degenerate with respecf to spin only is
left; all other levels are about 104 em™ ! higher. Hence,
in these cases , only the ground state is populated at
ordinary temperatures because of the Boltzmann distribution
in population. Paramagnetic  resonance takes place with lons
in solids, the lowest level of which 1s usually degenerate
with respect to spin only. The resonance conditlon for the
solid state is again given by equation (1.3), but the g is
now termed as the 'spectroscoplc splitting factor' and is
not given by expression (1.2) but is in general agtensor
quantity. It effectivelj giﬁes a measure of the rate at

which the eﬁergy levels diverge with the applied magnetic
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7
field., If the electron spiuns were absolutely free and had
no coupling to any orbltal motion then g value would be 2.
A deviation from this value of 2 indicates some orbital
effect is present. From the experimentally derilved g'values
and their angular vériations some information concerning |

the higher orbital state can be obtalned.

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



CHAPTER II
THEORY

A, Trivalent Iron

In the present work the spectrum of Fe3+

, which
substitutiénally occuples the Al sites have beén analyzed.
Fe3+ is one of the common impurity ilons which 1s found in
many natural crystals. The spectrum is easily observable
at room temperatures and‘has no hyperfine structure. In
this group the 3d shell is in translition from 3d1 through
3d9, inclusive. The ion has five 34 electrons and a ground
state OS5/ indlcating orbitel sngular momentun L= O and
spin S = 5/2. Consequently the energy levels are six-fold

degenerate and splits into six levels when the degeneracles

are completely removed.

B. General Hamiltonlan

The general theory of paramagnetic resonance in
crystals is due to Abragam and Pryce (1951) and they
express the different factors contributing to the total

energy of an lon by the Hamiltonian as follows
H = Vg +Vpg +Vgg +Vy +VQ +Vy +Vyy (2.1)

If,in addition, the ion is placed in a crystalline fleld,
é term Vs due to the electrostatic interaction is added to

8

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



9

the Hamiltonian in (2.1). In expression (2.1) Vp represents
the energy associated with the levels of ﬁhe free ion and
the splitting is usually of the order 102 en~! ., Vis
represents the spin-orbit interaction which causes the
energy to deviate from its spin-only value and is of the
order of 102 cm . Vgg is the spin-spin interaction of
the electrons themselves and i1s usually very small. The
term V. given by EH(Z# ég) represents the Zeeman term and
arises from the action of fhe external magnetic field on
the electrons. The last term Vyp is the interaction of the
external magnetic field H with the nucleus and 1s glven by
-Y%HI. Since Fe3+ has zero nuclear magnetic dipole moment,
VNH,vas well as the dipole-dipole interaction VN between
the nuclear moment and magnetic moments of the electrons

is zero. Also,since the nuclear electric quadrupole moment
i1s zero, the interaction VQ of the quadrupole moment Q of

the nucleus with the electrostatic field gradiént is zero.

The resultant Hamiltonlan 1s,therefore, glven by

H= Ty, +Tpg #Vgg +V;; +Vg (2.2)
The Coulomb term V; 1s glven by
N o

Vp = $pk2/2m - Zeg/rk)/fgaif{ikj (2.3)

[

Here, P 1s the linear momentum of the Xth electron and Ty
is the radius vector extending from the nucleus to the

electron. The whole expression 1s summed over all N electrons;
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10
k and J refer to the electron in the ion. This Coulomb
repulsion is different for different states .of the same
configuration of the same electron and correspondingly leads
to various energy levels and term values, The term VLS is

given by

Vg = E% gy Ly*Sk + bycly®ly + CypSyt sy (2.4)
where ajk’ bjk and cjk are constants, 1 and s represent the
orvital and spian angular momentum and related +to L and S
N .
- - N -
by the relations L :é?ik and S :ﬁssk.
If, however, one 1ls restricted to states of

definite'i.and § of the same configuration, the spin-orbit"
interaction can be written .Xf'g; where A is a spin-orbit

constant for a given ion. Pryce has also considered the

very small spin-spin term written as

Sj'Sk B(TJK’SJ) (rjk'sk)
Va =E - (2.5)
S8 r?k rﬁjk
Jjk

The crystalline field 1s regarded as arising from
a system of point charges surrounding the paramagnetic ion.
This sets up a static field which aéts on the paramagnetic
1on and changes the electronic orbit. Usually perturbation
theory (Pryce, 1950) is used to calculate the effect of the
crystalline field. It is essential,therefore, to know the
relative orders of magnitude of the varidﬁs terms in the

Hamiltonian. Experimentally crystalline fields have been
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found to fall into three groups. (a) Strong fields such that
VC ls of the order of the energy of the mutugl interaction
between the electrons, that is 104 cn~ T, (b) Medium fields
in which the Stark splittings are of the same order of
magnitudé (or slightly smaller) than the intervals between
multiplets“arising from the saﬁe electron configuration.
Here perturbation theory is abplied before calculating VLS'
(c) Weak fields in which the Stark splittings are small -
éoﬁpared to the seperation between the spin-orbit multiplets,
i.e. VC<'<VLS . The notations sitrong, medium, or weak refer
to the order of magnitude.of the crystal field relative to
the other terms in the Hamiltonian . The point at which
the crystalline field Will be used as é perturbation depends
on the relative magnitude consideration.
If the point charges are regarded as not overlapping
the paramagnetic ion, the electrostatic potential 1s then
a solution of Laplace's equation V?V = 0. The solutions
can be exPresséd invtérms of spherical harmdnics in the form
V = Z %2 Anm I’n Ynm (6‘:,4’,‘) = ZZ Vnm (2.6)
no=nk nm
where the summation k is over all the elecﬁrons, and thé
normalized harmonics are defined as /2

1 (20 + 1)(n=m ) n

" Pﬁ(cos&)ej‘m#>

Y (8oh) = (1) 77

(n + n )

(2.7)
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12
xvhere¢,&represent the usual angles 1n the spherlcal polar
coordinates and the suffix k refers to the kth electron.

However, it is not necessary to consider all the
terms, since symmetry properties réduce the number of terms
considerably. For the d and f electrons only exXpansions
upto n= 4 and ﬁ = 6 respectively need to be ponsidered .
This 1s because of the fact that the wave functlons of the

électrons can 2l1s0 be expanded in harmonic functions,
\ijf. ~ R(?) \/L(Qi')‘i’i) ;5 (2.8)

where R(ry) refers to the radial part of the wave function.
The matfix-elements are of the formﬁdﬁﬁ%and are, therefore,
iero for all potentials for which n> 21; Also all terms
with odd n must vanish, since the product is unchanged by
inversion, whereas the odd'rank terms of the potential
change silgn. Even 1f therels no center of symnetry, the odd
terms are still zero but there now may be terms frdm the
admixture of higher levels. The term n = O only adds a
constant to the expansion and addé nothing of significance,
For the iron group, i.e. for d electroms, only values of

2 and 4 need to be considered, and hence

a2 m ' ~ :
V= ZhMTY, + T T A, ‘"I'Yl,m (2.9)
‘gik- ™20 2L 14 : o

Moreover, the symmetry of VG must be the same as that of
the crystalline field, and in many cases this further

restricts the number of terms in VC._ In particular, for
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13
the present case of rhombic symmetry, only the terms with
m=0, £+ 2 and ¥ 4 need to be considered, For the sake
of simpllcity the terms with 1 = 4 have not been considered
ln the present case. Their contribution is presumably
'much smaller than the i = 2 terms,and as will be seen later,

can not be determined from the experimentally available

results.

C. Spin Hamiltonian

The general Hamiltonian expressed in egn.(2.1) 1is -
in general'very complicated. Pryce (1950) and Abragém and
Pryce have developed a very useful method for carrying out
perturbation calculation, and have applied this Specially
to iron group. The spin Hamliltonlan thus obtalned is, in
fact, a short haﬁd description of the experimental results.
In the actual experiment the parameters in the spin
Hamiltonian, that 1s g factqr, the initial splittings , the

~hyperfine structure.constants are obtained. The task 1s
then to find a model of a crystal fleld which'corresponds_
to the spin Hamiltonidn and which explalins the observed
parameters.

Abragam and Pryce first transforms the various
terms in the Hamiltonian (2.1) into expressionslinvolving
the appropriate angular mémehfum operators-f, galg-without
giving them a definite représentatiqﬁ and then use pertur-

bation theory. In the resulting spin Hamiltonlan, the
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splitting of the effective spin levels by H is represented

by energy operators
;{ ﬂ('gZZZ*gzzz."gzzz) (2.10)

The spin Hamlltonlan also contains terms which
must conform to the local syhmetry about the ion in the
crystal. In Cordierite there is an axial symmetry with a
large rhoﬁbic term. Considering all these terms, the spin

Hamiltonian, for this case, can be written as

- o ~ 2 ]
Hon s s s« il ste)
L, .2 2
* B S; - 5y ) (2.11)

where the D term is the contribution that would arlse from
a crystalline field bf purely axial symmetry, and the E
term is that due to a rhombic componént of the crystalline
field. The suffixesx, y, 2z refer to the three magnetic axes
assoclated with the site of the ion in the crystal.

If the direction of the magnetlic field is along
the z magnétic axis of the crystal fleld, then eqn.(2.6)

reduces to

[2 1. 2 2
;hf = gZﬂHSz + D[éz - 3S(S~+ 1ﬂ + E(Sx - Sy)
(2.12)
This Hamiltonian must be expressed in matfix '
form and then diagonalized to find the energy levels. To

obtain the matrix form of (2.12) we note that

~
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15
<¢Mlsz,¢ M> = ¢ M (2.13)
and also the diagonal elements of the operator {Sg - %S(S + 1)}

are given, . for S ='g,by

1 2 1 R - 8
<-'=§ Sz'gs(s*‘)i§>“3
312 3 2 |
51,2 1 5
<,.é.3z-jsfs-1? t2) 10
' 2 2
The off-diagonal elements of the operator ( S, = Sy )

R - ’ — »
2( S, - S.7) | where S, =(S; # iSy) are given by

2 es-els > -
Feat- D> o

; Using these results and rearranging, the final form of

+t

(2.15)

AV B
-~
424
+
N
]
U2
n
S
+

the matrix is shown in table (2.1)

Table 2.1
|z 5/2) v 1t 1/2) Iz 3/2>
Jt 5/D138P5, + 13 D fios 0
|t 1/2) Ji0E + ;g:ngz - .g._'p 3/2E
|5 3/2) 0 3/2E F %gzﬂgz - §D
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The advantage of writing the matrix in the above
form lles 1in the fact that dlagonalizatlon of the
Hemiltonlian requires the solutiqn of two cublic equations,
rather than the formidable task of solving one sixth order
equation. |

If +the direction of the magnetic field is along
the x or j magnetic axis, the Hamiltohian matrix (table 2.1)
must be modified by replacing gz by gy or &y and transforming
D and E according to the following table (Bleaney and Bowers,

1952). .
Table 2.2
X-direction Y-direction
‘ 1 1
D - 3 (D - 3E) - (D + 3E)
E lo+1) 1l pag)
2 2

The designation of the-magnetic axes 1ls somewhat
arbitrary and is made as follows: since S(S+ 1) = S§'+~S§
+ Sg , the spin Hamiltonianﬂin zero magnetic fieid can be
written in the form

2
A Sy + B s? +0 s (2.16)

It is always possible (Wickman, et.al; 1965)to choose a
coordinate system such that Ic|7 181> 14l .'
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Furthermore , With this choice Eg-;-D . This amounts
to defining the Z-axis as that about which the symmetry 1is

closest to axial.
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CHAPTER III
WORK IN STRONG ORYSTAL FIELDS

The present work is one in a seriés of investi-
gations of transition elements in natural silicates., Sil-
icates, being complicated in structure, have not yet been
thoroughly investigated. The particular silicate, cordier-
ite, belongs to the 1olite'class and has been found to

’have Fe3+ and Mn2+ as paramagnetlc impuritles. The spec-

2+ is of the usual type, containing five gfoups

3+

trum of Mn
of six lines. In the case of Fe” only two pairs of llnes
have been observed at veryjlow'fields instead of the usual
five lines for each site of an iron ion. This immedlately
suggests that the F33+ lons are experiencling a very high
crystal fileld.. In'the present work only the spectrum due

3

+ -
to Fe” has been analyzed.

To date only a few cases of high crystal field
effects on paramagnetic lons have been reported. In gen-
eral, as is expected, the lines are observed at compari-
tively low fields. Such high crystal field effects were
first repovted by Sgnds (1955) in his investigation of

silice glasses by EPR. He reported two resonance lines,
one at g = 4.2 and the 6ther at g = 6. Bennet and others
(1957), in their investigation of hemoglobin and its deri-
vativés by the EPR method, found lines with effective g

18
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values which were interpreted by Griffith (1956) as consis-

tent wlth a large crystal fieldgsplitting of the S = g SEXw

tet in‘FeB+. Castner et al (1960) reexamined resonance in

3+ and

sllica-glass samples containing known ambunts of Fe
found that this ion 1s responsible for an intensé resonance
at g = 4.,27. More recent work in large orystalline fields
includes the work on amethyst by Barry et al (1965), on
ferrichrome 'A' by Wickman et al (1965) and on andalusite
by Holuj (1965). In the first two cases the results were
interpreted as ariéing from a large E term in the spin
Hamiltonian. In these cases the magnetic axes were not
defined in the manner described on page 17, which accounts
for E/D)%- as observed by these workers.

Wickman et al, in their work with ferrichrome 'A',

3+ in a strong crystalline

investigated the spectrum of Fe
field. A prominent line of 400 gauss width located at

g = 4.3 was observed at all temperatures, while at 1°K ad-
ditional resonances at g values of 9.6, 1.3, 1.0 was ob-
served. The spectra were interpreted by assuming a spin |
Hamiltonian containing crystal field terms large compared
with the Zeeman»splittings§ the crystal field situation
is intermediate between the axial symmetry with

# =D {Szg - %S(S +* 1%} + g@SH and the model proposed by
Castner, Newell and others to explain iron resonances oc-
curing at g =‘4.3, with E(Si- %?hgﬁSH. They computed

g values, energyelgenvalues and elgenfunctions to be

expected for the reglon between these two extremes, and
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the results are useful in interpreting similar spectra due

to iron situated in strong crystal fields of low symmetry.
In his work with andalusiﬁe, Holu) observed eight

resolved lines at most orientations of the crystal. He

has reported the analysis of the most intense palir of lines

which has been fitted to the Hamiltonlan J(s) = fg H, S, +

2
pgl(Hx Sy + Hy Sy) " D(Sz
the same arguments of Griffith he has pointed out that D

35 2
- i§) + E(S¢° - Sy2). Based on

must be very large.

In addition to this work with Fe3* the only work
so far reported is on Or3+ in emerald by Geusicet al(1958).
They obtained a very large value of D = «26 ¢ 1.0 Kmo.

The large zero fleld splitting observed for the Cr3+ ion
in this crystal might suggest emerald as a posslible mater-
ial for use in the deslgn of solid-state mesers fbr high

microwave frequency applidations.
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CHAPTER IV
CRYSTAL STRUCTURE OF CORDIERITE

Cordierite, a silicate belonging to the spsace
group Ccem (Dgg) has the orthorhombic structure. This is
& silicate of Al and Mg and contains a few molecules of wa-
ter. Jordierite can be synthesized without crystal water .
by mixing pure oxides and heating the mixture at about
1600°C. The unit cell dimensions are glven by Bystrom
(1941) are

a = 17.064%, b = 9.694°%, 5 = 9.374°

From the crystallographic considerations cordierite has
been attributed a chemical formula Aly Mg, (Sig Al) O.g
having 4 molecules‘in the unit cell (Bfagg - 1937). The
structuré of cordierite resembles very closely that of hex-
agonal beryl having chemical formula 2 (Be3 A12 Si6 018).
The 3 Be in beryl correspond to 3 Al—in’cordierite, and'
2 Al to 2 Mg.

Thé atomic coordinates of cordierite are gliven
in table 4.1 énd are compared with those of beryl.

‘There appears %0 be an error in t];e co_ordina‘;,es
given for ihe group Oy. In particular the value Xy4 =
- 0.681 is suspect. Using'thesé coordinates, Oy come

much closer to the other oxygens then ionic radii would .

allow, and do not correspond to their positions as

21
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Beryl

4 Al in 4(c)

6 Be in 6(£)

Table 4.1
Cordierite
1 1 .
Atomic positions (0,0,0; 5,5,0) +

1 = T
8 Mg in 8(g): i(x190’ﬂ;xlso:z)

1
b A1y tn B(0): £(0,5,7)

. 1 ,
8 41;; 1n 8(k):.¢(%,%,22; %’Z’i + Z?,

12 51 4n 12(1) 20 Si+h A1 1n 8(1): #(X3,¥5:0; X5F42)

12 0 in 12(1)

24 0 in 24(m)

53

- 1
in 8(1)2}i(x4:y4:0a X4,Y4,§)

- 1
in 8(1): t(x53y570; 15,y5, )

~ 1
8 01 in 8(1):  +(x4,7,,05 X:¥6,3)

Laad 1
8 077 in 8(1): #(x7,y.,0; XgsT7s5)

- 1
8 OIII in 8(1): t(xs,ys,o; X8ty89§)

16 Oqpy in 16(m):1(29,y9,29: x9,y9,29;
' - 1
x9’y9’5 + zg;
oy _1_ )
x9’y9’2 "29
16 OV in 16(m): t(x10’y10’z10; X1O’Y1o,-z-1o
. , o
X100710°3 £ 210 )
E1C RIS FPRE PN x11.y11,?11;
. - 1
x11ry11a§ F 4 211)
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with

xl = 0.333
‘ Z, = 0.250
X3 = 0,190 , y3 ‘= 0.063
X, = 0.126 Y, ~= =0.255
X5 = 0.062 yS = 0.316
xg = 0,032 ‘ Y = -0.284
X, = 0.126 - Vg = 0.189
X8 = 0.158 : y8 = -0.095
Xll = -0.167 yll = «0.315 le = 0.350

Also the interatomic distances in cordierite are given by

81 - 010  1.65 - 1.67%

s1 - 08 1.63 - 1.64°A

a1% - 0% 1.754°

iB . otf 1.814°

Mg - 010 2,01, 2.03 and 2.124°
Shortest 0 - 0 Distance: 2.504°

indicated in Fig.4.1(a). The oxygen atoms in this group
are nearest neighbours fo? éluminum atoms in the (b) pos-
itions and for the magnesiﬁm atoms, neither of which are
directly concerned in the present work.

Pig. 4.1(a) shows the projection of the crystal

on the (001) plane for cordierite and is compared with

23
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. Cordierite

Beryl

Plg. 4.1 The structure of cordierite and
beryl. Projection on (001). The large cixcles
are oxygen and the small black circles are
silicon atoms. The figures denote the levels

of the atoms in percent 'of c.
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the structure of beryl in 4.1(b). The reflection planes
are at heights O, 50, 100. The striking similarity of
both the structures are obvious and the symmetry of Be in
beryl is the same as that of Al in cordierite and the
symmetry of Al in beryl is the same as that of Mg in cor-
dierité. In cordierite Sig, tetrahedra share oxygens to
form Si5018'rings which have symmetry planes parallel to
the base of ﬁhe unit cell.

The symme£ry at the Mg site includes a 3-fold
axis parallel to the c-axls of the crystal.‘ In cordier-
ite the aluminium atoms occupying the b andk position
appear to be all crystallographically equivaient related
by 120° rotations about the c-axis. iAs discussed later,
however, the experimentai results indicate that the b and

kX positions are'significantly different.

120104

- UNIVERSITY OF WINDSOR LIBRARY
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CHAPTER V
APPARATUS

The electron spin resonance spectrometer used is
a simple bridge type as described by Feher (1957). The
spectrometer operates at 3 cm wavelength corresponding to
about 9000 mc/s frequency. The simple bridge type spec-
trometer has been ﬁsed instead of the superhetrodyne be-
cause the microwave power used.was much lower than the
saturation level of the sample. In such cases the bridge
type spectrometer has sensitivity comparable with that of
the superhetrodyne (Feher - 1957) spectrometer{ and at the
same time 1s much easler to operate. A block dlagram of
the spectrometer is shown in Fig, 5.1(a). |

-In order'to explain éhe function of the éompon-
ent parts of the spectrometer, it is convenlent to consider
the entire system to be divided into the following sub-
divisions.. (&) The signal ﬁicfbwa#e'componenté. (B) Kly-
stron., (O) The detection systéd; (D) The magnet.
(E) The cavity and goniometer.

26
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A, Signal Microwave Component:
In the first phase of the experiment, the usual

magic tee (Fig. 5.1(b) ) was used in the bridge circult

in place of the circuiator shown in Fig. 5.l(a). Power
from the signal klystron, whose direction 1s indlcated by
the arrow of the ferrite isolator, enters the E grm of

the magic tee. Half of the microwave power is transmitted
down each side arm of the maglic tee. There 1s connected
to one slide arm a slide-screw-tuner and a resonant cavity,
and to the other side arm there is attached a crystal di-
ode and a line termination. These:elements, the attenuator,
the slide-screw-tuner, the characteristic impedence of

the line and the cavity can be considered as components

of a radio-frequéncy bridge which can be so adjusted that
no power appears in the H arm. At resonance, the bridge
becomes unbalanced due to thé absorption by the sample.
Consequently microwave power appears in the H-arm. In

the final phase of the work the magic tee was replaced by
a circulator. 4 circulator is a comparatively recent de-
vice which, like the isolator, employs ferrite material
and Faraday rotation to restrict the direction of flow of
microwave power.

‘The circulator used was a Ferranti waveguide
juﬁction circulator, type 211XCD having 3 ports. The
éirculator works in the frequency range 8.2 - 100 Ge/sec
with a minimum 1solation of 20 db. Power entering port

1l can only emerge from port 2, power entering port 2 can
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only emerge from port 3.

In the absence‘of saturation in the specimen, the
theoretical sensitivity of the circult (if the circulator
is assumed to be perfect) is 6 db better than that of the
best magic tee circult, since in the‘magic-T circuit only
half of the klystron power reaches the cavity and only
half of the signal power reaches the detector. In our
case the sensitivity was found to be about 4 times than
that obtalned by using the magic-T.

In addition to the components described, the EPR

~ spectromeler has a few other accessories and measuring
devices. There is a wavemeter next to the signal klystron
for measuring the resonant frequency of the cavity and |
estimating roughly the Q. of the cavity. The straight
arm H (Fig. 5.1 a) has a directional coupler, which is
terminated By a métching stub and contains an IN 23 diode.
Power from this diode 1s used for frequeney séabilization
of the klystron. The straight arm H is alsoc similarly
terminated and contains another IN 23 diode which detects
the resonance signal. Provision is also made for a large
60 ¢/s modulétion voltage to modulate the klystron re-
flector. When the klystron is modulated by this large

voltage, the cavity mode can be displayed on the osecillo-

scope from the output of either of the detectors.
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B, Xlystron:

The microwave power source is a Varian 203/675.
reflex klystron rated at power level of 50 milliwatts.
The klystron is water-cooled and tunable over the range
from 8500 mc/s to 9600 mec/s. The beam current used is ap-
proximately 30 milliamperes and is supplied by a Lambda
regulated power supply, model 25. 4 six volt storage bat-
tary supplied the 0.4 - 0.5 amperes heater currenté. The
reflector voltage is pfovided by a shielded battary bank
-0f various size dry cells. The reflector voltage can be
increased or decreased in'steps of 22.5 volts, or 3 volts,
from a fixed voltage of -337.5 volts or -37.5 volts with
respect to the ground or tn the cathode, respectlvely.
Also on the battary bank there is supplied a voltage that
can be varied continuously‘over a 4.5 voltage'range for
fine tuning. |

The frequency control system. An automatic fre-

quency control “system is included in order to provide op-
~ timum stability of the microwave oscillator. The klystron'
is locked onto the cavity resonant frequency. This elim-
inates the dispersion component of the EPR signals, re-
moves frequency modulation noise and feduces microphonics.
Such 2 system can be used to lock the frequency of the
oscillator to that of the sample cavity with an accuracy
of one part per milllon.
The block diagram of the automatic frequency

control part is included in Fig. 5.1. A control frequency
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Fig 5.2 Principle of AFC.
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of 10 ke¢/sec is provided by an oscillator (22) to both the
AFC phase detector andzpoﬁer supply for the klystron re-
flector. In the AFC phase detector the 10 kc/sec voltage
is used as a phase reference, while in the klystron power
supply it is'used to slightly modulate the reflector vol-
tage, thus resulting in a small 10 kc¢/sec modulation of
the klystron output frequency.

This frequency modulation causes the klystrbn
frequency to vary with respect to the resonant frequency
of the sample cavity. When the klystron center of fre-
quency (f,) corresponds’ to the resonant frequency of the
sample cavity (ff), the reflected power from the cavity
is amplitude modulated at a frequency which is the second
harmonie of 10 kc/sec (i.e. 20 ke/sec.). This modulation
appears at the crystal detector (Pig. 5.2a). If the cen-
ter frequency of the kXlystron is shifted from thét of the
resonant cavity, the frequency of the voltage appearing
at the crystél detector is 10 kc/sec. Its phase is de-
pendent on whether the klystron center frequency is higher
or lower than the resonant cavity frequency. The ampli-
tude of this reflected 10 kc/sec signal depends on the
relative difference between f; and fi (see Fig. 5.2b and
c). This error voltage is amplified by the a.c. ampli-
fier (20), then phase detected (21). The result is a
d.c. output voltage which 1s superimposed on the klystron
reflector voltage as a correction voltage so that the

center frequency of the klystron corresponds to the fre-
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quency of the resonant cavity.

C. Detections:
In order to detect the EPR signal satisfactorily

the magnetic field is modulated about the steady field
position Hy. The modulation signal is obtained from the
reference voltage output of a Princeton Applied Research
JB - 5. lock-in-amplifier, the frequency of which can be
varied up to 100 kc¢/sec. The amplitude of this signal is
varlable and can be selected to sult any particular line.
The microwave energy, modulated at 200 c/sec
which contains the EFR signal information, is detected by
the IN 23 crystal detector in the detector arm. The re-
sulting 200 ¢/sec signal is then fed into the PAR Lock-
in-Amplifier and is detected in the manner described in
the previous section. The PAR lock-in-amplifier is eésén-
tially a phase-sensitive amplifier which only amplifies
signals having the same frequency and phase as the inter-
nal reference voltage. Thus much of the nolse which ac-
companies the EPR signal is excluded. The d.c. output
of the lock-in-amplifier, thus obtained, 1s'the derivative -
of the actual absorption curve and is fed into the Chart-

recorder.

D. Magnet:

The magnet used is a Newport seven inch electro-
‘magnet, type E. The gap between the pole pleces 1s ad-

justable and the poles carry universal screw shims. The
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power supply for the magnet has been bullt in our labora-
tories, and is found to be stable enough for holding a
dpph signal steady on the oscilloscope for any length of
tine. ?he magnetic fleld variation over the paramagnetic
specimen is no more than 0,01% for the range of field that
has been used 1n the present work. |

The steady magnetic field is varied by fixing a
small motor of sultable speed in conjunction with a set
of gears to the helipot which changes the current in the
magnet coils. The sweep rate is adjusted according to
the nature of the spectrum. Although the varigtion of
the magnetic field is not quite linear, this does not in-
troduce any extra error as the position of each line has
been measured individually for the final calculations.
The steady magnetic field modulatlion is provided by colls
wound in the same plane as that of the pole faces of the
magnet. They are mounted side by side with the coils of
the steady magnetic field, and are powered by a sultable
frequency in the range of 200 ¢/s obtained from the com-
mercial PAR lock-in-amplifier unit and a power amplifier,

E. Cavity and Goniometer:

The cavity which has been used in our spectro-
meter is made up of commercial x-band brass wavegulde
material, and is operated in the TElOl rectangular mode.
The cavity is coupled to the wavegulde through a coupling

iris of ILO"2 inch thick copper plate and has a coupling
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Fig. 5.3 Cavity Assembly
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. hole of approximately Q.15 inch in diesmeter. The cavity
and the irls 1s gold plated to 1hcréase the Q of the cav-~
ity and to avoid deterioration by oxidation. A small
coupling screw is attached to match'the cavity. The Q of
the cavity with the crystal mounted is found to be of the
order of 1500 in our case. Flg 5.3 shows the cdvity and
its accessories. . ’

‘The cavity 1s equipped with a gonlometer which
serves to orient the crystal with respect to the cavity
walls. The goniometer C is fastened to the E-plane wall
by means of a brass bracket composed of the parts A and
D, The graduated plate C of the goniometer can be rotated
through 360° about an axis normal to the.E-plane of the
cavity B, 4 semicircuiar‘track K is soldered to the gra-
duated plate of the goniometer with its axis of rotation
pafallel to 1t. The track bears a brass runner which 1s
composed of the parts E and P. A nylon pin M to which

the crystai 1s glued is mounted on this brass runner.
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CHAPTER VI
EXPERIMENTAL PROCEDURE

The experimental work consists of three different
parts: |

A, Operation and adjustment of the spectrometer.

B. Alignment of the.crystal.

C. Measurement of the magnetic fleld and klystron

frequency.

A, Operation and Adjustment of the Spectrometexr

To put the spectrometer into operation, the kly-
stron is first tuned mechanically to gilve maximum output
at the cavity resonant frequency. The signal klystron is
modulated by a variable 60 c¢/sec signal om i1ts reflector,
and the feflected power from the cavity is viewed in an
oscilloscope with the same 60 ¢/sec horizontal input, by
means of & power téke~off through a directional coupler.
By adjusting the klystron cavity tuner and the reflector
voltage, the frequency of the Xlystron is centered on
the cavity resonance. Thls 1s indicated by an absorption
dip in the klystron power mode at precisely the resonant
frequency of the sample cavity. This frequency can be
approximately measured by superimposing the wavemeter
dib on the cavity absorption and noting the wavemeter

reading. The wavemeter dip 1s then shifted from this

7
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position to avold any fluctuation. Once the klystron is
tuned to the cavity frequency, the task remains to match
the cavity impedence with that of the wavegulde arm. A
poor impedence match between the cavity and 1its arm of

the hybrid-T causes a sharp reduction in the amount of
power absorbed. The matching is effected by selecting a
coupling iris of sultable siée, and_adjusting the coupling
screw and the slide screw tuner.

It is to be noted that the cavity-matching depends
on the éample, and as such for the fingl work the matching
is done with the crystal properly adjusted in the desired
orientation. After matching the cavity, the large 60
¢/sec modulation is removed from the reflector, and is
replaced by a very small 10 kc/sec modulation voltage.

The klystron 1s now stabillzed by varying the 4.5 volts
cohtinuous voltage on the reflectpr voltage supply battéry
bank until the frequency locks on. This is indicated by
a minimum in the d.c. output of the IN 23 diode in the
coupled arm. |

| The spectrometer 1s how'ready for recording the
spectrum. The magnetic field is now slowly varied and
the spectrum is recorded on a X -y plotter whose input
i1s driven by the output signal from a gaussmeter, Model
REL 1890 whose Hall probe is placed very near to the
cavity. The x-input is connected to the output of the
PAR Léck-in-Amplifier. As the magnet is rotated about

the waveguide axis, the pen 1s proportionately shifted
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in the x-direction, thus enabling a complete angular var-
lation of the spectrum to be recorded in one graph paper.
The positions of the important resonance lines, necessary
for exact calculations, are measured individually by loc-
king the magnetic fleld at the.center of the line con-
cerned. The field 1s then measured by usinrg NMR as exX-

plained in section (C).

B. Alignment of the Crystal |
For the interpretation of the spectrum it is es-

sentiallthat the relatlion between the magnetic axes of
the lon sites in the crystal and the magnetic field dir-
ection 1s completely known. Since the magnetic axes are
usually related in a simple way to the crystallographic
axes, it 1s easler to locate the crystallographic axes.
The relations between the magnetic axes and crystallogra-
phic axés are then obltained from the angular varlatlion of
'the spectrum.

Cordierite is an orthorhombic crystal and hence
has. three mutually perpendicular crystallographlc axes.
Its crystallographlic axes were located by taking Laué
photographs and using a Greniger chart in conjunction

with a sterographic projection. The crystal was then

transferred to the microwave goniometer without changing
its orientation. ZFinally 1t was checked by mounting the
microwave gonliometer on the x-ray goniometer stand, and

any necessary final adjustment was made by using the arc
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~of the microwave gonlometer. The microwave goniometer was
then fitted into the cavity and was locked in position by
tightening the brass brackets. The lengths and positions
of the wavegulde components were so adjusted 'that the
cavity lies Just at the center of the magnét and the mag-
net can be freely rotated by 360°, The vertical arm con-
tailning the cévity Waé finallyilevelled by a spilrit-level

and a telescope to make it precisely vertical.

C. Measurement of Magnetic Fleld end Klystron Freguency

‘Methods of measuring the magnetic fleld have
been comprehensively outlined by Symonds (1955), and the
method chosen as the most suitable and readily usable is
the proton magnetic resonance oscillator method. The
sampie is held in a seven millimeter diameter glass tube.
The sample is water with a small amount of copper-sulphate
in order to shorten the relaxation time of the resonance
line. It 1s the proton of hydrogen in the water which is
responsible for the resonance line. The probe proper con-
sists of a calibrated marginal oscillator and a detector
amplifier system., The modulation coils of the probe‘are
supplied with the output of 60 c/sec sweep circult whose
maximum output 1s three volts peak to peak. Since the
tunable freqﬁency range of the osclllator with the com-
mercial probe supplied was only from 8 to 22 mc/sec and
we had to measure fields corresponding to the frequenciles

of 2.8 mc/sec up to about 7 me/sec for the resonance lines
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and about 12 mc/sec fér the dpph line, we had to construct
several probe heads with different numbers of turns in the
r.f. coil for different ranges. For the lowest frequen-
cles 1t was not possible to use water and a special probe
was éonstructed using mineral oil as the source of protons.

To measure the magnetic field, the water sample
is placed in the magnetic fleld very close to the cavity,
the proton resonance signal 1s obtained by changing the
frequency of the NMR oscillator and is displayed on an
oscilloscope. The frequency of the marginal oscillator
is measured by using a hetrodyne frequency meter to obtain
a zero beat pattern ohAthe oscllloscope display. The
frequency 1s then obtalned from the-éalibration table.
An accuracy of 1 in 10? 1s obtained foi the osclllator
frequency and also, therefore, for the magnetic field ‘
value. |

The relationship between the proton resonance
frequency and the value of the steady magnetle fleld 1is

given by the equation

B, =YH (6.1)

Since Y and h are well known and since ﬁb is the proton

resonance frequency which is measured, the magnetic field

can be obtalned from the relation

H v: h»p/y
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oxr

H (k-gauss) = 1>(mc/se§) (6.2)

4.2577

The frequency of the klystron 1s obtailned by ob-
serving the dpph signal., If the dpph signal occurs at field
H, then the corresponding'klystron frequency 1is given by

V= gpE/n (6.3)

Where‘ﬂ 1s the Bohr-magneton and g for dpph is 2.0036.
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CHAPTER VII
RESULTS AND CALCULATION

A. Results

- | As hasyalready been mentioned, only the spectrum
due to Fe3+, substitutlonally occuppying the position of
Al in cordierite, has been analyzed in the present work.

3+ spectra were recorded

The angular varlation of the Fe
about all the three cryst@llographic axes at intervals of
159‘.‘1;

Pigs. 7.1 (a) and (b) represent the spectrum with
the magnetic field perpendicular to the c-axls, along
and 15° off the b-axls, respectively and show how the
lines coslesce in pairs along the b-axis. Figs. 7.2(a)
and (b).show the complete angular variation of the spec-
trum about the b and ¢ crystallographic axes, respective-
ly. At most orientations, the spectrum consists of three
lines, two of which are more intense than the other.
The more intense pair of lines varies little in intensity
over the whole angular range. The minimum and maximum
effective g-values for each are 3.2 and 5.1, respectively,
and thelr angb.lar variations are 60° out of phase. The
weaker line varies rapidly in intensity and was only ob-
servable from the maximum g-value of 9.1 down to g approx=-
imately 4. Again, the angular variation consists of two

curves 60° out of phase. The orientations at which the
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Fig. 7.1 Spectra of cordierite (a) along b axis (b} 15° away from b axis.
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weaker line has maximum g-value are the same as those for
which the strong line has minimum g-value. The weak lines
and the strong lines coincide when the magnetic field lies
along the a-and-b-axes. From this behaviour, 1t may be
concluded that the sPectrﬁm consists of two lines for each
of two crystallogréphically equivaient sites, these sites
being related on a 60° rotation about the c;axis.

The spectra aboﬁt the a-and b-axes each contaln
only‘two lines, a stfong line with comparatively little
changewin intensity or g-value, and a‘weak line obsexrvable
over only a part of the rotation.l In these cases, the
spectra from the two sites are superimposed. This fact
was verified by slightly misaligning the crystal in the
a-rotation, when each line split into two.

| As explained later, in each rotation, the strqng
and weak lines have‘been attributed to the(%é*—g) and
(%e+-%)'trahsitions, respecfively, of Feo+ occupying the
(k) positions of aluminum. The magnetic axes for the two
sltes have been ldentified from the angular varlation
about the c-axis, and are indicated in Pig. 7.2(a) where
the suffixes 1 and 2 refer to the two sites. The y and
z nagnetic axes make angles of 30° and 120° with respect
to the b-axis‘, in opposi‘te senses for the two sites.,
The x-axis i1s common to both sites and coincldes with
the ce-axils.

The following are the experimentallybmeasured

resonant flelds and éffective g=values for the lines
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along the x, y and z directlons

IABLE 7.1

Position of the DPPH line - 3.1434 Kg

(Table 7.1).

48

Direction

Directlon [Tramsition = Site . Fleld Wkg) Bose
i Ge-d) 1 1.9498 3.228
1ot
(Fo3) 1 0.6936 9.0T4
7, (%«».—g) 1 1.2370 5.088
Yo (Zo-1) 2 0.6939 9.074
3,3 | . .
(Zo 2) - 1.9449 3.236
3 3 |
Zy (50-5) 2 1.2392 5.079
X (ga-g) common. 1.7069 3,683

B. Calculations

From the experimentally observed data it has

been possible to determine the ratio of £/D and to make

an estimate of D.

by trisl and error using an IBM 1620 computer.
An initial estimate for N = 43 E/D of 0.32 was

All the calculations have been done

made by referring to a set of calculations made by Dr.

H. Ogata which employ second order perturbation theory
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to give g-values as a function of WM for the low field
doublets (Fig 7.3 a, b, ¢). These calculations are valid
for the case where the effect of the magnetic field 1is
small compared to that of the crystalline field. Comparison
of the experimental g-values with these curves also enabled
the magnetlc axls to be asslgned.

. The final calculations were made by dliagonalizing
the Hamilténian for each experimentally observed resonant
field using different values of D andW. The energy level
differences (in kg ) were calculated and compared with the
dpph resonant field; The values of D and M giving energy
level differences closest to the dpph value for each case
were recorded. This process was repeated for finer steps
of D and M in a smaller range, and the results whlch best
maetched are shown in table 7.2. The values of D and ™M

corresponding to‘the best match are taken,
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TABLE 7.2

Direction F%eld Hppry n (&)
kg) (kg) -

X ©1.7069  3.1376 0.340 14.5

y 0.6936 3.1434 0.335 15.7

18.7

 L.9ATA  3.1434 0.330 11.2

z 1.2381  3.1428 0.342 10.2

| 10.5

~ From this m and D can be ‘taken as

D=15+ 5 kg

C. Energy Level Diagran

To obtain the energy 1evels,'the above values of
N and D were substituted in the Hamiltonian matrix and
the energy levels were calculated for magneﬁic flelds
from O kg to 20 kg and for all the three directions. In
each case six energy values corresponding to the states
+ g, + g, % % were obtained. The energy level dlagrams
for the three directions are shown in Fig. 7.4 a, b and

¢, FPFrom the energy level diagrams, the positions of the
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observed transitions are obtained and are compared with
the experimentally observed values which have excellent
agreément in all directions. Table 7.3 shows the agree-
ment between‘experimental values averaged over both the

sltes, and the predicted values.

57

TABLE 7.3
Direction Transition Av. Measured Value GCalculated
: : (kg) Value
o (kg)
B2 : .
X (2e»2) 1.7009 1.71
-2 1.94 1.94
y (ge 2) 4T3 9
1 1
(56 5) 0.6937 0.69
Deymd 1.2381 1.24
Z (20 2) 3
C. Exrors

There are two possible sources of errors in the

present experiment: (1) alignment of the crystal (4ii)set-

ting of the fleld on the EFPR line and determination of

frequency by using hetrodyne frequency meter.

(1) Alignment of the crystal. To avold error
due to misalignment, the crystallographic'axes were re-

checked after transferring the crystal to the microwave

goniometer fram the x-ray goniometer. Final setting was
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done by observing the symmetry of the angular variation
and the splitting of the lines. The last operation al-

lowed us to set the crystal within + 1°.

(11) Setting of field and measurement of freguency.

The lines along the three principal axes were measured

by adjusting the magnetic”field to the centre of each
line; indicated by tﬁe signal on the output meter of the
1ock-in-amblifier. The lines were located by approaching
from both higher and lower fields in turn. The resonant
field was then determined with n.m.r. ZIThe reproduclbility
of the n.n.r. frequency, as the field was changed and
then reset on the line was within 4 kec/sec in én average
frequency of 5 Mc/sec. In addition, the n.m.r. frequency
was measured several times for each line; if possible
using different harmonigs with the hetarodyne frequency
meter. The overall reproducibility in these measurements
was within 5 Kc¢/sec, corfesponding to an uncertalnity of

4+ 1 gauss 1n the field values.
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CHAPTER VIII
~ CONCLUSIONS

&

From the foregoing discussion it is clear that

3+ occupying sites of

the spectrum observed was due to Fe
Al in co:dierite and experiencing a very high crystalline
field. Although no chemical analysis were done to find
out the Ilmpurity lon, the excellent agreement between

the predicted and experimental data left little doubt
'about the nature of the impurity ion. ZFrom the crystal
structure it would appear that there should be three

different sets of spectra for Fe3+

correspondigg to the
three sets of aluminium in cordierite. In the actual ex-
perliment, however, only two sets of spectra are observed.
This indicates that either the third site does not con-
tain Fe3+, or else the concentration is too small to give
rise any observable intensity in the spectrﬁm.

This may be due to the fact that the distance
between the Al in the 4(b) position and the oxygen ‘is
1.75A°, whereas the distance between the Al in 8(k) and
oxygen 1is 1.8A°. Because of this smaller interatomic
distance between the Al 1n 4(b) position and oxygen, the
probability of Fe3+ replacing Al may be less than for

the other two sites. In any case, the results indicate

that the (b) and (k) sites are not equivalent. Thus the
' . 59 '
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3+ ion lo~

observed spectra have been attributed to the Fe
éated in the 8(K) positions, since their principal axes
coincide with the 2-fold symmetry axes of Al in the (K)
positions.

In the spectrum of cordierite no Zeeman transi-
tions (AM = # 1) has been observed. This is a consequence
of the large value of D which seperates the energy levels
into three pairs, the energy gap between each palr being
much greater than the seperation within a palir. Conse=-
quently Zeeman transitions cannot be observed at the us-
ual microwave frequencies in the X or K bands,

As regards the low field doublets, only (%é-g)

and (%e-%) transitions have been observed. From the en-
ergy level ‘diagram, the (ge—g) transition is expected
either gt very low or at very high fields. However, no
such trénsition has been observed. The transition proba-
bilitles are expected to vary considerably with orienta-
tion (Holuj - 1965), but no calculations of them have
been carried out.

Since only limited number of experimentalldata
were available, it was not possible to obtain all the
parameters in the spin Hamiltonian. The only quahtities
that have been obtalined are

E/D = 0.193 +0.003

D=15 + 5 kg
It 1s expected that the experiments in K-band
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ﬁill reduce the uncertainity in the D value significantly.
The future plan includes the work in K-band and also an-
alysls of the Mn2* spectrum, which has already been observed.
Work at low temperatures should enable the sign of D to
be determined. This may also show the spectrum due to Fe2”
which 1s expected to be present substitutionally in place

of magnesiun.
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