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1. IETRCDUCTION

It was Klaproth who first recognized a polyumorphism in
1798, that is, that the saxe chemical compound may crystiallize

47,

the volymorphnic Forus

BN

in different forms., Klaproth observed

- - . 1
of calcivm carbonate (calcite, zragonite).

That titenium dioxide has severzl natural Dolvq0“?“10
forzs (rutile, anatase =2nd trockite) has been known slready
for many yeers, RccerbTv, & fourth colyzorpanic form was

J -

synthetically produced (TiOZII)z.

Rutile, znatese and brookite are often found in nsture
as good single crystals. Synthevically one can obuain single
crystals of rutile and polycrystalline anatgse3 To date,

21l atlenpts %o produce brookite artificially, even in voly-~
crystelline form have been unsuccessful. s a result most EPR
studieé have been mede with ru $11e4=7 aﬂd soue .witn natural

crystals of anzteseS~13, No EPR studies of brookite heve been

An EPR comparative study of different volymornnic forus
can be interesting from e mineralogical point of view., Only
receHUL,, EPR hes been acknoviledged to be 2 tool in mineralogy
and geology. Reviews Dby W, Towl4 and S. Ghosel® have shown
et EPR cen be helpful in clesrifing some mineralogicel provlems
such as the relation bvetween the paremegnetic impurity and the
nineral hcst (site preference). quormation about coordination

end local symmetry (non-equivalent sites, orientation and values



of the crystal field parsmeters, charge coumpeansstion), nature

-~

of cnemical boanding, color centers and oluer lattice defecys,

ocrder-cdisorder, and relative &b Gw“ce of different pere-
negnetic impurities or different valence siaves of a given

imrurity may be obiezined Irom analysis of EPR measurenentis,

()

Since impurities sre a fact

or that determine The habit

Fal

formation of the minerals it is also remotely poscsible that

PR can be helpful in this geological vroblem. Remotely since

tf_l

non veramegnetic impurities are imposszible o observe or large
concenvravions of peramagnetic impurities will not be seen or

ake anclysis eXtremely . difficult with EPR,

In the present thesis the results of an EPR svtudy of
substitu%ional iron impurities in a naturel single crystal of
brookite are described. Yo attempt to analyze other EIR
transition llaes ras been made o date althougn some svecu-

ction nas bveen avienmuted.


http://extremely.difficu.lt

2, RESULTS OF PREVIQUS INVESTIGATIONS ON BRCOKITE

Brookite has an orthorhonbic symueiry and belongs to
FR 15 P " l 6 > o ~ J-,. 7
tne Pbca (Dzj) space group. R. Weyl " remeasured the latiice
constants of broockite, vdreviously determined by L., Pauling and

J.H., Sturdivent™', and found taelr resulis Vo lie within the

precision limits of C,1% atitained by his measuTenen s, These

Q
a = 9,184 A
b= 5.447 &
o)
c ¥ 5,145 A

However he found some discrepancies for <The values of the

lattice peremeters and these zre listed in Table I.

Using the velues of Table I and the coordinates of

18,19

equivelent positions Zor the Pbca space group one is

>

able to find the projections of the unit cell., DPFigure 1

shows these projections.

EBach titenivm ion is surrounded by six oxygen lons at
the vertices of an octanedron axnd iv also sineres tlhree edges
with other octanedrons. This is shown in Figure 2, These
common edges ere siorier in comparison with the other edged of
tae octahwedron wiicir is in accordence with Peauli rg'e Rule 7,

(Rutile shares iwo edzes and anaicse sheres four

Tevles II and III give the distances betvieen the

titaniun and the o:y;ens as well as tiae disvances betreen the

oxygens., Clearly, tnis octchedron is distorted. Furthermore,
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R. Veyl has calculzted that the Tio in the ociakedron is.

middle of the Ti0g octanedron) and thas
. further awaey by 0.12%C.06 2 fron tae nei;hbour*ng ions, Ti
end Tig than from tae Third nesres

can be czlculsated from Table IV, (Vhere the subscrinis on Ti

refer to the ions labelled in Figure 2).

In <the brockite structure eacin ociahedron 1s bound
tarough two coummon.edges to TwWo other octahedrons rorming a
chain in the [CO01l] direction and by the Third coummon edge to
anotner such czzin for: fng a net, parsllel <o the (100) pl .
Tae unit cell has t.o such nevs, one over the other which are

bound by common corners.,

Tae (001) plane in Figure 1 shows distinctively that
tne unit cell has fouf empty columns, hosvever, 11 is not clear
that each such.colﬁmn convains 0 1qLC’s*1u1ﬂl sites sur-
rounded by six oxygens at the corners of a larger disvorted

octahedron,

T
¥ <)
i

Another wey of viewing the structure of brookite is i
following: the oxygen ions are in approximately doudvle hexa-

-onzl closed packed (DECP) arrangenent, i.e. (ABACABAC...) as

m

saown in vhe Figure 3, The closed nacked plane is the (109)
' 22,

U]

lene, one nalf of the octahedrons are rilled with taniunm
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TADTICE PARLUZOTRS (IXN BRACZETS TFF VALUZS

OF 2:ULING A°D STURDIVALT
04 05
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The topotactic mecnrenisus for tihe Ti0» system ere based
1S 2

I the oxygen close packing during the volymorphic transivion

— (o]
[-

Py,

.natese 1s pseudo-cubvic close packed (CCP) with the close

T

o}

acked vnlane (112); Rutile, rough approximation of an hexegonal

close vacked (ECP), (100) or (010) planes; Ti0,II, EC?, (100)

e observed and

and mectanism of the bdrookite- ile transformetion are very
similar to those of the anztase-rutile Traasformation

trensformetion end its activation energy are

el

The rate of
governed by the surface size znd by the azount of impurities,
e.g. thne concentration oi oxygen vacencies or interstitizls,
But the activetion energy, which is mainly for the production
of nucleation sives, is higher for the enatase-ruiile cese
end the eniropy of activation is.large end negetvive for the
broockite-rutile transformation compared»With tire small
positive value for the snetese-~ rLbllé‘transforLation. Tais

mey be unaerSuood in terms of the change of symmetry (lower to

Y - Y . Y

ne zosence oI sucn & chedge in

ot

higher) of the first case and

cl-

Iy o ~ - ~ . . v . . ___.
the second<9, The effect of impurities in generzl is tha

cf
(l)
U)
ck
} 1
c'.
'..J
N
=
'_J
e}
s
[6)]
I,.J
LD
OJ
I_I
ct

oxygen vacancles esccelerzzte nﬂe”EoS int

Toe transformationZs.'



SUNEARY

YOV IR
LoV RN

TES Ti0o SYSTEL

Numberof Ovygen

Redistrit:ution of the

Rcacswn Layers Rearranged Titanium Atoms® Remarks
11 - rutile None One half in each layer Only reacticn that has been
A B A B A4 B 4 B reversed. Experimental evi-
L dence inferred from work of
1/2 172 172 172 1/2'1/2 172 Bendeliany et al. (1969)
Brookite - 11 1in4d Every Ti in two consecutive layers Reaction without SRO phase

altering with two lavers in which there
is no Ti motion.
A B A C 4 B 4 C

formation. Brookite has zig-
2az TiOs octahedral chains as
is found in 11,

Brookite - rutile

This reaction does
not involve an oxy-
gen shearing mech-
2nism, but thereis
s <hifting of all

Every cther Tiin cach layerin order to
form straizht Ti cciahedral ¢hains.
4 B €C A B C 4 B C

1,.’1 l./2 1}2 I}Z 1}2 1}2 1}2 1}2

Experimentally observed
topotaxy.

© oxygen.

Anatase—rutide  This reaction does  Every other Tiin euch layerinorderto Topotaxy experimentally ob-
not iavolveanexy- form straight Ti ocizbedral chains. served. A large disiortion o¢-
genshearingmech- 4 B A4 C 4 B 4 C curs in the formation of
anism but all oxy- HE A straight  octahedral chains
gen atoms shift 1/2 1/2 /2 1/2 1/2 /2 1]2 from zigzag chains.
positions.

Anatase—II {in6 A repeating sequence of all Ti and no  Reaction always accompanied

Ti motion beginning with the Ti be-  with SRO phase formation.
tween the 4 and C layers. .
A4 B C A B C A B C
1 0 o 1 0 0
Anatase—Dbrookite 9in 12 Very complex Reaction 1cjorted only one

time.

* In mo:t cases the movenent of the titanium ions is 1o adjacent tetrabedral sites which are in the process

of becoming octahedeal sites bee

se of the accompanying oxygen mision.

The legead for the titanium motion is
1/2 every other titaniue changes site
"1 every titanium changes site
0 no titanium chanzes site |
The layering scheme is that of the reactant.

[



OTHER D TIES

2RO2H

given

2lso included

TABIE VI
PROPERTIES
Property LAnztase
. . I . 3 .
Densi®: 3.87-2;955/Cm L
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e
Static dielectric
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Putile (4.2-300)°K

Ilo EPR studies in dvrookite
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Teble VI,
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Rutile Brooiize
.21-4.25g/cn’ 4.1%g/cn’

114
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6780
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78
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5, THE SPIW GANITTONTIAM

Tae electronic conf’guration of the Fel* ion is 3d° eand
vne Iree lon elecironic ground siete 1s 655/2. Tﬁe megnetic
rescnance svecirum should be remarikadly simple. The sextet
vould hiéve no Splitting other then the Zeeman interaction, and

2 single line would be oboeﬂveu, hovever, exXxyerilmenially this

pte

s faer from the trutk., 2otn f_“e end hyperfine siruciures

heve been observed for iens with hglf filled 3d, 4f end 5%

sizells. Several nechenismsS znove veen proposed to explzin
s 31 . . . . ve sz e .
tais. Soin-spin end spin-orpit iuversctions can produce

seccnd or higher order terms coupling the ground s

nizher orbiital stetes to the crystel field.

~e

Tne mulvtiple fine structure can convenienvly be regsre-

sentel by zdding to the Zeeman term in the spin E"flluonlan,

terms of wigher powers in S, Sy end Sz’ grouping tnrem 1ato
L
combineticns of spin operators, ezch such overator teing Tae

equivalent to a combinztion cf spherical harmonics. Such
. . . n e e S xm 4
pin operators dexnoted &s O appear extensively in

sing equivalent spin operetors 1s that

<

}
S
(0]
N
o
<4
0
e
ct
{0
tr
()]
O
L)
<

r walch terms will appesr. in The spin

Ny
v i

Zemilicnian, One excludes zne equivalent spin opereiors whicn

field,

~

4]
(]

only tnose wnich reflect the symmetry of tae ¢

I~

yste

<

Furtaermore, the number of such operztors is limited by the
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ors of nigher degree then 25 uway be omivted

trin states

tetween the

since they have zero meatrix elements under
. . . o ol BT o S o S e
consideration, IHence Ior rfe cne can write in general
- . = - 2 b ﬁ t 4 on
- Fo gt = WAl S Joy - G v LI
= fEZS + 1/3 2 oo 0% + 1/60 T b O (1)
ps-2 e
Using the hknown traznsiorzetion  nroneriies oi‘Yg under
rovotion ©f the coordingie sysien onme csn evelulte the Trans-
Torzation proverties of tne bi under these rotetions., An ap-
e R
vendixn ia Bgler and VWillianm is very nelpful for these calcu
lations and hes been vsed in Avprnendix A to czlculate the spin
Heuwllionien for en arblirary orientetion.
The spin Hamiltonien may be exvressed in an sliernative

form,

wnere D is a ten

~

R P
. 2

vila

tecomes

wnere it is conv

uzmetion in (1) can ve writien as:
I.NS
S<D-S

sor guentity. Referred to the principal axes,

2

Dx Sx + S

[z
&~

+ DZ

R

tne tiiree coefficients

ch

enient o e sum oF

O Zere oy Suvstraciing the cuanvivy
‘ 2
o ™ (= 2 o~ 2 fond - -~ bd - ™ T Q
1/) (u,-"‘D., ...-Z)\u:’: fby f-..;z ) = _1_/) (.!Jx"‘_-,v*.l,’z)S(ufl)
woich is just a counstent that moves all eneryy ievels up or
down Dy tae same amount,
' - o ER + - 3.1 o~ N -+ 1

ine foev thev one can sev the Trace of tensor D to be
=eTO mieans thet there sre only o 1ndencndent coeffd ients
LT g uwiTalil vileo v pER SN [ e Siay Vi FEREN CaS L e PSRV oeRIliCcrLenvs



2 2. o2 -
D.82+D 57+D 8% = 1/2 (;;*
o ' J ;\JT L 2z

z =

Thus the second teru of eguation
if the axes are chosen 1o be tThe

D,

ares oI a parsmagnelic

exverimentelly by absolute exireme positions of

lines, By eventual pe

limit the value of E/D to

_p.

tie purely axizl cease”

s+1)) ¢ 1/2 5555

These axes are comzonly known in IPR

rmutetion of

the range o

)(:.2,+*~2) + 1/2 (DD,

(2)

(1) is equal to equation (2)

orincipel exes of tne tensor
literature as tae

devermined

the EPR spectural
£ the aes one cen acditionally

£5/0=1/%, where zero is

Since taere is no argument to suppose taat the priancipal
~r £ 4+ “,\m ~S AN I T 2 o] ] g v P ad bm
axes of the tensor oy, coincide with- the princingl sxes of )
the latier ave bveen taker as defining ithe meagnetic exXes,
Fost work published in this field heve included only *he 19
X J P
A - P e 32 4
ang bA terms of the second summation in equetion (1)7°., Ex~.
centions are meade when dealing with cublc or pseudo-cubvilc

crystals (when one cen ccnsider the

perturbation of the second),

-~ .

to ve the princinal
including the two

usually written &s:

zxes of

termzs described, tne

firs?y summsiion &s e smzall
In wihlcn cese tiie magnevic axes
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NATUZAT CRYSTATLS OF BROCUINE

Several neatural crystals of brecokite hive bveen used in

17

this worik, They origincted in Madersnerthal, Uri, Switzerland;

-

~

Valser Tal, Graubunden, Switzerland; and ilagnet Cove, Arkansas,

-

USL. The kaderarnerthal and Valser Tal samples studied in tais

werk nad the szme navit, they were itranslucent flslkes perallel
to tne (010) »le and were either light brown or yellowish
ia colox The Megnet Cove sample also calied Arkensit was

elmost & perfect coctahedron and black in color,

The EPR specire of the Maderenertnsl and Valser Tel

semples are undistinguisheble, 211l observed EPR transition
lines heve the seme reletive intensities. 4ny comparison with
trxensit was not possible since these sanples had a very high

loss factor and hence no EPR sgpectrum was obtainable.

The IPR sgectrometer was & conventional balsreed dridge

design,
The microwave bridge utilized a megic T gt ZI-oend and =z
circulator at Q-band, 4 reflex klystron (Z-bend: Variea

outsut. In X-bznd one arm ended in:

5]
1)
34
'...l
(@]
nN)
=
[¢M]

N O
(@]
3
]
5
O
o
o
s‘l
}.J
C

<

Ll v 9

(Verizn mulii-purvose cevity V-4531) coupled turough an



adjusteble iris, the other reference zru contained a slide-

p)

!

screv wuner and & mztched loa d, In O-vend trze taird srm of
the circulator conteined a slide—ucre. tuzer and & circular
*E 012 rescnance cavity (Ventron sample cévity SC-10-ka) and
wes counled thrcugh adjustable teflon spacer??, The crystal

diode was bizsed (100-300 HA) by edjusiing the slide screw

Tuner,

o,

The klystron wes freguency locized to the resonen
cavily by modulating tne reflector vcltage witn e 10

and using the corresponding phase sensiiive detected output
from the crysiel detector as zn error signal. Ehe magnetic

field w:s modulated ot 100XEz thrcush swell moduleiion coills
<

temperature. At liqui

-

attached to the resonant éavi%y 2t reon
feliun te%perature 2 400Hz wmodulation errangement was used
thrqugh lerger modulation coils atiached To the faces of the
megnet.,  The wodulevtion amplitude used wes 10- 15 gauss. This
high moduléation was safely used since all lines were over 30

gauss wide and hence ro modulaticn brozceaning eifecis would be

-

"he pre-amplified output from the crystal detector wes
phese sensitive detected at 100KEz (400Hz) (PAR Lock in
implifier/phase detector, model 121). The output wes tuen

connectved tC & sirip chert recorder.

The microweves &t A-vpond was messured

Hy

Thme Ireguency o
with a digitzl freguency meter (Hewlett-Zeckerd Frecuency
2

couvnter 52554 with plug=in adspia HP 5245 ), &t Q-band & marker
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Ty

wes introduced (DIPPE powder) to the cevity,

Tre exwveriments were performsd on o 2.5" lagnlon imognev
i Rrvie? roteting coil Field sensor (iegnion FFC-4 pover sunply)

(4

the direct field readings by the sensor .ere calisrated tunrough

£11 measurements were made wiith the megne

perpenGiculer to the microwave megnetvic field at tn

]
o
6]
[4H]
&
G
|..J
[
®

Figure 4 gives g vlock disgrem of this exgperiuen

()

ANGUILLR DEPENDENCE OF THE SPECTRA

S B
(v}

It is possible, in general, <©o acvermine exverimentelly

tne vrincipsl axes of the tensor D by finding the cxtremunm

ul
n g
5

rosiiions of the EPR speciral lines”®, T

(o]

achiieve this, one

iy
-
3
o
Lt
X
O
s
o
Hy

usuelly measures the KPR trensiticn fields as a

tze orienvetion of the cryszel field with respect ©e the szatic

was operationzlly very difficult fto find
fields since, what was one line at an orientziion perallel to a
orincipal crystellogrenihic exis bveceue Iour lines &t a raudonm

orieantavion., %o Try To follow & line by rotsting Tae cryste

O
[¢)]
0]
l ]
(&)
I_J
()

or zcgnet in such & rendonm plene proved To be an luap

-

ire other wpossibility wes
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.A‘ F.C ampiifier
L I |
: _ slide-srew crystat
klystron isolator attenator {1 magic T |
,, tuner detector
[ ] amplifier ——f,{ lock-in
, , cryst.
isol. (= atten=circulator= y i
detec. ) g
Ll EW’H%E | 7 wave ~ {chart
klyst Srow variable_—% 4 generalor recorder
| tunar Coup[er F“\ | /—
] c ! magnet
Q-BAND ' V. POV SUPD.
N 5 4;1
MICROWAVE T _J)\/ \L|
: a . . .COI :
Set-up v modulaticn colls m},-g,‘jj’ || field
[ ] sensor regulator

T e S - - ‘ : o R
“igure 4.- Block diagram of the EPR specirometer arranzement for X- and

Q-band freguencies.

ce
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Q;:fe“enu orientations in the ithree crysitallograephic (001, 010,
lGO)-pT wies wiaere each transition line split imvo
hopefully receive some infcrmation on the projecticas of ik

thece plane then To reconsItyuct where tne

ify and anslyse the parcmagnetic centers involved.

naxing engular plots was used only on a limited

< iy

1ost inownerative owing to The large

es and their respeciive cross-overs, However

it did prove useful in inis case for the nore zccurate

.

elignment of the crystal which was previou 13 oxrienvted wita.

-2 bvack reflection Lauve metncd (Cullity )97

HIGE TELMDPERATURE MEASUREIEHRTS

In the anguler plots made in the (001, 01C) a=d (100 plenes
taere e&re so nany tra;51.1on lines vwheat identificaticn of a

Dereliagaetic ceunter from svmmetry consicderations alone was not

o)
]
kb
o]
<
it
Q
B
o
w
0
H
|-l
1
[..J
I
91
’.J
]

(023}
£l
[}
[¢)
'
(W]
o
}..,
4]
=
i\
)]
v
]
(o]
o
UJ

(_,u
[ ]

9

. e . . 3

Tne veumpersiture devendence srectra of enatase®!
that specira cue to suovsvitutional iron could still be séen
eesily et temperatures over S00°C waile specira of substi-

tutional iron complexes with an oxygen vacancy disapveared at
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Since broolkite has orinornomvic symmetry one would

-

exnect thav its EPR specira would also show this synmetry, this

was experimenztally verified,

. “

EPR spectra at approximately 36 Gz are shown in

Pigures 5, 6 and 7 with the perzanent nabnetlc field parallel
cne principal crystallograpalc axes, eacn figure contains
Tio specira, one at room tenmverature, the other at aporoxi-
nately ZOﬁéC. Figure 8 displeys & snecurum sligntly off <the
[OlO] axXis in aptroximately the (101, vlane, here each tran-

eition line splivs invo four lines,

Ls a result of the angular dependence and temperatur
response of the oL°erved transitions one could separate themn
into at least two groups. The five lines marked with arrows in

et

Figures 5, 6 and 7 form part of one of the groups, This thesis

12

is concerned only with these lines, The anguler denendence

vitnin tone crystallograpinic pl

_J

anes (100, 010 aad 001l) are

shiown in Figure 9.

<

first, only spectira st X-band were taken, £ prelimi-

r?'

nery enalysis indicated that the zero field svlitting was of the

order ol ihe Irequency used., Since 1t is eesier to analyzé the

@]
a
6]

se for which the zero field splitting is less then the ap:

)
©

requency, Gata were talken andé analyzed &t Q-band, Tne X-vand

measuren eun, ccnsecuently, vere only used as & check,
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Fizure 5.~ 2R spectra at O-bond of a natural single brookite crystal with H

parallel o [100} at room temperature and apvroximately 200°¢C
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Figure 6.- EPR snectra at Q-bend of a naturel single obrockite crystal with H

parallel to [010] ‘at room temperature and avvroximately 200°C
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O

Figure

planes

temperature in brookite at Q-vand with H roteted in the three principal crystal .

- fngular desendence of the EPR lines of the cpectrum obvserved at high
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The firsot step is to deterwine a set c¢f principel zaxes
for the D tensor. The sngular derzendence of the transiti

lires in the taree crysitallogranhic planes wilere measurenents

vwere vaken vwere cearefully recorded.

From Figure 9 1t cen e seen thev tie angulor devendence .
in the (010)plane indicates that there is & megnetic axis near

the(;oqulane, i.e., betiween zero znd 10 degrees from it,.

nv. . [ ' b PR, B -, - S R RN .
;ue(loo)plane caguler denendences are presented in vhe sane

e S [ P 4. . LR : -~ 1. .t ey o Loy, I N S
Tigure, Tne vransition lines reach en exuremun for two differ—

ck

e€n ions. Trne extremum for the [001) direction in the

(@)
o

plene is most lilely due to the magnetic axis whose pro-
10 plene is t likely du e ghevic axis ose »r
jection is ~25° from the [001] direction in the (100)plane

secause it 1is closer to tne(OlQ)plane. One lzbels ihis axis

Y, notiag thet this is done only &$ an eid in this discussion,

A5 yet there cre no grounds to assuxe thev tais is the Y meg-
nevic axis., In the final arelysis, the Y axis sciisfies the

plane, Cousider the {C01) plene in



Ul
o

resvonsivle for the emiremum 2t ~30° from the [OlQ] axis 1in

the (001) plane, thisiskbeled the Z axis.

if these two axes are near the plenes discussed, one

3

<

zn essume for the moment that the specires measured in the

siven projeciions are going to be near e spectre along the

)

true megnevic exes. Furthermore, the fine siructure splitiing

is greater in the direction labvelled Z, then in the one

levelled ¥, hence the lebelling becomes more meaningful, and
one nes labelled tre Y axis correctvly as Y and not X because

by doing so the sign of % and D are the same for tnis choice,

Hext en esvimate the velues of D and E must e made,
Tis is done by considering the meximum Ifields for tke- tran-

sition lines close to the Y and Z directions resvectively. The
difference in megnetic field vetieen transiticns |3/2)+*|l/2>

in both directions is nearly the same, tnis

T_I
\
o 2
1
:3\

thet the cenitre under ovservetvion is nesrer o

L.

& Dlly ortuornomvic configuretion than it is to & purely

exiel configuretion. Hence E will Dbe closer 1o 1/3 tien to
)

then coupared to the grapns of Lessa”®, wio

mezsured in units of ¥ using E/D zs a parzmeiter. The result

is nv/D 212 for Q-bvend with azu E/D of 0.25. (3ee Apvendix B).
Pinglly, one cen see by several argunents that the

m dma St vy S TG P s e S P TTenrasy T +mon i -~ NE ) PR - o~y e
contricution of the term in the Hamiltonien with esuivelent

overators of pover four in S is nov neglizible., Counsider the

& -

Ird k)

spectire close tc vhe Z end Y axes., Tuoe difference in msgnetic
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field betveen the |3/2)é»’l/2) end I—l/:)ew[—3/2>

Trensitions

de

S

ere alnost egusl, btut tne difference for the [5/2)«—|3/2) and
| -3/2)e|-5/2) transitions is no longer the same, This can no
. teke intc eccount eguiva-
lent operators of fourtih power in 5 in the Hamll
seme 1s true if one considers ihree mutually perpendicular
direcvions, say the principai crystallogreapnic exes. Second
order yeriwurvaiicn theory calculatibns of tThe 3Iremnsitions,
lecting fourth order terms snow thet the algebrsic sum of

tue differences bvetiieen |5/2)b»|1/2> ané |-1/2Y|-3/2) for
tiiree nutuzlly verpendiculisr direcvions skhould be zerc, In the
sum of the céifferences is 300 geuss. Furtner, using the saue
celculations the difference between |3/2>«4|1/2) and
|-1/2)e>|-3/2) should be nelf of that for the_lS/Z)*ﬁlB/Z) end
|-3/2)e=>|=-5/2) transitions. Tais is cleerlynot true (see e.g.

[010] direction).

From the above discussiocn, it is clecr at tals stage
thaet because of tThe lerge uncerteinty ia finding experimentally
tae orientetions of the nrincivzl axes oif the tensor D, and
o o xres Yo o o 3* 3. e =~ e T S 3 +- v -
since tne g value for Fe in <the lzrge veriely oI kost crystels
is that of the free decticn vithin & fracticon of 1%, It will
be meaningless in this work to try to fit a cerrect value for

g end nence tne value of g=2.,002. wes essuued,

<

vrincipel exes for the ternm in the Ramilionien with ecuivelent
overators of degrec four in § has the ssme principal ziies &s
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- . ’ . et o~ S R SR Pal o T D - b J Yo =2 Fa

If one assunes that the values of a and I for vrookive are of
- - P S, an Y PR DRI | . . . L

the order cf those of anatase and rutile, one cen cclculate

: - m dema s RS . L. ns L . ey - - ', P Kal

nev toe convribution to Iivrst orcer periurosvlon wiaeory 1S o1

tne sane order 2

1]

the contribution to second order periturbation

of tkhe unnervturbed Hemiltonlan are pure,

Since one ¢does net nave an apriori idea c¢f the value of

o

D, there is no way one can give the velues of "gM" and "F", The
oSt one cen give 1is

direction,

- A D e BT PO - e e, oo g " Pt ~ 3 - -
lating the nesnevtic trensition flelds Irom second orxder

. .o . - 7 h -
SNaTATIITY AT i A A 37 Rt Ratsl ra Pt Y It b [T . L
[BESHANVIE AR U ICA VR OX 4] !4'.Leo;|} in U anc & Zind SACRENIN ST Sy vidg Tl oM O WALTUR LTS

progortionsiity factor,

hy = 9:[}2-25/2 +£2 X # 2R +32Y - 14

-

|
C

nv oz gfEg, +1X-5/2R-4Y +5/4 2

hv= g, 40X +0R-16Y +23

v N - 1X +3/2R - 4

4
+
U

~

o
[\

"
G
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n

g 5,2 % - 2R #32¥ - 12

this is a systen of five equations znd four unknowns &nd thus

easily solvable for R, The unknowns X, ¥ and Z are functions

Ltn edjustment of the estimsted paremeters wes then made

with g computer vrogram given by J. Heovden et 21,29 Using a
triel end error methcd., This progrem cezlculates for z given |

he EPR transition Tield, the corre-

L correctvicn was made to the transition fields by consideriag
the contribution of the term R. The proporticaslity .factiors

were tzken es true for L-vand aneliysis since
crobebilities at tnrils freguency iandicate

are fzirly pure in this renge (they are near the 5:56:9:3:5 of
X-band renge on the other rend, incicaves a very strong milture

fields end consequenily the calculzied transition fields Go no

\

it the exverimentzl date and- in soume cases. they zre &s much

cases with H pearsllel to the wTixree dprincipal crystellogrepnic

~ -

exes, and Teble VII gives the trensition v»robebility celeu-



Mg

"rensition

I5/2— |3/2>
15/2§«—+[1/25
|1/25 e |-1/2)

|-1/2Y —|-3/2).

|=3/2) > |-5/2)

T TV ea AN
L—nznd
——nt

|5/ e |3/2)
13/2) «—>|1/25
11/2) «s|-1/29%

|-1/2) = |-3/2)

|-3/25 «—1-5/2)

5.74
7410
4,05

ey

001

4 989

Te15
8.65
8.12
5.27
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HAUILTIQNTIAN PARANETERS

£ = 2,002 + 0,005
D = (1170 # 30) x 10-4cw-1
E = (330 = 20) % 10~%cn~1

(p2+1/129F )10 = (13210) x 10~4cm~?t
(pa+1/12qF)1gg = (-135) x 107 %ca™t
(pa+1/l2qF)OOl = (-66%4) x lO'4cm-1

The following polar angles give the orientation of the magnetic
azes of one of the substitutionel sites, the orientations of
tiie oTher seven are easily celculated oy symmetry considerations,

m

Tie error for tue following list of angles is +30,

e ¢

z 81° 559
- % o
J 149 231
o
X 60° 210
Tne direction between the longest and shoriest Ti-O bond, which

are nearly ovposite, correspoads to the z magnetic axis,



56
or D, &,
ZPR lines,

0y

The

neasure-

zment av liquid nelium temperztures, The resulis are included

It should be pointed out thet low temperature measure-
ments indicate that the temperature dependence oI the nare~
necvers in ithe Hamilionien very at mnost 15 coupared to thosev
;oundvat rocm temperavure, Hence the tenpersature besunavior of
brooikite is comvercble vo thet found in rutile6 end not to that

found in aLataseg.
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Trom Tablce II in Chanter two, one can calculate the nro-
S A 3 o~ ) S PO B 2 - 434 m 2. EAN ~ -
section of tine cegments joinipng tne i, To ik neiznbouvring

wygens and the neighbvouring titaniuns, Comvarison with Tthe’

angular dependence of the specira enables one to identify the

negnevic cxes, The Z axis corresponds o the~(Tio - OII)
direction and the X and Y directions cerresnond to ithe

m(TiO - 0.) and~{Ti - Q. ) directions resvectively.

EI R

Tre possitility of iron ocapying an interstiztial site

has also been explored, but no loglcel correspondence nhas been

- ] hy I IR LR B N | vty . - N S .
found, and, on the otner hand tnis would generate & sircng

locel chearge inequality. In additioxn, in rutile cone observes

eramagnevic impurities in the larger intersvitvial-sites only

if the impurities are too large to enter. the substit uulonal
s;te.42 In ocvahedral coordination, tne lonic radius of Telt

is 0.73%, compared to that of Tit which is 0.694. Thus, one
*

e e iocns go invto subsvtivtutional

., - - - A Ta A PR P e R ™7y . Lem o
L comparison betieen the resulis of the ITR specira of
ey g e ~e ] j+ Iy - - e e ~ = sy e 3 vy o b
SUDSTCLTILCIONREL e 1 B0 0 L UC, e se anag 1 viLEe L l:.’l eTesY¢
- ! PRGN S T ~ nem A vty A . + Y
ing, The Hamilicnilcan varancters Ior breokite are Ifound To Dbe

bevween those for esnatese and rutile, and COﬁbru ¥ to thac case
of anatasc, the ssecira vere found 1“uen51tive“to temperature,
The strong temperature dependence oi the anatsse ¢

<4

explained in veruzs of a shift of tTiac oxygen ions . nis
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investigeting a

were obvainable

ancther unansvered question,

;ocvo* come?
impurity

formed

At liquid ni

spectrel lines have been observed

TVWO o

ne
ities is the same fcor both samples,

responsible for

The vossivility
7 1s sciehow doub

to ruvile by neating

Any analysis of

40

FaBle N
ol

relavive conceniratvion of

3 -3 <.
ana wiavw

this is

wles have the

£ < L} &£ &7 e
1&Cv Taeyv vne san

Wes

riede by
semple from Arkansas (Arkansit) but no spectra

because of & n1:h loss fector. Tnis leads to

FProm where does ©iie high loss

of & high concentrevion of sone

tful since when the crystal was trans-

a sharp spectrum was obtained.

<9 &

temvperatures addivional

trogen and lower
centered av g values near

these spectra will prove-difficult be-

cause of sirong overlaping of transition lines in this region,
In coaclusion, the nigh temperature EZR spectrun is
exnlained by suming thev Fe’T substitutes For T14+} 2ll eignt

as
. . 4
equivelent ot
nrovatility.

E= =t

P’ with equal

sites being occupied by

Tie scope of itnis thesis has left many questions un-
cnsvered wnich further EFR investigatlions can possibly lead
vo 1lnteresting results,
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APPENDIX A

~

The metrix elements of the espin Hamilionian of eguation

(1) for an arbitrery orientation of the neaznetic field have

veen czlculeted by using the general formuleze given by 3esiker
5

zad ¥illiewms and using the matrix elements for the equive-
lent spin operzter OF given oy Avregen znd

celculation have been made oy seviiang the D

B

o -

etars in ecuation (1) equsl o zZero, The

o1

‘"J

i

mevion of the oserators OE are also given by Thyler ev



47

c.2 |- A s Ly 0. 9L
Cy+Tu0T ro5- | Vwgpo-Sugr- | MOTpE+SOLr | M OTpE- By o2 0
1 ¢ Cue - £ 2 M Nz e 0 By %.anm
4gp 9=t | Cuc-TE-og- | TigpstsSazF- | TepsT-Sig) 14
2 o . £ 2 ‘9z : L, C
mz@,mt OTF | gpstbugf-| Cuz+Tug-ot- 0 qgpeT-Sugp | TN OpE
’ Cns 0 T.= = 4 C — —
N.._um orfe- ouw.m.\,;m.mlnuwm\, Clg+ "N8-nT \Vm.mu\, GT-"Mgf »o:)sm+udm|\,
02T ¥ = Z g “ <
%1 TT 0 Sygpet-Suzp | epsT-Suef | Cuc-Lz-of | PugposbucF ¢
0ZT 3 C E. c
0 ®y ore Ly ope | Pwop6 ST | Tagpoty oF 2+ TBE *o 4
4 /12" /2 2l g /2
(&- (€ (%] (%l (¢ (%




48

vilth
G=gpi
K _'bd(': 2 l) " \ o
1=b2(3cosp- +_:>22(1- os“plcos2
O. . : .-
i1 bo(’-; 4 2 ERTIR
32:_54_ 55cos P—gOcus p+9,+_8{,_ Pcos4°b

Kz=- -5%% 1npcoup+2b2(sr¥> cosp cosZ«(+L51ap sinda)

: 1, 4 .
I{A:_‘ﬁ 1_0 sm?';; cosp-si rfvcosp(pw‘coszﬂ )J+ %sinalb(cosﬁcosmﬂsin%)
' ©

0 2

Ke= 3bosin +’0 (l*coo Yeos2d+2(cospsin 2¢
5: 3pasiapelp| o) pe |
£, -25b, ! s

50[Sin4fo+b/-: sin /a L(l*-)c S {6 )cos4°6+icos p (3+coszl.6)sin4°£,]

K =-3%0, sm% COS/M-'Q.‘.r /&lcos/é(p-vcos e )cos4alt L(l+)cos I@ )}'s:Lr.LoL]
2

. ... 0 L4 Y L .
Kgz 22’0481114164-_0_; [(l+6 o5 b Jeosde+di Leosp 1+ cosszb )_81nz—;o¢]
4. 4 .

vhere (¥, IB) are tae azimuthel and noler angles of tne axis of

guanvization with respect To the crysicl field sxes, and the
< e [y b}
following well known relstions hold: tane=Sy ten ¢ and tans=
o 52

¢+ tan O,

g
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ATEPROLTINAYY CLLCUZLDICT X D AMD B

R P o LR 1.
The nmain features of ihe EDPR specirum of Fe’” can be
descrived by neglecting the fourtih order terms of e Hauilto-

nian in equation (5). Thus

o -
-Tn .- K K a4 -~ JEE S - ™ 2 KRN
Jida implies Thet two parcneters, D and E, togelier nith ke

lirectvions of the umegnetic axes, are suilficieant o charactericze
tiie spectrum, These paremeters can be esiimated with the held

of graphs given by Aassa 8 if {he transition Ffields alons <the

~ LRI ~~ - 4. 3
_UO-LC u..c olxles &.C MEESUuTCC.

Lzse calculates for $=5/2 .the *x Q“S’thJ fields E as a

-~

functicen of D, using E/D as 2 perameter. D and ere measured

[&M]

in units of nv¥, Figure 11 is & reproduction of tnose parts
of iazsa's fizgures 1 and 2 waich correspend o B/220.25. The
trensitions for H paraliecl to Tae directions witnin the
drincivel crystellographic planes nearesy o uie X énd 4 mog-

L.

netic axes are shown,
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Ty mmen = '.{)v [ QT 4 . Eal D . -, B
digure 11l.- Fositions c¢f the IPR transii

zad upper Krezer douvletss of rFe’t for 3/D = 0.25
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