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SYNOPSIS

The present investigation, which forms part of a
general programme of research into the effects of departures
from the stoichiometric composition on the physical and
mechanical properties of ceramic compounds, is concerned with
the defect structure of non-stoichiometric rutile. The physical
properties of rutile, with particular reference to the effects
of departure from the stoichiometric composition, have been

briefly reviewed,

The development and design of an apparatus, incorporating

a sensitive microbalance, capable of measuring departures from
the stoichiometric composition in rutile at low pressures of
oxygen and at temperatures up to a maximum of 1300°C is
described in detail,

The defect structure of non-stoichiometric rutile
has been shown to alter as departure from the ideal composition
increases. It is concluded that at small departures from the
stoichiometric composition free anion vacancies are present,
whereas at large departures the vacancies cluster on planes

of the {100}, {101} and {110} types, which subsequently

collapse by displacement of #€101> forming interstitisl cations.



The departures from stoichiometric composition
which have been observed in high-purity rutile are very
small - much smaller than those previously reported in the
literature, Larger departures found to occur in impure rutile
can be attributed directly to electronic effects associated
with impurity atoms. Kuch further work of a systematic and
long-term nature will have to be carried out before the role
of impurity atoms on the defect structure of non-stoichiometric

rutile is understood,
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Table I

ELEMENT

IS!SQMOXIDI

Ti Ir Ht v Nb Ta Cr Mo w v
ICOMPOUND
(meTAL) 1660 | weo | 2220 | 1913 2410 | 2850 | ws0 2020 | 240 | w30
MONOCARBIOE | 3250 | 2173 3090 | 2030 | 3300 | 3800 2008 | 20307 | 2478
MONOMTRIOE | 2930 | 2%¢0 | 230 2030 | 2080 | 3090 | 1s00 2080
4
DIBORIDE 2000 | 3040 | 3250 | 2100” [ >2900" | 23000 | wso | ai00
DIOXIOE 1840 | 2077 | 2777 | 1530 2200
1900 w77 1772 228

Lelting points (in °C) of the early transition metals and

their "refractory"” compounds,
given in Schwarzkopf and Kieffer(l), and Campbell(z).

Table compiled from data

The superscriptx indicates that the compound decomposes,




I INTRODUCTICN

The work described here forms part of a more general
study of the behaviour of inorganic compounds characterised by
a high melting point, Compounds of this type are almost entirely
restricted to the oxides, carbides, nitrides and bbridés of the
transition metals(l’z), and one of the interests in these compounds
is the effect of departures from the stoichiometric composition on
their physical and mechanical properties. The reasons for the
studies being undertaken in a Department of Physical Metallurgy
are threefold, namely (i) the compounds may possibly be used at
some future date as high-temperature constructional materials, in
place of the usual metallic materials, (ii) as a more direct
approach to the understanding of such metallurgical phenomers . as
oxi&ation, carburising and nitriding, and (iii) the interest in
solid-state electronic devices based on unusual elactrical and .
magnetic characteristics,

The number of inorganic compounds of the transition
metals with a high melting point is large, as can be seen from
Teble I. Of these compounds the one chosen for the initiation of
the studies was titanium dioxide, interest being restricted to its
modification known as rutile. The reasons for this choice were

that rutile is the most stable crystal modification of titanium
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dioxide, and that it is available commercially in highly purified
forms -~ facilities are not yet available in this Department for
the preparation of any of the compounds. Also previous work had
shown that rutile, when heated in vacuo, exhibits large departures
from the stoichiometric composition, occurring by loss of oxygen
from the lattice, although reports in the literature differed as
to the maximum extent of the non-stoichiometry, and to the nature
of the structural defects formed. Furthermore none of the earlier
studies had been carried out using rutile of such a high purity
a3 that available in this laboratory.

In the following sections much of the existing physical
property data of rutile has been collected together, in order to
give some idea of the present state of our knowledge of this
material, Particular emphasis is placed on the effects produced

by departures from the stoichiometric composition.
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Fige. 2. Octahedral stru;ture of rutile (after
Breckenridge and Hosler( 7)).



Table II

Bond Type £o./unit cell Length (:)

™ -0 1 4 1.94- 3 0.374
™ -0 2 z 1,988 + 0.006
0 -0 3 e 2.730 & 0.iC¢
0 -0 4 2 2.520 4 6.C12
0 -0 5 2 2.959 + G.00C

hngle Value
0-T4-0 1 - 1 (lesser) 2 80.8°
0-T1-0 1 - 1 (greater) 2 99.2°
0-Ti -0 12 8 90.0°
™ -0-T4 C-B-a 139.4°

Bond lengths and interbound angles in rutile (after
Grant(’*)).



Fig. l. Arrangement of the jons in the unit cell of rutile.
The mnumbers refer to the bond lengths given in Table II
(After Grant(l*)).
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IT TITANIUM DIOXIDE - RUTILE

le Structural Data

l.1 Crystal Structure

On a simple jonic model titanium dioxide can be thought
of as being formed from titanium and oxygen in their +4 and =2
valence states respectively. The rutile modification of titanium

dioxide possesses a tetragonal unit cell, the parameters of which

3)

are(3),

£

i 0.64)1,

a = L.59L T 0,003 8, ¢ = 2,959 X 0.002 &,
If the Ti*" cetions are considered to be situated at (0,0,0) and

(3,1,1), then the 0" anions are in the positions ¥(x,x,0) and

| R

(+x, £ -x, %), where x = 0,306 = 0.001¢3), The iomic
arrangement of rutile is illustrated in Fig. 1, the numbers on
the diagram referring to the bond lengths and angles given in

Table II.

From Fig., 1 it is eviﬂent that each cation is situated
at the centre of an octahedron described by six surrounding
anions, Rutile can therefore be visualised as being built of a
series of chains of octahedra barallel to the ¢ exis, each octahedron
sharing an edge in the (001) plane with adjacent members of the
chain, and corners with neighbouring chains (see Fig, 2). The

octaﬁedra are, however, distorted, owing to two of the anions
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being at a greater distance from the cation than the other four

(see Table II and Fig, 1),

1,2 Crystal Bonding

The difference in the Ti=0 bond lengths is attributedlts5)
to a covalent contribution to the crystal bonding, Some support
for the view that the bonding is partly covalent comes from the
low solubility of rutile in polar solvents, Also if rutile is
assumed to be purely ionic in nature, the calculated values of
the axjal ratio(s), corresponding to a maximum of the Madelung
constant, and of the parameter x(7) do not agree with the values
obtaired by experiment., The discrepancies indicate that the
bonding in rutile is not completely ionic.

The most conclusive evidence for a covalent contribution
to the crystal bonding has been given by Baur(j), who carried out
a Fourier projection of the elementary unit cell of rutile,
perpendicular to the [001] axis. If the structure were completely
ionic the electron density would be expected to fall to zero
between the ions, as in sodium chloride(B)° The electron density
did fall to zero between anions and cations in the (00l1) plane,
i,e, ions B and A of Fig. 1, but a finite electron density was
found to exist between anions in the (001) plane and the body-

centred cation, From these observations the length of bond BC,
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of a covalent nature, would be expected to be less than the
length of the ionic bond AB, due to the sharing of electrons in
the former case. This, in fact,agrees with the observed bond
lengths (see Table II). No attempt was made to deduce the degree
of the covalenc& in the crystal bonding, but Hannay and Smwth(9)
using the calculated electro-negativities of 0%~ and 7i%*, have

estimated it to be 57%.

1,3 Homogeneity Range of Rutile

X-ray studies have shown( 10,11,12,13 ) that titanium
dioxide maintains the rutile structure over a range of composition,
corresponding to oxygen:fitanium atomic ratios of less than 2:1,
see Fig. 3(1h). Single phases of variable composition are found
in many ionic compounds, including the halides, oxides and sulphides,
and in the majority of the cases of binary compounds, a phase only
extends on one side of the stoichiometric composition(15).
Zirconia (Zroz), like rutile, is restricted to the oxygen deficient
side of the stoichiometric composition(ls), the lower oxygen 1limit
varying from 63 atomic % at 1900°C to 65.5 atomic % at 700°c(17).
In urania (U02), on the other hand, the cubic dioxide phase is
maintained for an excess of oxygen, up to a composition of U02'2(18).
Loss of oxygen from rutile can be brought about by

heating a specimen of rutile in a vacuum or oxygen at reduced



6.

pressure to above 800°c(13’19). Larger losses can be obtained by
the use of a reducing agent such as hydrogen(2o), carbon monoxide(ll),
or titanium metal(lo’lz).

The upper limit of oxygen composition of rutile is
unequivocally considered(lo’11’12’13) to be stoichiometric Ti0,,
but there is considerable disagreement about the lower limit. In
an X-ray study, Ehrlich(lo) found that extra diffraction lines,
indicating the presence of a second phase, appeared at a composition
of Ti°1.90' Andersson(lz), however, found that the X-ray
diffraction pattern of the material corresponding to the composition
Ti01'90_indicated that it was composed of twoxide phases, Although
the first trace of the rutile diffraction lines appeared at Tiol°95,
the resolving power of the X-ray camera used was not high enough
to reveal the co-existence of two phases between T:'LOL9 and Ti°1.95"

The value of Tiol 59 for the lower limit of oxygen composition of

9
rutile must therefore be accepted with caution, especially as the
author considers that equilibrium conditions are not easily reached
in this border region. Both workers prepared their specimens by
heating or melting mixtures of rutile and titanium metal, the
composition of the material being computed from the aliquot portions
used. This procedure is not altogether satisfactory since additional
changes in composition may occur as a result of loss of oxygen from

the sample at high temperature., X-ray studies(ll) of rutile

reduced by carbon monoxidé, which is perhaps a more reliable method,
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showed that Ti°1.9o is the lower compositional limit, but
unfortunately no details were given of the experimental procedures
used.

Straumanis et al.(13), using highly refined X-ray tech-
niques, have found that extra diffraction lines attributed to a
second phase, appeared in the rutile diffraction pattern at a
composition of Ti°1.983’ The failure of other workers to detect
extra lines at this composition was attributed to the use of
thick samples which cause extensive background fogging of the
X-ray film, In this work great care was taken in preparing the
samples (heating at 1400°C under controlled oxygen pressures)
and in determining their composition, For the latter a combina-
tion of the density of the sample and the volume of the unit cell
computed from the X-ray measurements was used.

These workers also found that the lattice constants of
the unit cell of rutile varied only slightly with loss of oxygen,
the a parameter decreased while ¢ increased. The findings are in
complete contradiction to those of Andersson et al.(lz) who
maintain that the opposite effects occur i.e. a increases and
¢ decreases with decreasing oxygen content. However, neither
the values of & and ¢ nor the precision of the measurements of the
(13)

latter workers compare with those of Straumanis et al. s Whose

values for the parameters & and ¢ agree very favourably with the

3)

generally accepted values( .
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The many different values reported for the range of
oxygen concentrations over which rutile is homogeneous, suggest
that any specimen of rutile having a composition lying between
Tiol.983 and Ti01.90 may well have contained two phases, and was

thus not strictly non=stoichiometric,

2. Possible Non=Stoichiometric Structural Defects in Rutile

Departure from the stoichiometric composition occurs in
rutile by a reversible process, and hence can be represented by

a defect equation of the type:

0 = {0, + 20 (2.1)

where © represents an electron, The equation is incomplete,
however, since the formation of vacant oxygen (enion) sites in

the rutile lattice must also be included. It is to be expected
that the electrors will associate themselves with either the anion
vacancies or the cations, and the formafion of all possible types
of imperfection in rutile, of non-stoichiometric composition, can
be described by means of defect reactions, Some of these reactions
are given below, and in them the imperfections, etc., are described
in terms of the ionic notatior? used by Kroger and.Vink(zl).

If the two electrons remain free in the conduction band

of the crystal:

* For details of this and other notations, see Appendix I,
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2- LX)
0% (Vy2-)"" + 20+ %oz (2.2)
Some of the Tih+ ions could be converted to either
T13+ or '.l‘i2+ ions, according to:

2

0% + oritte (vbz_)" s ) 4o, (2.3)

)
py o+

2w

<+ oo 2+ "
0° +TiT @& (V, ) + (74 + 20 2.
02-- Tilﬁ') 2 ( I+)

If the two electrons remain associated with an anion vacancy:
0“"a V,_ + 30, (2.5)

Alternatively Tij+ ions and anion vacancies with a single

associated electron could be formed:

2- L+ = ye 3+ ' 1
0T+ iV e (V,)* + (14 ) + 0 (2.6)
0% i 2

In these reactions the Ti3+ and T12+ i

ons are represented

as remaining at normal Tih+ lattice sites, but there is a
possibility that ions move to interstitial positions, The

general reaction for the creation of this type of imperfection is,

according to Hurlen(zz):

20" + 1i*" e " + n® + 0, O (2.7)

If only interstitial trivalent ions are formed:

2=

0 + e 2m’t 4 o, (2.8)

In defect reaction (2.7) n is an integer of value between
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nought and four only.

By application of the law of mass action to these
equilibria, the relationship between the equilibrium concentra-
tions of the various imperfections can be obtained. As an illus-
tration let us consider equation (2.3). If the concentrations of
the various reactants are denoted by [ j, and the concentration
of oxygen in the gaseous phase is expressed(21) in terms of its

equilibrium partial pressure, PO then

’
2

[ )'T? - [0

(N

« P = constant
%,

[ni¥*]2 . [0*7]

Now if the departure from stoichiometric composition is small,
then the formation of a small number of Ti3+ ions and 0v will not
affect, to a first approximation, the overall concentration of

Tih+ and 02- ions in the crystal(ZI)o Thus:

1
[(Tii:ﬂ+)'] 2, [ﬂVbz-)"] .Pozi = constant (2.9

As two Ti3+‘ions are formed for every oxygen vacancy,

3+ ' - oo .
[mﬁM) ] = 2[5 ] (2.10)
On substitution of (2.10) in (2.9)
oo 3 3
\'f « P = constant
[( 02-.) . ] 0,

1l
1.e.[(v02_)°‘] o< Po; /6. - (2.11)
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Thus on departure from the stoichiometriec composition, the
concentration of vacent oxygen lattice sites, in a sample of
rutile, should be proportional to the inverse one-sixth power
of the oxygen pressure in equilibfium with the sample,

By treating the 6ther reaétions in a similar wey,

it can be shown that for

oo "1/6
Equation (2.2), [(voz_) Je< P02 (2.12)
-6
Equation (2.4), [(Vbz_)"]c: P02 (2413)
Equation (2.5), [Viz_] oC sz-% (2.14)
- A
Equation (2.6), [(Voz_).] oc Poz /h (2.15)
2
Equation (2.7), [(Voz_)"] o P0; /n+ 1 zgc <) (2.1641)
Equation (2.8), |'_ﬁ3;]oe [(voz_)"]oc p02’1/ b (2.16.2)

In one sample of rutile, the number of oxygen (anion)
vacancies per mole has been found(19) to depend on Po-“/6 ~ sSee
Fig. 4. However, as this indicated the formation of iither Ti3+
ions or free electrons (equations 2,3 and 2,2) other data had to
be consulted before a decision could be made as to the exact
nature of the imperfections. Expressions for the equilibrium

constants of reactions (2,2) and (2.3) were derived, and on

substituting experimental enthalpy data, values for the two

equilibrium constants were obtained(19). Comparison of these



values with the value obtained by experiment indicated that imper-

fections of the type given by equation (2.3), i.e. st

ions,
were formed,

Assayag et al.(ll), on the other hand, have found that
the concentration of oxygen vacancies in another sample of rutile
was proportional to Po;%/s. Since this power of the oxygen
pressure does not correspond to any of those calculated from
equations (2.2) to (2.8), it suggests that possibly more than one
type of imperfection is formed.

It is evident, therefore, that a study of the dependence
of the concentration of oxygen vacancies on the equilibrium
pressure of oxygen can onlq give an indication of the most probable
types of imperfection existing in rutile of non-stoichiometrie
composition, Their exact nature is more likely to be found by

consideration of the effects of departure from the stoichiometric

composition on fhe physical properties of rutile,

3, Physical Property Data

3,1 Electrical Conductivity

If the bonding in rutile were entirely ionic, then it
would be an insulator when of the stoichiometric composition, and
would be an ionic conductor if defects such as vacant anion sites

were present, The room temperature resistivity of stoichiometric
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rutile is about 1013 ohm cm(23), but on applying an electric field
2L)

electronic, not ionic, conduction takes place(23’ since a
current can be passed for hours through a specimen of rutile
without any chemical separation of cation and anion taking place.
The intrinsic conductivity © , in (ohm cm)_l, of rutile, resulting
from the excitation of electrons from the filled valency band to a
conduction band, has been found to depend on temperature (T, °K)
and orystal direction in the following way(23):

Direction perpendicular to the ¢ axis:

623 = 1123°K3 ln ¢ = 7,92 - 17,600/T (2.17)

1123 - 1673°K: 1n e = 11,10 - 21,200/T (2.18)
Direction parallel to the ¢ axis:

773 = 1223°K: In & = 8,43 - 17,600/T (2.19)

1223 - 1673°K: 1n o = 11,30 - 21,200/T (2.20)

In both cases the activation energies for conduction at low and
high temperatures were 1.53 and 1.8 eV respectively, Few details
were given of the experimental procedures used, and unless the
measurements were made in an atmosphere of oxygen, the test
samples may well have assumed a non-stoichiometric composition
above 1123°K (850°C). However, using the low temperature value
of the activation energy (1.53 eV), the energy gap between the
filled valency and the conduction band was computed to be about
3,05 eV. This value lies between the limits of 1 and 7 eV which

are typical values of the width of the enefgy gap of an intrinsic



semi-conductor on the one hand, and an insulator such as diamond
on the other(ZS). Before, however, discussing the energy band
structure of rutile in more detail we must first consider other
physical properties of thg material,

Since the electrical conductivity of en intrinsic semi-
conductor, besides being strongly dependent on temperature, is
also affected by physical structure and chemical composition(26),
it is to bPe expected that the conductivity of rutile will change
when it departs from the stoichiometric composition, This has
already been showm to occur by loss of oxygen from the lattice,
and leads to the production of two electrons per oxygen vacancy
in the material, according to equation (2.1). The presence of
these electrons will result in further electronic energy levels
being introduced above the valency band, and hence can be expected
+o lead an inerease in conductivity since electrons in these
extrda levels can be excited more easily into the conduction band.
Breckenridge and Hosler(27) have shown that after a 15 minute
reduction in hydrogen at 600°C, the resistivity of a single crystal
of rutile falls to about 10 ohm cm, and the material behaves like
an n-type semi=-conductor. Its conductivity could be further
enhanced by increasing the time or tehperature of reduction, since
both processes lead to a greater deperture from stoichiometric

composition and thus to an increase in the mumber of electrons in
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bound states which give rise to energy levels lying between the
valency and conduction bands. The energy separation between these
levels and the conduction band has been calculated, by combining
the above conductivity data with Hall coefficient data obtained
from similar non-stoichiometric specimens,

The anisotropy of the conductivity of single crystals
of rutile arises from the low crystallographic symmetry of the
tetragonal unit cell of the rutile structure (®/a # 1), As a
result of a detailed study of the change in the enisotropy in
rutile, arising from @&partures from the stoichiometric composition,
it has been found(28’29) that as the concentration of oxygen
vacancies increases, the wave functions of their assocliated electrons
begin to overlap and form an energy band., Furthermore it was
shown that this occurs first in the ¢ direction and then later in
the a direction, However, the concentrations of oxygen vacancies
in the various specimens was unknown, so the precise compositions
at which these overlaps occur are not known., Moreover, the
possibility exists that the specimens may have consisted of two
oxide phases,

It is to be expected that the conductivity of a sample
of rutile will be dependent on the pressure of oxygen surrounding
the sample, since equations (2.11) to (2.16) in Section 2 can

equally well be expressed in terms of the number of electrons
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present in non-stoichiometric rutile, rather than the number of
oxygen vacancies. The only data available(zh’jo) of this effect
has been obtained from measurements made on rutile in the form of
powder that has been compressed and subsequently sintered at a
high temperature, the density of the sintered compact being about
909 of that of a single crystal of rutile. Earle(zh) found that
the conductivity ( @ ) depended on the pressure of oxygen (Poz)

according to the following relationships:

iIn © =A=-B1ln P
0,

The constant B was found to be both temperature and pressure

(2.21)

dependent, having values between~% andn%, and from these numerical
values Earle concluded that 7i* ions were formed in non-stoichiometric
rutile., This conclusion is rather strange since titanium rarely,

if at all, forms ions in the +1 valence state. A relationship

similar to (2.21) was found by Hauffe et al.(jo), but B fell within

the limits-Z;Z to-glg. These numerical values are considered to
indicate the formation of Ti3+ jons either at normal lattice

(22),

sites(lg), or in interstitial positions
The wide range of values reported for the value of the
constant B in equation (2.21), and hence for the type of defects
present in non-stoichiometric rutile, probabaly arises from
differences both in the purity of the rutile powder used for the

specimens, and in the state of aggregation of the latter, Great
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care must be exercised when interpreting physical property data
obtained from sintered powder compacts(Bl). The main objeetions(Bl)
to the use of this type of material are that the specimens are
rarely free of voids, and that powder particles are generally
covered by a surface layer whose electrical properties are signi-
ficantly different to those of the interior., These surface effects
can control the electrical properties of the sintered powder
compact, and so mask or modify the true properties of the material,

In none of the studies mentioned above was the composi=-
tion of the material under test known, so that, as yet, changes in
the conductivity of rutile cannot be correlated with its

composition.

3,2. Hall Coefficient

_ The change in Hall coefficient with temperature has
been studied(27) in both sintered compacts and single crystals of
rutile, made non-stoichiometric i.e. semi—conducting by reduction
in hydrogen.

By combining the Hall coefficient data with the results
of electrical conductivity measurements on similar samples, the
rumber and mobility of the charge carriers (shown to be electrons)
in the various samples were calculated. The mobility of the
conduction electrons was extremely low, between O.1 and 10 cm%/volt

sec., which with the anomalously high effective electron mass



Table IIX

Source Teuperature :z'it:::f}g

Leyer (32 222% 037
Wedekina (33) rooy 0.C66
Berkman (3L) rooa ~0e20
ruttiz $5) 00w ~0.30
Raychaudburi (36) coes 0.073
Thriica (10) $0 and 293% 0.08
Zizens (37) cons C.134
q111 (38 0.3

Reyerson (39 361% C.C61
cray (40) room 0.075
senitle {41 55 to L1 0.067

.

Values reported for the magnetic susceptibility of
rutile (after Senftle et al, (1*1))
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(between 30 and 130 times the free electron mass) are probably
indicative of a very narrow conduction band. The variation in
the number of conduction electrons with temperature was inter-
preted(27) in terms of two types of donor centre, in one of which
the electrons have a very small activation energy for excitation
into fhe conduction band, This implies that some centres would
bYe ionized even at low temperatures., The two donor centres were
suggested(27) to be oxygen ion vacancies with either one or two
associated electrons, which may be considered as being trapped

as T13+ jons,

3.3 Magnetic Suscepntibility

Many values for the magnetic susceptibility of rutile
have been reported in the literature, see Table III. The lack
of consistency in the values must be attributed to the range of
impurity contents ard departures from the stoichiometric compo-
sition of the materials used, The most reliable value of those
presented in Table III is probably +0.067 x 10-'6 e.m,u/gm obtained
by Senftle et al.(hl), since the purest available form of rutile
was used, and extreme care was taken to eliminate departure from
the stoichiometric composition and presence of absorbed water vapour,
The susceptibility was found to have an almost negligible tempera-

ture coefficient between 55 and 372°K(h1).
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If the bonding in rutile were purely ionic it would not
be expected to exhibit paramagnetism (positive susceptibility),
.éince it would be composed of ions having comﬁletely filled outer
electronic levels, which would lead to a temperature-independent,

42,25,26)

diamagnetic (negative) susceptibility( As mentioned
earlier (see Section 1,2), however, it has been shown that there
is probably a considerable covalent contribution to the crystal
bonding in rutile, and this is thought(h’hz) to be éa;tly respon-
sible for its observed paramsgnetic susceptibility. The precise
origins of the latter are considered(hz) to be rather difficult
to define.

The paramagnetic susceptibility of rutile increases on
departure from the stoichiometric composition, owing to the forma-
tion of T13+ ions, These ions are paramagnetic(lo’40’41’h2) since
they contain a single electron in their outermost electronic level,
Gray et al.(h3) have directly co;related the increase in suscep-
tibility of a sample of rutile with its change in weight on reduc-
tion in hydrogen, see Fig. 5. The data is not truly representative
of the properties of nonpstoichiometric rutile, however, since
the surface of the samples was reduced to a grgéter extent fhan
the interior. Furthermore, the material used in this investigation
contained anatase (the other tetragonal madification of TiO,, ﬁ/a)l,)'.
the presence of which can lead to erroneous values for the suscep-

$ibility (anatase has a suceptibility of +0.02 x 107 e.n q/gm(h ))
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The magnetic susceptibilities of samples of rutile in

to TlO have been measured

1.97 1.9
by Ehrlich(lo). The mumber of electrons per mole of sample con=

the composition range from Ti0

tributing to the susceptibility - calculated on the assumption
3+

that the magnetié electrons were associated with Ti” = were
always found to be less than the total nmumber of such electrons
that would be expected to have formed, as a result of the known
oxygen deficiency., This agrees with the view of Breckenridge and
Hosler(27) who consider that besides T13+ ions, oxygen vacancies
with associated electrons are also present in rutile of non-
stoichiometric composition. Such electrons would not be expected

to make a large contribution to the paramagnetic susceptibility

of the material(zs).

3,4 Dielectric Constant

The dielectric constants of rutile of stoichiometric
composition are 89 and 173 in the & and ¢ directions respectively(hh’hs).
The dielectric constant of sintered compacts of rutile is epproxi-

nately IOO(LG’L7), and decreases with increasing temperature(ha).

The values of the dielectric constant have been found to have only
a slight dependence on the frequency of the applied electric field
(h6’h7). In fact

up to at least several hundred megacycles per sec

no large dependence on frequency would be expected(h9) unless the

frequency of the applied field could be increased to & value that
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approached the natural frequency of vibration of the ions in the
lattice, i,e. 106 to 107 megacycles per sec.

Departures from the stoichiometric composition have
been found to cause the dielectric constant of rutile to become

d(hh,SO). Using a

dependent on the frequency of the applied fiel
low frequency method of measurement, the dielectric constant of
non-stoichiometric rutile was shown(so) to inerease as the number
of defects increases, but no details were given 6f the reduction

treatment. Tt has been reported(1+52) that the defects in rutile
are anisotropic, since their effect on the dielectric constant
could only be detected with the applied field in the ¢ direction,
In none of these studies, however, has the composition of the

material been determined - only some arbitrary reduction treat-

ment has been given,

3,5 Optical Absorption

Stoichiometric rutile does not exhibit any marked
absorption of light in the visible region (see Fig. 6), tut at

1,100 £ there is a sharp absorption edge’22253:27)  gorrer(5H)

has carefully examined the absorption spectrum of single crystals
of rutile in the near infrared region, and found that there is a
parrow band at O,4 eV, which was identified as arising from the

presence of hydroxyl, OH_, groups in the rutile lattice. Such a
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conclusion is not surprising, since single crystals of rutile

are prepared(ss) by the Verneuil(56) flame-fusion process, the
basis of which is to drop powder through an oxy-hydrogen flame,
The hydrogen diffuses out of the rutile lattice when heated to
temperatures above 800°C either in vacuo or an atmosphere free of

(584)

both hydrogen and water vapour In this respect Soffer considers
that rutile is an excellent scavenger of hydrogen and water vapour,
since only small concentrations of these gases are necessary to
give rise to the characteristic absorption band of the hydroxyl
group in rutile,

The presence of the hydroxyl group, not only in stoi-
chiometric single crystals of rutile but also in material reduced
in hydrogen - a reducing agent commonly used to promote non-
stoichiometry in rutile(23’27’ho) - will have to be taken into
consideration when interpreting physical property data of

rutile(57’58).

Departures from the stoichiometric composition lead to
light absorption in the visible region, due to the formation(27’59)
of a broad absorption band centred in the infrared at about
17,000 £ (0.73 V) - see Fig. 6 - giving rise to the characteristic
blue-grey colour of reduced rutile. As the departure from the
stoichiometric composition increases, the peak at 0,73 eV suddenly
gives way(59) to a larger peak at 1,18 eV, at a composition

corresponding to a sample resitivity of about L ohm em, It has
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been suggested(59) that these éeaks correspond to the ionisation
of the first and second electrons from the OXygen vacancies.
Furthermore, that the thermal activation energy of ionisation of
one of the electrons from the vacancy has fallen to zero when the
composition reaches about Ti°1,997>s° that below this composition
oxygen vacancies having two associated electrons are not present

as imperfections in non-stoichiometric rutile,

3.6 Density

The density of rutile of stoichiometric composition is
4.2496 gm per cu.cm at 25°C(13). Straumanis et al,(13) have
reported that the density of rutile decreases when departure fromr
the stoichiometric composition occurs, falling to L4.2356 gm/cec
(at 25°C) at the limit of the single phase region i.e, Tiol.983.
From the data given by these workers the rate of decrease of
density with composition can be calculated, and is -0.83 gm/cc/
anion vacancy/molecule Tioz. Prener(6o), on the other hand, using
high precision density measurements has shown that the density
increases with increasing non-stoichiometry, at a rate of +0.,3L.
This confliction in the variation of the density of non-stoichiometric
rutile may arise from differences in the forms of the specimens
used for the density determinations., The former workers used
powders, which cen lead to erroneocus values of density due to the

presence of minute air bubbles adhering to the particles of powder,



Prener used single crystal specimens, which are more likely to
give correct values, but unfortunately no details are available
as to the accuracy with which the sample composition was known,
There is obviously a need for a re-investigation of the effect of
departure from the stoichiometric composition on the density of

rutile,

3,7 Coefficient of Thermal Expansion

The coefficients of thermal epansion have been calcu~-
lated from X-ray data to be 6,9 ard 9.9 (x 10-§/°C) in the & and
¢ directions respectively(lj).

It has been reported<6l) that the coefficient in the ¢
direction changes from 9,2 to 10,5 (x 10-§/°C) when the composi-
tion of rutile is altered from T:'LO2 to Ti01.97.
however, have found no systematic change in their values for the
coefficient of thermal expansion, at least up to the limit of the
single—phase region i.e. T30y ggze The value.of 10.5 x 10_§/°C
reported above may represent the coefficient of thermal expansion
of a two-phase sample,

Up to the present time no direct measurements of the

coefficient of the thermal expansion have been made on a specimen

of rutile,

Straumenis et al.(lj),
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L, Band Structure of Rutile

Below 1123°K the forbidden energy gap between the valency
and conduction bands has been found(23) to be 3,05 €V, The con-
duction band in rutile is considered(62’63) to be of the same type

as that in the other oxides of titanium, and in the oxides of the
closely related element vanadium, In these compounds a conduc-—
tion band is formed as a result of the overlap of the 3d-e¢lectrons
from adjacent cations, In rutile of stoichiometric composition,
this 3d-conduction band is, of course, empty since the Ti4+ ion
has no 3d-electirons,

Above 1123°X the width of the energy gap increases by
over 0.6 ¢V, to 3.67 éV(ZB), and Horin(éz) has sugzested two
reasons for this increase, Dither the Ls-band in rutile is
situated 0.6 eV above the 3d-band, so that at high temperatures
transitions occur between the valency and L4s-bands, or the 3d-band
consists of two sub-bands, spaced 0.6 &V part, Morin(62) considers,
however, the second explanation to be the most likely, and
Goodenough(63) supports this view, because it has been shown(6u)
that the fivefold degeneracy(65) of the 3d-electronic level of a
free atom is removed when the atom forms a solid compound, by the
3d-level splitting into two, more stable, states.

It is interesting and perhaps significant, to note that

the energy gap increases in the temperature range where rutile
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begins to lose oxygen, when in vacuo or under low pressures of
oxygen. In the absence of experimental details regarding the
atmosphere in which the measurements(ZB) of electrical conductivity
(used for the computation of the energy gap) were made, it cannot
be assumed that the specimens remained stoichiometric,

When departures from the stoichiomstric composition
occur in rutile, Tij+ ions are formed and, as they contain one
3d=clectron, the conduction band contains a small number of
electrons, The low mobility and high effective mass(27) of these
electrons indicate that the 3d-conduction band is exceedingly
narrow, This is to be expected since the large separation of the
cations in the oxides of the transition metals will result in only
(62,63,66)°

a small overlap of the 3d-electrons In addition two

energy levels are introduced in the energy gap between the valency
and conduction bands, owing to the creation of oxygen vacancies

with one or two associated electrons. As the concentration of

oxygen vacancies increases, only oxygen vacancies with one associated
electron exist(59),and the energy level corresponding to this defect

62,67)

gives rise to & further condaction band(+123»5% situated

about 0.015 eV below the 3d-conduction banal®?),

5, Imperfections in Non-Stoichiometric Rutile - Conclusion

It is evident from the data presented above that several

types of imperfection may well be present in rutile of non-
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3+

stoichiometric composition, and not just Ti” ions and oxygen
vacancies as suggested by Buessem and Butler(19). However, as

the latter workers used material of only 99 purity, it is possible
that the nature of the defect structure of non-stoichiometric
rutile can be modified by the presence of impurity atoms,

By combining the results of various workers it appears
that the following imperfections are formed in rutile, when
departures from the stoichiometric composition occur: T13+ ions,
oxygen vacancies, and oxygen vacancies with one or two associated
electrons., DBelow a composition of Ti01.997, oXygen vacancies
with two associated electrons are not considered(59) to exist.

The concentrations of each type of imperfection present at a
specific composition are expected to alter with temperature, as
well as with composition., No data concerning these effects are
yet available; that obtained by Ehrlich(1o) - see section 3.3 -
was for rutile of composition Ti01.97 - TiO1.9O, which may be
in the two-phase region.

There is considerable disagreement regarding the position
that the Ti3+ ions occupy in the lattice, the two main views being
that the Ti>* ions are either at normal cation lattice sites(!Z*19s41)
or in interstitial positions(zz). The former view is perhaps

the most obvious, and much of the evidence is in its favour,

Furthermore, Chester(58) has shown from electron spin resonance
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studies of rutile that interstitial Ti3+ ions can only be detected
in samples of rutile which have been reduced in hydrogen. Defects
of this type cannot be detected in samples that have been reduced
in vacuo., Since the former type of reduction treatment is far
more severe than the latter, it is conceivable that samples of
rutile reduced in hydrogen may contain two phases., This view
gains support from observations(12) of the X-ray diffraction
patterns of rutile with a composition less than Tio1.96, which
indicate that the crystal structure consists of planes of
interstitial jons in a pseudo~rutile structure.

It is evident, therefore, that the exact nature of the
defect structure of non-stoichiometric rutile is rather confused.
Much of the confusion has undoubtedly arisen because some of the
data has been obtained from material reduced to such an extent that
it contains two phases. In this respect it is far better to
control the reduction of rutile using oxygen at reduced pressure,
since conditions then preveil which completely define(68) a

non~stoichiometric compound.

6. The Present Investigation

It would appear to be impossible, from the existing
data, to derive any consistent picture of the exact nature and
mmber of imperfections produced in rutile when departures from
the stoichiometric composition occur. Results so far obtained do,

however, indicate that striking chenges in the physical properties
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of this material can take place as a result of its defect structure,
whether this be caused by oxygen deficiency or impurity content,
Before the details of these effects can be elucidated satisfactorily
it will be necessary to carry out much systematic work on specimens
of rutile which have been very carefully prepared from pure materials.
The object of the presenf work is to initiate this type of protracted
study. |

In the present investigation it is intended that a study
shall be commenced of departures from the stoichiometric composi=-
tion on some of the physical properties of rutile, using material
of very high purity (99.99%9*, so that the effects of impurities
will be small, Initially the composition of this material, in the
as-received powdered form, will be studied as a function of tempera-
ture and oxygen pressure, in order to determine the form of the
dependence of the concentration of oxygen vacancies on the pressure
of oxygen., It will then be possible to obtain some indication of
the nature of the imperfections present, using the equations
discussed in section 2, It will also be of interest to compare
the type of oxygen-pressure dependence of the vacancies in this
high=purity material with that obtained by other workers using
less pure material.

Once the composition of the material is known as a function

of temperature and oxygen pressure, it will then be possible to

*The suthor is indebted to the Research lenager, British Titan
Products Ltd,, Billingham, Co., Durham for supplying this material
and also details of its purity,
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interpret any physical property data obtained from the material in

a more logical manner than has hitherto been achieved.






































































































































































































































































































































































































































































































