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synopsis 
Resistivity, Hall- and Seebeck-data of reduced and lithium-doped rutile both with 

and without alumina added are reported. The data are interpreted by a one band 
model. Anisotropy of the relaxation time must be taken explicitly into account. The 
donors in reduced rutile are probably titanium interstitials, which are multiple donors. 
The first and second of their ionization potentials are derived from the experimental 
data. Lithium is a single shallow donor. It is demonstrated that aluminium introduces 
more than one acceptor level. One of these levels is situated close to the conduction 

band. 

A. Introduction. The electrical properties of n-type rutile have been 
studied on strongly reducedl) 2) 5) I*), slightly reduced3) 4) 7) 8) 9) 18) and 
niobium-doped2) crystals. Although the structure of rutile is rather aniso- 
tropic, the anisotropy of the conductivity in reduced rutile is only moder- 
ates) 4) Is), and does not depend strongly on temperature. Above 80°K the 
Hall-mobilities do not depend upon the amount of reduction7) 8) and are 
hardly affected by addition of about 0.01 mole y0 alumina (Al2O3) 5) 9). The 
Seebeck-coefficient has been studied on strongly reduced2) 15) and slightly 
reduced samplesg). The Hall-coefficient shows anisotropy5) 7) 18), which has 
been considered indicative of two-band conduction5) 18). Recently measure- 
ments of the elastoconductivity have been reportedIT). The behaviour of 
the conductivity at high electric field strengths has been studied in slightly 
reduced samples both at room and liquid air temperaturesg). Ohmic be- 
haviour was found up to 300 kV/cm. The diffusion of the centres produced 
by the reduction takes place along the c axis only6) 23), similar behaviour 
is found for lithiumlo). The dependence of the Hall coefficient of slightly 
reduced rutile on temperature is strongly influenced by the presence of 
compensating impurities g). 

It is the purpose of the present paper to report more fully on the electri- 
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cal properties of reduced rutile doped with about 0.02 mole o/o alumina 

(AlsOa) and to present data obtained on lithium-doped crystals, both with 
and without alumina added. A tentative explanation of the mobility and 
conclusions regarding the nature of the donor centres will be given. 

B. Ex#eriments. Rutile crystal boules, both with and without alumina 
added, were obtained from the National Lead Company, South Amboy, N. J., 
U.S.A. Spectrochemical analysis indicated a concentration of alumina of 
about 0.001 mole o/o in the undoped crystals and about 0.02 mole o/o in the 

doped crystal (within an accuracy of several tens of percents). Other im- 
portant impurities were about 0.1 mole y. SiOs (which presumably will not 

be an electrically active centre in rutile) and about 0.001 mole y. FesOs. 
The orientation of the crystals, which were grown in the 001 direction, was 
determined by X-ray diffraction and polarization microscopy. Samples 
were cut with a diamond saw. Reduction was performed by heating speci- 
mens in air of 0.1-l mm Hg pressure at 65&8OO”C for one hour. Lithium 

was diffused into the material by heating in a melt of LisCOa at 750-800°C 
or sometimes by heating samples coated with LiOHie) in air of 0.1-l mm 

Hg pressure at 450°C. In the former method the samples and melt were 
cooled down after the treatment in about one minute but even then the 
samples perpendicular to the c axis lost a considerable amount of lithium 
by diffusion. It was also checked that no simultaneous production of 

oxygen deficiency took place during the introduction of lithium. For this 
purpose bars of 5-10 mm length parallel to the c axis doped with lithium 
were heated for half an hour at 230-250°C in concentrated sulfuric acid, 
after which treatment they had lost all of their blue colour and conductivity. 
Reduced samples of similar dimensions, on the other hand, did not show 
any change of the colour, except at the very ends of the specimen. This is 
understandable from the difference in diffusivity of lithiumlo) and oxygen 

deficiency6) 23). So it is concluded that no appreciable deviations from 
stoichiometry are present in our lithium-doped specimens. Lowering of the 
lithium concentration in bars parallel to the c axis was effectuated by 
heating in molten KOH at 33O”C, which procedure serves at the same time 
as an etching treatment. Of some samples the lithium concentration was 
determined by diffusing it out, washing the sample and crucible in distilled 
water with a few drops of HCl added and subsequent flame-photometric 
analysis of the solution by means of an Optica flame photometer. 

The resistivity and Hall coefficient of reduced samples doped with 
alumina are shown in figs. 1 and 2. Seebeck-data are given in fig. 3. Re- 
sistivity and Hall coefficient of rutile without alumina doped with lithium 
are presented in figs. 4 and 5, some data obtained on lithium-doped crystals 
with alumina added are presented in figs. 1 and 2 (LiAl 1 and LiAl2). It 
is seen that the Hall mobility R~,~lp,,~ in lithium-doped rutile without 



1682 G. A. ACKET AND 5. VOLGER 

3 4 5 6 7 8 9 10 II 12 
103/T 

Fig. [l Fig.! 2 

Fig. 1. Resistivity of reduced and lithium-doped rutile with about 
0.02 mole y0 alumina added 

(II 0 x l J_ c; w l + o // c; RAl = reduced: LiAl = lithium-doped) 
oRAlI, xRA12, oRA13, oRAl4, +RA15, *RA16, oLiAl2, n LiAl1. 

Fig. 2. Hall coefficient of reduced and lit~um-doped rutile 
with about 0.02 mole o/0 alumina added 

(0 x +i _Lc, H//c; n . f j//c, H _Lc); 
oRAlI, x RA12, oRAl3, +RA15, +RAl6, WLiAll. 

alumina equals that in reduced rutile5), while the Hall mobility of lithium- 
doped rutile with alumina is also nearly the same. The anisotropy of the 
resistivity p~~~p,,~ was measured on several reduced samples with alumina. 
The anisotropy ratio was found to equal 4.5 f 0.5 between 300°K and 
lOOoK, which is not essentially different from the ratios obtained in pure 
reduced rutilesj4) 7) 1s). The anisotropy of the Hall coefficient in lithium- 

1::: 
3 4 5 6 7 

lO?T 

Fig. 3. Seebeck coefficient of reduced rutile with about 
0.02 mole y0 alumina added 

. RAl 1, x RA12, q RA14, + RA17 (2 x 10s ncm J_ G at room temperature), 
o RA18 (1 x IO3 ncm 1 c at room temperature). 
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Fig. 4. Resistivity // c of lithium-doped rutile (without alumina added) 
l Lil, oLi2, x Li3, q Li4. 

Fig. 5. Hall coefficient (j // c, H J_ c) of lithium-doped rutile (without alumina added) 
l Lil, oLi2, xLi3, q Li4, n Li5. 

doped TiOs was studied between 300°K and 80°K by measuring RH (j J_ c; 

H // c) on a sample cut perpendicular to the c axis of 33 Rem at room 
temperature and RH (j // c; H J_ c) on a bar cut parallel to the c axis of 
8 Rem at room temperature. Because of the anisotropy ratio of the re- 
sistivity the lithium-concentrations of these samples should be nearly 

equal. Indeed the ratio of the Hall coefficients was very close to the Hall 
coefficient anisotropy ratios of reduced rutile7) 1s). (It should be remarked 
that this method of determination of the anisotropy ratio was chosen 
since the very high diffusivity of lithium // cm) makes loss of lithium from 
thin specimens cut perpendicular to the c axis to occur readily). 

From the Hall coefficient and Seebeck data of samples RAl 1 and RA12 
the density of states effective masses may be derived. It is found that 
WZ* = 5-8 me at 300”K, depending only slightly upon temperature, if the 
transport contribution to the Seebeck coefficient is assumed to equal 
2.5 k/e. (If instead a contribution of 2 k/e is assumed, masses of 9-13 me 

are found). These masses are comparable to those obtained on slightly 
reduced pure rutilea), but are lower compared to those obtained by other 
authors on material without alumina of lower resistivity 2) 15). So it is con- 
cluded that the effective masses are not affected by doping with 0.02 mole O/O 
alumina. 
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C. Inter$retation. Because of the anisotropy of the Hall coefficient it is 

necessary to investigate what reasonably can be expected about the Hall 
factors (,uH/,uD). The two-band model by Becker and Hoslerrs) requires 
that the energy difference between the bottoms of the two conduction 

bands proposed by these authors be about 0.04 eV, which requires that 
the product of density of states and mobility of the higher band must 
exceed the same product for the lower band by more than two orders of 
magnitude (cf. eq. 11 of ref. Is), so that at temperatures higher than 500°K 

the conduction is determined completely by the higher band. Below 40°K 
only the lower band should contributels), so that the anisotropy of the 
mobility of the lower band equals the anisotropy ratio of the resistivity at 
low temperatures (plc/p,,c s 2) 1s). From the magnitude of parameter C of 

ref. 18 it follows that the anisotropy of the mobility of the higher band 
should be rather large, which is difficult to reconcile with the anisotropy 
of the resistivity found at high temperatures7) 1s) (600-700°K) where the 
conduction is determined by the higher band. This could indicate that the 
parameter C in Becker and Hosler’s paperrs) should not be taken inde- 

pendent of temperature and that the possibility of anisotropy of the relax- 
ation time dependent on temperature should be included. Eagles pointed 

outrr) that for ellipsoids with large longitudinal masses such anisotropy 
should exist since electrons travelling in the longitudinal directions can 

only be scattered effectively by phonons having large wave-vectors in 
these directions. The Seebeck-coefficient is isotropicr5)23), which is not 
generally to be expected for two-band conductionra). Furthermore, measure- 

ments performed by Zijlstra, Leeuwerik and Kleinpenning on gener- 
ation-recombination noise in reduced rutile doped with alumina indicate 
that the drift mobility differs from the Hall mobility by at most a factor 

two between 300°K and 77”Kra). 

Fig. 6. Structure of the conduction band as proposed for rutile. 

For these reasons we have explored an alternative model, viz. a one- 
band multivalley model as shown in fig. 6, assuming the longitudinal mass 

rnr M 50 m, and the transverse masses rn; and rni of the order of the free 
electron mass. This structure seems reasonable in view of the analogy with 
SrTiOsrz). For simplicity we assume the ellipsoids to point into the a axis 
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directions of k space, but other directions of similar symmetry could 
equally well be possible without any important consequences. At not too 
low temperature the longitudinal relaxation time ~1 is dominated by 
phonons of large k vector and so appreciable energy, since only these 
phonons are capable to produce appreciable change of electron impulse. 
On the other hand, the transverse relaxation times 72 and 73 are dominated 
by phonons of much smaller wave vector (predominantly low-energy 
acoustic phonons at not too high temperature), since the impulse is easily 
randomized within the WZ~-WZ~ plane. At very high temperatures, (~1000°K) 
the scattering will probably be nearly isotropic, but on cooling the longi- 
tudinal relaxation time ~1 is expected to increase at a much faster rate than 
the transverse relaxation times and probably the former will reach its limit 
imposed by impurity scattering at a higher temperature compared to the 
transverse relaxation times. 

The Hall tensor for the band model of fig. 6 is readily derived using the 
theory by Herring and Vogti4) which takes anisotropic scattering into 
account. The elements of the Hall tensor, R1sLc and RHII~ are given by 

R 
0123 0231 

Hllc = ____ R H/la = p. 
ml622 ml033 

Here the indices 1 and 2 denote the a directions in k space and 3 stands for 
the c direction, 

(H pointing into the z direction) 

<Tz> 
uzs = x en(r) - 

0.) 4 
the index Y running over the ellipsoids. It then follows 

R 
1 4aK 

H”c = e (1 + K)2 
; +1 

K+l 
(2) 

(7273) 
Ct= 

K = <72)im; 

<72) <73) <Tl/m;> ’ 

The longitudinal.mass rnr has been taken inside of the average since in the 
high mass direction the band has a width of a few hundredths of an electron- 
volt only, so that nonparabolicities are expected to be important in that 
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direction. We take it, however, that a is independent of temperature to a 
first approximation. The anisotropy of the Hall constants is given by: 

R HI/C 

-= (K+ l)(“:+K.:,. RH~C 

For a/a = 1 the results equal those derived for a similar band structure 
assuming isotropic scatteringia). Reasonable agreement between relation 
(3) and the Hall coefficient anisotropy ratio as found experimentally (fig. 7) 
is obtained taking a/u E 3 and K varying with temperature as shown in 
fig. 7. This dependence of K on temperature is reasonable in view of the 

i 

Y 

10 

o,,l I , I I I I L I ,-.I, 
0 2 4 6 6 10 12 14 16 16 20 22 24 26 

103/T 

Fig. 7. Anisotropy of the Hall coefficient in n-type rutile 

Full curve : experimental7) Is), present work 

Open circles : theoretical points 

Dashed curve: anisotropy parameter K (see eq. (2)) as a function of temperature. 

anisotropic scattering by lattice vibrations proposed above. At lower 
temperatures (5 40°K) anisotropic scattering by charged impurities is ex- 
pected to be important. (It should be remarked that the results of formula 
(3) do not depend strongly upon the choice of the parameter a/a, but 
a/cr I 2 leads to a maximum of the anisotropy which is too low compared 
with experiment). If we assume that the relaxation time is isotropic at 
about 500”K, the value of the anisotropy parameter at that temperature 
equals the ratio m;/rnl, which should be about 40 and is expected not to 
depend strongly upon temperature. According to our model the anisotropy 
of the relaxation time ~s/~i should be about Q below 40°K which is a 
reasonable figure compared to the anisotropy for ionized impurity scatter- 
ing in N-type germanium as determined by La f f and Fan from magneto- 
resistance measurementss7). The Hall factors are easily calculated as a 
function of temperature from eq. (2) and taking K from fig. 7. Both Hall 
factors show a maximum at lOO”K, the maximum of RHI,~ being the more 
pronounced. Such behaviour is consistent with the slight maximum in the 
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Hall coefficient sometimes found at that temperatures) 5). The Hall factors 
are compatible with the Seebeck data (9) is), present work) and with the 
data on the drift mobility as obtained from generation-recombination 
noiseis). From the latter data it appears that it is appropriate to choose 
a G 3, so that cc E 1 as expected. The Hall factor corresponding to Rz..z~~ 
is then close to unity over the whole temperature region. 

We also may derive the anisotropy of the colzductivity of the same band 
model. It is easily found: 

<73> 

b//C 2K 4 - zzz -- . 
bJ_C K + 1 (72) 

(4) 

4 

Since 2 < K/(K + 1) < 1, we neglect this factor in first approximation, so 

<7-3) 

So our model predicts that the anisotropy of the conductivity be inde- 
pendent of temperature. This is reasonably, although not completely in 
agreement with experiments) 7), At room temperature it is found thens) 4) 

<73> mi 
= 

<Q> 4 

2 

which is not far from unity, as expected. 
From the temperature-dependence of the Hall mobilities it is then found 

,w/c(-1 T-2 T > 80°K. 

This variation is considerably steeper than the dependence like T-s ex- 
pected for 7s (acoustic phonon scattering) but this deviation may be under- 
stood qualitatively in the following way. At lower temperatures 7s and 73 
are dominated by interaction with phonons having wave vectors within or 
close to the 2-3-plane, but at higher temperatures scattering into other 
directions which requires phonons of larger wave vectors will become 
possible. 

Similarly the ohmic behaviour of the conductivity at high field strengths 
may be understood. Scattering by low-energy acoustic phonons only, leads 
to deviations from linearity for24) 

V& > 1.51cr. 

va stands for the drift velocity and cl stands for the velocity of the longi- 
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tudinal acoustic phonons. From the elastic constantsss) cl is found to be 
0.8-l .2 x 106 cm/s, depending upon the direction of propagation. On the 
other hand, field strengths of 300 kV/cm at 80°K (// C) correspond to vud = 
= 7 x 106 cm/s. The linear behaviour of conductivity even at these high 
field strengths indicates that the process determining the energy relaxation 
should be rather effective which in our model is well understandable since 
scattering processes involving phonons of larger wave vector do not neces- 
sarily conserve the energy of the electron. 

The fact that the mobility near 80°K is hardly affected by the presence 
of 0.02 mole o/o alumina (9 x 101s Als+-ions cm-a) is due to the extremely 
high dielectric constant (Q = 170 and E~ = 89) and the large effective 
mass. Neglecting anisotropy we may estimate the mobility near 80°K as 
determined by ionized impurity scattering by means of the Brooks-Herring 
equation 28) : 

P InIp = 128 x 2Wk$&,, e-3 v~*-+N~:~T~{f(b)}-l (5) 

f(b) = ln(1 + b) - b/l + b (m.k.s.-units) 

b = 24~,tatk~j/%n* e-2 Ni-lT2 N; = n + (n + NA){ 1 - (n + NA)/ND)) 

ks = Boltzmann’s constant 

&stat = static dielectric constant 
Nt = concentration of charged centres (z 101s cm-s) 
iE = Dirac’s constant 
NA = concentration of acceptor-like centres 
No = concentration of donor centres 
m* = effective mass (s 10 m,). 

Taking these concentrations to be of the order of 1019 cm-s it is estimated 

pimp(800K) = 150 cm2/V set 

which is compatible with our finding that the mobility at 80°K is not 
affected by such a high impurity concentration. 

Using the Hall factors derived, information concerning the electron. 

concentration can be obtained from the data on the Hall coefficient (figs. 2 
and 4). First, it should be remarked that according to our data lithium is a 
donor in rutile (since we found lithium-doped material to be n-type). From 
this it is concluded immediately, that lithium is an interstitial impurity, 
since lithium substituting for titanium should be an acceptor. This con- 
clusion supports the interpretation of the diffusivity of lithium in rutile by 
J ohnsonla). Lithium must be a single donor, its ionization energy can be 
obtained from the Hall-data of the samples Li 1 and Li 2 since it is reason- 
able to assume negligible compensation in these samples at least for 
T > 100°K. Then 

1z = (NoBe) 1 exp(--Eo/2kT) (6) 
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NO = donor concentration; 
B, stands for the density of states of the conduction band 

B, = 2 (2ZTl‘)’ 

ED = donor ionization energy. 
Eq. (6) applies provided n < No. Flame-photometric analysis of a sample 

of similar resistivity yielded 

ND z 1019 Li cm-s. 

It is then found 

ED = 0.03 eV 5 0.005 eV. 

The anisotropy of the diffusivity of the centres produced by reductions) 23) 
indicates that these centres are also interstitials. (The sites available for 
interstitial species are situated in channels parallel to the c axisza), which 
provides a very likely mechanism for the anisotropic diffusion). Moreover, 
measurements of the oxygen selfdiffusion by H au1 and D iim bgen per- 
formed on samples doped with alumina (150 p.p.m.) 16) are available. From 
their data it appears that the concentration of the oxygen vacancies re- 
sponsible for the oxygen diffusion is determined by this impurity content, 
which indicates that probably every molecule of A1203 introduces one 
oxygen vacancy into the lattice. From the diffusivity of oxygen the dif- 
fusivity of the oxygen vacancies is easily found, since the concentration of 
the latter is known. Comparison of the oxygen vacancy diffusivity with the 
diffusivity found experimentally6) 23) h s ows that the latter is higher by 
orders of magnitude. Furthermore, the diffusivity of the oxygen vacancy 
is hardly anisotropicr6). So we conclude that the donors in reduced rutile 
are titanium interstitials, which conclusion is also supported by mechanical 
loss datasr). In contrast to the lithium interstitials the titanizlm interstitials 
are multiple donors, the neutral donor being 

[Ti$. , nel ns4 

and the completely ionized donor Ti&. Here, [Ti&z, ne] denotes an inter- 
stitial Tin+-ion together with n electrons in bound states. Only a small 
energy will be required to remove one electron from this centre. Indeed a 
shallow donor level has been founds) at about 0.006 eV. We identify this 
energy with the first ionization potential of our donor-centre i.e. the energy 
Eg) required for 

[TiZ. > ne] + [Ti$, (PZ - 1) e] + e 

the latter electron being in the conduction band. 
Considering the Hall coefficients of samples RAl 1 and RA12 it is seen 



1690 G. A. ACKET AND J. VOLGER 

that after correction by the appropriate Hall factors, they can be interpreted 
by the relation 

n( :) T* exp(--Eg’/kT) (7) 

which applies to a set of partially compensated donors in equilibrium with 
the conduction band. It is known that alumina produces acceptor-like 
centres in rutile26). In slightly reduced specimens the electrons originating 
from the highest donor levels are taken up by these compensating levels, 
the former remaining exhausted or only partly filled. In samples RAl 1 and 
RA12 the shallow donor level is clearly exhausted and probably a number 
of centres will have lost already a second electron. For the energy according 
to (7) was found 

E$) = 0.025 f 0.005 eV. 

We thus attribute this energy to the second ionization potential of the 
donor centre, i.e. the energy required for the reaction: 

[Ti,“,‘; p (PZ - 1) e] + [Tizz., (a - 2) e] + e. 

In some slightly compensated samples investigated by Becker and H os- 
ler18) comparable activation energies are reported. It is to be noted that 

Eg’ = 4E”’ 
D’ 

This is what is to be expected as long as the potential experienced by the 
electrons does not deviate too much from the Coulomb potential. This 
seems reasonable since both levels are rather shallow. If a hydrogenic 
model is used (which is probably not correct in view of the multi-valley 
structure assumed for the conduction band) and for the dielectric constant 
the average of the static dielectric constants // c and 1 c are taken it is 
found 

m* = 7m, 

which compares very well with the results obtained by us from combined 
Hall- and Seebeck-data. 

Similar analysis of the Hall coefficient of sample RA13 indicates the 
presence of a partly compensated level at 0.05 eV. The dependence of the 
resistivities of samples RA13 and LiAl2 on temperature are very similar, 
so we conclude that this level is related to high acceptor-like “aluminum”- 
levels. It follows from the work of Yahia26) that aluminum must be at 
least a double acceptor in rutile. From the work by Haul and Dumbgenls) 
it was concluded that together with two Ala+-ions one oxygen-vacancy is 
introduced into the lattice which then, for sake of neutrality must be devoid 
of electrons, the resulting centres being [2 Ala+, 0~1 (the Ala+ substituting 
for Ti4f). Such centres are able to take up two electrons in the oxygen 
vacancy, but the energies will be affected by the presence of the Ala+-ions 



ELECTRON MOBILITY IN REDUCED AND DOPED RUTILE 1691 

in the neighbourhood of the oxygen vacancies, moreover, these Ala+-ions, 
which are negative with respect to the crystal will create a kind of repulsive 
potential around them. It is of interest to mention that Zijlstra, Leeuwe- 
rik and Kleinpenninglg) found that the capture cross section of the 
0.05 eV-centre as deduced from generation-recombination noise in reduced 
aluminium-doped rutile is very small (~10-21 ems) which indeed is indica- 
tive of such a repulsive potential. 

Part of the phenomena in rutile are thus explained with a simple model. 
Difficulties remain, however. In our model the anisotropy of the Hall coef- 
ficient requires a multi-valley conduction band. Becker and Hosleris), 
who used a two-band model for the explanation of this anisotropy, con- 
clude that at least the higher band, which according to their parameters 
dominates at higher temperatures (500”K-700”K), should be of the many- 
valley type with at least four ellipsoids. Measurements of the elasto-con- 
ductive coefficients were recently reportedly) between 77°K and 700°K. 
The elasto-conductivity coefficients (mii - mis)/2, m44 and 11~66 were all 
rather small over the whole temperature range, while in a multi-valley 
structure with at least four ellipsoids one of these coefficients is expected 
to be large and proportional to T- 1. A similar discrepancy is found in 
SrTiOais) 22). It was predictedrs), that in SrTiOa the conduction band is 
very flat in the lOO-directions with the minimum at the zone boundary, 
which prediction is almost completely based on symmetry. By analogy a 
multi-valley band should also be probable in rutileis). The discrepancies in 
both materials could be due to the following reasons: 
1. The deformation potentials could be small. 
2. The assumption that by deformation of the lattice the bands (valleys) 

shift as a whole without change of the effective masses is not sure to 
hold if the mass in some directions is so large that the bandwidth in 
these directions is a few hundredths of an electronvolt only. 

Although contributions from higher conduction bands cannot be ex- 
cluded at present it has been shown that the experimental data are reason- 
ably explained by a one-band model. The elasto-conductivity coefficientsl7) 
are difficult to interpret in both models. Information concerning the donor 
centres in reduced and lithium-doped rutile has been obtained: the donors 
in reduced material are presumably titanium interstitials, which are multi- 
ple donors. Lithium is a single shallow donor. The presence of an acceptor 
level associated with Ala+ situated close to the conduction band was also 
demonstrated. 
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