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ABSTRACT

Paramagnetic resonances were observed in natural
. - o} 0
single crysvals of anatase between 1t K ana 1230 “K and

. - L. . + —
are interpreted as due to regular substitutional Pe” (1)

3+

and to e combined with an oxygen vacancy at a nearest

rneighbour site (II). The spin Hamiltonian parameter b,°

2
of (I) decreases from +457 x 107% en™! at 1 YK almost linearly

1

to -225 x 107% en™! at 1230 %K. This unusually strong tem—

perature dependence of bzo .and the observed temperature
dependence of the orientation of the magnetic axes of
spectrum (II) are both ekplained by assuming that the posi-
tions of the oxygen ions within the unit cell are temperature

dependent.
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1. INTRODUCTION

It'has long bLeen known fthat the same chemical com-
pound can crystallize in different forms. This phenomenon 1is

called polymorphism1.

For many years it has been recognized that the
minerals anataseX:, brookite and rutile are polymorphic forms
of titanium dioxideZ. More recently, a fourth polymorph of

TiO2, the synthetic high pressure TiOZII, was producedB.

Good crystals of the three naturally cccuring poly-—
morphs of TiO2 have been found. Synthetically one can grow

‘singlé crystals of rutile with the Verneuil me'thod2 and poly-

@]

o

rystalline anatase. The technigues to obtain synthetic single
a y

[}

>rystals of anatase and brookite, or even polycrystalline
brookite, are however still not well developed4’5; As a result,
most studies on the properties of Ti02 have been made with
rutile. This is particularly true for investigations utilizing
Electron Paramagnefic Regonance (EPR) techniques. Whereas |
numerous EPR studies have heen reported on paramagnetic impu-—
6,7

rities and defects in rutile , only a few of anatase (dis-

cussed in section 2.4.) and none of brocokite have bheen rublished.

The interest in PR studies of rutile is based mainly

on two'facts. First, the basic structural blocks of rutile

¥ ; . : . s . ‘
In older literature also named octahedrite, in allusion to

its commen octahedral habit,



are TiO6 octahedra, the same as in BaTiO3 ahd other ferro-
electrics with perovskite structure. An understanding of the
properties of the structurally and chemically simpler rutile
can therefore help'torexplaih the ferroelectric phase transi-
tions in perovskites. Second, rutile has Vefy good dielectric
properties (high dielectric constant and low loss factor) and
the ‘electronic ground state splittings and relaxation times of
iron and chromium impurities are appropriate for its use as a

7

maser material .

The same arguments should also apply for anatase and
brookite where the structural difference from rutile lies
mainly iﬁ the different stacking of the TiO6 octahedra. A

thorough EPR study of these minerals Was therefore thought to be

wAarthuwh4e 1o N
NOODTTAAW L2

In>addition to this, there exists élso an interest in
a comparative EPR study of the différent polymorphic. forms of
Ti02 from a mineralogical point of view. Particular mineralo-
gical probléms are: Which factors determine that Ti02 crysé
tallizes in one case as rutile and in other cases as anatase or
brookite® Which impurities are found in the different poly-
morphs, in which quantities and on which sites within the
crystai? Reviews by W. Low8 and S. Ghoseg have shown that BPR

can help to clarify mineralogical problems of this kind.

In the present thesis the results of an EPR analysis-

of iron impurities in natural single crystals of anatase are



described and are suppiemented with thé analysis of synthétié
polycrystalline anatase doped with iron. In view of the small
number of studies of the properties of anatase and the absenée
of an up.to date compilation of these data, a short summary of
previous works on anatase will be given before discussing the

results of the present investigation.

The main results of this invesiigation have been

publishéd elsewhereqo.



N

. RESULTS OF PREVIOUS INVESTIGATIONS ON ANATADEH

2.1. Crystal structure

Anatase has tetbtragonal symmetry.and belongs to the
space group I4q/amd (Dlg) (which includes a cenfre of symmetry,
e.g. halfway between the oxygen ions A and ¥, as labelled in
Fig.1) N m Fig.1 is shown a unit cell. All Ti ions sit
én special.siteé with point symmetry 42m (D2d)’ whereas the
poéitions of the oxygen ions, which have point symmetry mm, is
completely.éetermined experihentally by measuring the "oxygen
parameter" u, as indicated in Pig.1. D. Cromer and K. |

12

Herrington determined u at room temperature, as well as the

cell dimensions a and ¢ from X-ray powder data. Their results

are
a = 3.785 Z.0.001 & |
¢ =9.514 = 0.006 & | (1)
u = 0.413 £ 0.002 R

The unit cell‘as shown in Fig.1 contains four "mole-
cules" of TiOz. Héwever, some authors refer to a larger unit
cell with eighﬁ molecules, with the same ¢ as given in (1) but
an a which is {2 +times larger. This unit cell is rotated 450
around the ¢ axig, [ooﬂ , with respect to the smaller one shown
in Fig.1. While defining crystallographic axes one has there-
fore to be careful which is the underlying choice of the unit

cell.

As can be seen from IMg.1 each titanium ion is
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surrounded by six oxygen ions at the corners of a distorted
octahedron and every oxygen ion by three titanium ions. Each
TiO6 octahedron shares 4 edges with other TiO6 octahedra and

. s - . - 1%
the shared edges are, in accordance with Paulings rule 9,

shortened (thus increasing the distance bhetween neighbouring

4+

highly charged Ti ions). From the values for a, ¢ and u, as

given in (1), one can calculate the nearest neighbour distances

to:
L Tic0 1.937 & SA, SB, SC, SD
2 Ti-0 1.964 & SE, SF
4 0-0 2.802 R AB, BC, CD, DA (2)
4 0-0 2.446 1} BE, DE, AT, CF |
4  0-0 %.040 I3 AE, CE, DF, BF

The last column of (2) refers to the identification of indi-
vidual ions in Fig.1. The titanium ion at S has as nearest

neighbours the four oxygen ions at A-D.

Fig.1 shows also that each unit cell contains four
interstitial sites, one is marked with I, with the same symmetry

- 15 4":“ L m - s pp o ma 4+
elements as the Ti site. The only difference from the 71
site 1s that the surrounding oxygen octahedra are longer along

4

. 2
the [001] axis with an I-0°7 distance of 2.792 R.

Another way of viewing the structure of anatase is
the following: +the oxygen ions, which have an ionic radius of
. 14 . . . .
1.%32 R , are approximately in a cubic close packed arrange-

ment with layers parallel to the (112)-crystal planes. ALl the

[8)]



tetrahedral voids of this cubic close packed structure are emp-
ty and half of the octahedral volds &are filled with the small
114" fons, with an ionic radius of 0.69 & '%, which lie in

zig-zag lines parallel to fe21].

It is interesting to compare one particular feature
of.this structure with that of rutile. In rutile, where the
individual TiO6 octahedra have an orthorhombic distortion and

share only two edges with other octahedra, the distance between
4+

neighbouring Ti%* and 0° ions is 1.946 & and 1.984 & '°.

These distances are greater than the cquivalent ones in anatase
and‘result in a volume for a TiO6 octahedron of 9.9 ﬁB, as
compared to 9.4 K3 for anatase. In spite of this, the differ-

ent stacking results in the density of rutile being 7% higher

than that of anotase,

2.2. Phase transformation to rutile

A. Navrotsky and O. Kleppa1b have shown that anatase
is, under all temperature and pressure conditions, thermody;
namically metastable. TUnder heating, anatase transforms
irreversible to the stable rutile. Of interest in this con-
nection is fhe work of W. Beard and W. Foster16 whe found
anatase in a quenched melt of Ti02 and SiOZ, and Ti02
from 1660 °C and above, thus indicating a high temperature

and B203

formation of anatase, whereas normally in the lavoratory ana-
tase 1s formed by dehydration of precipitated titanium hydrox-

ide at lower temperatureswf.



Several authors have studied the kinetics of the
) . L4 1821 ' ]
transformation of anatase to rutile . The results can be

summarized as follows.

The rate of tfansformation and 1ts activation energy
are govérned by the surface size and by the nature and amount
of’impurities which determine the defect structure.of anatase,
e.g. the concentrétion of oxygen vacancies or interstitialé.
Spectroscopically pure anatase powder transforms to rutile
after heating above a threshold temperature of 610 °a 19. The
aétivation energy is 80 kcal/mol, which is mainly the activa-
tion energy for fhe production of the nucleaticn sites. The
rate of transformation is therefore governed by:the rate of
nucleation. The effect of impurities in general is that
oxXygen vacancles accelerate, intersfitial i10ons inhlbit The

. o
transformation 1. The former are produced by CuL+, Li+, Na®

+ a0+ . . . /S : :
Cr3 ) Ee3 , which substitute for Tl4 , Whereas Ca2+,
6+

N

Sr2+

’

b 2+ - : . . L .
-, C1 , PBT, S incorporate as interstitial ions or gene-

rate interstitial Ti3+. According to the impurities present,'
the threshold temperature for the transformation can vary from
400 °c to 1200 °c.

Dachille, Simons and Roy22 determined the influence
of pressure on the transformation, establishing apparent
stability ranges of anatase, brookite, rutile and TiO2II in
a P,T diagram.

shanon and PangB broposed & mechanism for the trans-

formation of anatase to rutile: starting with the experimental
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9

evidence that rutile érystals‘formod in transformed éingle
crystals of anatase have particular preferred orientations,
they assumedlretehtion of the {112} pseudo close packed planes
of oxygen in anatase as the {100} pseudo close paéked planes
in rutile, and rearrangement of the titanium and oxygen ions

wilithin these planes.

2.%. Other properties of anatase

Other physical probérties of anatase that have been
investigated are the basic mechanical, thermal and optical ones.
If not otherwise indicated, the following values are taken from
references 17 and 24, where also more, and usually older, data

can be found. Values in parentheses refer to rutile.

Anatase crystais show perfect cleavage parallel to
(001) and {011}. The density is 3.87 - 3.95 gm/cm’ (4.21 —
4.25) and the hardness is 5.5 - 6.0 (7.0 - 7.5).

25

Rao measured with an X-ray high temperature powder

camera the lattice constants a2 and ¢ up to 712 °Cc. Over this

temperature range he obtained a continuous increase of ¢ and a,

with ¢ increasing more rapidly than a. At room temperature he

obtained the thermal expansion coefficients &,= 7.8 x 10_6 OU_%

-6 o - - -
%, =.3.8 x 107° %7 ang at 712 % w, = 19.5 x 1070 %" and
—~ QO = -6 O““1 e - . = (@]
X, = 9.5 x 10 C . Over a temperalbure range of 500 "¢ ¢

' - nr _ o
increased 0.6% and a, 0.%%. Schroeder®” measured optically the

change cf the quotient & /«, by measuring the angle of a



10

prism cut conveniently out of a yellew anatase crystal from
Binnental, Switzerland. &,/ &, increased linearly up to
642 i'B °¢ and beyond this temperature again linearly, but with

¢ where anatase started to trans-

a different slope,up to 900
form into rutile. This behaviour below 900 °C was completely
reversible. Schroeder concluded that at 642 °C anatase undergoes

a reversible phase change to a high temperature structure, named

o — anatase, with probably also tetragonal symmetry.

The specific heat at room temperature is 13%.22

cal/mol®% (13.16).

Synthetic powders of anatase are white. Natural

crystals have various colors, from brown, yellow, greenish,

!

passing into blue and black but rafely colorless. The optical
constants vary markedly with wavelength and temperature. The
iﬁdioes of refraction 0o and 0, decrease continuously with
'temperature26 up to 900 OC, with no'decreasing faster than N,
so that the birefrigence decreases also. At room temperature

n28931 = 2.56(2.61), n2893K = 2.49(2.90).

Anatase 1is an insulator at room temperature. The
static dielectric constant of the synthetic powder is

€ = 48(114) 27,

2.4, EPR studies of anatase

"he previous EPR results obtained with anatase are

summarized in Table TI. The parameters quoted there have the



TABLE I.

Previous EPR Results with Anatase

. s 7
Values in parentheses refer to rutile

Paramagn. Freq. gn g, D Remarks
Location Sef T o Ref
; - o eff -4 - . amh -1
species K band 10 cm Energies in 10 'cm
8y g.. g
H z
Substit. 2.009 2.002 : natural single crystal
et for 300 ‘ F 309 -
- X 5/2 (2.00) F = * 308(+230) 28
, N
Tt {4.2-300) (+6780) | a =+ 99(-280) (E = + 690)
@ . ; . i
Substit. 300 1.973 373 Synthetic powder
3T for , ,
Cr X 3/2 53Cr 29
1%t (4.2-300) (1.97) (-6800) | A = 17(16.7)(E==2270)
au?zilt. 1/2 1.930 1.959 Synthetic powder, doped
. ol 83 - (1.975) (1.953) with $b>F .
T'3' Ti 173 30,
i X.Q
Iterstit. 4.2) U2 1.987 1.966 (q47’49Ti 1o 2. 31
(1.972) (1.940) -
34 near surfa- Synthetic powder, heated
(Ti0) ce, in the 300 X 1/212.023 2.952 1.983 under oxygen atm.at 450 C | 32
bulk A47,49T1 - 7,3
Synthetic powder, heat and
- on 83— three g values oxygen treated. Also other
0, P . X 1/2 betwe2n lines are observed, which | 33
surtace 300 2.023 and 1.98 are assoc.,with Ti3% and
F-center on surface
L on 1.6- . Synthetic powder, heat and
1 ST
O2 surface 300 X.Q 1/211.977 1.999 2.022 oxygen treated. 34

Ll
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usual meaning (for their explicit definition see chapter 35 of

this thesis).

The only published single crystal study was made by
D. Gainon and R. Lacroix28. ''hey reported a single magnetic
spectrum in a naﬁural crystal of anatase, which they associa-

4+

“ted with Fe3+ impurities substituting for Ti ‘their two

main conclusions were that: _
(1) "D is much smaller than for the Fe " ion in the rutile
form of Tioz".

{(ii) "The ratioD/F is very near unity, while it is at least
more than ten times larger in all the other cases we know";
(Literal quotations). As Gainon and Lacroix made only room
température measurements they could defermine only the rela-
tive signs of the spin Hamiltonian parameters, however, they
conclude that the upper sign, as given in Table I, "is more
likely correct, because for all experiments yet known, a nas
a positive sign".

T. barry28 analysed Ur3+

~doped anatase powder at
room temperature. He observed five powder lines which he
could describe by the spin Hamiltonian parameters given in
Table I. The crystal field term D (only the absolutbte value
was measured) is similar to that for Fe3+, as established by
Gainon and Lacroix, and the spectroscopic splitting factor is
typical for Cr3+ in weak octahedral crysfal field. The hyper-

fine splitting constant A for 530r is the same as in rutile.
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In addition to these two studies on paraﬁagnetic
impurities in anatase come EPR analyses on defects in anatase
have been reported. M. Che et al.BO report two EPR spectra
in Sb5+ doped énatase powder, which they deséribed as dué to
Tij+ ions in different crystal locations with axial symmetry,
probably substitutional and interstitial. ¢. Hauser and P.

32

Cornaz report two EPR powder spectra with orthorhombic
symmetry of heat treated anatase powder and interpret them

as due to (TiO)3+ complexes near the surface.

The last two studies, as given in Table I, describe

EPR lines which are associated with 02 and Og radicals

attached to the surface of anatase powder.
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3. SPIN HAMILTONIAN AND CRYSTAL FIELD

In this chapter the spin Hamiltonian and the theo-

retical interpretation of its varameters will be discussed in

as much as it is relevant to the observed EPR spectra of Fe3+

in anatase.

3+

3.1, Spin Hamiltonian for Te in an intermediate crystal field

In most caées a crystal field is not strong enough
to break down the LS-coupling of the free ioms of the 3d-
transition elements, but is stronger than the spin-orbit coupl—
ing. As é result, the total angular»momentum J loses 1ts
meaning but L (orbital angular momentum) and S (spin angular
malin "goold guantum duulerst. TiHis is callied uue

intermediate crystal or ligand field case.

The electronic configuration of the ion Fe3+ is ds
and the free ion electronic ground state is 6S5/2. In an

intermediate crystal field the ground state is an orpital
singlet. Owing to the crystal field and/or an external mag-
netic field H its 6-Lold spin-degeneracy is lifted. Neglect-
ing a possible interaction with surrounding nuclear spins or
the nuclear spin of the 2% abundant 57Fe, the fine structure
of the ground state is convenientiy described by the spin
Hamiltonian (Abragam and ﬁleaney35; this is the main refe-

rence source for the present chapter)


http://rCiLia.ni

2 4 .
e~ 21N m,m . m . m -
1’6 = 3 H . g . S+ ;5‘ f==o b2 02 + ‘g-o' I?:_:Ar 04 0 (D)

The first term in (3) represents the uvsual magnetic field de-
pendence, B is the Bohr magneton and g the spectroscopic
splitting tensor. Experimentally (and also theoretically)
g is found to be nearly isotropic and to differ at most a

5+

fraction of 1% for Fe in a variety of host crystals.-
The bnm in (3) can be considered as experimental
constants and the Onm are operator equivalents, formed from
- v
polynomials of the spin operator S, so that they have the
same trensformation properties as the corresponding spherical

harmonics Yhm. In the present case the important Onm are36

0O x2vmr‘< 2 - 2 02" 2 _ 2
0,7 =3 85,7 =8(8+1) 5 0,°=1/2 (8, +85.7) =8.° - 5,7
0,% = 355,% ~308(5+1)8,% + 255 2 - 65(5+1) + 35%(841)°

(4)

4
o, =172 (s.* + s Y

2 (Fe 2 arein e 2.2 .2 2 7
0, = 1/4{[78,7-8(5+1)-5] (8,%+5_")+(s,%+s_?) [78 -5(8+1)-5] }

Ny oy - T ey 3 T o e z 4 3 - 3
Appropriate basis functions for (3) are the eigenfunctions
AM>, M= - 5/2, - 3/2, ..., + 5/2 of the operator S, The
operators Onm connect then a state IM1) only with |M,>,

where !MT - M| = m.
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Spin operators of higher degree than five need not
to be included in (3) because all of their matrix elements
are zero within the manifold of S = 5/2. Spin operators of odd
degree héve also zero matrix eleménts, because they do not
fulfill time reversal invariance (thé components of % are odd
operators under time reversal).

. o .
The constants b, are related to D, T, a and F used

e

in many EPR studies by the relations

b,° = D b,° = a/2 + 7/3
(5)
b, = 3E - b44 = 5a/2

Using the knownvtransformation properties of Ynm
under rotation of the coordinate system, one can evaluate the
transformatidn properties of the bnm under these rotations.
Lxplicit formulae are given by V. Vinokurov et a1.37’58 and
Jd. Thyer et a1.39.

The number of necegsary coefficients b can be
reduced by choosing a special coordinate system and is further
reduced according to the symmetry of the crystal field. In

particular, a cubic crystal field

VO b((x4 +y o+ oz - 3/5 r4ﬁ : (6)
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gives rise tc an operator equivalent 040 + 5 044, so that it

can be described by a single parametler a = 2/5 b44 = 2 b4O
provided one chooses the three fourfold axes as the reference
system. All other bnm are then zero. If one_useé, however,
a fourfold axis as z-axis and the two perpendicular twofold

axes as Xx- and y-axes, one obtains b and therefore a, of

4
)
opposite sign and an édditional appareﬁt axial distortion

F =--3a. It is now apparent that Gainon and Lacroix28 must
have used this latter coordinate system to descfibe the EPR

3+

spectrum of substitutional Fe in anatase, resulting in an
unusual negative value for a and a very large F (Gainon and
Lacroix established only that a has an opposite sign to D, but

D is positive, as will be discussed below). =~

ne observed kPR spectra or Fe- " in anatase indibate.
that the Fe3+ ions are located in two different crystal fielﬁs.
The first one is maiqu cubic with an additional distortion
along a tetragonal axis. The resultihg axial crystal field

is represented by the spin Hamiltonian

—~
-1
~—

0 o, 1 0 0 1 4 4
by~ 0 t g Py Ot gs b, 0y

The only symmetry of the crystal field at the second

sites is given by a reflection plane through the paramagnetic

A reinterpretation‘qf the results of Gainon and Lacroix was
given by M. Horn and ¢.F. Schwerdtfeger40. :
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ions. The appropriate coordinate system is‘then given by the
x-and z-axes in this plane and the y-axis perpendicular fto the
reflection blane (ref.35, p.667). 'This makes bnm = O for m«O.
The directions of the two axes in the plane can be chosen so

1

that b2 = 0. This implies the choice of the principal axes -

m . .
of the second order tensor b2 as coordinate axes and is

m

specially appropriate if the terms b2 are much larger than

the fourth order terms b4m, because-then the experiﬁentally
determined "magnetic axes", defined by extreme positions of
the‘EPR spectral lines, coincide with the coordinate.axes.
As will be discussed in chapter 5, only b4m with m even are

considered in the description of the observed EPR spectra of

anatase, so that the resulting spin Hamiltonian has the form

=8 H . g . g +

By eventual permutation of the axes one can addition-
ally limit the value of b,°/b,° to the range 0 & 0,%/0,° &1

{ref.41).

3.2. Zero-field splitting of S-state ions and its

.temperature dependence

. + . . X
If the ground state of Fe3 in an intermediate

i - 6 . N Co
crystal field were a pure SB/Q, its sixfold spin degeneracy
would not ve lifted and all bnm of the spin Hamiltonian (3)

would be zero. EIxperimentally however, one observes a fine
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structure of the ground state and several mechanisms have been
proposed to explain it. (An up to date list of references 1is
given by A. Serway42). Spin--spin and spin-orbit interaction

produce second or higher order terms coupling the ground

state through higher orbital states to the crystal field.

O

The results for b2

(=D) can be summarized in

b2 = bO + Cy ﬁ2o + Cy (B4O)' + 03 (BQO)2 o | _ (9)

The Bnm are coefficients of a development of the electric
crystal field V at the paramagnefic ion site in spherical

. m
harmonics Yn

: : |
ve ST (AR p Mty C(i0)

(340)' is the remaining part of b4o alter sﬁbstraoting the
par’t correspénding to a perfect cubic crystal field. bo_
accounts for‘covalent conding and overlap of the electrons

of the paramagnetic ion with the surrounding ligands and the
c,; are constants determined by p:operties of the paramagnetic
ion, such as spin-orbit coupling and orbital level splitting
in a cubic crystal field. R. Sharma, T. Das and R. Orbach43
have calculated b2o for Mn2+ in octahedral coordination of
ZnF2. They find

0

0,7 = - 0.07 B, + 0.36 (B,%)% + 4.734 (8,°) HERNERY
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n-+1

. . . -1 m . 2 .
if b2O is measured in cm and B, in e /ZaO ; e is the

elementary charge, 3. the atomic unit cof length.

4345

In some cases , even the use of a point charge
model to calculate B2O and (B4Of , while neglecting bo, has
resulted in a calculated value of b2O in reasonable agreement

43

with experiment. A point charge model calculation yields

, 0 _ 2 ; v3 - :
B, = 2:'qj (3 cos Gj 1) / Rj (12)
; _ .

o, _ 1 ' 4 _ 2
(8,7) -:5: qj{'4 (35 cos Qj 30 cos Gj + 3)
] | : -
' B (13)

L 9ih4 Q. cogd fF } /om0

4 J i d
where the external pbint chargés qj|e| are situated at

\Rj, Qj’ ¢j) with respect to an origin takén at the site of.
the paramagnetic ion. | |

The above briefly outlined theorj explains also to
some extent the temperature dependenoe of the zero-fielad
splitting of S-state ions, because with changing temperature
the interionic distances and therefore the components Bnm of
the crystal field will change. "Thus R. Sharmat? qualitatively
explained the temperature dependence of D for Mn2+ in U&Cl2,
by calculating bzo and (B4Of With a point charge modei of
this crystal for different temperatures, using the Knowﬁ ther-

mal expansion of Cdclg
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W. Walsh et a1.t©

distinguish between this "implicit"
temperature dependence caused by thermal expansion and an
"explicit" temperature dependence of the spin Hamiltonian

parameters caused by lattice vibrations.

Formally, these implicit and explicit eifects can
always be separated for any variable which is completely spec-
ified by the temperature 1 and the volume Vv of the crystal,

e.g. for D one can write

(.9.2) = <32) B <M_) (14)
d7 /p DT |V K \2p /0D

where the first term on the right—hand side is the explicit

o O FRS SO

) d - - PR N |
contribution to DIT) m o the rigunbt-hand

side is the implicit term. B :étﬁrl)P is the thermal volume
expansion coefficient and K :'%7(%}:)T , the compressibility.
The impliéit temperature dependence of D may therefore'be
evaluated if B, K and the isothermal pressure dependence of

D are known. On the basis of a simple "effective point char-
ge model” W. Walsh et al.46'calculate that fthe implicit
temperature dependénce off D and a should depend cn the inter-

ionic distance 1 as
o T ; a &I (15)

where an isotropic thérmal expansion is supposed.
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4. SAMPLES AND DXPRRIMENTAL TECHNIQUE

4.1, DNatural crystals of anatage

.The five natural crystals of anatase studied 1in
this work originated in Tavetch, Graublnden, Switzerland and
Binntal, Wallis, Switzerland. They were kindly supplied by
A. Harnik of the Crystallographic Institute of ETH, Zirich,

and E. Meagher of the Geology Department of U.B.C., Vancouver.

Tyﬁical diameters of the crystals were 1-3 mm . The
two Tavetch crystals had pyramidal habit, opaque gray coior '
and their KPR spectfa, although qualitatively similar to those
of the Binntal crystals, showed broad and poorly resolved lines.
The three crystals from Binntal were yellow and transparent.
They possessed different habits but always had clear recog-
nizable {110} -planes, which helped to orientate them. One
crystal was split in three parts, using the (OO1)-cleavage-

planes. The orientation of the crystal axes was checked with

back-reflection Laue X-ray photographs.
A1l the Binntal crystals showed the same EPR spectra
and the single crystal results reported here were obtained

with them.

4.2. Synthetic anatase powders

The single .crystal studies were supplemented with

synthetic powder studies. The powders were prepared by
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hydrolysis of TiCl, with NH

Py

OH (ref.17, p.229). "whe precipi-

o]

tated Ti02 powders were crystallized by heating for 24 hours
at 400 °C iﬁ_opehvporcelan vessels. ‘'L'he powdersAoould be
doped by adding 1 mol-% or ¢.01 mol-% of aqueous solutions
of FeCl3 or MnC12 to the iﬂitial TiCl4L Debye-Scherrer

Xéray analysis showed for all powders only anatase lines.

4.%3. X-band EPR spectrometer

All EPR spectra were taken at X-pband. The X-band
PR spectrometer was of conventional balanced bridge design.
As the analysed anatase crystals showed strong PR signals;
no special attention had to be given to operate the EPR

spectrometer with maximum sensitivity.

The microwave bridge was formed by a magic T. A
reflex-Klystron (Varian V—153/6315;.max. output 70 mW), a
one—way'ferrite isolator and a flap-attenuator weré connected
to the input arm, a crystal detector (Microwave 1N 23B) to
the output. One éide arm ended in a TE102 resonance cavity

(mostly used Varian multi-purncse cavity V-453%1), coupled
through an adjustable iris. ‘lhe otﬁef reference arm con-
tained avslide screw tuner and a matched load. The crystal
diode was biased (100-300 pA) by adjusting either the slide

screw tuner or the coupling of the resonance cavity.

The Klystron was frequency locked to the resonance



cavity by modulating the Klystron reflector voltage with
10 kHz and using the corresponding pliase sensitive detected

output from the crystal detector as an error feedback signal.

The magnetic field was modulated with 100 kHz
through small modulation coils attached directly to the reso-
nance cavity. The modulation amplitude used was 0.2-12 Gauss
according to the line width of the analysed EPR transitidn.
The pre-amplified output from the crystal detector was phase-
sensitive detectéd ét 100 kHz (PAR Lock-in amplifier)
model 121). The output of the Lock-in was usually connected
directly to a strip chart recorder. 1In this way one obtained
& recording of the first.derivative of the EPR absorption

lines.

The frequency of the microwaves was measured with
a digital frequency meter. (Hewlett-Packard Frequency Con-

verter 5255A and Blectronic Counter 5245L).

Foxr mos% experiments a 9.5" magnéf (Magnion)_Was
used with a rotating coil field sensor (Magnion FFC-4 pcwer
supply). The maximun obtainable field was 23 kG. The direct
reading field sensor dials were calibrated against a NMR-
gaussmeter. The permanent magnetic field was always perpen-
dicular to the microwave magnetic field at the sample in the

cavity.



4.4. Angular plots of LPR spectra

In order to identify and tc analyse the paramagnetic

centres in a single crystal one has to measure the EPR tran-

sition fields HJU as a function of the orientation of the
crystél in the static magnetic field H. TUsually one records
an EPR spectrum for a given orientation as a rfunction of the
field strengtn H, then rotates either the sample or the nag-
net through a certain angle in a pafticular crystal plane,
records a new spectrum and so on. To obtain complete.graphs
of Ht‘Qersus anglé 6 one requires many spectra implying a
great amount of time and énergy. This is particularly true
if the EPR lines cross one ancther and if their intensities

are strongly angular dependent.’

Tnitially, this methcd also was applied in the pre-
sent work to analyse the EPR spectra of the anatase crystals.

Later, however, a new technique was used. *

It was found

that one can obtain these graphs more easily by locking the mag-
netic field to a particular EPR line and then rotating the
crysfal slowly with a small motor. 1In this way one can reéord
directly on an X-Y pilotter the desired graphs by supplying to
the Y-input a voltage proportional to the instantaneous mag-
-netic field Ht’ deduced freom a field sensor, and to the

L~input of the plotter a voltage indicating the orientation

of the sanple.

3\2 - i i 4 . . .
A description of this technique was given by M. Horn and
C.F. Schwerdtfegertl, v
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Fig.2 gives the block diagramme of this method;
Essentially it is the conventional EPR spectrometer as des-
cribed in the previous section 4.%. But whereas usually
-the EPR signal output of the bLock-in amplifier goes directly
to a recorder, it is nbw used as an error signal for the coh—
trol unit of the magnet power supply. ‘his technique is the
séme as that used to regulate the magnetic field with an NMR
sensor48. As in every feedback technique one has to ensure
that the error signal has the correét polarity. ‘Lhe gain
and timé constant of the Lock-in émplifier have to be adjusted
to give sufficient output voltage to drive the cbntrbl unit .
of the magnet power supply but to avoid oscillations (over- |
'shooting, of the magnetic field. However, these'adjustments

are not critical.

In order to monitor the angular position of the
specimen, the crystal was mounted directly on the elongated
shaft of a 10 turn rear-shaft type Helipot potentiometer
(Fig.3), which was connected across a battery as shown in
Pig.2. The upper limit of angular resolution obtained in
this way was ca. 0.30 , this corresponded to the jumps of
the movable contact of the potentiometer fron bne wire turn
to the next. On the other end of the Helipot shaft was
mounted a small DC motor with a gearbox allowing rotations in

both directions with 0.1 - 4 RPH.

To search fcr an EPR line, one can either sweep the

magnetic field for a particular crystal orientation or rctate
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the cryétal at a particular fixed magnetic field. If oﬁe
finds an EPR line in the 1attér case the magnetic field will
automaticaliy lock in on this line and follow it as the crys-
tal is further rotated. If two EPR lines cross, it can

happen that the system does noct follow the original line.

This is immediately recognized by a sudden change in the

slope of the curve. To trace the continuvation of the original
line, one mus£ unlock the field and sweep it to an approximate'
good position iﬁ the H,9 plane and lock in agaiﬁ. The Magnion
FFC-4 magnet power supply could follow an external control
signal with a maximum chenge of the magnetic field of

1 kGauss/15 sec, thus limiting the velocity of crystal rota-

tion if the BPR field Ht changesrapidly with angle.

A modification of the above described techniqﬁe‘was
used to measure accurately relative angular positions of E?R
lines. For this purpose, the magnetic field was set to a
constant value and the LZPR signal output of the Lock-in
amplifier was registered on a strip chart recorder while ro-
tating slowly'themcrystal with the motor. With a revolution
counter connected to the input of the gearbsx (see 1ig.3) the
rotation angle could be measured: 1 turn corresyponded to
0.01 degree of rotation of the crystai. By‘selecfing appro-—
priate EPR lines the angle between the magnetic axes of
different paramagnetic centres could be measured_in this way

to an aécuracy of % 0.01 degree.



50

4.5. Variable temperature measurements

Ih the eariy stages of the present work it was
recognized that the EPR spectra of the anatase crystals are
very temperature dependent. As the analysed temperature
range was increased different methods were tried to achieve

these terniperatures.

Initially, the temperature of the samplé was

established by a temperature controlled N -gas flow. Tor

2
this purpose a quartz dewar was passed through the sample
holes c¢f the cavity. The gample was fiked with refractory
cement (Saureisen No.29 Ziréonium Base Cemeﬁt) to a small
brass rod (heat sink) which itself was attached to a thin
wélled stainless steel tube. . The sample was inserted ffom

the top into the dewar and could be rotated about the vertical
axis. The temperature was measured with a calibrated Chromel-
Alumel thermccouple fixed to the brass rod. The lower part

of the dewar, outside the microwave cavity, contained a
Kanthal wire heater and another thermccouple aé'monitor.
Through a lower hole of the dewar N2~gas (precooled for bem-
peratures between -190 °¢ and room temperature) was intro-
duced. This method ig similar %o that applied by Variaﬁ with
its variable temperature accessory V-4557, which permits
sample temperatures between -190 ¢ and +300 OC. Using the
difference between the voltage of the wonitor thermocouple

and a standard voltage source as an error feedﬁack signal for

the power supply of the heater, the temperature ¢f the sample
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could be controiled very accurately. DBut, this method imposed
an upper limit on the sample temperature of approximately'

600 °cC. Thé large spacial separation between heater and
sample (approx. 7 cm) oaﬁsed a large femperature gradiént
between them. In addition, it was difficult to expose the
heating wire uniformly to the Nz—gas fiow, so that the tempe-
rature of some part of the heating Wire regularly exceeded

the melting point while frying to increase the sample tempe-

rature above 600 °c.

Later on a design Waé used which is a modification
of that used by D. Giardino and L. Pet;akis49, whb themselves
modified a design proposed by L. Singer et al.SQ. The main
difference of the new design, shown in Fig.4, is thét it

permits the use of a Varian standard cavity.

The resistive heating element consists of two
strips of platinum about 1 mm wide and bonded to cpposite
sides of a 6 mm o.d. thin walled quartz tube. The lengths
of the platinum strips were about 24 mm, matching the cavity
height. The ends of the tube were completely coated with
platinum. To obtain these bonded strips, platinum paste
(Platinum Paste No.6082, manufactured by the Hanovia Ligquid
Gold Division of Ingelhard Industries Inc.) was applied with
a fine brush and fired in a furnace at about 700 ¢, geveral
platinun layers were applied in order to obiain a room tem-

perature resistance of the heater of about 2 ohms.
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This heater tube was placed cbaxially in a 10 mm o.d.
quartz tube with 1 mm wall thickness. The two tubes were
separated with asbestos between them in the upper‘and lower
parts where the heéter tuhe was completely coated with pla-
tinum. Using small teflon spacers (not shown in Pig.4) the
combined quartz tubes were then placed in the cavity through
the-11.4 mm i.d. sample holes, so .that the heater strips
coincidedwith the Cavity; 'Copper wires were bonded near the
ends of the heater tube and connected to a regulated DC—power
supply (Kepco PR-38-15M). Cooled.Nz—gas was introduced in the
cavity‘through the slotted cavity wall. This gas escaped
through the small gaps.befween the 10 mm quartsz fube and the

inner walls of thée sample holes of the cavity.

The sample was glued witn a refractory cement
directly to a Chromel-Alumel thermocouple passing through a

ceramic rod.

This design proved to be troubie free at operation
temperatures of up to 1000 °¢. With a moderate flow of cooled
Nz—gas the outer cavity walls remained below room temperature.
In order to obtain 900 °C at the sample, an electric power

input of about 100 W was necded.

To determine the absolute signs of the spin Hanmil-
tonian parameters of the analysed Fe3+ impurities in anatase,
Al ; N O o
BPR measurements at 1-°K and 4.2 °K were made. TPor this vUr—

pose a geld-plated brass cavity, operating in TE mode, was

102
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submerged in liquid heiium. The frequency of the field mo-
dulation was 400 Hz in these measurecmnents (modulation coils

attached to the magnet poles).



5. EXPERIFENTAL RESULTS

5.1. Preliminary observations

Sinbevanatase nas tetragonal symmetry one would
expect that its EPR spectra would also show this Symmetry.
This was experimentally verified. The overall EPR spectra of
the analysed anatase crystals were the same with the direction
of the magnetic field H, expreséed in polar coordinates, along

(9,(?) and along (0, =+ ? + nT/2), where n is an integer.

The EPR spectra at ©.56 GHz and room temperature
are shown in Fig.5 with H parallel to the crystallographic
[001] ~axis and in Fig.6 with H parallel to [100] (in the

latter case more lines exist at higher magnetic field).

As & result of the study of the angular dependence
B A. . 4 .\
of these IEPR transitions, one could separate them into two
groups, whicn will be called spectra I and II and which will

be discussed separately.

some weaker EPR lines were observed. FHowever, btheir
intensities and the fact that they overlapped with other lines
did not permit even a qualitative interpretation. One of

these lines is identified with a question-mark in PFig.6.
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b.2. TPR spectrum I

The fife,lines marked with single arrows in Fig.5
are called spectrum I. Their angular dependence is shown in
FPig. 7 for three crystal planes. This angular dependence,
the observability of the spectrum at room temperature, the
relative intensities of the five lines and the absence of a
hyperfine structure indicate that these lines belong to Fe3+
impurities in a crystal field of tetragonal symmetry with

respect to the [001] ecrystal axis.

ﬁsing the Crystallographic (1007, [010] and [001]
axes as X, ¥ and z axes respectively, the sbectrﬁm Could be
described by the spin Hamiltonian (7) with parameters given
in Table II. These values were obtained by fitting the tran-
sition fields with H parallel to [001], [100] and [110] to
(7), evaluated to second order. The results were chécked by
direct diagonaligation of the energy matrix with 2 computer:
progranmme . The absolute signs of the spin Hamiltonian paraé
meters were deducéd from the relati%e intensities of the EPR
lines at liquid helium temperatufe. At low temperatures the
high field lines were more intense, ieading to the didentifica-

tion of the individual fine structure lines as given in Fig.7.

Wheresas the spin Hamiltonian (7) with the parameters
given in Table IT, describes completely the angular devendence

of the positions of the lines of spectrum I, it does not



I

HQ plane

| l
100 plane

Fig.7 Angular dependence of EPR lines of spectrmm I in'anatase at X-band with H rotated in three

different crystal planes

) “Bpes =3
5000— 2" T —
4000 A —
w
D .
é }W}%\
3 3000, >—'o-—-o—3—-0—-'0’°/c/
i ¢ O~ H et
o
i,._
Ll
= .
& 2000— ]
2:
= I+
2 o
1000 |— S 5 -
x N E
— i >
T ¢ 3 ) 8 S S
) A ] e ' D L ' ©
ot 1T v T ko1t LT 1 L] L=
45 30 (5 O -5 -30 . 75 60 45 30 15 O - 15 30 45 75 90

6%



40

Table IT Spin Hamiltonian Parameters of Spectra I and II

4~ 0
in Anatase at 18 OK and 300 X

‘ . . Y/
A1l energies are in 10 cn

Spectrum I ) , Spectrum II 5
(SubstitutionallFej+) (Cherge compensated Fe’ ')
78 °x 300 ‘K 78 %k 300 °K
g, ] 2.004 £ 0.001 2.005 £ 0.001 .
, . 2.002 £ 0.005
g, | 2.004 L.0.002 2.005 £ 0.002 .
b0+ 447 T 1 4 s08:7 1 - 5110 £ 30 - 4970 % 30
b22 -~ | - - 3540 £ 30 - 3720 ¥ 30
b, |+ 55.9 = 1 + 5%.5 &9 ~ 26 T 10 -14 T 0
2 + n e
b, - - + 60 ¥ 50 + 87 ¥ 50
b44 + 267 £ 3 L o257 £ + 100 10+ 70 ¥ 10

explain the.angular dependence of the linewidth. In Table TII

the linewidths for some orientations of H are given,

Table ITTI Tinewidths (between Peaks of Derivative Curves) of

-

Spectrum I in Anatase at Room Temperature, in Gauss

Transition H /i [100] | H // [110] H {f [001]
[1/2>3\- 1/2> 12 % 2 12 Lo 12 0

IZq/2velt 50, 70 T 20 a2 Eo TR

1L 3/2y00k 5/0 unmeasurable 19 L3 19 L3




4.1

The outer fine structure 1iﬁés are particularly.'
broad when H is parallel to the magnetic x or y axis. This
behaviour ié indicatéd in Fig.8. There tne peak to peak.
heights of the outer EPR fine structure lines, normalized td
1 for H [/[110], are plotted as a function of the orientation

of H in the (001)-plane. The peak heights drop very faét,
‘when H is rotated away from the [110] direction. Aésuming
a constant line shape, these peak heights are a sensitive‘

measure of the linewidths.

This angular dependence of the linewidths cannot
be explained with a mosaic structure of the orystai since
this would cause a broadehing of the lines for intérmediate
orientations and not for directions along the magnetic axes:

where the lines have extremum positions.

Formally, this line broadening along the UOO] and
[010] directions can be described by introducing an ortho-

rhombic term

2 . . o | .
sz (DX2 - oyz) | (16)

~

in the spin Hamiltonian (7), with § varying randomly between
~ 1¢§<+ 1 from one paramsgnetic centre to the next. This
4 -7 C T j ST AT NF e . - ‘ + 4 AL

term will inhomogeneously spread out the I ]/2><§|_ 3/2 >

transitions along the x and y axes by 18b25/g8 (calculated to

first order) and the \i 5/2%«»|L.5/2% transitions by 56b02/g8:
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o [£3/2> = |t1/2>

A |25/ v |23/2)

Fig.8 ©Peak heights of the outer. fine structure lines of
cspectrum I in anatase with H rotated in the (001)-
plane, normalized to 1 at H // [110]




but it will not affect the transition fields in the [001] and
[110] directioms. The linewidth of 70 Causs of the
\< 1/2>€ﬁ\i-3/2> transitions along the x and y axes leads then

at room temperature to-

b,“/e8 = 30 L 6 causs.

5.%. Temperature dependence of spectrum I

The wpositions of the individual'lines of spectrum I,
with exception of the centre line, depend very strongly on tem-
perature. Fig.9 and ¥ig.5 show this spectrum for H ﬁ[OO1]
for four different temperafures and iﬁ #ig.10 the line posi-
tions for the same direction of the magnetic field are plotted

.- . - [ T S . - Sl - R T [ Sl el N - - O',' - nd ST T O_-‘ ’
G5 a Ffuilction of vhe telniperature vetween 10K and 1070 K.

The spin Hamiltonian constants at 78 ok are given

in Table ITI. At this temperature the spectrum shows scme

o)
2

o . 0 v .
‘and b4 . Whereas b4 decreases only slowly with increasing.

saturation. Fig.11 shows the temperature dependence of b

temperature, bgo decreases from + 457 x 107 en™! at 1 %k

almost linearly with temperature over most of the analysed

temperature ramge, passes'through zero at SOO T 10 %k
4 -1 0 '

and reaches - 225 x 107" cm” ' at 1230 K.
The fine structure of spectrum I is also clearly
visible with H ﬂ[110] up to high temperatures as can be

o s o .
seen in Pig.12, whereas the broad [T 1/2>¢[L 3/0) transi-
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tions with HH[TOO] proaden with inoréasing temperavgure
still more, so that at higher temperatures only the centre
transition is visiblé. One recording tor this direction is
included in Fig.12. This broadening indicates that b22 in
the random orthorhombic term. (16) increases with temperature.

In addition, the spectrum has no cubic symmetry at 800 ©

K,
where b20 = 0, since the spectra for Hilz and Hilx (or y) are

different.

At the highest analysed temperature, 1230 OK, the
anatase crystal already began to transform to rutile. Within
30 min. the intensity of Speotrum I decreased to about one
half of its initial value. The transformation to rutile
started on the surface of the crystal and the transformed part
was millky-yellow, opaqﬁe and under the microscope appeared

polycrystalline.

5.4. EPR spectra II

In addition to the EPR lines of spectrum I, éne
observes in the anatase crystals other rathér intense EPR
lines. They are marked in kig.H and 6 with douple arrcws,
These. lines are characterized by a large anisotropy and
strong angular dependent intensities. 1ig.1% shows in the
upper part the angular dependence of theese lines in the
(100)-crystal plane at room temperature and 9.19 GHz. "he
intense lines petween 1383 Gauss and 178% Gauss have'a line-

width of 11 - 14 Gauss.
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These lines can be divided into four separate
spectra which only differ irom one another in 900 rotations
of their magnetié_axes about the [OO?]« crystal axis. These
four spectra are designated spectra IIA—D'

of these spectra,expressed in polar coordinates, are given in

The magnetic axes

- . . . o -
Table IV. The absolute accuracy of these directions is + 17.

Table IV Directions of the jiagunetic Axes for BSpectrum IT

A
Expressed in Polar Coordinates (6, ¢ ). The Axes

of the Other Three Spectra II are QObtained by Suc-

cessive Rotations of 900 about the [001] Crystal Axis.

Magnetic axis 1 Direction in crystal (6,$)
x (p, 180°) |
y (90%, 90°) 2 [o10]
Z . (900 “7‘)7 OO)
300 °K: = 6.32 T 0.01°
78 °x: Y= 6.15 = 0.01°

At the top of Fig.15% are indicated: these magnetic
axes which lie in the (100)-plane. ¥, means the y-axis of

spectrum IIA, etc.

The lower part of #ig.13 shows a spectrum obtained
by rotating the crystél at a constant field H = 7200 Gauss

in the (100)-plane. From this spectrum one deduces directly



an accurate value for f, the angle which-is included in the

specification of the magnetic axes as given in Table TV.

Spectra 11, as spectrum I, are caused by iron impu-
tities in the anatase crystal. fThis is confirmed by the EPR
analysis of'the synthetic powders. I'ig.14 shows the EFPR .
spectrum of anatase powder doped with 1 mol-% of Fe. The
three EPR powder lines marked with arrows correspond to the
strong lines in-the single crystal at 1617, 1783 and 1383 Gauss
with H along the x, y and z axes, respectively. These EPR
lines are not found in pure anatase powder, nor anatase dopéd

with Cr or Mn.

The intensity, the linewidths and the absence of
a hypeffine structure, together with the powder analyéié,
indicate that spectra IJ are also produced by ferric iron in
a high spin state (s = 5/2). TProm the strong anisotropy of»
the lines and the absence of a line near g = 2, one can
nowever infer that the zero splitting is large compared to
the Zeeman energy-at X-band. The quadrupolar terms bgm in
the spin Hamiltonian (%) therefore have to bhe dominant and
their principal axes will determine the orientations of the
magnetic axes. Hence, an.isotropic g = 2.002% was assumed

~ PO m
and initially all b4 were set equal to zero.

A firet guess for the remaining bgo and b 2 was
s
e

. v . 5N r-
obtained by using graphs given by Troup et al.Dj and AaSaJQ,

- TR, ; . K3 . - o ~ g 5 i
as discussed in Appendix B. Troup et al.)1 alculate the

Q
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effective g value for the BPR transitions within the three

ground state doublets of Fej+ in a strong crystal field

(D/hv»1)as a function of E/D = b22/3b20 . With the observed
transitions in anatase one obtains E/D = 0.25 £ 0.02. The
axes‘in Table IV are already chosen to give a fit with

0 ¢ b22/b2O <1. The next step was to use this value of E/D
and the graphs of AasaBz, who calculated for Fe3+ the transif
tion fields H versus D, using E/D as a parameter. The result.
was D = 14.2 i;1 GHz. An adjustment bf these parameters was
then made with a computer programme given by J. Hebden et
al.SB, using a trial and error method. This prbgramme calcu-
lates, for given bgo and b22, the EPR transition fields and

plots the energy levels. Fig.15 shows the results for the

cases with H parallel to the three magnetic axes. The observed

FRP O T T o s JC e RO L i T S o B Tl
005 S8 1AL llvid alid malrded LUENUACaLdly df 1il ig.iJ.

A final least mean square computer calculation of

b O, b 2 and including b O, b e and b 4 in the spin Hamil-

2 2 4 4 4

tonian, was made to fit all 13 EPR lines in PFig.13. This
method is discussed in Anpendix €. The results are included

in Table II. The absolute signg of the bnm were again

established with an EPR measurement at liquid helium tempera-

ture.

It should be pointed out that the b4m of Table II are

only an order of magnitude estimate, since there exists no reason
to suppose that the principal axes of the tensor b4m coincide

. ; P : N m : , .
with the principal axes of b, , the latter being taken as

<
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2 R

defining the magnetic axes. But by including b4o, b4 and b 4

4

the calculated transition fields agree with the measured ones
to within the experimental error, which is ca. 0.1%, and an

additional inclusion cof ‘b41 and b4j in the spin Hamiltonian

did not seem warranted.

In order to obtain an estimate of the relative
spin concentration of centres of type I dnd IT, the spectra
at room temperafure with H parallel to the [001] -axis were
used (Pig.5). Along this direction the four spectra II
coincide and the line intensities AI of th? centre line
b+ 1/2) |- 1/2> of spectrum I and Ay, of the |+ 3/2% 43\~ 3/25
line of spectra II (line No.14 of Fig.13%) were compared. The
high‘field nﬁmenclature li 3/2 % is used here only to identify
these two states as belonging to the intermediate Kramers
doublet of centre II. The relative épin concentration is

given by

o R S

Mg JVpp,s Apr . KETSTo0 | £ (17)
N - = oIt o

o Npaoo Ag [ 8750 12> ~

where NI;II is the total number of spins I, IT in the sample,.
Np g,y is the number of spins I, II in the state |iy, and

5 L,IT . 42 . . :
\(i \SﬂéO ‘i){ is the induced transition probability between

states Vi» and 1£Y for the microwave magnetic field parallel

to[100].
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Using

[@2]
—
(@]
(@]

-t
~
N
v

)
i
O
N
~

\<1/2 |

¢3/2 |81, |- 3720 4.4 (ref.54)

a value NII/NI = 0.3 Y 0.1 is obtained. This means that in
the analysed crystals for each paramagnetic centre of type IT

there exist some 3-5 centres of Type I.

5.5. Temperature dependence of spectra [T

The spin Hamiltonian parameters which describe
. o ‘ . 0 .
spectra II were in addition determined for 78 “K using the
same procedure ags discussed in the previous section. The

Gisy included in Tavlie Ii. Al this lower Tempe-

G

[N

w

S=7
o v

' . 2 . . o . -
rature the orthorhombic term b2 is smaller, wnereas b2 is

larger than at room temperature.

Spectra IT show only a small saturation effect even

o)

at 1 "K. On the other hand, if the femperature is raised

above room temperature the lines broaden and for temperatures

higher than + 300 °¢ the spectra become uriobservable.

Special attention has been given to an accurate
measurement of the angle f’ determining the orientation of the
magnetic axes of spectra II. The weak lines between © = t 20"

in the spectrum shown in the lower part of Fig.13 were used to

measure the angle f; These lines belong pairwise to Transitions
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in the lowest Kramersdoublets of spectra IIB and IID (near

line No.1% of PFig.15) and are particularly appropriate for an
accurate measurement of - Pirst, they are near 6 :VO(HAHOO1]),
an orientation which can pbe achieved accurately vecause there
the four spectra of type II coincide, thus giving a check for
the correct orientation of the crystal in the magnetic field H.
Second, the separation'between these lines does not change:
measurably for smallvrotaﬁions of the crystal out of the
(100)-plane. The results at 300 °K and 78 °K are given in

Taple IV. At the lower temperature Y 1s slightly smaller.

The weak lines used to determine w at 300 °x and
78 °x could not be followed to higher temperatures;ﬁ_Therefore,
the strong transitions in the highest Kramers doublets of
IIB and IID, marked with arrows in the spectrum of Pig.13%,
were used apove room temperature. These transitions oocur,.
however, at intermediate angles O where no reference orienta--
tion exists to align exactly the crystal énd, in addition,
the separation between these lines changes markedly if the
magnetic field 1s rotated slightly out of the (100)-plane.
consequently, the separation peitween these lines, now desig-
nated 2yﬂ y is shown in Pig.lo. It indicates only qualitati-
vely the temperature dependence of the directions of the mag-
netic axes. .Thege anglés differ by apout 1° from Qf as given

in Table IV.
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6. DISCUSSION OF RESULTS

6.1. EPR spectrum I: substitutional Feot

4+

1

As discussed in section 2.71., all Ti gsites in

anatase have 22 point symmetry. If Pe’t substitutes for

Ti4+ then a single paramagnetic spectrum with tetragonal sym-
metry along the [00171-~axis is expected. Spectrum I is inter-

preted as resulting from such a centre.

Prom the symmetry of the speétruﬁ it is also possible
that the_Fe3+ ions are at interstitial sites such as I in.Fig.1.
However, this would generate a strong local charge inequality;
In-addition, in rutile one observesvparamagnetic impurities
in the larger interstitial sites only if the impurities are

too large to enter the substitutional site6. In ruvile these

sites are distinguishable because they have other symmelry axes
than the substitutional sites. In anatase, however, the four
nearest neighbour distances are the same for the interstitial

as for the substitutional sites and, in octahedral coordina-

inl 3"*'

tion, the ionic radius of Fe” , 0.73 X, is alsc nearly the
14

same as that of Ti4+ (Q.69 ) . Thus one can conclude that

T . . .
the F63 ions enter anatase substitutionally.

There exist two main differences between the

3+

PR
o . . . =
spectra of substitutional Fe- in anatase and in rut11355’3b

the zero field splitting is smaller by a factor of 20 in ana-

tase and, contrary to the case of rutile, is strongly sensi-
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tive to temperature. These differences are surprising because
the structure and physical properties of the two crystals are

very similar.

An attempt was made to calculate the spin Hamilto-
nian parameter bzo following the ideag of Sharma et a1.43,
as discussed in section 3.2. For this purpose the lattice
sums B2O and (B4O)', defined in (12) and (13), were calculated
with a poinf charge model of anatase, using.the crystallo-
graphié data of (1). The sums were carried out with a compu-
ter programme over all ions within a sphere of 20 &, 30 R and

40 R around a pi4t

ion site. The results for the two larger
spheres differ less than 1%, indicating a good convergence of
the lattice sums (a sphere with a radius of 40 R includes

somwe 25,000 fonsi. whe results are
N P
3,° = + 154 x 107% e%/2a
=+ 4.2 x 1074 e2/2ao5

Introducing these values in (11) results in Boo =

]

w14 -1 . ' .
+ 8.2 x 10 cm which compares with the experimental value
b0 = + 308.7 x 1077 en™!. s - ors in (11)
by = Jox 10 cm . Since the numerical factors in (11)

P e .

were calculated for Mn in &an, they will not apply exactly
in our case, but the same order of magnitude would be expected
PN . ' . :
for Fe” . One possible explanation for this discrepancy is
the high polarisibility of anatase. This would result in a

deformation of the neighbouring oxygen ions and a change of
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oy . IS
their positions when replacing Ti

Fe5+

by the smaller charge

of

This discrepancy between calculated and measured

bzo exists also in rutile where a point charge calculation gives

BZO = - 45 x 1of4 e2/2a03, (340)' = - 251 x 1074 e2/2a05, with
the z axis parallel to [110]. Wo explanation for the large
differences of the observed zero field splitting of F83+ in

anatase and rutile can therefore be deduced from these cal-

culations.

Nevertheless, the point charge model seems adequate
to explain qualitatively the temperature dependence of the
spin Hamilteonian parameters in anatase. 1In the calculation

of the lattice sums B, ~ and (B4O)' it was found that they are

Q
2
very sensitive to small changes in the oxygen parameter u

(see Tig.1). The results are given in PFig.17. An increase
of u from 0.413 &, its value at room femperature, to 0.452 &
decreases Bgo
first glance, thié result is surprising in as much as an

to zero and (B4O)l to - 7.3 x 10—4 e2/2ao5. At

increase of u deforms still more the oxygen occtahedron
4+ '

surrounding Ti but the displacements of the oxygen ions

0

o than the

A-D (see Fig.1) have an opposite effect on B

displacements of the ions E and T.

It was concluded that the temperature devendence
of the spin Hamiltonian parameter b2° is produced by an

increase of the oxygen varameter u with temperature. Alzo
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in support of this argument is the temperature dependence of

the orientations of the magnetic axes of spectra II as will

‘be discussed beléw in section 6.2.

This shift of the oxygen ions does not change the

symmefry of the crystal. It changes essentially only the

4+ ion and. .

bond angles but not the bond lengths between a Ti
its four nearest oxygen ions. 1In rutile this 1s not possible.
There, a change of the oxygen parameter affects directly the

-4+ - 02— distance and hence results in a

nearest neighbour Ti
larger change of the crystal energy. This would explain the
absence of the strong temperature dependence of the EPR

spectra in rutile.

Unfortunately, no high temperature crystallographic
X-ray data of anatase are available in order %to check this
proposed temperature dependence of the oXygen parameter u.
An attempt was made to determine at high temperature the
crystal structure of anatase with an X—ray single crystai
study using a high temperature Weissenberg camera and ; counter,
constructed by E. Meagher of the Geology Department of U.B.C.
It appeared that the investigation would be too lengthy,
mainly because of the involved experimental difficuities, to

be included in this thesis.

More insight into the origin of the temperature

-0

dependence of b2 could be gained if the isothermal pressuré

dependence of b2 were known. This would permit the calecula-
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tion of the implicit part of the temperature dependence of

O
b,

of the oxygen parameter u does not correspond to an isotropic

with (14). Dvidently, the proposed temperature dependence

thermal expansion, which, according to (15), would result in
an increase of b2o with temperature. The implicit temperature

46

dependence of b?O as given by Walsh et al in the second

term on the right-hand side of (14) should therefore be split
into two parts to correspond to the tetragonal symmetry of
anatase. One part with the pressuré.applied parallel to the

optical axis and one with the preséure7pérpendicu1ar to 1i%.

According to Tig.11, b4O decreases 12.5% by increas-—
ing the temperature 500 QC. Neglecting the small correction‘
P in (5), this implies that the cubic constant a should 2180
decrease 12.5%. This can be explained by the implicit term
given in (TS), if an increase in the interionic distances of
0.6% is used. This is consistent with the increase of the
lattice parameter ¢ as measured by Rao25. One can conclude
that the temperature dependence of the spin Hamiltonian
varameter a 1s mainly given by the average.increase of the
interionic distances and is not’affected'by minor distortions
which, on the other hand, affect strongly the second order

5 .
term b2 .
The lattice sums calculations, using a point charge
model of anatase, may also explain the strong broadening of

the outer fine structure lines of the EPR épeotrum I when

the magnetic field is parallel to {100}. For this purpose the


http://Pig.11

pa 1 0 (n OV gne
lattice sums B, ,(L4 )! and
2 = Vz ) in® (—*?43 R’ 18 )
By," = ; ;E: 9 sin @j cos 2 ¢ / '3 (18)
- J

were calculated at points along the z axis. The result was
again surprising: a displacement of 0.02 2 from the centre

of the oxygen octahedron along the 2z axis changes BZO less
than 1% but the generated orthorhombic component B22 already

-

- 9]
reaches 12 x 1074 eL/ZaOD. Random, stress induced displa-

3+

cements of the Fe ions along the z axis by 0.02 & or less
could thus explain the observed angular dependence of the
fine structure linewidths. These displacements are so small
that the nearest oxygen ion along the z axis would sfill be-
farther away from the Fe3+ ion than the four nearest neigh-
bours at A-D of Fig.1l. Whereas this ié one possibility; other
random déformations of the crystal structure or displacements

of the Pt ions could have the same effect on the linewidths.

It is perhaps appropfiaté‘for completeness to state
that the temperature dependence of spectrum I, measured up

0
to 960

C, does not show any discontianuity at 642 OC, where
S . .26 s ' -
Schroeder (cf section 2.3) proposed a reversible phase -

change to a high temperature form of anatase.

6.2. BPR spectra II: charge compensated Ped+

Replacement of a Ti4+ ion by a Fe5+ ion causes a

negative charge excess of one clementary charge. This excess



has to be compensated to keep the crystal clectrically
neutral. "The charge compensation can te accomplished in dif-
ferent ways}ve.g. other impurities, interstitial ions or
oXygen vacancies (V - centres). These may pe randomly dis-

triobuted over the crystal or in a fixed geome#rLC al relation

to the Fe3+ ions.

The most reasonable explanation for the spectra II

-+

is that they originate from r'e - Vo centre pairs, produced

by Fe3+ ions at Ti4+

sites with charge compensating oxygen
vacancies at one of the four nearest neighbour gites. This
explaing the four spectra 1II (vacancies at A-D of wrig.1),

their symmetries and the directions of their magnetic axes.

O

bimilar EPR spectra of charge compensated Fe”’ have

been observed in other crystals, e.g. SrTi O5 57, which has the
same basic structural blocks of TiO6 octahedra. 1In fact,
there exists a remarkeble similarity vetween the LPR spectrs
+ . :

of Fe3 in anatase and in the tetragonal low temperatiure phase

\ 3 ‘ O B e o P j+ - N m-2= >

or 6rT103. b,” of normal substitutional Fe” in bri103 is
also strongly temperature dependent and,as will pe discussed
below for .anatase, the temperavure dependent shift of the
oxygen ilons in SrTiO3 could pe detected by a rotation of the

o e t 9o f l/]_ . \ ; i 3_'-' 4 58
magnetic azxes of the charge compensated He centres” . In ru-

b . o 24
tile weak EPR spectra of Cr~', charge compensated Dy oxygen va-

cancies at second and third nearest nei ghpour sitesSg and of
1O2+

]

, charge compensated at ne: » nelighbour s¢tos60, have

62}
—

Lre

Q

been cobgerved, however, not of He3+ Again, at present no

.
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definite answer can be given to the question why the charge

5+

in rutile is random and therefcore not

5+

compensation of Fe

observed, while in anatase a sftrong LPR signal from Fe - VO

pairs is observed. An explanation may be that the attraction

5+

between an Fe ion and & VO centre is smaller in rutile than

in anatase bvecause of the higher dielectric constant of the

first (114 vs. 48).

From the symmetry of the spectra II alone, it is
possible that the oxygen vacancies are located one lattice
distance farther in the same directions, 5.638 & from the

Fe3+ sites. In rutile, the zero field splitiing of pure

o+ and of Cr3+

substitutional Cr cherge compensated at the

~third neighbbur, which is 4.09 R distant, differ by 20% 59.

It seems therefore unlikely that an oxygen vacancy 5.68 %

3+

away from a IFe” ion could produce the large value of the

q oo B+ . . .
crystal field at the ¥e” site necessary to give the observed

zero field splitfting in anatase;

- ~ . B4 -
If the charge compensation of Fe3 occurs only
3+

through VO centres, then for every two Fe ions one oxvgen

vacancy 1s required to obtain charge nsutrality. If, in

5+

addition, the affinity between Te ions and V _ centres is
0
sufficiently large to insure that all ‘VO centres are located
. 3 . . 3+ . . 5-*-
at nearest neighbour sites of e’ ', the ratio of TFe -V

o .
pairs to pure substitutional Fe3+ would be 1 : 1. This com-

pares to the experimental value NI'T/NI = 0,3 o1 andvimplies

that the charge compensation does not ccour wholly through

pe-t

- V- a21rs.
o P i
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An interpretation of the temperature dependence of

O
o,

imply that the axes of the crystal tield of the charge com-

of spectrum I is a shift of the oxygen ions. This would

pensated centre should szhift with temperature. An increase
of u should increase ¥, the angle defining the magnetic axes
of spectra II (for u = O one expects Y= 0). Lowering the
temperature should theretore result in a decrease of‘y. This
decrease ofyﬂwith temperature was observed as shown in

Tapvle IV and Fig.lo.

At room temperature one can empirically relate ‘p
with the known value of ®, the angle vetween the pift - 02T
bond and the (100)-plane:

Y = 0.502K.
If this relation remains valid also for other ¢, one cptains
0 . 5 g0 . :
at 77 "K a value d77o = 12.26°. This means that the oxygen

parameter u should decrease from 0.413 & to 0.401 & by lower-

ing the temperature from 300 °K to 78°K.

There remains the question as to why the charge com-

ven

w

ation occurs only at the four oxygen ions A-D and not at

anl

Foof Fig.1. From symmetry one should expect that the

=]

0

i3

magnetic axes of these latter paramagnetic centres coincide
with the crystal axes and that the rhompic term 092 be rela-
tively small. It is possible that the weaker lines which could
not be identified would account for these paramagnetic centres,

but another explanation might be that a Vo centre at I or P

is unstable and switches to one of the positions A-D.
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6.3. Conclusions

The main results of the research of this thesis

can be summarized as follows.,

BPR measurements with natural single crystals of

5+

anafase show two types of spectra, generated by Fe ions
incorpofated in the crystal structure of anatase at two
different sites. At one site, designated I,‘the crystal field
has axial symmetry and splits the ground state of Fe3+ only,'
-Weakly, at the other site, designated II, the crystal field has
orthorhombic or lower symmetry and splits the ground state of
F83+\about 16 times more than at sife I. TFor each Fe3+.af
site I1 there are 3-5 F93+ at site I. The LEPR speétra change
markedly with temperature over the whole analysed range from

1 °K to 1230 ©

K. With inoreasihg temperature the axial component
of the crystal field at site I decreases (it is the largest
temperature dependence of bOO of any EPR spectrum known to the

author) and the crystal field at site II becomes more ortho-

rhombic and the directions of its axes change slightly.

- These EPR spectra are'interpreted as due to F63+
ions regularly substituting pitt (site I) and due to Al
4+

substituting Ti with an oxygen vacancy (Vo—oentre) at

a nearest neighbour site (site IT).

The temperature dependence of the two types of BPR

spectra can be explained consistently by assuming that the
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positions of the oxygen ions within the unit cell change with
temperature. A definite confirmation of this proposed oXxygen
shift could be given with an X-ray crystal structure determi-

nation at high temperature.

The describved EPR spectra of iron impurities in
anatase are rather different from that obtained in rutile, in

spite of the similarity of the structure of the two crystals.

Additional experimental investigations will be
necessary to understand more fully the EPR spectrum of Fe in_
anatase and 1ts difference from that in rutile. Of particular
interest would be to understand the different defect structures

of anatase and rutile.

EPR should be a useful tool to clarify these prbblems.
The measurement of the pressure dependenoe>of the IPR spectrum
of Fe, the determination of the influence of reducihg or
oxidizing atmospheres on the concentration of the F83+ - Vo
centres and the anélysis of EPR spectra of other transition
element impurities, especially those of different valency, would
yield usefﬁl information. However, to carry out these experiments,
the technique of growing single crystals of anatase Qill have %o

be developed first.
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APPENDIX A

Matrix of the Spin Hamiltonian (8) for S = 5/2 ard the Magnetic Field H along one of the Coordinate Axes

Table V  Matrix of the Spin Hamiltonian (8) for S = 5/2 and H// =
h =g {3 H
|+ 52> f+ 172 |- 32 |- 572 |- 172 |+ 32 )
SEER S LN ‘%@ b, %abz;z a0
(- 3/2 —é: b44 2 bzz-‘gqu %h— % b, -3b,°
(- 5/2] S0y o 0 100y, 23000 2 Lo
{- 179 0 {_é;d'b22+320Eb42 - %h' %bzoﬂbao 2b 'gbaz
{+ 372 F;:- b, Ebzz'gbz;z 3= 5,5
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Table VI Expressions to be Inserted in Place of bnm in

Table V fer the Cases when H is along the x and
y Axis

1.%9

This Table is given by rhyer et a some numerical errors

are corrected.

Hix Hfly
b,° - (b,° - p,%) /2 - (0,° + 0,7 /2
n,° (3 0,° + b,2) /2 (3 b,° - b,%) / 2
b4o (% 040 - b42 + b4 ) / 8 (3 bio - b42 +_b;%) / 8
b42 - (5 p,° - b42 - 044) /2 ~ (5 0,% 4 b42 - b44r)/ 2
b, (35 0,° + 7 0,% + 0,%) /8 (35 b,° -7 b,%+ b44j/ 8
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APPENDIX B

Approximate Calculation of bgo and b?2 of Spectrum IT

, : . | "
The main features of the LPR spectrum of Te”
(s = 5/2) in a strong crystal field can be described with the

'spin Hamiltonian

- oy 22 2
| £ =28 . H.8+ DS, + E (8.7 - sy ) , (19)
This implies that two parameters, D (= bzo) and B (:thZ/B),
together with the directions of the magnetic axes, are
~sufficient to characterize the spectrum. These parameters
can be estimated with-the help of grdphs.vgiven by Troup

~ o
i

et al.”' and Aasa”’", if the transition fields along the mag-

netic axes are measured.

Troup et al.51 calculate the effective g values of

the transiﬁions within the three Kramer doublets of the

Ehs

ground state of Fe as a function of E/D for D »'hvv.

at low field for

doublets of the
ground state of

Pe b (Ref.51)

Sim

| 1
L . b 8 '0
Erfective g value

Fig.18 ZIffective g values

- 0.25 transitions within
the two lower Kramer
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hy 1is the microwave photon energy. Fig.% of Troup et a1.51
is partially given here as Fig.18. % Z means a transition |
within the doublet |;—F 1/2% and the magnetic field H/z, etc.
~Transitions within the doublet li-S/é > are not shown in
Pig.18. The experimentally observed transitions at X-band
of spectrum II in anatase are indicated and numbered as in

Fig.1%. One deduces from the graph /D = 0.25 *o.02.

rasa’® calculates for S = 5/2 the transition fields
B as a function of D, using /D as a parameter. D and B are
measured in units of hy . In Fig.19 are reproduced those
parts of Aasas figures 1 and 7 which correspond to E/D = 0.25.
The transitions for B pafallel to the coordinate axes are
shown in the upper part of Fig.19 for the lowest‘Kramef-
doublet, in the lower part of the figure for the intérmediate
Kramer doublet (Aasa labels the ehergy levels according to.
their relative magnitude, 3424 means therefore a tranéition
within the Ei'3/2>~doublet). The observed transitions of
spectrum II in anatase are again indicated and labeled as in
Fig.13. TFrom these graphes a value of hvy /D = 0.65 *0.05

is deduced. Together with Y= 9.19 GHz ,this results in

Dy = 14.2 T 1 guz.
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APPENDIX C

Calculation of Spin Hamiltonian Parameters with a Tinearized

Least Mean Square Pit

As diécussed in section 5.4., the observed EPR tran-
sition fields HEXP , k=1, ;.., 1%, of speétrum ITI in anatase
are fit to the truncated Hamiltonian (19) with a trial and error
method using a computer programme given by Hebden et a1.53.

The best fit, at room temperature, is obtained with

0 ~1
5 0.501‘ cm

2
i

~1

it

0.375 cnm

and gives calculated transition fields Hy .

The above values of b, and b22, together with

0 L 2 4 .
b = Db," = b4 = 0, are used as approximate values (bnm)o

a Newlon-Raphson interpolation calculation to determine the

in

constants of the spin Hamiltonian (8).

e . m L .
The parameters (b, ), are individually changed by a

. . m __ 4 4 o —_ . ) e
small amount ébn‘ and the new ftransition fields, which differ

g O . . o : ’ ‘
by Ehk from Hk y are calculated by diageonalizing wiith a com-
puter programme the energy matrix given in wavle V. Hcal

“k
is now defined by
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$n
gcal o S R ¢
S DY _ (20)

This represents a system of k linear equations in the unknovns

Zlbnm. The best values of Abnm are determined by minimizing

ex caly?2 ' ' -
kZ(Hkp—Hk ) (21)

, m .M Lo . Lo " -
The results, bn = (bn )O + ZSQH_ are included in wvable II

and discussed in section 5.4.



